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Summary (English Abstract) 

Plastic pollution has become a global environmental threat, affecting both aquatic and 

terrestrial ecosystems. Despite these concerns, the demand for plastics continues to rise, 

leading to a substantial production of 390 Mt in 2021.  A key contributor to plastic pollution 

is Poly(ethylene terephthalate) (PET), a semi-crystalline plastic polyester material with a 

global production volume of 83 Mt/year. Currently, less than 10% of all PET is recycled. 

This recycling, by conventional methods, does furthermore results in lower quality 

products. Hence, the development of novel recycling technologies is essential for 

establishing a truly circular economy. Recently, it was demonstrated that certain enzymes 

may catalyze the degradation of PET. As enzymatic recycling of PET enables the 

synthesis of new high-quality PET, it has the potential for the establishment of a circular 

economy of PET. The enzymatic degradation rate is, however, strongly influenced by the 

properties of PET, notably the degree of crystallinity (XC). As most post-consumer PET 

products (Plastic bottles and textiles etc.) have an XC > 20% a pretreatment step is 

required for efficient biorecycling of PET. This pretreatment is however very energy-

demanding, thus lowering the sustainable potential of biorecycling. 

This Ph.D. thesis aimed to study how substrate-related properties affected the enzymatic 

degradation of PET. For this purpose, we developed a standardized methodology, for 

controlling the XC. This method was based on thermal-induced crystallization of 

commercially available amorphous PET, via annealing at 115 ºC. This substrate was 

subsequently used to study how several benchmark PET hydrolases were affected by 

increasing XC. The initial degradation of PET, denoted as the lag phase, did not result in 

any formation of soluble products. Once the lag phase was surpassed, the concentration 

of soluble products, resulting from the enzymatic treatment, was released at a constant 

rate, denoted as the steady-state rate. The steady-state reaction rate was also heavily 

affected by the XC. This negative effect becomes particularly profound once XC exceeds a 

certain threshold, ~20%. This threshold was, however, affected by several factors, 

including reaction temperature, extent of reaction, and the enzyme catalyzing the reaction. 

We found that LCC, LCCICCG, and DuraPETase were more prone to increasing levels of 

XC compared to HiC, TfC, and PHL7. This increased tolerance was caused by a 

presumable broader substrate specificity, leading to higher rates and maximal degradation 

yields at higher XC. By studying the lag phase during enzymatic treatment we found that 

the duration of this phenomenon was heavily prolonged at increasing XC (up to 5 days at 

XC > 20%), and lower steady-state rates. We ascribed the lag phase to an initial endo-type 

degradation pattern, which would not yield any soluble products. This mechanism was 

consolidated by studying the proton release during this initial stage, which confirmed 

hydrolysis by the enzyme during the lag phase.  

We furthermore studied the effect of the glass transition temperature (Tg) on the enzyme 

hydrolysis rate. This was done by lowering the Tg of a PET material from 75 ºC to 60ºC by 

soaking it in water. By assaying these disks at 69ºC (between the Tg of the substrates) we 

found that the reaction rate was unaffected by the lower Tg.   
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Summary/Dansk Sammendrag 

Plastikforurening er blevet en global trussel for miljøet, der både påvirker økosystemer 

både i vand og på land. På trods af dette er efterspørgslen efter plastik fortsat stigende, 

hvilket i 2021 resulterede i en årlig produktion på 390 millioner tons. En betydelig 

bidragyder til plastforurening er Plasttype Poly(ethylen terephthalat) (PET), der er en semi-

krystallin polyester med en global produktionsvolumen på 83 millioner tons om året. 

Mindre end 10% af PET bliver i øjeblikket genanvendt. Desuden resulterer de 

konventionelle genanvendelsesmetoder ofte i produkter af lavere kvalitet. Derfor er 

udviklingen af nye genanvendelsesteknologier afgørende for etableringen af en cirkulær 

økonomi. For nylig er det blevet vist, at visse enzymer kan nedbryde PET. Enzymatisk 

genanvendelse af PET muliggør fremstillingen af nyt PET af høj kvalitet, hvilket potentielt 

muliggøre etableringen af en cirkulær økonomi af PET. Den enzymatiske 

nedbrydningshastighed er dog kraftig påvirket af PET's egenskaber, især graden af 

krystallinitet (XC). Da de fleste PET-produkter (plastflasker og tekstiler, m.v.) har en XC på 

over 20%, er et forbehandlingstrin påkravet for at opnå en effektiv PET genanvendelse. 

Denne forbehandling er dog meget energikrævende, hvilket nedsætter bæredygtigheden 

af den enzymatiske genanvendelse. 

Formålet med denne Ph.D. afhandling var at undersøge, hvordan egenskaberne af PET 

påvirkede den enzymatiske nedbrydning af PET. Til dette formål udviklede vi en 

standardiseret metode til at styre XC af PET. Denne metode var baseret på termisk 

induceret krystallisering af kommercielt tilgængelige amorfe PET ved at holde PET 

materialet ved 115 ºC. Substratet blev efterfølgende brugt til at undersøge, hvordan 

forskellige PET-hydrolaser blev påvirket af stigende XC. Den indledende nedbrydning af 

PET, kaldet ”lag-fase”, resulterede ikke i dannelse af opløselige produkter. Efter ”lag-

fasen” var overstået, blev koncentrationen af opløselige produkter, fra den enzymatiske 

behandling, frigivet ved en konstant reaktions-rate, kaldet ”steady-state-raten”. Steady-

state-raten blev ydermere kraftigt negativt påvirket af XC. Denne negative effekt var særlig 

tydelig, når XC oversteg ~20%. Denne grænse blev dog påvirket af flere faktorer, herunder 

reaktionstemperaturen, reaktionens omfang og det enzym, der katalyserede reaktionen. 

Enzymerne LCC, LCCICCG og DuraPETase blev mindre påvirket af stigende niveauer af 

XC sammenlignet med HiC, TfC og PHL7. Denne øgede tolerance skyldtes sandsynligvis 

en bredere substratspecificitet, hvilket resulterede i højere reaktionshastigheder og 

maksimale nedbrydningsudbytter ved højere XC. Ved at studere ”lag-fasen” under den 

enzymatisk behandling erfaret vi, at varigheden af dette fænomen blev kraftigt forlænget 

ved stigende XC (op til 6 dage ved XC > 20%), og lavere ”steady-state-rater”. ”Lag-fasen” 

blev derfor tilskrevet et endo-type nedbrydningsmønster, som ikke ville resultere i 

opløselige produkter, under den indledende fase. Denne mekanisme blev yderligere 

bekræftet ved at studere frigivelsen af protoner under ”lag-fasen”, hvilket bekræftede at 

enzymet hydrolyserede PET under ”lag-fasen”.  

Derudover undersøgte vi hvordan effekten af glasovergangstemperaturen (Tg) påvirkede 

enzymets reaktionshastighed. Dette blev gjort ved at sænke Tg for et PET-materiale fra 75 

ºC til 60ºC ved at lade det ligge i vand. Ved at måle den enzymatiske reaktionshastighed 

for disse substrater ved 69ºC (i mellem Tg for de to substrater) opdagede vi, at 

reaktionshastigheden ikke blev påvirket af den lavere Tg.
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Chapter 1: Motivation and Hypotheses 

Plastic pollution has become a global environmental threat affecting aquatic and terrestrial 

ecosystems [1,2]. Despite these growing concerns, the demand for plastics continues to 

rise, leading to a substantial production of 390 Mt in 2021 (excluding plastic used in textile 

fibers) [3]. Post-consumer packaging materials, accounting for 78 Mt/year, substantially 

contribute to plastic pollution due to their short lifespan and poor collection rate [4]. In fact, 

32% of all post-consumer plastics products evade the designated collection systems [4], 

eventually accumulating as plastic pollution due to their resistance to microbial 

degradation [5,6]. Poly(ethylene terephthalate) (PET), comprising 10% of the annual 

plastic production [1], plays a significant role as a major contributor to plastic pollution, as 

it is extensively used in packaging material, plastic bottles, and textile fibers [2,7].  

 

Figure 1.1 – Global flow of plastic packaging material:  Sankey diagram illustrating the annual flow of 

plastics from feedstock to end use (2013 numbers). Notably, 72% of waste products are not effectively utilized, 
with 40% ending up in landfills and 32% leaking out of the collection system. Of the 14% collected for recycling 
only 2% attains a quality similar to the virgin feedstock. The remaining 10% is either used in cascade recycling 
for lower quality products or lost during processing (4%). This figure was originally printed in [4]. 

Certain enzymes, like cutinases (EC 3.1.1.74), have demonstrated activity against PET in 

addition to their natural substrates [8–11]. This pivotal discovery has paved the way for 

enzymatic recycling of plastics. In this process, enzymes break down PET into its 

constituent monomeric building blocks, which then serve as the feedstock for the synthesis 

of new PET with properties equivalent to virgin PET [12–14]. Hence, this enzymatic 

recycling process enables the establishment of a closed-loop circular economy, as the 

quality of the recycled PET, unlike conventional recycling methods, is maintained. 

Furthermore, the degradation products obtained from enzymatic degradation can be 

utilized in other applications[15].  

However, the enzymatic degradation of waste PET faces a significant challenge due to its 

inability of degrade crystalline PET effectivity [12,16–18]. As most PET products possess 

a high degree of crystallinity (XC) [18,19], a highly energy-intensive pretreatment step 
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involving extrusion and micronization becomes necessary for efficient enzymatic 

degradation of waste PET [12,20]. Overcoming this bottleneck would consequently reduce 

the energy demand and the production costs of enzymatic recycling of PET [20]. 

Therefore, the identification of efficient enzymes capable of degrading the crystalline 

region of PET is crucial to unlocking the full potential of enzymatic recycling of PET. 

The overarching goal of this Ph.D. thesis is to enhance our understanding of the enzymatic 

degradation of semi-crystalline PET by investigating the interplay between enzyme and 

substrate. This research was guided by the following hypotheses: 

H1 “The XC of PET material can be systematically controlled through thermal 
annealing, enabling the creation of a standardized substrate for evaluating the 
impact of the XC on the enzymatic hydrolysis of PET” 
 

H2 “Enzymatic reaction conducted at temperatures above the Tg of PET will 
significantly enhance the hydrolysis rate due to increased substrate chain 
mobility. Lowering the Tg of PET material, using water as a plasticizing agent, 
will consequently increase the activity of PET degrading enzymes.” 
 

H3 “The tolerance of enzymes towards increasing XC of the substrate is different 
between enzymes. Hence, the tolerance towards XC may be used as a 
selection criterion for identifying enzymes with enhanced activity on more 
crystalline PET” 
 

H4 “The tolerance towards substrate XC can be attributed to the relative 
specificity of an enzyme towards XC, XRAF, or XMAF” 
 

H5 “The initial degradation of crystalline PET is facilitated by an endo-type 
degradation pattern” 
 

To ensure that the experimental data collected throughout this thesis would be sufficient 

to test the five hypotheses, the following objectives were formulated:  

Obj. 1 Development of a standardized methodology for altering substrate XC via 
thermal annealing. The annealed PET substrate is subsequently used as a 
model substrate for evaluating the impact the XC on the enzymatic 
degradation of PET.  
 

Obj. 2 Investigate how substrate properties (XC and Tg) are affected during the 
soaking of PET in water. Assay PET substrate with different Tg, obtained via 
soaking, to determine the product release rate, and establish correlations with 
optimal conditions. 
 

Obj. 3 Perform a comparative characterization of the influence of increasing XC on 
the enzymatic degradation of PET by several benchmark PET degrading 
enzymes. 
 

Obj. 4 Propose a degradation mechanism for the enzymatic degradation of semi-
crystalline PET by combining the results of various analytical methodologies, 
including product profiling, surface erosion, and kinetics. 
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Chapter 2: Introduction 
 

PET is a synthetic polyester composed of repeating units of terephthalic acid (TPA) and 

ethylene glycol (EG) linked together via ester bonds. PET is a versatile material used in 

packaging material, plastic bottles, film/coatings, and textile fibers. This is due to its 

desirable physical and chemical properties, including minimal gas permeability, and low 

production costs [5,21]. The first patent for the production of PET was filed in 1941 [22]. 

However, it was not until 1973 that PET began to be used for bottle containers [23], which 

eventually led to a significant contribution to plastic pollution [2]. Currently, the global 

production of virgin PET, meaning that it has not previously been recycled, is roughly 75 

Mt/year. Of this, 49 Mt/year are used in textile fiber manufacturing, constituting a 

substantial 45% share of all textile fibers produced [24]. The remaining 26 Mt/y of PET are 

used in other applications such as plastic bottles, contributing to 6.2% of global plastic 

production (excluding both textile fibers and recycled plastics) [3]. 

 

Figure 2.1 – Molecular structure of PET and its constituting monomers 

2.1 Structure and morphology of PET 

In its molten state, exceeding its melting temperature of 260°C, the polymer chains of PET 

undergo a transition into an amorphous disordered random coil state. This state is 

characterized by high flexibility and well-entangled structures. The density of the 

entanglements may be quantified in terms of the molecular weight of entanglement (MWe). 

This parameter represents the molecular weight between two entangled chain segments, 

typically ranging from 1450 to 2120 g/mol for PET[25]. This range corresponds to an 

entanglement at every 7.5 to 11 repeating units (MHET) of a PET chain.  

Upon rapid cooling of the polymer melt below the glass transition temperature (Tg), which 

is 75°C for amorphous PET [16], the amorphous state of the polymer chains is preserved 

in the solid state. However, solid PET can also exist in a semi-crystalline state, where it 

comprises both highly-ordered crystalline regions and amorphous regions [26,27]. 

2.1.1 Crystalline regions 

During the crystallization process, at which the semi-crystalline state is formed, amorphous 

PET chains undergo a conformational transition from a trans-gauche-trans to a linear all-

trans conformation. Although this linear all-trans conformation is energetically less 

favorable for the free chain, it is stabilized by inter- and/or intramolecular π/π stacking of 

the aromatic rings of the TPA moieties [28]. Consequently, an increase in XC leads to a 

decrease in gauche conformations [29,30]. 
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Figure 2.2 – Schematic overview of the microstructures within PET: A) Cross-sectional representation of 

transection of a semi-crystalline PET, illustrating the distribution of crystalline spherulites. The size and 
distribution of the spherulites are for an illustrative purpose.  B) Schematic representation of the disordered 
amorphous regions and the highly ordered crystalline lamella. The PET crystals are composed of the 
crystalline lamella (red) separated by rigid amorphous regions (magenta), while the MAF (blue) surrounds the 
spherulites. C) Unit cell structure (This trans confirmation) of a PET crystal viewed at two different angles. The 

figure has been adapted from a figure originally presented in Paper VI. 

The unit cell structure of PET crystals has been extensively studied, revealing a triclinic 

shape [31]. However, the specific unit cell parameters of PET crystals are not universal, 

as they strongly depend on the crystallization and manufacturing process. Factors such 

as crystallization temperature, draw ratio, and subsequent annealing temperature and 

duration have been found to influence these unit cell parameters [31]. The unit cell 

structure of a PET crystal is displayed in Figure 2.2C. 

Inside PET crystals, polymer chains are organized in densely packed lamellae structures. 

These crystalline lamellae are separated by amorphous regions and are interconnected 

by PET chains known as tie molecules. These tie molecules are bridging the crystal-

amorphous interface, as they exist in both phases [26].  Moreover, the crystalline lamellae 

form higher-level structures that depend on the crystallization process. Thermally-induced 

crystallization of PET manifests as highly branched spherulites (bulk crystals)  or micelles 

(surface crystals)  [27,32,33]. A schematic representation of the spherulite structures is 

illustrated in Figure 2.2A. The temperature dependence of the crystalline structures was 

investigated by Shinotsuka et al. [34] using in situ Atomic Force Microscopy (AFM) during 

the annealing of spin-coated PET films (up to 680 nm thickness). The study showed that 

surface crystals began to form at 70°C, while crystal formation initiated at 85°C. No bulk 

crystals were observed in films thinner than 10 nm within the temperature range of 50 to 

190°C [34]. The size of these crystal structures is moreover influenced by the annealing 

temperature, with larger crystals formed at higher temperatures [33,35]. As the XC 

increases, thermally annealed PET samples become more opaque due to light scattering 

caused by the crystals [36]. 

Unlike the spherical shape of the thermally induced crystals, those formed via stress- or 

strain-induced crystallization (SIC), such as BOPET or blow molted PET bottles, contain 

elongated rod-like or fibrillary structures [37]. These structures occur as the lamellae in 

SIC align in the direction of the applied strain, while those in thermally induced crystals are 

randomly oriented [38]. The crystal size in PET samples subjected to SIC is smaller 
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compared to thermally induced crystals. As a result, highly crystalline PET that has 

undergone SIC may appear transparent due to the small crystal size [39]. 

2.1.2 Amorphous regions 

The amorphous phase of PET can be subdivided into two distinct fractions: the mobile 

amorphous fraction (MAF) and the rigid amorphous fraction (RAF). The MAF 

encompasses the amorphous regions residing between distinct crystal structures, as 

depicted in Figure 2.2A, whereas the RAF surrounds the crystalline lamella, such as the 

interlamellar spacing within PET crystals as illustrated in Figure 2.2B. Hence, the RAF 

content in a PET sample generally increases with the XC, while the MAF content decreases 

[39–41]. The RAF and MAF content in a PET sample are also affected by the crystal 

morphology [42]. For instance, the RAF content in biaxially oriented PET (BOPET) film, 

which is often used as packaging material [43], is higher than in thermally annealed PET, 

despite both samples having similar XC [38]. Due to the molecular connection between the 

RAF and the rigid crystal lamellae, the mobility of the RAF is more restricted compared to 

the MAF. Consequently, it is only the MAF that transitions into a mobile rubbery state when 

heated above its Tg value, a process known as devitrification, as the RAF remains in the 

rigid glassy state [40]. Instead, RAF is believed to fully devitrify at 200°C [44]. The Tg of 

PET can be influenced by several factors, including the addition of additives to the 

polymeric material [45] or by the absorption of water or other molecules, which have a 

plasticizing effect on PET [46,47]. Consequently, the Tg of a PET sample may be lowered 

to as little as 60°C when exposed to water [16].  

2.2 Crystallization of PET 

When PET is heated above its Tg the mobility/energy of the polymeric chains in the 

amorphous state becomes sufficient for crystallization to occur. This process is known as 

thermal-induced crystallization [35]. PET may therefore crystallize when it is slowly cooled 

from the molten state or when it is held at temperatures above Tg (known as annealing). 

This crystallization process is, as previously stated, quenched by rapidly cooling the 

material to a temperature below its Tg. The rate at which the crystallization occurs 

increases with temperature until it reaches its maximum at 174°C [48]. Below Tg, the 

crystallization of PET is limited due to restricted chain mobility, while excessive chain 

mobility resulting from high temperatures (>174°C) leads to a decrease in the 

crystallization rate [35]. Other factors, such as moisture content [49] and molecular weight 

[50], have also been shown to influence the crystallization of PET. 

The crystallization of PET material is characterized by two distinct stages: nucleation and 

crystal growth. During nucleation, amorphous PET chains align to form nuclei, which act 

as starting points for the development of new crystals. Subsequent to nucleation, crystal 

growth occurs, which can be further subdivided into primary and secondary crystallization. 

Primary crystallization involves the growth of heterogeneous crystal structures (i.e. 

spherulites), resulting in an increase in XC and the fractional composition of RAF (XRAF). In 

contrast, secondary crystallization occurs within the boundaries of existing crystal 

structures and involves the thickening of lamellae structures or the formation of new 
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lamellae, resulting in an increase in XC and a decrease in the frational composition of MAF 

(XMAF) [51]. 

The crystallization of PET may also be induced mechanically,  under SIC where the 

material typically undergoes stretching at temperatures above Tg [39]. The extent of 

crystallization induced by SIC increases with higher temperatures and strain rates [52]. 

This Increased crystallinity resulting from SIC can lead to improvements in the mechanical 

properties of PET, including higher modulus, toughness, stiffness, tensile strength, and 

hardness [53]. Consequently, SIC is widely used during the processing of several PET 

products, such as blow-molded PET bottles, textile fibers, and oriented films, to obtain the 

aforementioned improvements [54]. 

As the crystallization of PET may be induced both thermally and mechanically, the XC of 

PET material is strongly influenced by its processing history. This may even result in a 

non-uniform distribution of XC throughout the material, as exemplified by the case of a PET 

bottle. Here the finish/neck and base center exhibited lower XC (1.2% and 11.7%, 

respectively) compared to the rest of the bottle (>25%) [18].  

2.2 Conventional recycling of PET 

PET is a thermoplastic, capable of being melted and recast into new material, as no 

covalent interactions are formed during the processing of the material [55]. This property 

has enabled the conventional thermo-mechanical recycling process of PET, where waste 

PET is ground into flakes, and subsequently washed and cleaned using 2-3% NaOH as 

well as detergents. The cleaned PET flakes can then be re-meted or re-extruded into new 

PET products [56]. However, there are drawbacks associated with the conventional 

method. Firstly, not all PET products can be recycled using this process. Textile blends, 

such as cotton and polyesters, which are found in the majority of fabrics [57], are especially 

challenging to recycle this way, limiting the effectiveness of conventional recycling in 

reducing plastic pollution [58]. Secondly, conventional recycling methods often result in 

lower-quality materials compared to virgin PET. This is primarily due to impurities 

introduced during the recycling process and thermomechanical degradation [21,59]. 

Recycled PET from conventional methods may therefore not be suitable for all PET 

applications [56]. Consequently, the majority of PET is still derived from virgin PET, 

although the recycling rates are increasing [3].  

The predominant method for producing virgin PET involves synthesizing it from petroleum-

based precursors [60]. As a result, the largest contributor to the environmental burden 

caused by PET products is the use of raw materials, as highlighted in a recent life-cycle 

assessment (LCA) of plastic bottles. This LCA found that as much as 84% of the 

environmental burden of PET bottles was caused by the production of virgin PET (newly 

synthesized PET) [61]. Therefore, the development of novel technologies is essential to 

improve the recycling rates and enhance the displacement potential (quality of the recycled 

product) of PET, which is crucial for establishing a truly circular economy [62,63].  
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2.3 Enzymatic recycling of PET 

Despite being a synthetic polymer, generally considered to be resistant to microbial 

degradation, Müller et al. demonstrated in 2005 that the hydrolase TfH (later classified as 

a cutinase [64]) from Thermobifida fusca was capable of degrading PET at a decent rate 

[14]. Later in 2016, researchers isolated an organism, Ideonella sakaiensis, from PET-

contaminated soil, which was capable of utilizing PET as its carbon source, under 

mesophilic conditions, using a dual enzyme system [65]. These discoveries have led to a 

completely new starting point for the development of an enzyme-mediated recycling 

process of PET.  

Enzymatic recycling of PET involves breaking down PET into its constituent monomers 

(TPA and EG). The resulting degradation products from enzymatic PET recycling can 

therefore be used to synthesize new virgin PET, contributing to the establishment of a 

circular economy for PET [13]. Alternatively, the degradation products may be used as 

feedstock in other applications, thus offering an alternative route for waste PET (upcycling) 

[66,67]. PET degrading enzymes may also enable the recycling of polyester fibers in mixed 

textile blends, as they can specifically target these fibers alone [57,68]. 

 

Figure 2.3 – Phylogenetic tree displaying all PET degrading enzymes: The phylogenetic tree was built 

based on multiple alignment of all entries from the PaZy database. The branch and note color represent the 

microbial host, while the color of the surrounding layer represents the EC number. This Figure was originally 

presented in Paper VI. 

2.3.1 PET degrading enzymes 

Numerous enzymes from various enzyme classes and microbial species have already 

been identified as PET-degrading enzymes. While the majority fall into the categories of 

cutinases (EC 3.1.1.47) [69–71] or carboxylesterases (EC 3.1.1.1) [64], specific 

arylesterases (EC 3.1.1.2) [72] and lipases (EC 3.1.1.3) [73] have also shown activity on 

PET. Notably, a newly recognized enzyme class termed PETase (EC 3.1.1.101) [74] 
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emerged from the discovery of Ideonella sakaiensis enzyme, IsPETase. Despite its unique 

EC number, the IsPETase shares structural similarities with other PET-hydrolyzing 

bacterial cutinases [75,76]. These enzymes are found across a wide range of microbial 

organisms, including archaea[77], fungi such as the well-studied Humicola insolens 

cutinase (HiC) [70,78,79], and cutinases derived from Fusarium spp.[80]. An overview of 

all characterized PET-degrading enzymes is visualized in the phylogenetic tree in Figure 

2.3. This tree was constructed based on the entries from the PaZy database [64]. From 

this phylogenic tree, it is evident that the majority of the currently characterized PET-

degrading enzymes originate from Actinobacteriota or Pseudomonadota phyla. 

2.3.2 State-of-the-art enzymes 

Currently, the most promising candidates for the enzymatic degradation of PET are using 

the Leaf-branch compost cutinase (LCC) as a scaffold for engineering [12,81]. LCC was 

initially discovered within the metagenomics of a leaf-branch compost in Japan, having a 

temperature of 67°C at the time of sampling, making its enzymes prone to withstand 

elevated temperatures [11]. In 2020 Tournier et al reported a quadruple variant of LCC, 

namely LCCICCG, which was engineered towards increased activity (F243I) and stability 

(D238C/S283C and Y127G). Remarkably, this enzyme was capable of archiving a 90% 

depolymerization of amorphous PET particles within 10 hours of enzyme treatment[12]. 

Similarly, another promising enzyme was recently isolated from the metagenomics of a 

compost site near Leipzig. This enzymes was named PHL-7 (Polyester hydrolase Leipzig 

7)[82] or PES-H1 (Polyester hydrolase 1)[83]. A double variant of this enzyme 

(L92F/Q94Y) showed higher activity than LCCICCG on low crystalline PET (< 15%), while 

the activity was substantially lower on a high crystalline PET sample (33%) [83]. 

The most extensively studied PET hydrolase, the IsPETase, was, as previously 

mentioned, isolated from the PET-utilizing bacterium Ideonella sakaiensis. Unlike other 

benchmark cutinases that have been isolated from metagenomics at temperate 

environments[11,82] or from thermophilic organisms[71], the IsPETase was discovered in 

a mesophile organism. Surprisingly, IsPETase outperformed cutinases, including LCC, at 

30°C, which was attributed to the mesophilic nature of Ideonella sakaiensis[65]. As the 

thermostability of this enzyme was significantly lower than the other cutinases, several 

attempts have been made to increase the stability and/or activity of this enzyme[18,76,84–

88]. This includes, amongst others, the engineered variant named DuraPETase, 

containing 10 mutations (S214H-I168R-W159H-S188Q-R280A-A180I-G165A-Q119Y-

L117F-T140D). This led to a 31°C higher TM and 300-fold higher activity (at optimal 

conditions) compared to the wild type [85]. Other noteworthy examples include the 

FastPETase[18] and HotPETase[87]. 

2.3.3 Generalized degradation mechanism of PET degrading enzymes 

During the enzymatic degradation of PET, the insoluble polymeric chains undergo 

hydrolysis, resulting in the formation of smaller soluble products. These degradation 

products primarily include ethylene glycol (EG), terephthalic acid (TPA), mono(2-

hydroxyethyl) terephthalate (MHET), and bis(2-hydroxyethyl) terephthalate (BHET) 

[13,86]. Additionally, larger oligos containing two or more aromatic rings (OETs) have also 
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been observed [73,89,90]. Interestingly, several PET-degrading enzymes have been 

found to have activity towards these soluble products, including BHET and MHET [79,91]. 

This adds complexity to the degradation mechanism, as the presence of degradation 

products in the reaction media may potentially inhibit the activity of PET-degrading 

enzymes towards the insoluble substrate [91]. 

Given the intricate nature of the PET enzymatic degradation process, the precise 

mechanism by which PET hydrolases degrade the insoluble PET chains remains unclear 

[92]. However, through an analysis of the chain length distribution using MALDI-TOF and 

surface chemistry via X-ray photoelectron spectroscopy (XPS) of enzyme-treated PET, 

Eberl et al. proposed that enzymatic PET degradation involves random endolytic chain 

scission. This proposition was supported by an increase in smaller insoluble fragments 

(with fewer than 11 TPA moieties) and an induction of surface polarity upon enzymatic 

treatment of PET[93]. The increased polarity resulted from the exposure of carboxylic acid 

groups from partially degraded PET chains.  

The work by Eberl et al. also showcased variations in degradation patterns between two 

PET-degrading enzymes, with one (T. fusca cutinase) releasing more soluble products 

and the other (T. lanuginosus lipase) accumulating smaller insoluble fragments [93]. A 

more comprehensive investigation into the reaction pathway of PET-degrading enzymes 

was later conducted by Schubert et al., who employed stochastic modeling to track the 

evolution of product profiles during enzymatic treatment. This study quantified the 

preference for endo- or exo-type chain scission in four different PET hydrolases, revealing 

that efficient PET-hydrolases have an increased a tendency for endo-type degredation. 

[90]. 

In this particular context, endo-type chain scission was defined as the hydrolysis of an 

insoluble PET chain, leading to the formation of two smaller insoluble chains. 

Consequently, this results in a significant decrease in the degree of polymerization (DP) 

of the PET chains exposed to the surface of the insoluble substrate. Additionally, the 

surface charge of the substrate becomes more negatively charged, due to the exposure 

of a carboxylic acid group at the new terminal of the hydrolyzed chain. On the other hand, 

exo-type chain scission refers to the hydrolysis of an insoluble PET chain leading to the 

formation of a soluble product, such as MHET. In this case, the surface charge is 

unchanged, while the DP of the surface chains is only slightly reduced [93]. 

Wei et al. hypothesized a degradation mechanism that accounts for both the crystalline 

and amorphous regions of PET [17]. Their hypothesis proposed that the mobile 

amorphous regions (MAF) could undergo degradation through both endo and exo-type 

chain scission, whereas the rigid amorphous regions (RAF) and PET crystals would only 

be susceptible to endo-type scission. This deduction was drawn from an analysis of the 

molecular weight distribution of PET samples treated with enzymes [17]. 

  



Chapter 2: Introduction 

10 Insights into the effect of substrate crystallinity on the enzymatic degradation of PET 

2.3.4 Milestones within enzymatic recycling of PET 

A historical overview of the key milestones which has led to the industrial viable enzymatic 

recycling of PET is provided in Figure 2.4. This underscores the swift progress within this 

field, despite the relatively short duration PET has been a prominent environmental 

concern. The timeline spans from the patent filling of the production of PET in 1941 [22] 

until the first operational industrial plant for the enzymatic recycling of PET, which is 

expected to occur in 2025 [94]. 

 

Figure 2.4 – Key milestones for enzymatic recycling of PET: Timeline highlighting selected milestones in 

the enzymatic recycling of PET [12,14,22,23,65,94]. The spacing between each dot corresponds to the 

duration of time between the events. Red dots present past events, while the green dot signifies an event 

expected to occur after the time frame of this thesis. 
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Chapter 3: Methodology for Evaluating the Effect of XC 

The crystal size and morphology of PET are highly influenced by its crystallization process 

[33,37]. Consequently, addressing the impact of substrate crystallinity on PET degrading 

enzymes using PET substrates processed in various ways may introduce bias, as 

differences in crystal morphology may add an additional dimension to the influence of XC. 

At the beginning of this Ph.D. project (July 2020), no standardized method had been 

published for generating a model substrate suitable for quantifying the effect of XC on PET-

degrading enzymes. The aim of the chapter was therefore to test the first hypothesis, H1, 

of the PHD: 

“The XC of PET material can be systematically controlled through thermal annealing, 

enabling the creation of a standardized substrate for evaluating the impact of the XC on 

the enzymatic hydrolysis of PET” 

The following sections in this chapter are mainly based on the content of Paper I but also 

include data from Paper II and III, and describe an experimental platform developed in 

this thesis for systematically evaluating the effect of XC on the enzyme degradation of 

PET. This platform is based on the model substrate obtained via thermal annealing, as 

specified by Obj. 1. An overview of the method is illustrated in Figure 3. 

 

Figure 3.1 Workflow for the modification of substrate crystallinity – Blue arrows represent processes 
leading to PET substrates at various XC. * Destructive methods. The PET substrate may therefore be used in 

a subsequent process. Images from the lower panel are from Biorender. Figure adapted from Paper I. 

3.1  Substrate preparation by annealing 

The crystallization of PET material occurs, as previously mentioned, when the material is 

held at temperatures above its Tg value. This property was utilized to generate PET 
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substrate at various XC. Commercially available amorphous or low crystalline (<10% XC) 

PET film or sheet was used as the starting material. The model substrate with controlled 

XC was prepared by the following procedure were followed: The PET material was cut into 

uniform disks using a generic hole puncher, and placed in a 2 mL Eppendorf tube. The 

Eppendorf tube(s) containing up to three PET disks were then subjected to annealing at 

115 °C for a specified duration (in minutes), by placing the PET-containing Eppendorf 

tubes in a heating block. The crystallization process was quenched by transferring the 

Eppendorf tube(s) into an ice water bath.  

The amorphous polymeric chains in the “glassy”-state are not at a thermodynamical 

equilibrium when immediately quenched from melt. Hence, they gradually approach an 

equilibrium state, resulting in both micro and macroscopic changes in the material. This 

process is known as enthalpy relaxation or simply physical ageing and is dependent on 

both time and temperature [95]. This process may however be evoked by heating the 

material above its Tg [96]. We therefore annealed the “untreated” samples at 85 °C for 5 

minutes to eliminate any enthalpy relaxation resulting from polymer aging.  

3.2 Substrate characterization 

3.2.1 DSC analysis 

The most widely used method for quantifying the XC of PET is by differential scanning 

calorimetry [97]. During a DSC measurement, a sample and a reference (blank) are heated 

at a constant rate (typically 10 °C min-1 for PET [29]) over a defined temperature range. 

The sample heat flow required to maintain the constant heating rate, which is proportional 

to the heat capacity of the sample (Cp), is then monitored over the defined temperature 

range.  DSC can therefore be used to quantify the thermal properties of a material, as 

these affect the Cp at a given temperature [98]. This includes the change in enthalpy (∆𝐻) 

at the cold crystallization (∆𝐻𝑐𝑐), and melting (∆𝐻𝑚). These enthalpies are determined by 

the crystallinity, and hence the XC of a PET sample may be calculated according to 

equation 3.1: 

 
𝑋𝐶 =

∆𝐻𝑚 −  ∆𝐻𝑐𝑐

∆𝐻𝑚
0 ∗ 100 

(3.1) 

Here, ∆𝐻𝑚
0  is the enthalpy of melting of a pure crystalline sample, which according to the 

literature is 140 J/g [99].  

XMAF can also be quantified by DSC. This is done by dividing the increase in specific heat 

capacity at the Tg (∆𝑐𝑝(𝑚)), with the expected increase in heat capacity at Tg of a purely 

amorphous sample (∆𝑐𝑝(𝑎)) [100], as shown in equation 3.2: 

 
𝑋𝑀𝐴𝐹 =

∆𝑐𝑝(𝑚)

∆𝑐𝑝(𝑎)
∗ 100 

(3,2) 

XRAF can be calculated according to equation 3.3: 

 𝑋𝑅𝐴𝐹 = 100 − 𝑋𝑀𝐴𝐹 − 𝑋𝐶 (3.3) 
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Figure 3.2 – Change in XC and ATR-FTIR spectrum of PET material after thermal annealing: A) Changes 
in XC (measured by DSC) as a function of annealing time for two commercially available PET samples; 
Goodfellow Cat. No. ES303010 (PET-S) and Cat. No. ES301445 (PET-F). B) ATR-FTIR spectrum of various 
PET materials, including PET-S, PET-F, and PET powder (Goodfellow Cat. No. ES306031) cast into an 
amorphous film (PET-C). The materials were either untreated (aPET) or crystallized by 30 annealing at 115°C 
(cPET). This figure was originally published in Paper I. 

The increase in XC, measured by DSC, as a function of annealing time at 115ºC, are shown 

for two commercially available “amorphous” PET samples is displayed in Figure 3.2A. The 

starting materials used for the annealing were a 1 mm PET sheet (Goodfellow Cat. No. 

ES303010), referred to as PET-S, and a 0.25 mm PET film (Goodfellow Cat. No. 

ES301445), denoted as PET-F. From Figure 3.2A it was evident that the XC of the 

untreated materials significantly differed, with PET-S having a XC of ~10%, while PET-F 

was ~2%. Notably, the data also revealed that the XC saturated at different levels ~17% 

for PET-F and ~27% for PET-S. It has previously been found that the  

Although DSC is the most commonly used method for quantifying the XC of PET material, 

it has its disadvantages. Especially for characterizing PET used for enzymatic degradation. 

This is mainly due to the following reason: The calculated values represent an average of 

the entire sample (bulk), however, as enzymatic degradation of PET is an interfacial 

process, the bulk values may deviate from the surface. This would be true for PET samples 

with surface crystals, which are formed at lower temperatures [34].  

3.2.2 ATR-FTIR analysis 

An alternative method for measuring the XC of a PET sample is using Fourier Transform 

Infrared (FTIR) spectroscopy [96,101]. This technique utilizes the absorption of IR 

radiation caused by molecular vibrations. FTIR can is therefore used to characterize the 

molecular properties of a sample, as the molecular composition (e.g. functional groups) 

and their conformation (e.g. gauche/trans) as the vibrational characteristic of these differs 

in their IR absorption [102]. As the crystallization process of  PET involves a reduction in 

gauche conformers and an increase in trans conformers, FTIR has previously been used 

to quantify the XC as a ratio between the absorbance of the gauche (898 cm-1) and trans 

(973 cm-1) conformers of ethylene glycol [96,101].  
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Here, Attenuated Total Reflection (ATR)-FTIR is especially useful for analyzing the surface 

as the reflection of a material is measured at a penetration depth of typically 0.5–5 µm 

[102]. ATR-FTIR is, unlike DSC, a non-destructive method. Therefore, it can be used 

before enzyme assays or other analytical measurements, as highlighted in Figure 3.1 The 

annealed PET disk may therefore be analyzed by ATR-FTIR, as a supplement to DSC, to 

investigate the presence of surface crystals. 

The ATR-FTIR spectra of thermally annealed (heated for 30 min at 115 °C), and untreated 

PET disks are shown in Figure 3.2B. The starting material of these are PET-S, PET-F, or 

a casted sheet (PET-C) made from melted PET particles (Goodfellow Cat. No. ES306031). 

As expected, the absorbance of PET-S and PET-C increased in intensity at 973 cm-1, while 

they decreased in intensity at 989 cm-1, upon annealing of the samples. In contrast, the 

spectrum of PET-F exhibited a distinguishing feature not present in the other samples, 

which was a peak at 955 cm-1. This irregularity was attributed to a possible presence of 

impurities in the PET film, although such information could not be provided by the supplier. 

Furthermore, no change in FTIR spectrum was observed between the untreated and 

annealed PET-F samples, despite the notable increase in XC measured by the DSC 

(Figure 3.2A). For this reason, PET-S was recommended as the standardized substrate 

for the methodology presented in this chapter. 

Although it was clear that the ratio of trans and gauche conformers, quantified as A973/A898, 

increased during annealing, the value itself is arbitrary in relation to the composition of the 

microstructures in PET (i.e. XC). The A973/A898 of all PET-S disks annealed at various time 

points were therefore plotted against the XC (Figure 3.3A) or XMAF (Figure 3.3B), which 

subsequently was measured by DSC.  

 

Figure 3.3 – Correlation between A973/A898 ratio with XC and XMAF: Correlation between the A973/A898 and 
A) XC or B) XMAF. XC and XMAF were measured by DSC on the same disk used for ATR-FTIR. While a linear 
correlation exists between A973/A898 and XMAF (represented by a solid regression line), a non-linear correlation 
was observed between A973/A898 and XC (represented by a dashed regression line). This figure was originally 

published in Paper I. 

The relationship between XC and the A973/A898 of PET-S was found to be non-linear (linear 

model r2 = 0.96) as shown in Figure 3.3A. However, a linear correlation (r2 = 0.99) was 

observed between XMAF and the A973/A898, as depicted in Figure 3.3B. These findings 

support the presence of the gauche conformation exclusively in amorphous PET (with a 

majority in XMAF), while trans conformers are present in both the amorphous and crystal 
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regions [100]. Therefore, ATR-FTIR can serve as a non-destructive method for directly 

quantifying the XMAF of thermally annealed PET-S samples before enzymatic treatment:  

 
𝐹𝑇𝐼𝑅 𝑟𝑎𝑡𝑖𝑜 =

𝐴973

𝐴898
 ∝ 𝑋𝑀𝐴𝐹 

(3.4) 

3.2.3 Surface imaging 

The enzymatic degradation of PET is known to occur at the surface of a PET material, 

thus coursing a change in the surface topography. This effect has been widely studied 

using amorphous PET substrate [82,103]. By using one large particle (disk) as a substrate, 

the surface erosion caused by the enzymatic degradation of PET substrates at various XC 

could be evaluated throughout a degradation time course, as the substrate can easily be 

removed from the reaction vessel. Scanning electron microscopy (SEM) imaging of 

crystalline PET material at 23.3% XC revealed that the degradation of more crystalline PET 

resulted in certain areas which were seemingly untouched during the enzymatic 

degradation. These untouched regions resulted in what appeared a porous surface 

erosion (see Figure 3.4). A more detailed discussion of the change in topography resulting 

from the enzymatic treatment of semi-crystalline PET is presented in Chapters 4 and 5. 

 

Figure 3.4 – Evolution of surface erosion of semi-crystalline PET disk during enzymatic treatment: A) 

Schematic representation of the surface erosion on a PET disk during enzymatic treatment B) Scanning 
electron microscopy (SEM) images of the surface erosion caused by enzymatic treatment of an annealed PET 
disk (XC = 23.3%) using LCCICCG. The first three images are from Paper II, while the last image is from III. The 

figure was originally published in Paper VI. 

3.3 Enzyme activity assaying 

Several methods exist for evaluating enzyme activity on PET. This can be archived by 

either analyzing the insoluble faction [17,104–106] or quantifying the release of soluble 

products [70,73,90,107], as illustrated in Figure 3.1. The most common methods for 

quantifying the enzymatic degradation of PET are; reverse phase high-performance liquid 

chromatography (RP-HPLC) [73,89,90], Quantification of UV absorbance of soluble 

aromatic rings at 240 nm (BHETeq) [107,108], measuring proton release using a pH-stat 

system [12,70,90], or simply measuring the weight loss of the remaining PET material 

[17,109]. Other assays require the use of model substrates [110–112] or nanoparticles 

[104,113], and are therefore not compatible with the PET disks. 
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Of the above-mentioned enzyme activity assays, the UV absorbance assay allows the 

highest throughput, as it can be measured rapidly in a plate reader. However, it has a 

potential issue as it quantifies the UV absorbance of all aromatic rings in the soluble 

fraction, and does therefore not distinguish between different degradation products (TPA, 

MHET, BHET, etc.). Although the extinction coefficients of these products are almost 

similar [107], we tested the validity of this assay against the total weight loss of the 

remaining disk, and the total concentration of soluble products measured by RP-HPLC. 

We conducted these comparisons using four benchmark enzymes: LCCICCG, LCC, 

DuraPETase, and PHL7. Notably, we observed variations in relative product profiles 

among these enzymes (Figure 3.5A). For instance, LCCICCG released a significantly higher 

amount of diaromatic compounds compared to the other enzymes, constituting ~25% of 

the total composition.  

 

Figure 3.5 – Comparison between the concentration of soluble products quantifyed by different 

methods: A) Relative composition of TPA, BHET, MHET, or di-aromatic fragments after 1 day of enzyme 

treatment using low crystalline PET disks (XC=10.6%) at 55°C pH 9 using 200 nM of either LCC, LCCICCG, 

DuraPETase, PHL7, HiC, or TfC. B) to D)The product formation resulting from the enzymatic treatment of low 

crystalline PET disks (XC=10.6%) at 55°C pH 9 over an eight-day time course using 200 nM of either LCC, 

LCCICCG, DuraPETase, or PHL7. The PET disks were washed and transferred into a new reaction vessel 

containing fresh enzyme and buffer after each timepoint, to mitigate thermal inactivation. For comparison, the 

product release measured by the plate reader (A240), Weight loss (WL), or RP-HPLC were converted into 

Aromateq. The Aromateq’s were quantified as following: Aromateq,240 = BHETeq, Aromateq,HPLC = [TPA] + [MHET] 

+ [BHET] + 2*[diaramats], Aromateq,WL = ΔmPET/MWMHET-H2O*V. The figure is an adapted version of figures 

originally published in in the supplementary information from Paper VI. 

Despite differences in the product profiles, the total A240 showed a perfect linear correlation 

with the total concentration of soluble products measured by HPLC for all enzymes (Figure 
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3.5B). Similarly, the products measured by HPLC or A240 (BHETeq) showed a linear 

correlation with the recorded weight loss (Figure 3.5C and D). Interestingly, the A240/HPLC 

ratio was consistently higher than 1 (ranging from 1.55 to 2.02) for all enzymes (Table 3.1), 

indicating that more products were detected by the in the plate reader, compared to the 

HPLC. This could indicate that a certain fraction of the solubilized compounds escaped 

RP-HPLC detection. On the other hand, the A240/weight loss ratio was slightly below 1 

(ranging from 0.8 to 0.88), implying that certain enzymatically released components were 

not completely soluble. Nevertheless, the A240 measurement in terms of BHETeq 

effectively described the progression of product release for all enzymes. 

Table 3.1: Slopes of the linear regressions presented in figure 3.5 

 Slope [mM/mM] 

Enzyme A240/WL A240/HPLC HPLC/WL 

LCCICCG 0.80 ± 0.008a 1.83 ± 0.061ab 0.436 ± 0.0145a 

LCC 0.80 ± 0.01a 2.02 ± 0.075a 0.395 ± 0.0131a 

DuraPETase 0.81 ± 0.01a 1.55 ± 0.040b 0.521 ± 0.0157b 

PHL7 0.89 ± 0.008b 1.61 ± 0.047b 0.548 0.0156b 

 

3.4 Chapter summary 

To summarize the content of Chapter 3, we successfully established an experimental platform for 

evaluating the XC on PETase enzymatic degradation. This involved the preparation of a 

standardized PET with controlled levels of XC, induced via thermal annealing. Thereby confirming 

the first hypothesis, H1, of the thesis. The chapter did furthermore cover an assessment of the 

analytical methods for characterizing the substrate before and after enzyme treatment, as well as 

methods for quantifying the degradation rates of the enzymes. This experimental platform will be 

used in the following chapters for a more detailed evaluation of the influence of substrate XC on the 

enzymatic degradation of PET. 
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Chapter 4: Enzymatic Degradation of Semi-Crystalline PET 

Water is known to have a plasticizing effect on PET [49]. As a result, the Tg is expected to 

decrease during enzymatic treatment, as enzymatic degradation of PET is generally 

performed in an aqueous solution. Thus, lowering the temperature at which the polymeric 

chains devitrifies (transition from the rigid “glassy” state to the more mobile “rubbery” 

state), resulting in increased chain mobility [70,114–116]. This property of PET led to the 

second hypothesis, H2, of this thesis: 

 

“Enzymatic reaction conducted at temperatures above the Tg of PET will significantly 

enhance the hydrolysis rate due to increased substrate chain mobility. Lowering the Tg of 

PET material, using water as a plasticizing agent, will consequently increase the activity 

of PET degrading enzymes” 

The aim of the chapter was to test the abovementioned hypothesis, as specified in Obj. 2. 

The chapter does furthermore introduce the basic concepts of the degradation of semi-

crystalline PET which is part of Obj. 4. This was done using two thermostable PET 

degrading enzymes; namely LCCICCG, and DuraPETase using the standardized substrate 

introduced in the previous chapter. The results presented in this chapter are primarily 

based on the content of Paper II but does include data from Paper IV, as well as 

unpublished data. 

4.1 Optimal conditions 

Enzyme activity is highly influenced by temperature and pH. Increasing temperatures are 

known to increase the catalytic constant (kcat), which generally leads to a higher reaction 

rate. However, as the temperature rises, the enzyme stability decreases, leading to 

thermal inactivation. Therefore, the optimal temperature of an enzyme is typically 

considered as the point where the negative impact of thermal inactivation outweighs the 

positive effect on kcat [117]. Enzymes are also sensitive to the pH of the surrounding 

environment, as the pH specifies the charge of charged residues at the enzyme's surface, 

including the active site. This protonation/deprotonation may be essential for ligand 

binding, driving catalysis, or protein stability [117]. It is therefore essential to determine the 

combined temperature and pH optimum, as the stability of the enzyme is affected by both 

temperature and pH. The combined temperature and pH optima for both LCCICCG and 

DuraPETase were predicted using response surface methodology (RSM), as shown in 

Figure 4.1. Both enzymes displayed a pH optimum at pH 9. The temperature optima of 

DuraPETase was 55°C, consistent with previous findings [18,85]. This was manifested by 

the significant reduction of the thermostability observed at 60°C, resulting in an ~4-fold 

decrease in half-time, t½, compared to the t½ at 55°C (Figure 4.1D). LCCICCG displayed a 

temperature optimum of 70°C (Figure 4.1A). This was despite a negligible thermal 

inactivation at this temperature optima, or even 5°C above (Figure 4.1C). Therefore, the 

observed decrease in the reaction rate for LCCICCG at temperatures exceeding its optima 

was attributed to the crystallization of the substrate rather than thermal inactivation, as 

pointed out by Tournier et al [12]. In fact, it was shown that surface crystal formation on 

PET initiates at a temperature of 70°C [34]. 
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Figure 4.1 RSM and thermal inactivation of LCCICCG and DuraPETase: Upper panel: Surface plot showing 

the predicted product release rate as a function of tempera and pH for A) LCCICCG and B) DuraPETase. The 

surface plots have been generated by the regression of experimental data (black dots) at which individual 

conditions were selected based on RSM within the range specified by the limits of the x- and y-axis in both 

plots. All reactions were performed using 150 nM enzyme. Product formation was recorded after 1 hour 

(LCCICCG) or 2 hours (DuraPETase) of incubation. Lower panel: Thermal inactivation of C) LCCICCG and D) 

DuraPETase. The thermal inactivation was measured at the temperature optima including 5°C and below. The 

residual activity was measured using 150 nM thermally inactivated enzyme at optimal conditions. This figure 

was originally published in Paper II. 

4.2 Effect of Tg on the hydrolysis rate 

The temperature optima of LCCICCG stands in contrast with the general understanding that 

enzymatic degradation of PET should be run at temperatures around the Tg [70,118–120]. 

At Tg, the polymeric chains transition from a rigid “glassy”-state to the  more mobile 

“rubbery”-state, thus leading to an increased chain mobility[121], and thus a potentially 

enhanced degradation rate. We therefore set out to investigate how this devitrification at 

temperatures above Tg would affect the enzymatic degradation of PET. To archive this we 

utilized that water acts as a plasticizer on PET, thus lowering its Tg [46]. By soaking an 

“amorphous” PET disk (XC ~11%) for 24 hours in water at 45°C or 65°C, we were capable 

of reducing the Tg from 75°C to 69°C and 60°C, respectively, without affecting the XC 

(Figure 4.2B). These disks were subsequently assayed at a reaction temperature of 68°C. 

At this temperature, the Tg of the untreated sample would be above the temperature while 

the Tg of the sample, soaked at 65°C, would be below. Consequently, the polymeric chains 

within XMAF would be in their mobile “rubbery”-state while the chains of the untreated 

sample (high Tg) would be in their rigid “glassy”-state, while they would be in their mobile 

“rubbery”-state for the soaked sample (low Tg).  
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Figure 4.2 – Change on Tg during enzymatic degradation of PET: A) Change in Tg during 1 hour of 

incubation with LCCICCG at 68°C. B) Table displaying the change in Tg, XC during the enzyme reaction in A. 

The figure in A and table in B are originally from adapted from Paper II.  

For this reason, we expected that the reaction rate of the soaked samples would be higher 

than the untreated sample due to the increased substrate mobility. 

Contrary to our expectations, no significant changes were observed between the product 

release rates between the samples at different Tg (Figure 4.2B). This was despite that the 

Tg of the untreated sample was kept above the reaction temperate, while the soaked 

sample was kept below, throughout the reaction (Figure 4.2A). Hence, the increase in the 

reaction rate of PET degradation enzymes at temperatures just below Tg is likely driven by 

an increase in kcat, as described by the Arrhenius equation, rather than an increase in chain 

mobility. It has previously been shown that the Tg of ultra-thin films (<70nm) decreases 

with the film thickness [34,122,123].  

 

Figure 4.3 – Change in Tg during enzymatic degradation of PET: A) Schematic representation of the 

presumed gradual decrease in Tg throughout a PET sample. Figure 4.3A was originally published in paper VI. 

B) Correlation between water absorption and Tg of a PET sample soaked at 25, 45, or 65°C for 1, 2, and 3 

days.  

This implies that the Tg at the surface of PET is likely lower than the Tg of the bulk PET, as 

illustrated in Figure 4.3A. This effect may be further enhanced by the diffusion of water 

into the polymeric material, causing the plasticizing effect, as it was shown that the Tg is 

directly proportional to the water absorption of the material (Figure 3B). The concentration 

of absorbed water molecules, and thus the decrease in Tg, would therefore be higher near 

the surface until an equilibrium is reached, which according to Figure 4.2 did not happen 

during 60 minutes of incubation. The increased chain mobility, leading to higher rates, 

would therefore occur at the temperature corresponding to the Tg at the surface, which 
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may be as low as 40°C [124], rather than the Tg of the bulk. Interestingly, no crystallization 

was observed during the 24h of soaking at 65°C, although the polymeric chains located at 

the surface were assumed to be at their devitrified state, during soaking, consistent with 

the observation by Tournier et al [12]. Thus indicating that the temperature is too low to 

induce crystallization. 

4.3 Product profiling during the initial stage of degradation 

The enzymatic degradation of PET is a complex matter as it involves a combination of 

both heterogeneous catalysis of the insoluble fraction and homogeneous catalysis of 

solubilized fragments. To gain a deeper understanding of the heterogeneous catalysis of 

PET by LCCICCG, we quantified the product profile during the early stage (<4 min) of 

enzymatic degradation. To ensure that as much of the enzyme catalysis would occur on 

the insoluble faction we used a very low enzyme-to-substrate ratio; 10 PET-F disks 

(h=0.25 mm, Ø=6mm, and m=7mg) and 30 nM of LCCICCG. Hence, we assume that the 

product profile at the early stage reflects the composition of the products solubilized from 

the insoluble fraction.  

 

Figure 4.4 – Product profiling during early stage degradation of amorphous PET: A) Change in 

concentration of the soluble degradation (TPA, MHET, BHET, di-, tri-, and tetra-aromatics) during enzymatic 

treatment of 10 “amorphous” PET disk using 30 nM of LCCICCG. This is an adapted version of a figure from 

Paper IV. 

During the early stage degradation, we successfully identified six different product species, 

namely TPA, MHET, BHET, and di-, tri-, and tetrameric OETs. Interestingly, the tetrameric 

OET accounted for nearly 50% of all products, during the early stage degradation (Figure 

4.4.B). This was unexpected as we, to the best of our knowledge, were the first to report 

this as a soluble degradation product from the enzymatic treatment of PET. Eberl et al did 

however show that the tetramer was present in relatively large quantities in the insoluble 

fraction of enzymatic degraded PET [93]. The presence of the tetramer in both the soluble 

and insoluble fractions was attributed to the low solubility, as highlighted in Paper IV. The 

concentration of tetramer remained constant during the reaction. This was likely due to its 

low solubility, or because a steady state had been reached between the tetramer formation 

from the insoluble fraction and the hydrolysis in the insoluble fraction. The large quantities 

of the tetramer during early-stage degradation  challenge the widely accepted assumption, 

that monoaromatic products (BHET, MHET, TPA)  are the main products from the 
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enzymatic reaction [70,91,124–127]. Instead, these may be considered as the product of 

the homogeneous catalysis of OETs as demonstrated by Schubert et al [90]. 

4.4 Effect of XC on enzymatic degradation of PET 

The impact of XC on the enzymatic degradation of PET was studied using a standardized 

PET substrate presented in Chapter 3, with a XC ranging from 10% to 27%. These samples 

were then subjugated to an enzymatic treatment by either LCCICCG or DuraPETase, under 

their optimal conditions, as specified in section 4.1, over an 8-hour time course. The initial 

enzymatic treatment of the thermally annealed PET samples with a XC > 10%, exhibited 

no product formation (Figure 4.3). This initial stage will henceforth be referred to as the 

"lag phase". After surpassing the lag phase, the reaction rate remained at a constant level, 

referred to as the “steady-state rate” (vss). Notably, both the duration of this lag phase (tlag) 

and vss were affected by increasing XC, as tlag became more profound, while vss decreased. 

(Figure 4.3) 

 

Figure 4.5 – Enzymatic degradation of semi-crystalline PET: Product release during enzymatic 

degradation of thermally annealed PET samples ranging from 10% to  27% in 50 mM glycine-NaOH buffer 

using A) 150 nM LCCICCG at 70°C pH 9, or B) 150 nM DuraPETase at 70°C pH 9. The buffer concentration 

was increased to 500 mM for the samples at XC<15% for the samples incubated by LCCICCG to avoid a 

decrease in pH. This figure was originally published in Paper II. 

4.4.1 Steady-state rate 

The progression in the vss as a function of XC, occurred in a non-linear manner for both 

LCCICCG and DuraPETase, as shown in figure 4.6. Notably, the product release of both 

enzymes ceased above a certain threshold corresponding to 23% for LCCICCG and 19% 

for DuraPETase. Similar observations were observed on the IsPETase and a mutated 

variant [84]. The absence of product release on the crystalline samples could be attributed 

to the following factors: 

1 The XC threshold: The density/quantity of accessible and degradable ester bonds 

may have surpassed the minimal level required for efficient degradation of the 

crystalline substrate. This concept is discussed further in chapter 5. 
2 The lag phase: tlag on samples with high XC might extend beyond the total reaction 

time, leading to insufficient degradation during the course of the enzyme treatment. 
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Figure 4.6 – Steady-state rate vs. XC: A) Steady-state rate for LCCICCG obtained at different XC. The rates 

has been calculated based on the linear region of the progress curves in 4.3A. B) Steady-state rate for 

DuraPETase obtained at different XC. The rates has been calculated based on the linear region of the progress 

curves in 4.3B. This figure was originally published in Paper II. 

As the product formation, at a given point in time is dependent on both tlag and vss, 

comparative studies should not be performed using a single end-point measure of the total 

product formation, as this could lead to misconceptions. Instead, multiple sampling or 

continuous monitoring of the product formation is required to ensure that tlag has been 

surpassed when quantifying the vss. 

4.4.2 Change in surface topography 

In addition to the quantification of the soluble products released during the enzymatic 

treatment, the change in the topography of the insoluble PET disk after treatment by 

LCCICCG was analyzed by SEM (Figure 4.7). All PET samples, independent of XC, 

appeared smooth before enzymatic treatment. During the 8-hour enzymatic treatment, the 

surface topography of the sample at the lowest XC (9.8%) remained unchanged, within the 

obtained resolution. In contrast, the annealed samples displayed significant surface 

erosion. Typically, increased surface areas are associated with higher kinetic rates in 

interfacial catalytic reactions. However, in this case, the observed surface erosion, 

resulting in a larger surface area on the crystalline samples, was not indicative of an 

increased number of catalytic sites accessible to LCCICCG. Instead, this surface erosion 

suggested that certain regions were inaccessible to the enzyme. This observation could 

suggest that the hydrolysis of ester bonds near a previously hydrolyzed bond may be more 

favorable than randomly located ester bonds, as local cavities are formed on the surface. 

Similar phenomena have been described in previous studies [17]. While it may be tempting 

to conclude that the inaccessible areas correspond to the crystal regions, further 

investigations are necessary to precisely determine the substrate composition in terms of 

XC, XMAF, and XRAF.  

The extent of erosion seemed to correlate with the enzymatic product release during the 

initial stage. Hence, the initial enzymatic degradation of the thermally annealed PET 

samples did neither result in surface erosion (Figure 4.7) nor detectable soluble product 

formation (Figure 4.5A). These findings could suggest that increased XC leads to limited 

formation of productive enzyme-substrate complexes. This limitation arises from the 
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scarcity of amorphous hydrolyzable sites. Instead, the enzymes may bind unproductively 

the the crystal regions. Further insights into the mechanism causing the lag phase are 

provided in Chapter 6 and discussed in Chapter 7. 

 
Figure 4.7 – Change in topography during enzymatic treatment of PET: SEM images at 1500x 

magnification of PET at various XC (9.8 to 27.3%) subjected to enzymatic degradation by 150nM of LCCICCG 

at 70°C pH 9 in 50 mM Glycine-NaOH for up to 8 hours. The concentration written in the lower right corner of 

each image represent the product release during enzymatic treatment. The figure was originally published in 

Paper II. 

4.5 Chapter summary 

In conclusion, Chapter 4 delved into the enzymatic degradation of semi-crystalline PET, 

investigating the interplay between substrate properties and enzymatic activity. It was 

found that the optimal conditions when degrading amorphous of low crystalline PET 

enzymatically was ultimately 70°C, as the substrate starts to crystalize above this 

temperature [12,34]. Although the Tg of the bulk material falls below the reaction 

temperature after ~1 hour of incubation at 68°C, we did not see any rapid increase in 

activity within this time scale. We furthermore saw that the vss two PET samples with 

different Tg values (75 and 60°C), assayed at 68°C were similar, despite the sample with 

a lower Tg was expected to be more mobile. On this basis the second hypothesis of this 

thesis, H2, was rejected. 

Additionally, we observed the presence of a lag phase at samples with higher XC during 

the initial degradation. This lag phase did neither result in the release of soluble products 

nor surface erosion. After the lag phase had been overcome a steady-state rate was 

observed. This rate was heavily affected by the XC and almost depleted at 23% XC for 

LCCICCG and 19% XC for DuraPETase. These phenomena will be discussed in more detail 

in the following chapters.
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Chapter 5: Tolerance Towards Substrate Crystallinity 

From the previous chapter, it was clear that the XC had a significant effect on the enzyme 

activity. However, due to the presence of the lag phase, it was not evident whether the 

lower activity of DuraPETase on XC PET was caused by its lower activity in general, 

resulting in longer lag phases, or if it was caused by differences in the tolerance of the 

enzymes towards increasing substrate XC. We, therefore, set up a larger comparative 

characterization of six different benchmark PET-hydrolases: LCC, LCCICCG, DuraPETase, 

HiC, TfC, and PHL7, as specified in Obj. 3, to test the third hypothesis, H3, of this thesis: 

“The tolerance of enzymes towards increasing XC of the substrate is different between 

enzymes. Hence, the tolerance towards XC may be used as a selection criterion for 

identifying enzymes with enhanced activity on more crystalline PET” 

The content of the following chapter draws upon the findings presented in Paper III. Here 

the six thermostable PET degrading enzymes were assayed on PET substrate with XC 

spanning from 10.8 to 24.4%. The reactions were conducted during an extensive 8-days 

of treatment at 55°C, to ensure that the lag phase would be overcome. Although 55°C was 

not the optimal temperature for all enzymes [11,12,70,82], it was chosen to maintain high 

catalytic turnover rates while preventing unwanted substrate crystallization during the 

prolonged incubation. 

Enzymatic reactions subjected to prolonged incubation can be negatively influenced by 

factors such as thermal inactivation [16] or product inhibition of the enzymes [91,128]. To 

mitigate the impact of these factors, we took specific precautions. At each time point (every 

24 hours), we collected, washed, and transferred each enzymatically treated disk to a new 

reaction container with fresh enzyme and buffer. This approach ensured that the apparent 

rates, quantified from the linear regions of the progress curves, predominantly reflected 

the substrate properties (i.e., the XC) rather than being skewed by potential enzyme-related 

factors. 

5.1 Comparative evaluation of the effect of XC on the steady-state 

rate 

The cumulative product formation during the 8 days of treatment is displayed in Figure 5.1. 

These curves reveal notable variations in both vss and tlag among the six enzymes included 

in the study. Interestingly, a tlag of up to 6 days was observed at high XC (Figure 5.1F). This 

finding corroborates the earlier results from the previous chapter, confirming that the 

previously observed threshold towards XC for LCCICCG and DuraPETase observed in 

Figure 4.6 was partly due to the lag phase not being overcome. As described previously 

the vss could be calculated from the linear regions of the progress curves.  

LCCICCG consistently exhibited the highest degradation rates across all substrate 

crystallinities (Figure 5.1). The rates of LCC, DuraPETase, and PHL7 were relatively 

similar on the most amorphous sample (XC=10.8%). However, at higher XC values, the 

rate of PHL7 dropped significantly, resulting in a 4- and 5-fold reduction in vss compared 

to LCC or DuraPETase, and as much as 12-fold lower than LCCICCG at an XC of 24.4%. 

PHL7 was therefore more negatively affected by increased substrate crystallinity 
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compared to LCC, LCCICCG, and DuraPETase. This observation aligns with a recent study 

by Plaff et al. who demonstrated that PHL7 (also referred to as PES-H1) exhibited 

significantly lower activity on highly crystalline PET particle samples (XC=26%) compared 

to LCCICCG, despite performing nearly as well as LCCICCG on amorphous PET film [83].  

HiC and TfC generally exhibited substantially lower rates compared to the other enzymes. 

At 10.8% XC, their rates were ~36- and 16-fold lower, respectively, than LCCICCG. 

Moreover, HiC and TfC did not show any detectable product formation during the 8-day 

incubation at XC values above 19.6% (Figure 5.1). 

 
Figure 5.1 –  Progress curves during prolonged degradation of semi-crystalline PET at various XC: 

Time course showing the formation of soluble products, in terms of BHETeq, during enzymatic treatment of 

PET disks at various XC for six thermostable enzymes; A) LCCICCG, B) LCC, C) DuraPETase, D) PHL7, E) 

HiC, and F) TfC. Each reaction was performed using 1 PET disk (Ø=6 mm, h=1 mm, m~32 mg) spanning from 

10.8 to 24.4%, treated with 200 nM enzyme at 55°C pH 9 in 500 nM glycine-NaOH buffer pH 9. At each time 

point, (every 24 h) the PET disk was washed in water and 1% SDS, and transferred into a new reaction vessel 

containing fresh enzyme and buffer. The graph was originally published in Paper III. 

5.2 Tolerance towards XC 

To enable a direct comparison of the tolerance towards increasing XC, we normalized the 

vss from Figure 5.2A with respect to the rate obtained on the most amorphous sample 

(XC=10.8%). These normalized rates were independent of the overall efficiency of the 

enzymes at amorphous/low crystalline samples. Consequently, the tolerance curves 

(Figure 5.2B) focus solely on how the enzyme's performance is impacted by increasing 

XC, rather than how well it performs overall. The highest normalized rates at intermediate 

XC values (15.5% to 22.1%) were obtained by LCC followed by LCCICCG. DuraPETase and 

PHL7 exhibited similar normalized activities up to 19.6% XC. Beyond this point, 

DuraPETase reached a plateau, while the rate of PHL7 continued to decrease. LCC, 

LCCICCG, and DuraPETase retained similar relative product formation rates at the highest 

XC (24.4%), corresponding to 30–40% of the “untreated” sample. In contrast, PHL7 only 

retained 6% of its activity at the highest XC (Figure 5.2B). 
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Figure 5.2 – Comparative comparison of enzyme tolerance to substrate XC: A) steady-state rate of 

LCCICCG, LCC, DuraPETase, PHL7, Hic, and TfC at XC ranging from 10.8 to 24.4%. The rates were calculated 

based on the linear regions of Figure 5.1 B) XC Tolerance curves for the six enzymes. The normalized activity 

was calculated by dividing the rates at a given XC the rate obtained at the most amorphous sample (10.8% 

XC) from Figure 5.2A. C) XC,50, defined as the XC at which the activity of an enzyme reaches 50% on the activity 

on the most amorphous substrate, visualized by the dashed line in Figure 5.2B. This figure is originally from 

Paper III. 

For a single quantitative measure on the influence of the XC on the hydrolysis rate, we 

calculated the XC at which the product formation rate decreased to half of the rate archived 

on the most amorphous sample. This parameter, denoted as XC,50, was calculated by linear 

interpolation of the tolerance curves (Figure 5.2B). The XC,50 values confirmed that LCC 

and LCCICCG exhibited the highest tolerance towards XC, followed by DuraPETase and 

PHL7. In contrast, the tolerances of TfC and HiC were the lowest, as their activity dropped 

to very low levels at XC above 15% (Figure 5.2C). 

5.3 Change in surface topography 

The change in the topography resulting from the prolonged treatment was further 

evaluated for LCC, LCCICCG, DuraPETase, and PHL7 (Figure 5.4). To investigate whether 

the lower tolerance, and thereby a presumably lower substrate specificity would be 

manifested as surface erosion (change in surface topography) caused by enzymatic 

treatment. Due to very low product formation, and thereby extent of reaction, by HiC and 

TfC, these enzymes were not included in the assessment. The changes in topography 

resulting from individual enzymatic treatments demonstrated profound variations among 

the enzymes and with increasing XC, particularly on more crystalline samples (XC>10.8%). 

PHL7-treated samples showed more distinct crater-like surface erosion (Figure 4). The 

density of these structures decreased with increasing XC. In contrast, PET disk samples 

treated with DuraPETase, LCC, or LCCICCG exhibited less obvious surface erosion, despite 

their significant PET degrading action. However, PET disks at XC>15.8% treated with 

DuraPETase, LCC, or LCCICCG exposed what are assumed to be crystal structures (Figure 

4).  

The enzymatic degradation of PET occurs at the plastic-water interface. Here the chains 

in the MAF regions are presumably at their mobile state, as the Tg,surface of PET is 

substantially lower than the Tg,bulk (e.g. around 40°C [124]). These chains (MAF) may 

therefore change between conformations (gauche or trans), unlike the more rigid chains 

(RAF and crystals). As the XC increases, the overall PET chain mobility gradually 

decreases due to a lower proportion of MAF [44]. We therefore propose that the higher 

tolerance to XC, and the less profound surface erosion, observed for certain PET 
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hydrolases (specifically LCC and LCCICCG),  is attributed to a broader conformational 

selectivity towards the trans conformation of PET chains. This selectivity is facilitated by 

the flexibility of their active sites, enabling them to bind to rigid PET chains in either a 

gauche or trans conformation. This interpretation aligns with the recent findings of Guo et 

al. [129] 

 
Figure 5.3 – Change in surface topography of PET samples after enzymatic treatment: Light microscopy 

imaging of PET disk at various XC (10.8 to 24.4%) after eight days of treatment by either DuraPETase, LCC, 

LCCICCG, PHL7 or without enzyme (Buffer). The disks displayed in this figure were the same disk that was 

used in Figure 5.1. This figure is originally from Paper III. 

5.4 Total hydrolysis yield 

To investigate the hypothesis that the lower tolerance to XC, and more defined surface 

erosion observed for PHL7 was the result of a lower conformational selectivity, we 

conducted a prolonged enzymatic treatment on extremely crystalline PET particles (Ø< 

300 μm, XC=38%) using the following enzymes: DuraPETase, LCC, LCCICCG, and PHL7 

(Figure 5.3A). While the enzymatic degradation of the PET disk at the highest XC resulted 

in lag phases lasting for days, the same trend was not observed for the highly crystalline 

PET powder. Instead, the soluble product formation seemed to occur immediately when 

PET particles were used as substrate, as observed elsewhere [29,79,130]. These 

differences in the progression of product formation during enzymatic treatment of 

crystalline PET film and particles are likely due to variations in the substrate's morphology, 

influenced by the processing of PET particles.  
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Figure 5.4 – Enzymatic degradation of highly crystalline PET powder: A) Soluble product formation during six 

days of enzymatic treatment of 32 mg/mL highly crystalline PET powder (38% XC) at 55°C pH 8 using 200 nM 

of either LCC, LCCICCG, DuraPETase or PHL7. Table showing the maximal conversion yield calculated based 

on the product formation after six days of enzyme treatment. Different subscript letters (a, b, or c) indicate a 

statistical difference in the maximal yield obtained by the enzymes. This figure is originally from the 

Supplementary information from Paper III. 

Resulting in a significantly larger specific surface area which exposes amorphous regions 

that otherwise would have been retained within the crystal structure. Consequently, the 

initial density of hydrolyzable sites for enzymatic attack would be higher on the particles, 

leading to immediate hydrolysis, as shown by Chang et al. [131]. 

Looking at the maximum hydrolysis yield achieved by the four enzymes on the crystalline 

PET particles, it becomes evident that the total hydrolysis of PHL7 was significantly lower 

than the other enzymes, corresponding to half of what LCCICCG and DuraPETase 

accomplished, and nearly a third of LCC (Figure 5.4). Notably, the maximal yields obtained 

for LCCICCG were significantly lower than previously reported (23.5% [130]). This 

discrepancy may be attributed to the much lower enzyme-to-substrate ratio used in our 

study (0.2 μM enzyme per 32 g/L substrate) compared to the previous study (1 μM enzyme 

per 10 g/L). Nonetheless, the tolerance to XC (Figure 5.2B) correlated with the maximal 

conversion yield achieved for the different enzymes. The inefficiency of PHL7 on 

crystalline PET samples exemplifies this correlation, supporting the proposed hypothesis 

that PHL7 exhibits lower selectivity towards the more crystalline regions exposed on the 

surface of the annealed samples. 

5.5 Structural comparison 

A structural comparison of PHL7, LCC, LCCICCG, and DuraPETase was performed to 

investigate if the lower tolerance to XC of certain enzymes could be attributed to the 

structure. It has previously been observed that the active site of IsPETase (The wild type 

of DuraPETase) displays a greater flexibility compared to other PET degrading enzymes, 

including LCC [132]. This increased flexibility of IsPETase was assumed to contribute to 

its higher activity at ambient temperatures, where the amorphous polymer chains are at 

their rigid “glassy” state [65,132]. Based on this insight, we hypothesized that increased 

flexibility of the active site would accommodate the more rigid chains in the RAF region 
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which, as previously mentioned, increases with XC. Thus, increasing the tolerance towards 

XC. 

The structural flexibility of LCC, LCCICCG, DuraPETase, and PHL7 was studied by 

molecular dynamic (MD) simulation.  A notable backbone root-mean-square-fluctuation 

(RMSF), at approximately the same locations, namely residues 30–40 and 89–92, was 

observed for all enzymes as displayed in Figure 5.5A. However, these flexible regions 

were less was less profound for PHL7, compared with the other enzymes.  

 

Figure 5.5 – Structural comparison of LCC, LCCICCG, DuraPETase, and PHL7: A) Aligned and gaped 

RMSF of LCCICCG, LCC, DuraPETase and PHL7 during the 100 ns MD simulation. B) Comparison of the 

surface electrostatic potential of LCCICCG, LCC, DuraPETase, and PHL7, calculated using the APBS plugin in 

PyMOL. The front and back view is defined by the location of the active site, which are highlighted by an arrow. 

This figure has been adapted from figures originally published in Paper III. 

A possible explanation may lie in the hydrogen bonding interactions involving the bulkier 

glutamine and aspartic acid residing at positions 33 and 35 in PHL7 compared to the two 

serine residues at the same positions for LCC, LCCICCG, and DuraPETase (Figure S3 

Paper III). While none of these positions are directly linked to the active site of the 

enzymes, residues 89-92 were near the binding subsite II, which accommodates the 

binding of the polymer to with the enzyme [127,133]. This increased flexibility of the active 

site of IsPETase is centered around the loop bearing the catalytic residue D179 of 

IsPETase [132]. However, this flexibility has been reduced for the engineered variants 

DuraPETase and LCCICCG, as demonstrated by the RMSF (Figure 5.5A), to increase the 

overall activity at elevated temperatures [12,85]. Similarly, PHL7 exhibited lower RMSF, 

and thus flexibility, than LCC at this region. The selection criteria for increased activity for 

both DuraPETase and LCCICCG was based on their specific activity towards low crystalline 

PET material (<10.5% XC) [12,85]. Hence, the tolerance towards XC was not considered 

when selecting the improved variant. It is therefore noteworthy that the present tolerance 

assessment outlined in this chapter revealed that the four mutations differentiating LCCICCG 

from LCC did not substantially affect the response of LCCICCG towards increased 

crystallinity, despite its decreased flexibility. It is therefore unlikely that the increased 

flexibility around the loop bearing the catalytic residue D179 is the main contributor to the 

lower tolerance towards XC of PHL7, as both DuraPETase and LCCICCG had a similar 

RMSF at this region.  

A notable difference among these four thermostable PET-hydrolases is their variation in 

surface charge (Figure 5.5B). Generally, DuraPETase, LCCICCG, and LCC exhibited a 
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positive electrostatic potential across their solvent-excluded surface. An exception to this 

was the presence of a negative pocket situated near their active site, as illustrated in Figure 

5.5. In contrast, PHL7 displays a significant area of negative electrostatic potential. This 

was located almost directly opposite to the active site, as shown in Figure 5.5B. 

The hydrolysis of polyester materials, such as PET, leads to a net increase in negative 

charges on the surface. This occurs as carboxylic acids-groups, located at ends of 

polymeric chains, are exposed during bond cleavage, which does not result in the release 

of a soluble product [93]. Hence, the negative pocket located at the opposite side of the 

active site of PHL7 (Figure 5.5) might generate a repulsive force between the enzyme and 

substrate interface. This electrostatic repulsion could hinder PHL7 from swirling at the 

surface of PET, instead maintaining the enzyme in a position that enables an apparent 

pseudo-processive behavior following the initial bond cleavage. This observation could 

potentially explain the observed crater structures for PHL7 in Figure 5.3. It is also plausible 

that the profound surface erosion observed at higher XC would yield a higher negative 

surface charge, due to the increased specific surface area. This could potentially 

contribute to the lower tolerance observed for PHL7. 

5.6 Chapter summary 

In summary,  the main objective of this chapter was to test the third hypothesis, H3, stating 

that the activity towards the crystalline regions differs amongst PET degrading enzymes, 

and may therefore serve as a selection criteria for the identification of effective enzymes. 

For this purpose, we defined the concept of "tolerance" towards XC was introduced as a 

quantifiable parameter to assess enzyme responsiveness towards XC. Notably, LCCICCG, 

emerged as the most efficient enzyme in terms of both activity and tolerance to XC, while 

PHL7 demonstrated decreased tolerance to XC, despite its high rates on low crystalline 

PET (XC <15%). The lower tolerance towards XC PHL7 was further manifested by a lower 

total hydrolysis yield and the presence of untouched regions following enzymatic 

degradation.  Thus confirming H3, as we showed that both LCC and DuraPETase were 

more robust towards increasing XC than PHL7, while their activity on the low crystalline 

samples was comparable. These enzymes would therefore serve as better candidates for 

the enzymatic degradation of waste PET with higher XC. Through MD simulation, we 

observed that the increased tolerance towards XC was not directly linked to the flexibility 

of the active site, but is instead to regions associated with regions that accommodate 

binding of substrate moieties, which are not directly linked to the point of hydrolysis. 
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Chapter 6: Enzymatic Degradation Mechanism on Semi-

crystalline PET 

The initial stage of enzymatic PET degradation, referred to as the lag phase, is 

characterized by the absence of product release. This phenomenon is influenced by 

various factors, including the enzyme catalyzing the reaction, as highlighted in Paper III, 

the specific surface area of the substrate  [131], and the XC as shown in Paper I, II, and III. 

Consequently, studying the kinetics of thermally annealed PET substrates with increasing 

XC has proven challenging due to the need for extensive sampling. To address this issue 

we developed a continuous assay for monitoring the product formation, which enabled 

quantitation of the kinetic constants of LCCICCG on substrate with different XC, XRAF, and 

XMAF. By studying the relative decrease in the maximal reaction rate (invVmax) as a function 

of the change in substrate composition, we were able to test the fourth hypothesis, H4, of 

the thesis: 

“The tolerance towards substrate XC can be attributed to the specificity of an enzyme 

towards XC, XRAF, or XMAF” 

We further studied the initial stage of PET degradation by combining two complementary 

assays, namely RP-HPLC and proton release. This allowed us to test the fifth and final 

hypothesis, H5, of the thesis: 

“The initial degradation of crystalline PET is facilitated by an endo-type degradation 

pattern” 

The following chapter is built upon Obj. 4, and is based on the results from Paper IV, V 

and, VII. To enable continuous monitoring of the product release, we developed a simple 

compartmentalized spectrophotometric assay, based on modified microtiter plates. The 

underlying principle of this method is illustrated in Figure 6.1. 

 

Figure 6.1 – Overview of the modification of a 96-well plate for the compartmentalized assay: A) 

Schematic representation of the compartmentalized microtiter plates used for the continuous assay. The 

insoluble substrate was retained in the reaction well, while the product formation was measured in the 

analytical well B) Kinetic reaction scheme describing the flow of soluble products between the reaction- and 

analytical well. This figure is adapted from figures originally published in Paper V. 
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6.1 Validation of UV-based continuous assay 

6.1.1 Evaporation 

The continuous assay was performed at 50°C in an open system and was therefore 

subjected to water evaporation during the reaction. The evaporation occurred at a constant 

rate of 2.15 µL/min, causing a ~40% reduction in reaction volume after 120 min (as shown 

in Paper V). Despite the significant reduction in volume, the absorbance of soluble 

products remained constant over a two-hour time course, consistent with Lambert-Beer’s 

law. The absorbance monitored by the continuous assay does therefore accurately reflect 

the product release (in moles). The evaporation did however lead to an upconcentration 

of the enzyme during the reaction. Hence, an adjustment for the evaporation was 

necessary, to determine the actual enzyme concentration at a given time (i.e. at the time 

of regression of vss). 

6.1.2  Mixing 

Due to the compartmentalized design, a slight time delay occurs before the product has 

diffused from the reaction well into the analytical well, as shown by the reaction scheme in 

Figure 6.1B. Assuming the system is well mixed, the concentration in the analytical well, 

naw, at a given time, t, can be quantified according to equation 6.1 

 𝑛𝑎𝑤(𝑡) = 𝑛𝑒𝑞 + exp(−2 ∗ 𝑘𝑚𝑖𝑥 ∗ 𝑡) ∗ 𝑐 (6.1) 

 

Here neq is the equilibrium concentration between both wells, k is the mixing rate constant, 

and c is the constant of integration. A detailed deviation of equation 6.1 is shown in Paper 

V. 

 

Figure 6.2 – Evaluation of the responsiveness of the diffusion of soluble products into the analysis 

well: A) Progression in the diffusion of various volumes of a 2.5 mM BHET suspension from the reaction well 

into the analysis well. The solid line represents the global fit of the experimental data to equation 6.1. B) 

Comparison of the product formation obtained experimentally with the simulated data, estimated by 

numerically solving the ODEs presented in equation 6.2 using the experimentally obtained vss and kmix. This 

figure is adapted from figures originally published in Paper V 
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To quantify the mixing constant, a known quantity of a concentrated BHET suspension 

was added to the reaction well, and the absorbance was subsequently monitored in the 

analytical well. The progression in naw was  fitted to equation 6.1 using global fitting (Figure 

6.2A), resulting in a mixing constant of 0.247± 0.002 min−1. Importantly, this constant was 

found to be independent of the presence of a PET disk or the type hydrolysis product type 

(MHET, BHET, or TPA), as shown in paper V. Instead, the well dimensions, especially the 

intersection, had a significant effect on the mixing constant. Therefore, ensuring uniformity 

in the modified plates is essential for achieving reproducibility. 

 

Figure 6.2 – Evaluation of the responsiveness of the diffusion of soluble products into the analysis 

well: A) Progression in the diffusion of various volumes of a 2.5 mM BHET suspension from the reaction well 

into the analysis well. The solid line represents the global fit of the experimental data to equation 6.1. B) 

Comparison of the product formation obtained experimentally with the simulated data, estimated by 

numerically solving the ODEs presented in equation 6.2 using the experimentally obtained vss and kmix. This 

figure is adapted from figures originally published in Paper V 

6.1.3 Responsiveness of the system 

The responsiveness, defined as the time it took to reach 95% of the steady-state rate, was 

quantified by simulating 𝑛𝑎𝑤(𝑡) by solving the following ODEs numerically: 

  ∆𝑛𝑎𝑤

∆𝑡
= 𝑣𝑠𝑠 ∗ 𝑉 + 𝑘𝑚𝑖𝑥 ∗ 𝑛𝑟𝑤 − 𝑘𝑚𝑖𝑥 ∗ 𝑛𝑎𝑤 

∆𝑛𝑟𝑤

∆𝑡
= 𝑣𝑠𝑠 ∗ 𝑉 + 𝑘𝑚𝑖𝑥 ∗ 𝑛𝑎𝑤 − 𝑘 ∗ 𝑛𝑟𝑤 

(6.2) 

The vss used in the simulations were based on experimental data from the following 

enzymatic reactions; namely using 500 or 20 nM of LCCICCG or DuraPETase. V was set 

to 325 µL, corresponding to half of the total reaction volume (i.e. the volume of one well), 

while the k was 0.247 min−1 as previously described.  

The simulations estimated the on-set time, tonset,sim, to 8 min (Figure 6.2B and Table 6.1). 

This means that it would take the system 8 min before the vss in the analytical well would 

correspond to the actual vss. Interestingly, the experimentally determined onset time, 

tonset,exp, was 3.5–10 times shorter than tonset,sim. This shows that the observed lag phases 

from the experimental data could not be solely explained by the system responsiveness 

alone, even though a low crystalline PET was used as substrate (8.6% XC). 
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Table 6.1 – Experimental and simulated on-set times for the continuous assay: The tonset, exp and vss 

were calculated based on the experimental data presented in Figure 6.2B. the tonset, sim was calculated 
according to equation 6.2 using the experimentally obtained vss and kmix.  

Enzyme E0  
[nM] 

vss  
[nmol min-1] 

tonset, sim  
[min] 

tonset, exp  
[min] 

LCCICCG 500 5.75 8 28 
 20 1.01 8 56 
DuraPETase 500 0.87 8 58 
 20 0.16 8 83 

6.2 Steady-state kinetics during enzymatic degradation of XC PET 

The influence of substrate composition on steady-state kinetics for LCCICCG was evaluated 

by inverse Michealis-Menten kinetics (invMM) [134]. The extent of the reactions was limited 

to 120 min, due to evaporation of the reaction media, as mentioned in section 6.1.1. The 

XC used in the continuous assay, was therefore limited to XC<13% as the duration of the 

lag phase would extend beyond the maximal incubation time, at a XC above this level 

(Figure 6.3A). 

Despite the narrow range of XC used in the InvMM analysis, an increase in XC  from 8.6% 

to 12.2% led to a significant 3-fold reduction in the maximal reaction rate from 0.22 to 0.07 

µMs-1, as specified in Table 6.2. As previously established in [134] the invVmax is a product 

of the kcat, initial substrate loading in g/L  (S0,mass), and the density of attack sites (Γmax) : 

 𝑖𝑛𝑣
𝑉𝑚𝑎𝑥 = 𝑆0,𝑚𝑎𝑠𝑠 ∗ 𝛤𝑚𝑎𝑥 ∗ 𝑘𝑐𝑎𝑡   (6.3) 

Since S0,mass is the same in all reactions, the observed decrease in invVmax can be attributed 

to a reduction in Γmax, a decrease in the apparent kcat, or both factors concurrently. As 

emphasized in the previous chapters, PET-degrading enzymes are incapable of degrading 

the crystalline regions of PET. Hence, it is evident that the increase in XC of a PET 

substrate would decrease the Γmax.  

 

 

Figure 6.3 – InvMM kinetics at different substrate crystallinities: A)  Soluble product formation was 
monitored by the continuous assay during enzymatic degradation of PET disks at various XC (8.6 to 12.2%) 
using 300nM LCCICCG at 50°C pH 9. B)  InvMM curves of LCCICCG substrate at various XC (ranging from 8.6% 
to 12.2%). The steady-state rate was calculated from the linear region of the progress curves from the 

continuous assay. 
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Table 6.2 - Kinetic parameters of LCCICCG on PET disks at various XC: The substrate composition (XC, 

XMAF, and XRAF) was calculated by DSC. The kinetic constants (invVmax and invKm) were quantified from the 
invMM curves in Figure 6.3A. Different subscript letters (a, b, or c) indicate a statistically. 

To test if Γmax would solely be linked to the fractional composition of the PET in terms of 

the rigid all-trans XC, the rigid trans-rich XRAF, or the mobile gauche-rich XMAF, we proposed 

two scenarios to describe the relationship between Γmax and the fractional composition: 

 Scenario 1: LCCICCG may degrade all of the amorphous PET (MAF and RAF) equally, 
while the crystalline regions are resistant to enzymatic hydrolysis. Hence,  Γmax = XMAF 

+ XRAF = 100 – XC 

 Scenario 2: LCCICCG may only degrade the MAF, hence both RAF and crystalline 
regions are resistant to the enzymatic hydrolysis. Hence, Γmax = XMAF 

In both scenarios, we assumed that the enzyme is only acting on the specified amorphous 

regions. Furthermore, it is assumed that the kcat is unaffected by substrate type (i.e. MAF 

or RAF) or changes in factional composition.  To test if either of the substrate preferences 

specified by the scenarios could be directly correlated to the Γmax, we plotted the 

normalized invVmax, against the normalized substrate composition, as specified by scenario 

1 or 2. The slope of this plot would then correspond to the relative change in invVmax as a 

function of the relative change in substrate composition. Should either of these scenarios 

be true, then the slope of the plots should be equal to 1. This was however not the case 

for either of the scenarios, as both slopes were greater than 1 (3.0 ± 0.7 for scenario 1 and 

15± 2.8 for scenario 2). Both scenarios were therefore rejected.  

 

Figure 6.4 – Correlation between InvVmax and substrate composition: A) Correlation InvVmax between the 
fractional composition of either XC, XRAF, or XMAF. B) Correlation between the normalized InvVmax, estimated 
from the InvMM curves, normalized amorphous fraction (scenario 1), or the normalized XMAF (scenario 2). The 
linear regression of the fits is represented by solid lines. It was hypothesized that the Γmax would be equal to 
either XMAF + XRAF (scenario 1) or XMAF alone (scenario 2). In such a case, the slope of the regression would 

equal 1.  

Annealing 
condition 

XC 

[%] 
XMAF 

[%] 
XRAF 

[%] 

invVmax  
[µM s-1] 

invKm 

[µM] 

invVmax/invKm 

[min-1] 
5 min at 85°C 8.6 ± 0.78a 77.4 ± 1.9a 13.8 ±1.2a  0.22 ± 0.011a 0.11 ± 0.018a 2.0 ± 0.44a 

3 min at 115°C 9.7 ± 0.45ab 70.9 ± 5.9ab 19.4 ± 6.4a 0.16 ± 0.011b 0.054 ± 0.016a 2.9 ± 1.1a 

4 min at 115°C 11.2 ± 0.31ab 64.4 ± 2.6ab 24.5 ± 2.8a 0.13 ± 0.010b 0.072 ± 0.0220a 1.9 ± 1.8a  

5 min at 115°C 12.2 ± 0.89b 62.3 ± 1.9ab 25.8 ± 0.78a 0.07 ± 0.011c 0.13 ± 0.074a 0.5 ± 0.865a 
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Thus, it becomes evident that neither the XC nor XMAF alone can adequately account for 

the reduction in invVmax. Nevertheless, XMAF appears to serve as a better indicator of Γmax, 

as the slope was 5 times lower. It is worth noticing that the relative decrease in the invVmax 

by LCCICCG caused by increasing XC was more profound than the influence of XC on the 

vss of LCCICCG as shown in the previous chapters (Figure 4.7A and 5.1A). These 

inconsistencies are likely caused by differences in the experimental conditions. As 

previously mentioned the operating conditions of the continuous assay were limited to two 

hours at 50°C. Hence, factors such as the increase in chain mobility (induced by 

temperature) or increase in surface erosion, leading to a higher specific surface area 

(induced by prolonged degradation) may contribute to enhanced tolerance towards XC. 

6.3 Duration of lag phase 

The continuous monitoring of the product formation allowed for an in-depth analysis of the 

lag phase. tlag was quantified for all of the enzymatic reactions, used in the invMM curves 

from Figure 6.3. While the vss was defined as the linear region of the progress curves the 

tlag was defined empirically, as the intersection between the regression line of the vss and 

the baseline as shown in Figure 6.5A. 

A clear correlation was observed between the tlag and the vss, indicated by the linear 

regressions shown in Figure 6.5B. This negative correlation became more profound at 

increasing in XC. These observations led to the following hypothesis that the lag phase 

was caused by a random/endo-type degradation pattern of the insoluble PET chains. 

Hence the average DP of the PET chains, exposed at the surface, would decrease during 

the initial stage. Thereby increasing the probability of chain scissoring at the terminal, 

resulting in the formation of a soluble product. The product formation rate would 

consequently be inversely proportional to the average degree DP of the surface-exposed 

PET chains.  

 

Figure 6.5 – Correlation between the duration of lag phase steady-state rate: A) Progress curve showing 
the quantification of both vss and tlag. B). Correlation between the vss and tlag for each data point included in the 

inverse MM plot in 6.3A.  
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Hence, tlag can be attributed to the time it takes to hydrolyze the necessary number of ester 

bonds required to reach a steady state where the average degree of polymerization (DP) 

of the exposed polymeric chains remains constant. The increase in tlag resulting from the 

increase in XC would therefore imply that the necessary number of ester bonds required 

to reach a steady-state increases with XC. A possible explanation for this phenomenon 

could be attributed to the density of entanglements in the amorphous regions, as it has 

been shown that crystal formation during annealing at temperatures < 120°C (which is the 

case in this study) does not unfold entanglements in the amorphous regions  [135]. Hence 

the relative density of entanglements in the amorphous regions would increase as the XC 

increases. These entanglements could potentially shield the free ends of the polymeric 

chains, which are required, to yield a soluble product. 

6.4 Proton release during enzymatic degradation of PET 

While endo-type chain scissoring does not result in any product formation, the hydrolysis 

still results in the release of a positively charged proton. Hence the preference of an 

enzyme towards endo- or exo-type chain scissoring can be determined by comparing the 

total production of a soluble product with the total release of protons, as demonstrated by 

Schubert et. al [90]. We, therefore, assayed LCCICCG in a pH-stat system, while periodically 

sampling for HPLC measurements, to test the aforementioned hypothesis, that enzymatic 

degradation of more crystalline PET substrate would be facilitated by more endo-type 

cleavage compared to amorphous PET. 

 

Figure 6.6 – Progress curves of soluble product formation and proton release during enzymatic 

degradation of PET at various XC: A) Total hydrolysis measured in terms of CH+ (left ordinate) or 

concentration of soluble products measured by HPLC (right ordinate) in terms of TPA (T), MHET (TE), BHET 

(ETE), and diaromatic OET during 300 min of enzymatic treatment of PET disks at various XC. B) Comparison 

of the cumulative product formation with the total hydrolysis. The TP ratio indicates the total hydrolysis divided 

by the product formation. All reactions were performed using 150 nM LCCICCG at 65°C in a pH-stat system 

with a set point of pH 9, using 9 PET disks in 9.5 mL water. 

The progress curves depicted in Figure 6.6 reveal a noticeable difference in the behavior 

of lag phases when assessed in terms of the cumulative release of soluble products, CP, 

(quantified by RP-HPLC), or the release of protons, CH+,  (quantified by NaOH 

consumption). As expected, a lag phase was observed for the progress curves measured 
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in terms of CP, which became more distinct as the XC increased. This was however not the 

case for the progress curves measured in terms of CH+, as it was only substrate at a XC of 

18.5% that a significant lag phase was observed. This lag phase was even less profound 

compared to the one measured in terms of CP at 18.5% XC. The shorter tlag observed from 

the progress curves based on CH+ compared to CP substantiated the aforementioned 

mechanism stating that the lag phase was caused by random/endo-type chain scissoring. 

Interestingly, no proton release was observed during the initial stage of the degradation of 

the sample at 18.5% XC. Thus indicating that no hydrolysis was occurring during the initial 

stage of the enzyme treatment. It could be speculated if this observation is caused by 

unproductive binding, which has previously been shown to be the major interaction 

between PET and PET degrading enzymes [136]. 

6.5 Chapter summary 

In summary, Chapter 6 introduced a novel compartmentalized setup for continuous 

monitoring of the product formation during enzymatic hydrolysis of PET. This assay was 

used to quantify the kinetic constants, for LCCICCG at various substrate XC, using invMM 

kinetics. These results indicated that neither the amorphous fraction (XMAF and XRAF) nor 

the XMAF alone corresponded to the Γmax, thereby rejecting H4.  

By analyzing the progress curves from individual data points in the invMM, it was observed 

that the tlag correlated with the vss. Here, the tlag became more district with increasing XC. 

This observation was suggested to be caused by an initial random-type degradation 

pattern that would not yield any product formation during the initial stage due to the 

shortening of the PET chains rather than solubilization. This proposed degradation pattern 

was supported by the detection of proton release during the lag phase. Indicating that the 

insoluble PET chains underwent hydrolysis through endo-type chain scissoring, during the 

initial stage. Thus confirming H5.
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Chapter 7: Discussion 

7.1 Considerations for enzymatic degradation of PET 

The enzymatic degradation of PET is a complex matter as the reaction conditions itself 

may affect the substrate properties of PET. This includes thermal-induced crystallization 

of PET,  which occurs at reaction temperatures of 70°C or higher [12,34]. Consequently, 

enzyme degradation above this temperature is not feasible as increasing XC, as 

highlighted in this thesis, significantly lowers the efficiency of enzyme hydrolysis. The 

thermostability of PET degrading enzymes does therefore not need to exceed 70°C, as 

evident from LCCICCG, which had a temperature optimum at 70°C despite being thermally 

stable at 75°C (Figure 4.1).   

Another property that is affected by reaction conditions is the Tg, which is lowered due to 

the plasticizing effect of water. It has previously been suggested that enzymatic reactions 

should be performed at temperatures above Tg, as the increased chain mobility resulting 

from the devitrification (transition from the rigid “glassy” state to the more mobile “rubbery” 

state)[70,114–116]. However, we observed that this devitrification of the bulk material 

(specified by the bulk Tg) of a PET sample did not affect the enzyme hydrolysis rate. 

Instead, we proposed that the increase in reaction rate with increasing temperatures near 

Tg results from thermal activation of the enzyme (i.e., the Arrhenius effect) rather than 

increased mobility of the polymeric chains resulting from the devitrification. 

In fact, it has previously been shown that the Tg at the surface of PET is substantially lower 

than the Tg of the bulk [34,122,123]. This may be as low as 40°C[124], which explains the 

drastic increase in reaction rate around this temperature [70,124]. This effect is however 

less profound for a more crystalline sample as it presumable has a limited content of MAF, 

while a greater content of RAF and crystals, thus retaining the overall mobility at the 

surface [137]. This could explain why enzymatic degradation of PET is lower on PET 

substrate at higher XC. A schematic representation of the factors affecting the temperature 

optima of PET degrading enzymes is shown in Figure 7.1. 

 

Figure 7.1 – Temperature dependence of selected factors affecting the temperature optima of PET 

degrading enzymes: The green “+” indicates a positive effect to the vss, while the red “÷” indicate a 
negative effect. The size of the symbol scales with the contribution to the vss. The temperature optima of 

DuraPETase and LCCICCG are indicated by circles. 
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In a recent study by Ding et al., it was shown that the temperature optima of a six-point 

mutant of LCCICCG, namely LCCICCG_I6M, had higher 1.26-fold activity on highly crystalline 

PET powder, compared to LCCICCG when assayed at their temperature optima. The 

enhanced activity of LCCICCG_I6M was attributed to its higher thermostability [81]. However, 

as the increased thermostability of LCCICCG_I6M only resulted in a 1.26-fold increase in 

activity between 65 to 80°C, we believe that increased thermostability of PET degrading 

enzymes alone is not sufficient to archive efficient degradation of high XC PET. Instead, 

the substrate selectivity of the enzymes should be improved to facilitate a higher activity 

on the more crystalline regions 

7.2 Standardized method for evaluation of the influence of substrate 

XC on PET degrading enzymes 

As described in Chapter 3, there is no standardized methodology for evaluating the effect 

of substrate crystallinity on the enzymatic degradation of PET. Previous investigations on 

the effect of crystallinity have therefore been conducted using PET substrates processed 

in various manners (e.g. amorphous film and crystalline PET powder) or using PET 

material processes in the same manner but with a limited number of different levels of  XC 

[70,73,81,83,84,106,129,138,139]. Due to the complex nature of PET (conformational 

heterogeneity, chain mobility, crystal morphology, etc.), as highlighted in Chapter 2, it is 

not ideal to use PET, which has been processed differently (e.g. film and particles) for 

evaluating the effect of XC. This is because these substrates may differ in other properties 

(SSA, crystal morphology, etc.), which may also affect the hydrolysis rate [17,130,131]. 

Hence, a bias is introduced as observed changes in the rate may be caused by other 

factors than XC. A standardized, well characterized, model substrate is consequently a 

prerequisite to ensure reproducibility and a direct comparison between studies performed 

in different labs [140].  

This led to the development of a standardized method for the evaluation of XC on the 

enzymatic degradation of PET. As described in Chapter 3, our method involved thermally 

induced crystallization via annealing of a commercially available amorphous PET sheet 

(Goodfellow, Cat. No. ES303010). These sheets were cut into uniform disks using a hole 

puncher (Ø=6 mm) before the annealing. This procedure was able to obtain a range of 

PET substrates with XC ranging from ~10% XC (untreated sample) to ~30% XC. This range 

was ideal for the evaluation of the influence of PET-degrading enzymes, as it previously 

has been shown that the rate of a PET-degrading enzyme (namely the IsPETase) is most 

drastically affected between 16 and 25% XC [84]. Thermal-induced crystallization has 

previously been used to modify the XC of PET. This was however done by either annealing 

of spin-coated PET film [106], or via isothermal crystallization from melt [84]. However, 

these methods are more labor intensive and require special equipment, which is not 

common in all biochemistry laboratories, which is unlike the method proposed in this 

thesis. 

7.2.1 Tolerance towards substrate crystallinity 

Once the standardized methodology for modifying the substrate crystallinity of PET had 

been developed, a deeper insight into the influence of the XC on the enzymatic degradation 
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of PET could be obtained. From the progress curves, it was evident that the initial 

degradation, referred to as the lag phase did not yield any product formation or surface 

erosion. Once this this lag phase had been overcome a vss was reached. This rate was 

significantly reduced by increasing XC as previously established [17,84,106]. This effect 

becomes particularly profound once XC exceeds a certain threshold, ~20%. A similar 

observation was observed by Erickson et al. who found that the activity of the IsPETase 

and a double mutant depleted around 20% XC [84]. By studying the vss of LCCICCG and 

other PET hydrolases at various reaction conditions, we found that the threshold 

dependent on both enzyme and reaction conditions, as the threshold seemingly increased 

at elevated temperatures and longer reaction times.  

As previously described, the increase in XC results in a reduction in chain mobility and a 

change in the conformational state (increased trans conformers). The negative effect of 

the XC is therefore expected to be more profound at temperatures above the surface Tg 

(40°C[124]), as the MAF chains are at their mobile state, thus allowing them to change 

between conformations (gauche or trans). In contrast, when the XC increases the overall 

chain mobility of PET is gradually hindered as the proportion MAF decreases with XC as 

highlighted in Paper I, while RAF generally increases [96,135]. We, therefore, propose that 

a high tolerance towards the XC observed for LCCICCG, compared to PHL7, is due to a 

broader conformational selectivity towards the trans conformation of the PET chains. As 

shown by the RSMF, the enhanced selectivity is presumably governed by the flexibility in 

proximity to the active site. This flexibility would be required to facilitate the binding of PET 

chains existing in both gauche or trans conformations.  

The conformational selectivity the IsPETase was recently studied by Guo et al. By studying 

the substrate-enzyme binding via molecular docking OETs combined with the enzyme 

activity on trans-rich microwave pretreated substrate, they showed that an A238S variant 

obtained a presumably higher specificity towards trans conformers. In contrast, the WT 

IsPETase had a preference for gauche conformations. This preference towards either 

gauche or trans conformers was attributed to the orientation of W185 [129].  Although this 

Tryptophan is conserved in LCC, LCCICCG, DuraPETase, and PHL7, no differences were 

observed in the RSMD this residue, which corresponds to position 159 in the RSMF in 

figure 5.5A. Hence, no direct link could be observed between our observations and the 

ones made by Guo et al. There were however certain drawbacks associated with the 

methodology useed by Guo et al. Firstly, the molecular docking of PET oligomers may not 

reflect the binding of larger PET chains as specified by Wei et al [141]. Secondly, the 

microwave-assisted pretreatment resulted in the partial degradation of the PET, thus 

lowering the average DP substantially to a DP of 12 [129,142]. The higher activity on the 

pretreated substrate might as well reflect an increased preference towards shorter chains 

rather than trans conformers. Consequently, it would be interesting to determine the 

tolerance towards XC for the IsPETaseS238A using the standardized substrate presented in 

this thesis. As this would enable a more direct comparison of the activity on PET samples 

with different ratios of gauche-trans ratios. 
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7.3 Proposed degradation mechanism 

7.3.1 Chain scissoring of PET degrading enzymes 

The enzymatic degradation of PET has previously been reported to occur via a 

combination of endo and exo-type chain scissoring [17,90,93].  A recent study by Schubert 

et al [90], demonstrated that the main degradation products from the heterogeneous 

catalysis of PET, using IsPETase, LCC, HiC, and TfC, are larger OETs containing two or 

three TPA moieties (denoted dimer and trimer, respectively). In fact, more than 70% of the 

monoaromatic degradation products (TPA, MHET, and BHET), were generated through 

the homogeneous catalysis of OETs. The observed accumulation of MHET is therefore a 

consequence of a substantially lower specificity constant with MHET as substrate 

compared to the other larger fragments [90].  

A similar observation during the initial degradation of amorphous PET film using LCCICCG 

was demonstrated in Chapter 4. However, the main degradation product was an oligomer 

with four TPA moieties (tetramer). The tetramer did In fact contribute to ~50% of soluble 

products during the initial 20 s of enzyme treatment. This observation suggests that the 

degradation mechanism of LCCICCG is not governed by completely random endo-type 

chain scissoring, as that, from a stoichiometric point of view would result in a product profile 

with a uniform distribution of mono- di- tri- and tetra-aromatics during the initial stage of 

degradation (before the homogeneous catalysis). We therefore postulate that LCCICCG has 

a preference for releasing larger fragments (i.e. tetramers), which are subsequently 

hydrolyzed further into smaller fragments via homogeneous catalysis in the soluble 

fraction.  

 

Figure 7.2 – Schematic representation of the enzymatic degradation of PET: A) Enzymatic degradation 

of PET is governed by heterologous catalysis (at the interface between the insoluble polymer and the aqueous 

solution) and homogeneous catalysis (in the aqueous solution). At the surface of PET, the enzymes may either 

bind specifically to the substrate, thus yielding a productive ES complex, which may result in the release of a 

soluble Oligomer (preferably tetramers). The enzyme may also bind nonproductively, which does not result in 

any hydrolysis. The effect is more profound on the ungradable crystalline regions illustrated by red spheres 

with purple edges. The degradation products from the heterologous catalysis are subsequently hydrolyzed 

further via homogeneous catalysis. B) Simplified reaction scheme of the enzymatic degradation of PET. The 

dashed lines represent reactions at which new soluble products are formed. 
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A schematic illustration of this proposed degradation mechanism is shown in Figure 7.2A. 

This preference for releasing larger OETs rather than monoaromatics is likely caused by 

a reduced preference towards hydrolyzing the ester bonds nearest the terminal of the PET 

chain, as shown for cutinases originating from T. cellulosilytica and T. fusca [143]. These 

tetramers are, however, rapidly hydrolyzed into smaller fragments (primarily TPA and 

MHET) via homogeneous catalysis by the enzyme, once released into the soluble fraction 

as shown in Figure 7.2B. This proposed mechanism stands in contrast to other proposed 

degradation mechanism where MHET has been proposed as the main degradation 

product of the heterogeneous catalysis [73,128,144,145]. These mechanisms have, 

however, been postulated based on a structural analysis of the enzyme-substrate binding. 

However,  as these have been made using PET fragments, such as MHET4 (tetramer) or 

other smaller fragments, they may not reflect the actual enzyme-substrate interaction with 

larger and more rigid PET chains as specified in [141].  

Another explanation could be that the tetramer is an intermediate product which, as 

previously mentioned, is rapidly hydrolyzed into smaller fragments, and are may therefore 

be difficult to detect. In fact, we observed that the tetramer accounted for <10% of the total 

composition of soluble products after 4 min, and <1% after 20 min. This was despite a very 

high substrate to enzyme loading, which would facilitate heterogeneous catalysis. This 

effect may even be more profound on enzymes that are less efficient on PET, as it has 

been shown the specificity constant of different PET degrading enzymes may be quite 

similar on di- or trimers, despite their difference on PET [90].  The bottleneck for PET 

degrading enzymes is therefore related to the heterogeneous catalysis yielding oligomers, 

rather than the homogeneous catalysis of solubilized products into the monomers. This 

bottleneck becomes even more evident when it comes to more crystalline PET samples, 

due to the limited activity of PET degrading enzymes on XC PET, as highlighted in this 

thesis. 

7.3.2 Degradation mechanism on XC PET 

The initial stage of the enzymatic degradation of PET, denoted as the lag phase, did not 

yield any product formation. The duration of these lag phases was further shown to 

increase with increasing XC, as highlighted in Chapter 6. This phenomenon was attributed 

to an initial random/endo-type degradation, which as highlighted in Figure 7.2B does not 

result in any immediate product formation. Instead, the average chain length of the PET 

chains exposed to the surface becomes shorter. As the chain length decreases due to 

endo-type degradation, the probability of a cleavage near the terminal (exo-type 

degradation) increases, resulting in the release of a soluble product (primarily tetramers). 

Thus resulting in a gradual increase in the product formation rate (lag phase), until a 

steady-state rate has been reached. Based on the large quantities of the tetramer, during 

the initial stage of degradation, we hypothesized that a steady state rate occurs as a 

consequence of the formation of new free chain ends, resulting from endo-type 

degradation. At some point, the concentration of free ends reaches a level at which the 

concentration of ES complexes resulting in exo-type degradation would reach a steady-

state, resulting in a constant product release. This is either obtained via saturation of the 

enzymes by the number of free hydrolyzable ends (low XC) or saturation of these 

hydrolyzable ends by the enzymes (high XC). The rate at low XC is therefore limited by the 
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enzyme concentration, while the rate at higher XC is limited by the density of attackable 

sites suitable for endo-lytic degradation. This mechanism does furthermore explain the 

observed correlation between the vss and tlag observed in Chapter 6. 

Combinatorial degradation mechanisms have previously been reported in the literature for 

TfCut2, IsPETase, and Cut190 [17,145,146]. Thus, suggesting that this degradation 

mechanism is conserved among PET degrading enzymes (Cutinases). While the 

degradation mechanism may be conserved, the preference towards endo- and exo-type 

degradation is shown to differ between different PET degrading enzymes [90,93]. In fact, 

we observed that the tlag as a function of substrate XC differs for different enzymes. PHL7, 

HiC, and TfC had profoundly longer lag phases at higher XC than LCC, LCCICCG, and 

DuraPETase. This observation concurs with a recent study by Schubert et al. [90] who via 

stochastic modeling showed that HiC was less likely to perform endo-type degradation 

compared to LCC.  

It has previously been shown that PET-degrading enzymes primarily bind nonproductively 

to PET [136]. We, therefore, propose that longer lag phases observed for PHL7 compared 

to LCC are caused by nonproductive binding. As the accessible site, quantified by Γmax 

would be more scares for PHL7 it would be less likely to form a productive ES complex, 

compared to LCC. Based on the observation of local cavities in the SEM imaging we 

speculate that once a productive ES complex has been formed, the enzymes are more 

capable of forming a new productive ES complex, as the enzyme is in proximity to another 

hydrolyzable regions in what would appear as “exo”-type degradation. The preference 

towards endo or exo-type could therefore also be explained by the substrate specificity, 

as an enzyme with a lower Γmax (i.e. HiC or PHL7) would be capable of degrading fewer 

chain segments at the surface. Hence the average reduction in DP (which has previously 

been used to determine and distinguish between endo or exp-type degradation) at the 

surface would be less profound, as fewer chain segments are degraded.  

Lastly, we observed that PHL7, unlike LCC, LCCICCG, or DuraPETase had a negative 

surface charge located at the opposite site of the active site. We propose that PHL7 may 

only degrade in one direction, as the enzyme is aligned by repulsion forces between the 

negative charge on the backside of PHL7 and the negative charges of the carboxylic end-

groups of the hydrolyzed PET, which could explain the observed crater formations. 
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Chapter 8: Conclusion and Perspectives 

The work of this thesis focused on elaborating the current knowledge of how substrate-

related properties affected the enzymatic degradation of PET. We hypothesized that The 

XC of PET material can be systematically controlled through thermal annealing, enabling 

the creation of a standardized substrate for evaluating the impact of XC on the enzymatic 

hydrolysis of PET, H1, which we confirmed by successfully implementing an experimental 

platform for evaluating the effect of XC using thermally annealed PET disks as a model 

substrate.  

We further hypothesized that enzyme reactions at high temperatures near Tg would 

increase the hydrolysis rate due to increased mobility, H2. This hypothesis was, however, 

rejected; instead, we ascribe the increase in reaction rates at elevated temperatures to 

thermal activation. However, there is a possibility that the increase in mobility caused by 

the devitrification occurs at a much lower temperature, as the Tg at the surface may be 

drastically lower than in the bulk. 

The third hypothesis of the thesis, H3, was centered around the effect of XC on enzyme 

activity. Using the thermally annealed PET substrate we quantitatively evaluated the 

influence of XC on the action of PET degrading enzymes. This was done by characterizing 

six benchmark PET-hydrolases in terms of their robustness towards increasing levels of 

XC. For this purpose, we introduced the term "tolerance to XC" as a quantitative measure 

to evaluate the decrease in reaction rate caused by increasing XC. Interestingly, we 

observed that LCC, LCCICCG, and DuraPETase were more robust towards increasing XC 

than PHL7, TfC, and HiC, thus confirming the third hypothesis of the thesis. 

To investigate whether enhanced tolerance towards XC exhibited by LCCICCG could be 

directly attributed to the selectivity of the enzyme in terms of substrate composition (XC, 

XRAF, or XMAF), as specified in H4, we further studied the kinetics of LCCICCG on PET with 

different substrate compositions. Although the invVmax was heavily affected by changes in 

the substrate composition, Γmax, which is a quantitative measure for the substrate 

selectivity, was not directly linked to either XMAF or the entire amorphous fraction (100- XC). 

Although XMAF was found to be the better descriptor for Γmax it was still a too broad term as 

the relative decrees in invVmax decrease by 3% for each 1% decrease in XMAF. Thus 

declining the fourth hypothesis. 

Lastly, the degradation mechanism of PET-degrading enzymes was studied as specified 

by the fifth and final hypothesis (H5). We observed that the initial stage of degradation did 

not yield any product formation. This phenomenon was attributed to an endo-type 

degradation mechanism, in which the initial hydrolysis of PET would result in a lowering of 

the average chain DP without releasing products. Eventually, the chain becomes so small 

that hydrolysis results in the release of products. This mechanism was consolidated by 

monitoring the proton release during degradation of PET substrate at various XC levels, as 

the lag phase obtained here was less distinct compared to that obtained through soluble 

products. This confirms the fifth hypothesis of this thesis, as we could gain a deeper 

understanding of the degradation mechanism of PET-degrading enzymes by studying the 

degradation of crystalline PET samples. 
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In conclusion, this Ph.D. thesis has advanced our understanding of enzymatic 

degradation of PET by studying the relationships between substrate-related properties 

and enzyme behavior. The knowledge gained not only contributes to the academic 

understanding of enzymatic degradation of PET, but also holds promise for practical 

applications in waste management and environmental sustainability. 

8.1 Future perspectives 

Recently, The European Union enacted a legislation mandating a levy of EUR 0.80 per 

kilo on newly produced plastics, excluding those made from recycled plastics [147]. This 

levy corresponds to 100% to 160% of the costs of the clean PET flakes, which are the 

precursors for the molding of new PET products [20]. This legislation is expected to have 

a positive impact on the recycling of plastic and further drive the adaptation of enzymatic 

recycling as a sustainable technology choice. 

Several engineering strategies have already successfully enhanced the activity and 

stability of PET-degrading enzymes [12,18,83,85]. In fact, the benchmark enzyme LCCICCG 

has proven effective for industrial applications when applied on amorphous or low XC PET 

substrates [12,20,94]. However, an enzyme that may efficiently degrade PET substrate at 

higher XC (>20%) has not yet been discovered. This is however essential to fully unlock 

the potential of this technology by eliminating the need for a substrate pretreatment step. 

This would result in increased cost efficiency and a reduced environmental footprint [20]. 

Archiving this requires a better understanding of the enzymatic degradation mechanism of 

the crystalline regions and RAF regions of PET. We anticipate that the methodology 

presented in Chapter 3 could be used as the standardized model substrate for the 

characterization of the isolated effect of the XC on the enzymatic degradation of PET. This 

insight could help drive research towards a better understanding of the structural features 

of an enzyme, required for efficient degradation of high XC waste PET. This knowledge 

would allow a rational approach for selecting and engineering enzymes that may efficiently 

degrade the crystalline regions of PET. 

.
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a b s t r a c t 

Poly(ethylene terephthalate) (PET) is a polyester plastic, which is widely used, notably as a material for single-use 

plastic bottles. Its accumulation in the environment now poses a global pollution threat. A number of enzymes 

are active on PET providing new options for industrial biorecycling of PET materials. The enzyme activity is 

strongly affected by the degree of PET crystallinity (X C ), and the X C is therefore a relevant factor to consider in 

enzyme catalyzed PET recycling. Here, we present a new experimental methodology, based on systematic thermal 

annealing for controlled preparation of PET disks having different X C , to allow systematic quantitative evaluation 

of the efficiency of PET degrading enzymes at different degrees of PET substrate crystallinity. We discuss the 

theory of PET crystallinity and compare PET crystallinity data measured by differential scanning calorimetry and 

attenuated Fourier transform infrared spectroscopy. 

• This study introduces a simple method for controlling the crystallinity of PET samples via annealing in a heat 

block. 
• The present methodology is not limited to the analytical methods included in the methods details. 
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Specifications table 

Subject Area: Chemical Engineering 

More specific subject area: Enzyme Technology 

Method name: Standardized method for controlled modification of poly(ethylene terephthalate) 

(PET) crystallinity for assaying PET degrading enzymes 

Name and reference of original method: N/A 

Resource availability: N/A 

Method details 

Background: Polyethylene terephthalate as an enzyme substrate 

Poly(ethylene terephthalate) (PET) is a synthetic polyester used in packaging materials and plastic 

bottles. PET accounts for ∼7% of global plastic usage [1] , and is a key contributor to the increasing 

plastic pollution [2] . The polymeric chains of PET consist of repeating units of ethylene glycol and 

terephthalic acid linked together by ester bonds. These polymer chains are either in an amorphous 

state (absence of long-range molecular order) or in a crystal structure (highly ordered) [3] . 

The degree of crystallinity (X C ) of a PET sample refers to the fraction of the total polymer chains 

being in the crystal structure state. The X C is a result of the PET process history, as crystallization is 

induced either thermally, at temperatures above the glass transition temperature T g (T g is 76 °C for 

amorphous PET), or during certain mechanical operations [4 , 5] . The amorphous fraction of PET is in 

fact comprised of two fractions, namely a rigid amorphous fraction (RAF) and a mobile amorphous 

fraction (MAF); the ratio of each is written as X RAF and X MAF , respectively . The RAF is present at 

the interface between the crystal and the amorphous regions as an immobilized phase caused by 

the crystallization, and the mobility of RAF is more restrained than the completely amorphous region 

MAF. The X RAF of a PET sample increases with the X C , while X MAF decreases [6 , 7] . 

Although PET is a synthetic polymer, recent data have shown that certain esterolytic enzymes 

(EC 3.1.1,x), including the PET hydrolase from the bacterium Ideonella sakaineses 201-F6, originally 

specified as a PETase (or IsPETase) [8] , now classified as EC 3.1.1.101, are capable of catalyzing 

hydrolysis of the ester bonds within PET. The activity of these enzymes are, however, limited on 

PET samples with a high X C [9–12] . X C of PET in water bottles ranges from 21–31% [13] making the 

significance of X C on PET degrading enzyme activity of critical importance in biobased industrial PET 

recycling. 

Here we present the practical details and the theory behind an experimental methodology that 

we have developed for preparing PET samples of different degrees of crystallinity, X C , to allow 

systematic evaluation of the efficiency of PET degrading enzymes in response to the X C of PET [11] . 

We introduce annealing involving controlled heating and isothermal cold crystallization to control the 

X C of standardized PET sheets ( Fig. 1 ). 

Substrate preparation 

Preparation of PET material 

Amorphous or low crystalline PET films or sheets (e.g. 1 mm thick amorphous PET cat. No. ES30301 

from Goodfellow Cambridge Ltd, Huntingdon, UK) are used as starting material to obtain PET materials 

having different X C via annealing and isothermal cold crystallization. The PET material is cut into 

uniform disks using a generic hole punch (Ø 6mm), prior to annealing. Although the starting materials 

are categorized as amorphous PET materials, it is important to note that the crystallinity of the PET 

films and sheets differ, and observe that they are not completely amorphous (see Method Validation, 

below). 

Annealing and isothermal cold crystallization of PET 

The X C of the PET discs is systematically altered via annealing followed by cold crystallization 

as follows: A PET disk is transferred into a 2 mL Eppendorf tube and annealed in a heating block at 
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Fig. 1. Schematic representation of the method presented in this paper. (A) Amorphous PET material is cut into disks (Ø 6mm) 

using a hole punch. (B) The disks are transferred into a 2 mL Eppendorf tube, and annealed at 115 °C for a specified period of 

time to induce crystal formation via cold crystallization. The crystallization is quenched by cooling the annealed sample in ice 

water. The annealed PET samples are then analyzed by ATR-FTIR to quantify X MAF , and/or identify contaminants. The samples 

used for ATR-FTIR may be used directly for reaction or other analyses, including: (C1) DSC analysis for further characterization 

of substrate properties such as X C or (C2) enzymatic reactions for quantifying the effect of substrate X C for a specific PET 

degrading enzyme. 

115 °C for a defined amount of time (minutes); up to three disks can be added per Eppendorf tube, still 

achieving the same crystallization result as is if only one disk is added at a time. The crystallization 

of the annealed PET sample is quenched by immediately transferring the Eppendorf tube into an 

ice water bath. It is kept on ice for at least 30 sec to ensure that the crystallized sample has been 

sufficiently cooled. “Untreated” samples to be used for comparison should be annealed at 85 °C for 5 

min to remove the enthalpy relaxation caused by the aging of the polymer [14] . 

Substrate characterization 

Quantification of X MAF by ATR-FTIR 

Attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR) does not required 

any substrate preparation and can thus be performed directly on the PET disks after annealing. As it 

is a non-destructive method, the samples analyzed by ATR-FTIR can be used for further analysis, such 

as differential scanning calorimetry (DSC) or enzymatic treatment. 

The peaks of interests described in this paper are at 973 cm 

−1 and 898 cm 

−1 .These two peaks 

are associated with the trans (973 cm 

−1 ) and gauche (898 cm 

−1 ) conformer of ethylene glycol [14 , 15] . 

While the gauche conformer is only associated with amorphous PET the trans conformer is present 
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in both the crystalline and amorphous regions [14] . The ratio of the absorbances at these two peaks 

(A 973 /A 898 ) is proportional with the X MAF of the sample. 

Quantification of the X C and X MAF by DSC 

DSC can be used to quantify the X C of a sample annealed for a specific period of time, by 

analyzing a few samples (n = 3) from the batch. A temperature range from 20 °C to 270 °C is sufficient to 

determine the thermal features required to estimate X C and X MAF of PET samples. A constant heating 

rate of 10 °C min 

−1 is recommended, as some thermal features are dependent on the heating rate 

[9 , 11 , 16] . The X C of a PET sample, measured by DSC, is then calculated according to Eq. (1) : 

X C = 

�H m 

− �H cc 

�H 

0 
m 

· 100% (1) 

Here, �H cc is the cold crystallization enthalpy (numerical value) of the sample, �H m 

is the heat 

of melting of the sample, and �H 

0 
m 

is the heat of melting of a pure crystalline sample. According to 

literature �H 

0 
m 

is 140 J g −1 [17] . 

The X MAF is calculated according to Eq. (2) : 

X MAF = 

�C P ( m ) 

�C P ( a ) 
(2) 

Where �C P(m) is the change in heat capacity of the sample at T g and �C P(a) is the change in heat 

capacity at T g of a completely amorphous sample. By extrapolation from a linear regression curve 

of measured �C P(m) values and X C of PET disk samples we have previously estimated �C P(a) of an 

amorphous PET disk sample to be approximately 0.47 J g −1 K 

−1 [11] . 

Enzyme assay 

The effect of the increased substrate crystallinity on the particular enzyme activity is evaluated on 

PET disks of different X C by measuring the concentration of soluble products formed during enzymatic 

reaction. Products are measured in terms of bis(2-hydroxyethyl)-terephthalic acid (BHET) equivalents 

via absorbance measurements of the reaction at 240 nm [18] . The rate of the product formation is 

then plotted against X C of the PET disks used. 

The enzyme reactions are performed in Eppendorf tubes using 1 disk and a reaction volume of 1 

mL in buffer. During the enzymatic treatment, 10μL of the reaction is sampled at various time points. 

The concentration of soluble product should be normalized with respect to the starting volume V 0 
according to Eq. (3). 

C i = 

C s,i ∗ V i + 

∑ n 
i −1 (C s,n ∗ V s,n ) 

V 0 
(3) 

Where C i and V i is the normalized concentration of soluble products and the reaction volume 

at time point i . C s,i , C s,n , and V s,n is the measured concentration of soluble products in the sample 

measured at time point i or n and the sampling volume at time point n . 

The product release rate on each PET sample is then calculated from the linear regions of the 

progress curves. The rate data are then plotted against the X C or X MAF quantified by either DSC or 

ATR-FTIR. 

Method validation (Case study) 

Materials and instrumentation 

PET material 

1 mm thick amorphous PET sheets (Cat. No. ES303010) denoted as PET-S. 250 μm thick amorphous 

PET film (Cat. No. ES301445) denoted as PET-F, and semi-crystalline PET particles, Ø< 300μm (Cat. No. 

ES306031), denoted as PET-P were all from Goodfellow (Cambridge Ltd, Huntingdon, UK). The PET-P 

particles were cast into an amorphous PET sheet by melting 0.5 g of particles in an aluminum dish 
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(Ø 2.6 cm) for 1 min at 270 °C and subsequent quenching in ice water. These latter samples will be 

denoted as PET-C. Starting crystallinity was measured to be: PET-S: 9.1 ± 1.3%, PET-F: 1.3 ± 0.4%, 

PET-P: 37.5 ± 0.7%. 

Isothermal crystallization 

PET-S, PET-F, and PET-C were all cut into disks using a generic hole punch (Ø 6mm). Samples were 

annealed at 115 °C for 5, 6, 7, 8, 9, 10, 12, 15 min (PET-S, PET-F), and for 30 min (PET-S, PET-F, and PET- 

C) in a heating block. At the specific time points the samples were quenched (cold crystallized), by 

transferring the annealed samples into ice water for 30 sec. “Untreated” PET samples were annealed 

at 85 °C for 5 min, and subsequently quenched in ice water for 30 sec. 

ATR- FTIR analysis 

ATR-FTIR was performed directly on the PET disks (n = 3) using a Spectrum 100 FTIR spectrometer 

(PerkinElmer, MA, USA). Samples were monitored from 40 0 0 to 650 cm 

−1 with a resolution of 4 cm 

−1 . 

Each spectrum consisted of an average of 4 scans. 

DSC analysis 

The X C of the PET samples was quantified using DSC measurements (n = 3) on a Pyris 1 Calorimeter 

(Perkin Elmer, Waltham, Massachusetts, USA). A constant heating rate of 10 °C min 

−1 was applied on 

samples weighing 8.5 ± 0.5 mg for PET-P and PET-S or 6.5 ± 0.5 mg for PET-F between temperatures 

of 20 °C and 270 °C. X C and X MAF was calculated according to Eqs. (1) and (2) , respectively. 

Enzymes 

LCC ICCG was expressed recombinantly in E. coli Shuffle T7 and purified as described in 

[11] (Expression also works in E. coli BL21 (DE3) cells). 

Enzyme activity assay 

1 disk of PET was treated with 150 nM LCC ICCG in 1 mL 0.5M glycine-NaOH buffer pH 9 at 70 °C 

during shaking in a thermomixer (Eppendorf, Hamburg, Germany) for up to 8 h. 10 μL were sampled 

at specific time points during the reaction. The product formation, at the time points, was quantified 

by measuring the absorbance at 240 nm using a Synergy HT TM plate reader (BioTek, Winooski, 

Vermont, United States) as described in [18] . A sample containing 32.6 mg/mL PET-P, corresponding 

to the average weight of a PET-S disk, was included as a benchmark and assayed under the same 

conditions as PET-S. All reactions were performed in triplicate. 

Results validation 

The increase in X C caused by the annealing followed the characteristic Avrami equation ( Fig. 2 A), 

which is associated with crystal growth during annealing [19 , 20] and the X C data obtained per 

annealing time were higher for the PET-S (sheet) that the PET-F (film) samples ( Fig. 2 A). 

As a supplement to the DSC measurements the ATR-FTIR spectra of the untreated PET samples 

and extensively annealed PET samples (heated for 30 min at 115 °C), respectively, were obtained for 

the PET-C, PET-F, and PET-S. From the ATR-FTIR spectra, it was observed that the peak at 973 cm 

−1 

increased upon annealing while the absorbance at 898 cm 

−1 decreased for both the PET-S and the 

PET-C samples. A non-linear relationship was observed between the X C and the A 973 /A 898 ratio of 

PET-S (linear model r 2 = 0.96) ( Fig. 2 C), but a linear correlation, r 2 = 0.99, was observed between the 

X MAF and A 973 /A 898 ratio ( Fig. 2 D). These observations are in agreement with the gauche conformation 

only being present in X MAF . For PET-S, ATR-FTIR can thereby be used as a non-destructive method to 

directly quantify the X MAF of thermally annealed samples before enzymatic treatment. 

It is important to note that no changes were observed on the ATR-FTIR spectrum of the PET- 

F samples. Moreover, both the untreated and annealed PET-F samples produced a broad peak with 

absorbance maximum at 955 cm 

−1 . We attribute these data to the possible presence of impurities in 

the original PET film. For this reason, PET-S is recommended as a substrate for the method presented 

here for quantification of the effect of X C on the product release rate of PET degrading enzymes. 
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Fig. 2. Characterization of PET samples (n = 3) annealed at 115 °C. (A) Change in the degree of crystallinity (X C ), measured by 

DSC of amorphous PET-P (light blue dots) and PET-S (black dots) as a function of annealing time at 115 °C. The bold lines 

represent a nonlinear curve fit to a modified version of the Avrami equation. (B) ATR-FTIR spectrum of PET-C (light red), PET-F 

(light blue), and PET-S (black lines) which are either untreated (solid lines) or cold crystallized (dashed lines) at 115 ° for 30 

min. (C) Correlation (non-linear) between the X C measured by DSC and the ATR-FTIR ratio A 973 /A 898 ; the dotted line is included 

only as an aid for the eye. (D) Linear correlation between the X MAF measured by DSC and the ATR-FTIR ratio A 973 /A 898 . 

From the enzymatic reaction progress curves it was evident that the product release rate catalyzed 

by LCC ICCG on the untreated sample (X C = 8.2%) was constant throughout the 8 h of the enzymatic 

treatment ( Fig. 3 A). A lag phase was evident for the samples with higher X C [11] . The substrate 

X C , induced by annealing affected the length of the observed lag phases, which increased with an 

increasing substrate crystallinity. The samples with a low X C (9.3 and 13.8%) thus also displayed lag 

phases, although the product release rate did not differ once a steady-state reaction rate had been 

reached. Once a steady-state was reached for the samples with 9.3 or 13.8% X C (determined by the 

linear region of the progress curves displayed in Fig. 3 A), it was observed that the product release 

rate of these samples had reached the same level as the untreated sample. In contrast, the samples 

with a X C of 18.8 % or higher displayed significantly lower product release rates. 

The correlation between the product release rate and the X C followed a sigmoidal trend ( Fig. 3 B). 

This indicates that the negative effect on the LCC ICCG catalyzed product release rate caused by 

increasing substrate crystallinity, reached a critical point at a X C between 13.8 and 18.8%, as the 

reaction rate decreased ∼10 fold within this range. A similar observation was made for the Ideonella 

sakaiensis PETase, IsPETase, using PET-F samples crystallized via non-isothermal crystallization from 

melt [10] . 
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Fig. 3. Enzymatic degradation of PET-S samples with various degrees of crystallinity. (A) Progress curves made by continuous 

sampling of PET samples (n = 3) using 150 nM LCC ICCG in 50 mM Glycine-NaOH pH 9 at 70 °C. A sample containing 32.6 mg/mL 

of highly crystalline PET-P (X C = 37.5 ± 0.7 %) was included as a reference. (B) Product release rate of LCC ICCG against the 

substrate crystallinity. The rates were calculated based on the linear regions from Fig. 3 A). 

Important considerations 

The annealing temperature affects the crystallization rates, X C at saturation/metastable state, and 

the crystal thickness [7] . The annealing temperature of 115 °C was chosen as X C saturation was 

reached within a reasonable amount of time [11] . The enzyme response data ( Fig. 3 B) underline that 

it is particularly important to evaluate the reaction rates based on progress curves rather than on 

end-point measurements. Although PET hydrolase activity as EC 3.1.1.101 has now been defined as 

producing mono(2-hydroxyethy) terephthalate (MHET) and (ethylene terephthalate) n-1 from (ethylene 

terephthalate) n ( www.BRENDA-enzymes.org ), it is known that many PET degrading (poly)esterases, 

including the I. sakaiensis PETase, produce some BHET in addition to MHET [18 , 21] measureable by 

HPLC. In the present method, we employed direct spectrophotometry of supernatant samples at 240 

nm, principally as described in [18] . This quantification of the products as BHET eq is thus mainly a 

method for enzyme screening or for assessing e.g. the significance of systematic substrate alterations. 

A sample containing 32.6 mg of PET-P, corresponding to the average mass of a PET-S disk, was 

included as a benchmark. The X C of PET-P was very high (37.5 ± 0.7 %), while the total surface area 

of the PET-P sample was several fold larger than that of a PET-S disc (according to our calculations 

minimum 6 times larger considering a particle diameter of 300 μm of each PET-P particle). During 

the initial 1.5 h of incubation, the initial product release rate on the PET-P was significantly higher 

than the low crystalline PET-S sample. After this point (after an extent of reaction of approximately 

4%) the product release rate decreased 14 fold, from 7 ± 0.9 mM BHET eq. h 

−1 to 0.5 ± 0.03 mM 

BHET eq. h 

−1 . This observed leveling off with time agrees with other studies and appears to be a 

common trait of enzymatic PET degradation [9 , 11 , 12] . Based on recording a large variation in the 

enzymatic degradability of PET chips from different parts of postconsumer packaging material, it has 

been suggested [9] , that differences in degradability may be due to differences in the distribution 

of the crystalline microstructures within heterogeneous PET samples. Our data on PET-P versus PET- 

S ( Fig. 3 ) agree with this interpretation. Taken together, the results underline the importance of 

annealing the PET disks in a controlled manner to examine the significance of crystallinity on PET 

hydrolase degradation rates. 

Conclusion 

In this study, we present a new methodology used to quantitatively evaluate the influence of 

PET substrate crystallinity, X C , on the action of PET degrading enzymes. The method involves the 

http://www.BRENDA-enzymes.org
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preparation of PET samples having different levels X C , by annealing PET samples above their T g using 

commercially available PET sheets as starting material. 

As a validation of the methodology the effect of the X C , on the product release rate of the gold 

standard thermostable PET-hydrolyzing enzyme LCC ICCG was investigated. The findings showed that 

the enzymatic rate was heavily dependent on the X C . Especially between a X C of 13.8 and 18.8%, at 

which the reaction rate decreased ∼10 fold. Furthermore, it was observed that the product release 

rates were not constant during the reaction using PET at a X C > 8.2%. The data thus emphasize the 

importance of using progress curves rather than end-point measures when evaluating the catalytic 

efficiency of PET degrading enzymes on PET, and notably on PET substrate samples of different X C . 

It is suggested that the methodology presented in this paper is used as a standardized 

methodology for addressing the influence of X C on PET degrading enzymes to allow a direct 

comparison between different studies. 

Perspectives 

As a final remark, it is important to state that this methodology is not limited to the 

characterization of the influence of X C on the enzyme activity. An alternate annealing temperature 

(above T g ) may be used. This will, however, result in different crystallization rates, X C at 

saturation/metastable state, and crystal thickness. The thermally annealed PET samples may also be 

used in other enzyme assays, which are addressing different properties than the product release rate. 
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Influence of substrate crystallinity and glass transition temperature on 
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A B S T R A C T   

This work examines the significance of the degree of crystallinity (XC) of polyethylene terephthalate (PET) and 
the PET glass transition temperature (Tg) on enzymatic degradation of PET at elevated temperatures using two 
engineered, thermostable PET degrading enzymes: LCCICCG, a variant of the leaf-branch compost cutinase, and 
DuraPETase, evolved from the Ideonella sakaiensis PETase. The XC was systematically varied by thermal 
annealing of PET disks (Ø 6 mm, thickness 1 mm). The XC affected the enzymatic product release rate that 
essentially ceased at XC 22–27% for the LCCICCG and at XC ~17% for the DuraPETase. Scanning Electron Mi
croscopy revealed that enzymatic treatment produced cavities on the PET surface when the XC was > 10% but 
resulted in a smooth surface on amorphous PET (XC ~10%). The Tg of amorphous PET disks decreased from 75 ◦C 
to 60 ◦C during 24 h pre-soaking in water at 65 ◦C, while the XC remained unchanged. Enzymatic reaction on pre- 
soaked disks at 68 ◦C, i.e. above the Tg, did not affect the enzymatic product release rate catalyzed by LCCICCG. 
These findings improve the understanding of enzymatic PET degradation and have implications for development 
of efficient enzymatic PET upcycling processes.   

Introduction 

Plastic pollution is a major environmental concern at a global scale 
[1]. A key contributor to this is post-consumer packaging material 
including single use plastic bottles and various food containers and 
wrappings that currently have a poor collection rate. The annual pro
duction of plastic packaging material is at least 78 Mt of which 32% leak 
outside the collection system [2]. One of the major types of plastics used 
for bottles and as packaging material is polyethylene terephthalate 
(PET). However, new discoveries that show that certain microbial en
zymes can catalyze degradation of plastics [3–5] provide a completely 
new starting point for addressing a global ecosystem threat and develop 
enzyme-driven plastic recycling processes. 

PET is a semi-crystalline polyester polymer composed of repeating 
units of ethylene glycol and terephthalic acid. The amorphous regions of 
PET consist of a mobile amorphous fraction (XMAF) and a rigid amor
phous fraction (XRAF). The XRAF forms the interface between the crys
talline regions and the XMAF [6]. The formation of crystalline regions of 

PET are induced either mechanically or thermally. Mechanically 
induced crystallization occurs when PET is exposed to stress or strain 
(during grinding, stretching etc.) [7], while thermally induced crystal
lization occurs when PET is held at temperatures above its glass tran
sition temperature (Tg). Thermally induced crystallization can occur 
either non-isothermally, e.g. during cooling from melt, or isothermally, 
i.e. via annealing. Thermally induced crystallization does not occur, or is 
very limited, below the Tg of the PET material due to the inadequate 
chain mobility of the amorphous regions [8]. The Tg of a PET sample 
increases with its degree of crystallinity (XC), and the Tg is highly 
affected by exposure of PET to water. PET is thus capable of absorbing 
water molecules into the amorphous regions, exerting a plasticizing 
effect on the polymer. This absorption of water also results in a decrease 
in both Tg and the cold crystallization temperature (Tcc) [9,10] (Tcc being 
the temperature peak of the region where crystallization takes place). At 
temperatures below the Tg, the amorphous chains within the PET mol
ecules are rigid, and behave as a solid glass. When heated above the Tg 
the amorphous chains within the XMAF transition into a more mobile 

Abbreviations: APET, Amorphous PET; ATR-FTIR, Attenuated total reflection Fourier-transform infrared spectroscopy; BHET, bis(2-Hydroxyethyl) terephthalate; 
DSC, Differential scanning calorimetry; MAF, Mobile amorphous fraction (XMAF); PET, Polyethylene terephthalate; PVAc, Polyvinyl acetate; RAF, Rigid amorphous 
fraction (XRAF); RSM, Response surface methodology; SEM, Scanning Electron Microscopy; Tg, Glass transition temperature; XC, Degree of crystallinity. 
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rubber-like state [6]. It has therefore been suggested that enzymatic 
hydrolysis of PET should be performed at temperatures above the Tg due 
to the increased mobility of the amorphous chains providing better 
substrate accessibility [11,12]. 

This study was undertaken to examine the significance of the crys
tallinity of PET on its enzymatic degradation. The effect of XC on the 
enzymatic product release rate during enzymatic degradation of PET at 
elevated temperatures is reported using two engineered, highly ther
mostable PET degrading enzymes [3,13]: LCCICCG, a variant of the 
leaf-branch compost cutinase (LCC), and DuraPETase, a variant of the 
Ideonella sakaiensis PETase. In addition, Scanning Electron Microscopy 
was used to explore surface changes of PET samples during enzymatic 
degradation, and the effect on the enzymatic product release of phase 
transition from the solid glass to the rubber-like state of XMAF above the 
Tg of the PET sample was analyzed. 

Materials and methods 

Isothermal crystallization of PET 

1 mm thick amorphous PET sheets (Goodfellow Cambridge Ltd, 
Huntingdon, UK) (Cat. No. ES303010) were used as the starting material 
for the PET substrates having different XC used in this study. The PET 
sheet of 1 mm thickness was selected rather than the thinner (250 µm) 
PET film (Goodfellow Cambridge Ltd, Huntingdon, UK) (Cat. No. 
ES301445) based on its DSC and ATR-FTIR characteristics (Supple
mentary Information, Fig. S1). To prepare the PET substrate disks, the 
PET sheet was cut into disks using a generic Ø 6 mm hole punch. The 
crystallinity of the PET disks was systematically altered by annealing via 
dry heat treatment as follows. A PET disk in a 2 mL Eppendorf tube was 
placed in a heating block at 115 ◦C for a controlled time period, and 
subsequently quenched in ice water. The samples denoted as amorphous 
PET (APET) samples (XC ~10%) were heat treated at 85 ◦C for 5 min, to 
remove the enthalpy relaxation, caused by ageing of the polymer [14]. 

Differential scanning calorimetry analysis of samples 

The XC, XMAF, Tg, and the change in heat capacity at Tg (ΔCP(m)) were 
all derived from differential scanning calorimetry (DSC) measurements. 
DSC measurements were performed on a Pyris 1 Calorimeter (Perkin 
Elmer, Waltham, MA, USA). A constant heating rate of 10 ◦C min-1 was 
applied on samples weighing 8.5 ± 0.5 mg between temperatures of 
20 ◦C and 270 ◦C. The XC was calculated according to Eq. (1): 

XC =
ΔHm − ΔHcc

ΔH0
m

∙100% (1) 

ΔHcc is the cold crystallization enthalpy (numerical value) of the 
sample. ΔHm is the heat of melting of the sample, while ΔH0

m is the heat of 
melting of a pure crystalline sample which, according to [15], is 
140 J g-1. The XMAF was calculated according to Eq. (2) as follows: 

XMAF =
ΔCP(m)

ΔCP(a)
∙100% (2)  

where ΔCP(a) is the change in heat capacity at the Tg of a completely 
amorphous sample. The ΔCP(a) (0.47 ± 0.02 J g-1 K-1) was estimated by 
extrapolation of linear regression data of the ΔCP(m) versus XC (Sup
plementary Information, Fig. S2). 

Soaking of PET 

The Tg of PET was lowered by soaking an APET disk in 1 mL 
deionized water in a 2 mL Eppendorf tube placed in a thermomixer 
(Eppendorf, Hamburg, Germany). Incubation was performed at 25, 45 
or 65 ◦C for 24 h. The soaking was halted by removing the water and 
subsequently drying the soaked samples using paper tissue. APET disks 

incubated in the atmosphere (in Eppendorf tubes without water) at 45 or 
65 ◦C were included to quantify the potential negative effect caused by 
ageing of the samples at elevated temperatures. Samples pre-incubated 
in water are referred to as soaked samples while those aged directly in 
air (atmosphere) are referred to as aged samples. 

Enzymes 

The genes encoding the enzyme LCCICCG (Genbank: AEV21261.1 
F243I/D238C/S283C/Y127G) and DuraPETase (Genbank: GAP38373.1 
S214H/I168R/W159H/S188Q/R280A/A180I/G165A/Q119Y/L117F/ 
T140D) were commercially synthesized with codon optimization for 
expression in Escherichia coli cells (GenScript, Piscataway, NJ, USA) 
without the predicted signal peptide (as determined by SignalP [16]). 
The genes were cloned into the NcoI (5′ end) and XhoI (3′ end) restriction 
sites of a pET-28a vector including a C-terminal hexa-histidine tag-
coding sequence. Both LCCICCG and DuraPETase were expressed in E. coli 
BL21 (DE3) competent cells (New England Biolabs, Ipswich, MA, USA) 
via auto induction with 0.2% lactose in Terrific Broth at 30 ◦C for 24 h. 

Cells were harvested by centrifugation (4,400g, 30 min, 4 ◦C) and 
suspended in lysis buffer (20 mM Tris-HCl, pH 8, 300 mM NaCl, 40 mM 
imidazole). Cells were disrupted using a Stansted pressure cell homog
enizer (Homogenising Systems Ltd, Harlow, UK) over 2 passes and the 
soluble fraction clarified by centrifugation (16,000g, 30 min, 4 ◦C). The 
soluble fraction was loaded onto a 5 mL HisTrap FF crude column (GE 
Healthcare, Chicago, IL, USA) using an Äkta purifier (GE Healthcare), 
and eluted using a gradient up to 500 mM imidazole over 20 min at a 
rate of 5 mL/min. 4 mL volumes were collected over the elution period 
with target protein monitored by absorbance at 280 nm. Those factions 
containing protein were pooled and concentrated using a Vivaspin 20 
centrifugal concentrator with a 10 kDa MWCO (Sartorius, Göttingen, 
Germany). During concentration the buffer was exchanged for storage 
buffer (20 mM Tris-HCl, pH 8, 300 mM NaCl, 0.02% w/v NaN3). 

Optimal conditions 

The combined temperature and pH optima was estimated by 
response surface methodology (RSM) using an on-face central composite 
design (CCD) with three repeated center points and three replicas at 
each condition. The design, multivariate analyses, and graphical rep
resentation were aided by SAS JMP Pro 15 software (SAS Institute, Cary, 
NC, USA). The temperature and pH ranges were 66–78 ◦C and 8.5–10 for 
LCCICCG, and 50–60 ◦C and 8.5–9.5 for DuraPETase. The enzymatic 
product release rates were measured at standard conditions using the 
temperature and pH values specified by the CCD. The pH levels of the 
50 mM glycine-NaOH buffers were in each case adjusted at the specific 
enzymatic reaction temperature. 

Thermal inactivation 

150 nM enzyme was incubated in 50 mM glycine-NaOH buffer pH 9 
at 65, 70 or 75 ◦C for LCCICCG and at 50, 55 or 60 ◦C for DuraPETase for 
up to 8 h and sampling at set time points. The thermal inactivation was 
measured in terms of residual product release rate at the standard 
optimal reaction condition determined for each enzyme. 

Standard enzymatic conditions 

150 nM enzyme in 50 mM glycine-NaOH buffer was preheated to the 
reaction temperature. The reaction was initiated by the addition of one 
amorphous PET (APET) disk to the reaction. Reactions were then run by 
1 h incubation of the samples in a thermomixer (Eppendorf, Hamburg, 
Germany) at 70 ◦C for LCCICCG and at 55 ◦C for DuraPETase. Each re
action was terminated by the addition of 6 M HCl to a final concentra
tion of 0.118 M. 
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Enzymatic product release 

The soluble product release from each enzyme reaction was quan
tified as bis(2-Hydroxyethyl) terephthalate (BHET) equivalents by 
measuring the absorbance at 240 nm using a Synergy HT™ plate reader 
(BioTek, Winooski, VT, USA), principally as described by [17]. Enzy
matic product release rates were calculated in mM BHETeq/h from a 
BHET standard curve. 

Progress curves 

The enzymatic degradation of PET by LCCICCG and DuraPETase was 
assessed as soluble product release on PET substrates with varying XC. 
The enzymes were incubated for specific times between 1 and 8 h at the 
standard conditions specified above. 

Scanning Electron Microscopy (SEM) 

The enzyme treated PET samples were washed in deionized water to 
remove impurities from the insoluble PET sample, and the samples were 
dried at room temperature overnight, prior to the SEM imaging. The dry 
samples were mounted on Carbon tape and coated with ~4 nm gold 

using a Quorum Q150T ES coater (Quorum Technologies, Lewes, UK). 
Samples were magnified 1500 × using a Quanta FEG 250 Analytical 
Environmental SEM (FEI, Hillsboro, Oregon, USA), and the signal was 
detected using an Everhart-Thornley detector. 

Results and discussion 

Optimal conditions for LCCICCG and DuraPETase 

The combined temperature and pH optima of the two enzymes was 
estimated using RSM and found to be 70 ◦C, pH 9 for LCCICCG (Fig. 1A), 
and 55 ◦C pH 9 for DuraPETase B). The temperature and pH optima 
estimated in this study were in agreement with previously reported 
optima of the two enzymes [3,13]. The pH optimum of LCCICCG was 
slightly higher than the pH values previously used for this variant. These 
differences could be caused by the buffers used, as sodium phosphate 
buffers are not stable at pH values above 8. Furthermore, it has been 
shown that the activity of LCC depends on the buffer type, and that it is 
inhibited by Tris or MOPS [18]. However, the glycine-NaOH buffer does 
not seem to affect LCC activity, as the activity was not affected by 
increasing the buffer concentration to 500 mM (Supplementary Infor
mation, Fig. S3). 

Fig. 1. Combined temperature and pH optima estimated by RSM methodology for A) LCCICCG and B) DuraPETase. 150 nM enzyme and one APET disk was used in 
each reaction. Thermal inactivation of C) LCCICCG and D) DuraPETase. The half-life, T½ [h], at each inactivation is tabulated. The “- “sign indicates no detectable 
thermal inactivation during 8 h of incubation. 
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At the enzyme and substrate dosages applied, 150 nM enzyme and 1 
APET disk, the predicted maximum reaction rates achieved (Fig. 1A, B), 
measured as product release rates, were 6.7 ± 0.32 mMBHETeq/h for the 
LCCICCG and much lower at 0.124 ± 0.007 mMBHETeq/h for the Dura
PETase. These rates are equivalent to 750 ± 36 mMBHETeq min-1 mMEn

zyme
-1 for the LCCICCG and 14 ± 0.8 mMBHETeq min-1 mMEnzyme

-1 for the 
DuraPETase. 

Thermal stability 

The thermal stability of the two enzymes was evaluated in terms of 
thermal inactivation during an 8-hour time course, at temperatures 
around their respective temperature optima. The residual product 
release rate of DuraPETase gradually decreased with increasing tem
peratures (Fig. 1D), thus indicating a temperature optimum balanced by 
thermal inactivation. LCCICCG, on the other hand, was not inactivated at 
its optima or at 5 ◦C above (Fig. 1C). The decline in the reaction rate of 
LCCICCG, at temperatures above the observed temperature optimum, was 
therefore not a result of significant thermal inactivation of the enzyme, 
but most likely a result of changes in the physical properties of the 
substrate, e.g isothermal crystallization during the reaction, which has 
previously been demonstrated at temperatures above 65 ◦C [3]. 

Impact of XC on enzymatic product release rate 

Several studies have reported that the enzymatic degradation of PET 
is hindered on substrates with a high XC [3,4,19–22]. The decrease in 
enzymatic product release rate by LCCICCG and DuraPETase, caused by 
an increased XC, was investigated on commercially available amorphous 
PET. The PET disks were annealed at 115 ◦C to obtain a range of PET 
substrates having different XC. 

To validate the annealing method, it was verified that the increase in 
XC as a function of the annealing time (Fig. 2) followed the characteristic 
sigmoidal function associated with the Avrami equation [14]. The 
crystallinity reached saturation after 15 min at a XC of ~27% (Fig. 2), 
similar to the observations reported in [14]. 

To explore the evolution of the enzymatic PET degradation reactions 
in response to crystallinity, LCCICCG and DuraPETase were incubated 
over an 8 h time period on thermally annealed PET substrates, with 
varying XC. The product release rate on these substrates (Fig. 3C, D) 
were evaluated based on the linear region of the progression curves 
(Fig. 3A, B). The correlation between the product release rate, measured 

over the linear range, of LCCICCG and XC followed an exponential rather 
than a linear trend (Fig. 3C). This trend could not be observed with 
DuraPETase, as no product release was measured during enzymatic 
treatment on the three samples with the highest XC (Fig. 3B). The 
product release rate and the XC were not significantly different on the 
samples that had a detectable product release for DuraPETase (Fig. 3D). 
However, a lag phase was observed on the sample which had been 
annealed at 115 ◦C (XC of 12.7%). Similar lag phases were observed for 
LCCICCG on the annealed samples having elevated XC, but LCCICCG was 
more active at higher XC than DuraPETase (Fig. 3A,B). The length of the 
lag phases for both enzymes correlated with the XC. 

The lag phases observed with increased XC are most likely a result of 
the initial random, endo-scission action of the enzymes, which at 
elevated XC may initially provide cleaved ester bonds that are spread at 
the polymer surface, with preferred attack points at the few amorphous 
sites, but not immediately releasing detectable soluble products. The 
lag-phase may be further extended due to the slow rate resulting from 
limited formation of productive enzyme-substrate collisions as the ac
cess to amorphous sites decreases with increased Xc. Once a sufficient 
number of cleavage points has been achieved, the continued enzymatic 
action results in release of detectable hydrolysis products by further 
chain scission on the polymer surface by degradation of solubilized 
bulky polymers. This order of events agrees with the degradation 
mechanism proposed by Wei et al. for another PET hydrolase, namely 
TfCut2 [19]. This mechanistic explanation further considers that the 
initial endo-scission action of the PET hydrolase may change to what in 
effect is an exo-type scission of the neighboring ester bonds in the MAF 
region of the PET substrate as the reaction progresses [19,23]. A firmer 
confirmation of this series of events, and a detailed mechanistic inter
pretation of the different responses of enzymes to changes in PET sub
strate crystallinity, obviously require detailed mathematical modeling. 
However, the present data clearly infer that the increases in XC affected 
the pre-steady-state kinetics of the product release rate for both LCCICCG 
and DuraPETase to a degree where essentially no product release 
occurred above XC of 23–27% for LCCICCG and above XC of 19% for 
DuraPETase. 

The lack of product release on the crystalline samples could be 
caused by: (1) the lag phase on the samples with high XC being longer 
than the total reaction time; (2) the XC threshold at which the enzymes 
can degrade the substrate had been exceeded; (3) a combination of (1) 
and (2). 

A deceleration in the reaction rate of LCCICCG was observed after 4 h 
of reaction. During the hydrolysis of PET, protons are released. The pH 
of the samples with the lowest XC, and thereby highest product release, 
had decreased to pH 5.6 after the reaction (data not shown). As the 
buffer concentration did not affect the product release rate (Supple
mentary Information, Fig. S3), a 500 mM glycine-NaOH pH 9 buffer was 
used for the samples with 9.8% and 12.1% incubated with LCCICCG. 
However, even though the pH was stable using a higher buffer con
centration, a decline in the reaction rate was still observed after 6 h. Less 
than 10% of the substrate was solubilized (Supplementary Information, 
Fig. S3) during the 8 h. The data suggest that the decrease in reaction 
rate is likely caused by changes in the physical properties, such as 
crystallinity, at the substrate surface, rather than thermal inactivation of 
the enzyme, since LCCICCG was not significantly inactivated at these 
reaction conditions (Fig. 1C). As no changes in surface topology could be 
observed on the APET samples (XC ~10%), it is assumed that if any 
changes have occurred they would be smaller than what is visible at the 
resolution of the SEM images (Fig. 4). 

A linear relationship between the degradation rate of TfCut2 and the 
initial XC of PET has previously been reported [19]. The effect of the XC 
on the activity of TfCut2 was investigated using PET samples in which 
the XC was altered enzymatically (by removal of the amorphous regions) 
by measuring the weight loss after 24 h [19]. It is uncertain whether 
TfCut2 and LCCICCG are affected differently by substrate crystallinity or 
if the contradictions are due to differences in the substrate or 

Fig. 2. Change in XC as function of annealing time at 115 ◦C. The solid fitting is 
a modified version of the Avrami equation. 
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methodology used for the assessment. It is important to note that the XC 
measured by DSC is an average of the entire sample. The local XC at the 
surface may therefore vary and a systematic deviation is therefore ex
pected to be present between the kinetics of the activity of PET 
degrading enzymes against crystalline PET, measured in terms of bulk or 
surface XC, as these enzymes are interfacial enzymes. 

Changes in the surface topology evaluated by Scanning Electron 
Microscopy (SEM) 

The surface topology observed on the APET samples (XC ~10%) and 
thermally annealed samples appeared smooth prior to the enzymatic 
treatment (at t = 0 min), based on SEM imaging (Fig. 4). During the 8 h 
of enzymatic treatment, the observed surface topology of the APET 
sample did not change. In contrast, the surface of the annealed samples 
showed significant surface erosion, with the degree of erosion appearing 
to correlate with the enzymatic product release over time (Fig. 4). In 
interfacial catalytic reactions, increased surface areas are often associ
ated with increase kinetic rates. This was, however, not the case here, as 
the observed surface erosion, resulting in a larger surface area on the 
crystalline samples, must be caused by regions which are inaccessible to 
LCCICCG. The increasing surface area during enzymatic treatment is 
therefore not equivalent to an increasing number of catalytic sites and 

the observed surface erosion is therefore an indication of the preference 
of LCCICCG towards the amorphous regions, as the PET samples were 
degraded uniformly when the crystallinity of the substrate was low. This 
preference of PET degrading enzymes, including LCCICCG, towards 
amorphous regions has been proposed previously in several articles [3, 
23–25]. 

The initial enzymatic degradation of the thermally annealed PET 
samples did not result in surface erosion or in detectable soluble product 
formation. The data thus agree with the observed lag phases on the 
progress curves (Fig. 3A,B) and are in accord with the understanding 
that increased XC of the PET substrate results in both limited formation 
of productive enzyme-substrate complexes, due to a limited number of 
amorphous attack points, that essentially impedes a sufficient number of 
successful enzymatic attacks from being achieved. The SEM images of 
the samples with a 23.3% and 27.3% XC imaged after 4 h enzymatic 
treatment shows the presence of local cavities rather than a uniform 
distribution of the surface erosion. This observation could indicate that 
the hydrolysis of ester bonds near a previously hydrolyzed bond is more 
favorable than a randomly located ester bond. As discussed above, a 
similar phenomenon has been described previously [19]. Although it is 
tempting to conclude that the inaccessible area corresponds to the 
crystal regions, further studies are required to determine the exact 
composition of the substrate in terms of XC, XMAF, and XRAF. 

Fig. 3. Enzymatic hydrolysis of PET samples of different XC, obtained via annealing at 115 ◦C PET samples using 150 nM enzyme in 50 mM glycine-NaOH buffer at 
pH 9. A) LCCICCG assayed at 70 ◦C and B) DuraPETase assayed at 55 ◦C. C) Product release rate of LCCICCG calculated from the linear region from A). The bold line 
represents a linear fit of the data, while the dashed line represents an exponential decay. D) Product release rate of DuraPETase calculated from the linear region of 
C). (The buffer concentration of the samples in A) and C) with XC = 9.8% or 12.1% was 500 mM). 
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Effect of Tg on product release rate 

The Tg of PET was lowered by soaking APET disks in water for 24 h at 
45 or 65 ◦C. This soaking resulted in a decrease in the Tg from 75 
± 0.4 ◦C to 69 ± 0.8 ◦C or 60 ± 0.5 ◦C, respectively (Fig. 5A, 
t = 0 min), without affecting the XC (Fig. 5C, t = 0 min). The mobility of 
the polymer chains within the mobile amorphous fraction (XMAF) will 
increase when PET is heated to temperatures above its Tg (while the 
XMAF % remains constant). The effect of this increased mobility in the 
amorphous fraction, resulting from the thermal transition at Tg, was 
evaluated by comparing product release rates on presoaked PET samples 
(low Tg) versus un-soaked PET samples (high Tg) at a temperature be
tween their Tg-values, i.e. 68 ◦C (Fig. 5B). Throughout the enzymatic 
treatment, the Tg-value of the un-soaked PET sample remained above the 
reaction temperature, while the Tg-value of the pre-soaked sample 
remained below. Consequently, the amorphous regions of the un-soaked 
PET sample would be in a less mobile glass-state, while the amorphous 
regions of the pre-soaked PET sample would be in the more mobile 
rubber-like state. The XC of the samples was not affected during the 
reaction (Fig. 5C). It was previously shown that the activity of the PET- 
hydrolysing cutinase (HiC) from Humicola insolens, measured on PET 
films with a low XC, increases dramatically at temperatures above 65 ◦C 
[21]. The same trend was, however, not observed when the enzyme was 
assayed on polyvinyl acetate (PVAc) [26]. These observed differences 
were suggested to be attributed to the Tg values of the two substrates 
being 75 ◦C for PET and 32 ◦C for PVAc. PET would therefore, unlike 
PVAc, undergo a phase transition, increasing the substrate mobility at 
temperatures around the Tg [21]. Based on these observations, the 
soaked PET sample might be expected to produce the highest product 
release rate during enzymatic treatment (with LCCICCG), due to 
increased substrate mobility. However, no difference in enzymatic 
product release rate between the soaked and untreated samples was 
observed (Fig. 5B). Likewise, no changes in product release rate were 
observed on the aged samples incubated in atmosphere at 45 ◦C or at 
65 ◦C. These observations imply that the increased mobility caused by 
the transition at the Tg does not affect the enzymatic product release 
rate, as the latter was neither positively affected by the plasticzing effect 
of water nor negatively affected by the ageing resulting from the 

elevated soaking temperatures during one day of pretreatment. 
This is an important result, as pre-soaking of PET at elevated tem

peratures may invariably take place during large scale high-temperature 
enzyme-assisted recycling of PET. 

The data obtained comply with the estimated temperature optimum 
being 70 ◦C for LCCICCG as predicted from the RSM data, and the thermal 
stability data verified that the enzyme was robust at this temperature 
(Fig. 1A). For 1 h soaking at 70 ◦C it was observed that the Tg value of 
PET decreased from 75 ◦C to just below 70 ◦C (Supplementary Infor
mation, Fig. S4). During enzymatic reaction at 70 ◦C in an aqueous so
lution, the Tg of the PET substrate would thus gradually decrease. As this 
Tg lowering effect of soaking is both time and temperature dependent, 
the substrate mobility would be expected to be higher on the samples 
assayed at temperatures above 70 ◦C. If the substrate mobility had a 
positive effect on the product release rate, a temperature optimum above 
70 ◦C would be expected, as LCCICCG is stable even at 75 ◦C (Fig. 1C). 
These data thus corroborate that the substrate mobility does not affect 
the rate of product release during enzymatic degradation of PET with the 
thermostable enzyme LCCICCG. The increased mobility of the amorphous 
chains also affects the crystallization rate. When Tg falls to or below the 
reaction temperature, isothermal crystallization can be expected to 
occur. This phenomenon is facilitated by an increase in the kinetic en
ergy of the amorphous chains, which become sufficient for crystal 
growth when the temperature exceeds the Tg [27]. Hence, a positive 
effect on enzyme activity-caused increased substrate mobility could 
potentially be overshadowed by an increase in XC or XRAF. 

However, the rate is expected to be slow at temperatures just above 
Tg, as the overall crystallinity of the samples soaked at 65 ◦C was un
affected, although the Tg dropped below the soaking temperature during 
the pretreatment (Fig. 5A, C). 

Conclusions 

This work presents an experimental methodology for evaluation of 
the effect of PET crystallinity on the enzymatic product release rate of 
PET degrading enzymes, by altering crystallinity of PET via isothermal 
crystallization at 115 ◦C. It was demonstrated that an increase in crys
tallinity affected the pre-steady-state kinetics of both LCCICCG and 

Fig. 4. SEM imaging (1500 × magnification) of PET disks of various XC treated with 150 nM LCC in 50 mM glycine-NaOH pH 9 at 70 ◦C (Fig. 2A). The bold white 
text in the lower right corner of each SEM image indicates the product release measured by A240 after the enzymatic hydrolysis. 
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DuraPETase, while the steady-state kinetics of LCCICCG was affected 
negatively in a non-linear manner. The effect of the XC on the steady- 
state kinetics of DuraPETase could not be determined, as no product 
release was detected on samples with high XC. SEM imaging of PET 
samples revealed that LCCICCG was modifying the surface homoge
neously on low XC PET (XC 10%), and heterogeneously, by creating 
cavities, on higher XC PET. 

The decrease in reaction rate of LCCICCG at temperatures above its 
optimum of 70 ◦C was most likely caused by physical changes of the 
substrate rather than by thermal inactivation of the enzyme. The prod
uct release rate of LCCICCG was unaffected by an increase in substrate 
mobility caused by the transition of the amorphous regions from a glassy 
to a rubbery state above the Tg - thus emphasizing that research on 
evolving thermostable PET degrading enzymes should focus on 
improving their catalytic efficiency on crystalline PET in addition to 
thermal stability. 
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Rate Response of Poly(Ethylene Terephthalate)-Hydrolases
to Substrate Crystallinity: Basis for Understanding the Lag
Phase
Thore B. Thomsen+,[a] Sune Schubert+,[a] Cameron J. Hunt,[a] Kim Borch,[b] Kenneth Jensen,[b]

Jesper Brask,[b] Peter Westh,[a] and Anne S. Meyer*[a]

The rate response of poly(ethylene terephthalate) (PET)-hydro-
lases to increased substrate crystallinity (XC) of PET manifests as
a rate-lowering effect that varies significantly for different
enzymes. Herein, we report the influence of XC on the product
release rate of six thermostable PET-hydrolases. All enzyme
reactions displayed a distinctive lag phase until measurable
product formation occurred. The duration of the lag phase
increased with XC. The recently discovered PET-hydrolase PHL7
worked efficiently on “amorphous” PET disks (XC�10%), but

this enzyme was extremely sensitive to increased XC, whereas
the enzymes LCCICCG, LCC, and DuraPETase had higher tolerance
to increases in XC and had activity on PET disks having XC of
24.4%. Microscopy revealed that the XC-tolerant hydrolases
generated smooth and more uniform substrate surface erosion
than PHL7 during reaction. Structural and molecular dynamics
analysis of the PET-hydrolyzing enzymes disclosed that surface
electrostatics and enzyme flexibility may account for the
observed differences.

Introduction

Materials made of plastic have become an integral part of our
modern society. In 2021 the annual production of plastics
exceeded 390 Mt, of which the vast majority (90.2%) were
made from fossil-based raw materials.[1] Among these synthetic
plastics, poly(ethylene terephthalate) PET is one of the major
types, accounting for 10.2% of the total global plastic
production.[2] PET products are primarily used in single-use
products with short life span such as plastic bottles, packaging
material, and textile fibers.[1,3] The plastic waste generated from
PET products currently represents an increasing ecological
challenge, as only a fraction of PET is recycled.[3] Several
enzymes have been reported to show PET-hydrolyzing activity.
These enzymes include cutinases (EC 3.1.1.74), lipases (EC
3.1.1.3), and esterases (EC 3.1.1.1 and EC 3.1.1.2).[4] Furthermore,
following the discovery of the PET consuming Ideonella
sakaiensis (I. sakaiensis) bacterium together with its PETase-
MHETase enzyme system in 2016,[5] the International Union of
Biochemistry and Molecular Biology Enzyme Commission classi-

fied these enzymes as EC 3.1.1.101 (PETase) and EC 3.1.1.102
(MHETase), respectively.[6] Despite its unique EC number the I.
sakaiensis PETase is structurally similar to other PET-hydrolyzing
bacterial cutinases.[7,8] The environmental plastic burden com-
bined with the discovery of PET degrading enzymes has created
an enormous incentive for developing biocatalysis based
recycling of PET.[9,10]

In order to overcome the relatively slow catalytic rates of
the enzymes, the structural and biophysical properties of PET-
hydrolases are taking center stage.[11–15] Enzyme engineering
efforts on promising candidates[13,16–20] have been intense, and
several groups have succeeded in discovering and developing
novel PET degrading enzymes that work at elevated rates[17,18,21]

and/or have improved thermostability.[17,19] In contrast, fewer
studies have focused on how the physical properties of the PET
substrate influence the enzymatic degradation process.[22–25]

An understanding of the significance of the PET substrate
crystallinity (XC) on the enzymatic action is nevertheless of
critical importance, especially when considering that many PET
products (plastic bottles, textile fibers etc.) and polyester
materials in micro plastic tend to have high crystallinity. For
example, although the neck of a PET bottle may have low
crystallinity, the XC of the bulk of a PET bottle is easily above
25%.[17,26] The weathering/aging processes that PET waste
(including micro plastics) are subjected to may furthermore
increase the XC.

[27]

Although some PET hydrolases may degrade highly crystal-
line PET particles (~40% XC) at high initial rates, the enzymatic
conversion yields reported on such highly crystalline PET
particles have been low.[28,29] The high initial rates on such
particles are presumably a result of the extremely high surface
area of the PET micro particles that excessively exposes the
attackable sites of the heterogeneous PET substrate. In addition,
the physicochemical features of the exposed surface layer of
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the PET particles, such as increased mobility,[30] may exacerbate
the initial enzymatic degradation rate of such particles. On
more industrially relevant PET substrates, increases in XC
markedly decrease the catalytic performance of PET-hydrolases,
and for most currently known PET-hydrolases, most of the
activity is completely lost at XC above 20%.

[22–24]

In the present study, we investigate the influence of XC on
the enzymatic hydrolysis by six different PET degrading
enzymes of PET disks (Ø=6 mm) having different XC values. The
enzymes include the leaf compost cutinase LCC[31] and its
engineered thermostable variant, LCCICCG,

[18] the bacterial PET
degrading cutinase from Thermofibida fusca (TfC),[32] a fungal
cutinase from Humicula insolens (HiC),[33] a recently discovered
cutinase, PHL7, derived from metagenomic DNA isolated from
mixed plant waste compost,[34] and the so called DuraPETase, a
thermostable variant of the original I. sakaiensis PETase.[35]

We specifically examine differences in the enzymatic
product release rates of the six enzymes in response to
increasing XC and propose possible explanations for the initial
lag phase in the kinetics progress curves of enzymatic PET
degradation. We also elucidate differences in the enzymatic
surface erosion patterns of the PET substrate in relation to
electrostatic and molecular dynamics properties of the en-
zymes.

Results and Discussion

The influence of the XC on the enzymatic degradation of semi-
crystalline PET was evaluated during prolonged treatment for
eight days at 55 °C with the six different benchmark PET-
hydrolases; LCC, LCCICCG, DuraPETase, HiC, TfC, and the newly
discovered PHL7 enzyme. For this purpose, assays were
conducted on thermally annealed PET disks with XC values
ranging from 10.8 to 24.4% as well as on commercially available
PET powder (Ø<300 μm) having a degree of crystallinity XC of
37.5%.[28]

The bulk glass transition temperature (Tg) of PET material is
about 75 °C, but is known to decrease during prolonged
submersion of PET in water,[36] with a typical decrease to 60–
65 °C.[22,37] Furthermore, even lower values of Tg, as low as 40 °C
in aqueous solution,[30] have been reported for very thin PET
films (<50 nm). This latter phenomenon has been interpreted
to mean that the Tg of the surface layer of PET materials may be
lower than the bulk Tg.

[30,38] Exposure of PET to temperatures
above the bulk Tg is generally known to induce crystallization.

[39]

Yet, the onset temperature of surface crystallization of PET is
known to be at 70 °C while bulk crystals are formed at 85 °C.[38]

This thermally induced crystallization (above 70 °C) represents a
tradeoff for enzymatic hydrolysis process design, as higher
operating temperatures can offer higher enzymatic reaction
rates provided the enzymes are thermostable, but may at the
same time decrease the hydrolysis yields due to a gradual
increase in XC in turn causing increased recalcitrance to
enzymatic hydrolysis.[18,22] All reactions were therefore per-
formed at 55 °C to obtain high catalytic turnover rates even
though this temperature was not the optimal temperature for

all enzymes,[18,31,33,34] but it was chosen to avoid any unwanted
crystallization of the substrate during the prolonged incubation.

Product formation during prolonged incubation of PET disks
at various degrees of crystallinity

The product formation rate of enzyme catalyzed reactions,
subjected to prolonged incubations may be negatively affected
by factors such as thermal inactivation[22] or product inhibition
of the enzymes.[40] To avoid any influence from these factors, we
collected, washed, and transferred each enzymatically treated
disk to a new reaction container with fresh enzyme and buffer
at each time point, i. e., every 24 h. Hence, the apparent rates,
quantified from the linear regions of the progress curves, were
considered to predominantly reflect the substrate properties
(i. e., the XC). Three-dimensional progress curves displaying the
accumulated product formation as a function of XC and time for
each of the six enzymes are displayed in Figure 1. These curves
clearly show that a comparison of end-point measurements
might be misleading when evaluating the effect of XC on the
product formation of PET hydrolases. This is because the
product formation at a given time, as previously shown,[22]

mainly depends on the following factors:
* The duration of the lag phase, i. e. the time it takes before
soluble products are detected

* The steady-state rate of the product formation, once the lag
phase has been overcome
The influence of the XC on the six PET hydrolases was

therefore quantified with respect to these two phenomena.
As discussed further below, the data obtained revealed

profound differences in the catalytic abilities of the six enzymes.
A first glance clearly showed that on the low-crystallinity PET
disks, the LCCICCG liberated the highest level of soluble products
(measured as BHETeq), followed by PHL7 and DuraPETase,
whereas HiC and TfC liberated the lowest amounts of products
(Figure 1).

Duration of the lag phase

During the initial enzymatic treatment of thermally induced
crystalline PET disks, no detectable product formation was
observed. This phenomenon has previously been referred to as
a “lag phase”.[22,29,42] The enzymatic degradation of PET evidently
takes place at a solid-liquid interface, and thus depends on
both the enzyme, for example, activity, stability, active site
structure, overall molecular flexibility,[18,43] and the physical state
of the substrate. Recent work from various research groups has
emphasized the significance of the substrate surface area[43] and
“plasticization” of the polymer surface layer, respectively, to
foster high enzymatic PET-hydrolyzing activity.[30] Yet, the
reasons for the increased lag phase in response to increased
PET crystallinity remain elusive.
To quantitatively compare the duration of the lag phases

for each enzyme, we defined the duration of a lag phase as
“The time it took to reach a product formation level
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corresponding to 1% of the maximal product formation
obtained during the eight days of enzyme treatment”. This
threshold value is represented as the border of the white
contour in the surface plots displayed in Figure 1 (the standard
error on the mean values was generally <5%, except in a few
cases for the low product release data at high crystallinity,
where it was ~15%).
The validity of the absorbance measurements, A240, calcu-

lated to BHET equivalents, BHETeq, was confirmed by HPLC
profiling of the enzymatic product release during extended
reaction for each of the six enzymes acting on PET disks of XC
10.8% (Figure S1 in the Supporting Information). Weight loss of
individual PET disks was also monitored for the reactions of the
four most active enzymes, LCCICCG, LCC, DuraPETase, and PHL7.
Although some differences in the relative product profiles for
the different enzymes were evident by HPLC analysis, such as a
substantially higher content of di-aromatic products for LCCICCG
(~25% of the total composition), the total A240 correlated
perfectly linearly with the total level of released products
measured by HPLC for all enzymes (Figure S2). Likewise, the
products measured by HPLC or A240 (BHETeq) correlated linearly
with the recorded weight loss (Figure S2).
Interestingly, the data ratio A240/HPLC was higher than 1

(1.55–2.02) (Figure S2) for all enzymes implying that more
products were detected by the absorbance measurement A240
than by HPLC, indicating that a certain fraction of solubilized
compounds escaped the HPLC analysis. On the other hand, the

A240/weight loss ratio was slightly below 1 (0.8–0.88) suggesting
that certain enzymatically released components were not
completely soluble. Nevertheless, the A240 measurement in
terms of BHETeq satisfactorily described the progression of the
product release for all enzymes.
The evolution in the duration of the lag phase as a function

of the XC was similar for LCC, LCCICCG and DuraPETase (Figure 2).
These three enzymes displayed a rapid increase in the duration
of the lag phase when XC increased to 19.6%. In comparison, a
profound increase in the lag phase occurred at a much lower
value for PHL7, namely at 15.8% XC, and already at XC 13.2% for
HiC and TfC (Figure 2). These observations clearly confirm that
the duration of the lag phase varied profoundly for the different
enzymes. The data concur with a recent study from our lab[42]

where it was found that HiC and TfC were inferior to LCC by
yielding a longer lag phase on nano PET particles.[42]

Steady-state rate of the product formation

Once the lag phase had occurred, the product formation for all
reactions maintained a constant rate (Figure 3A–F). These rates
are listed in Table 1. The highest rates were obtained for LCCICCG
at all degrees of PET crystallinity (Figure 3G). The rates of LCC,
DuraPETase, and PHL7 were lower and almost similar on the
most amorphous sample (XC=10.8%). This similarity was,
however, not observed at higher XC, as the rate of the PHL7

Figure 1. Time course showing the release of soluble hydrolysis products measured in mM levels of BHETeq[41] over eight days, for PET disks (Ø=6 mm,
thickness 1 mm, ~32 mg) with crystallinities ranging from 10.8–24.4%. All reactions were performed at 55 °C with enzyme loads of 200 nM. Every 24 h the
activity was measured, where after the PET disk was washed, and transferred into a new reaction mixture in which the enzyme load was replenished with a
fresh stock. Error bars represent the standard deviation of experimental runs performed in triplicates.
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became 4- and 5-fold lower than those of LCC or DuraPETase at
XC 24.4%, and 12-fold lower than the product release rate
achieved by LCCICCG at this XC.
These data reveal that PHL7 is more negatively affected by

increased substrate crystallinity than LCC, LCCICCG and DuraPE-
Tase (Table 1). This finding is in agreement with a recent
study[44] where it was shown that PHL7 (denoted PES� H1[44])
had several-fold lower activity on highly crystalline PET particle
samples (XC=26%) than LCCICCG, despite performing nearly on
par with LCCICCG on amorphous PET film.

[44] As evident from
Figure 1 and Figure 3, HiC and TfC generally had substantially
lower rates than the other enzymes, corresponding to ~36 and
16-fold lower rates, respectively, than LCCICCG at 10.8% XC, and
HiC and TfC did not show any detectable product formation
during the eight days of incubation at XC>19.6% (Figure 3E,F).

Tolerance of the enzymes to XC

The linear regions observed in Figure 3A–F indicate that the
concentration of productive enzyme-substrate complexes
formed was constant during the duration of the enzymatic
treatment. This could be because the number of attackable sites
on the PET substrate surface exceeds the saturation level, or
because the enzymatic action results in the excavation of new
attackable sites as the hydrolysis progresses.[45]

To quantify the influence of substrate crystallinity on kinetic
rates, we propose using the term tolerance as a comparable
measure on how the different enzymes are affected by the
increase in substrate crystallinity. Here, the tolerance towards XC
is defined as the relative decrease in product formation rate (in
%) as a function of the XC. These rates, displayed in Figure 3H,
were calculated by normalizing the observed rates, shown in
Figure 3G, with respect to the rate obtained on the most
amorphous sample (XC=10.8%). Here it was observed that the
normalized rates at intermediate XC values of 15.5% to 22.1%
were highest on LCC followed by LCCICCG, while DuraPETase and
PHL7 had similar activity up until XC 19.6%. At this point the
normalized rate of DuraPETase plateaued while it kept decreas-
ing for PHL7. At the highest XC (24.4%) the LCCICCG, LCC, and
DuraPETase retained approximately the same relative product
formation rates (30–40%) as they had on the most amorphous
sample. The rate of PHL7 at 24.4% XC, however, dropped to 6%
(Figure 3H).
The XC at which the product formation rate had decreased

to half of that on the most amorphous sample was quantified
by linear interpolation of the tolerance curves (Figure 3H). This
parameter was denoted as XC,50 and represents a quantitative
measure of an enzyme’s tolerance to increased XC. The XC,50
values (Figure 3I) corroborated that LCC and LCCICCG had highest
tolerance towards XC followed by DuraPETase and PHL7, where-
as the tolerances of TfC and HiC were the lowest as their activity
dropped to very low levels at XC above 15% (Table 1).

Change in PET surface topology resulting from the enzymatic
treatment

The molecular arrangement of the polymer chains within PET
crystals consist of densely packed lamellae structures which are
separated by rigid amorphous regions.[46] These crystalline

Figure 2. Contour plot representing the substrate XC as a function of the
duration of the lag phase. The graph is composed of the contour plots from
Figure 1; lines are shown �95% confidence limits (95% CI). The right side of
each border represents the threshold at which the product formation
corresponded to less than 1% of the maximal value obtained during the
eight days of enzymatic treatment. This threshold was defined as the
duration of the lag phase. No product formation was observed at XC>19.6%
for either HiC or TfC; the duration of the lag phase displayed above this
value may therefore be misleading as it is based on extrapolation. Hence
these curves are represented by dashed lines.

Table 1. Product formation rate for each of the six PET-hydrolases obtained at each of the six levels of XC. The values were quantified based on the linear
regression of Figure 3A–F.

Enzyme Product formation rate [mMBHETeqday
� 1] at level Xc

10.8% 13.2% 15.8% 19.6% 22.1% 24.4%

LCCICCG 14.4�0.0.54[a,b] 15.62�0.73[a] 12.33�0.43[b] 7.9�0.21[c] 6.48�0.34[c,d] 5.35�0.35[d]

LCC 8.35�0.18[a] 7.36�0.43[a,b] 7.88�0.16[a] 6.28�0.06[b] 5.5�0.51[b] 2.69�0.16[c]

DuraPETase 10.9�0.83[a] 8.13�0.5[b] 6.67�0.12[b] 3.12�0.10[c] 3.68�0.48[c] 3.26�0.10[c]

PHL7 10.8�0.18[a] 12.3�0.5[a] 6.97�0.68[b] 3.25�0.35[c] 2.43�0.27[c,d] 0.65�0.07[d]

HiC 0.60�0.0071[a] 0.39�0.039[b] 0.13�0.002[c] 0.009�0.001[c] – –
TfC 1.39�0.025[a] 1.07�0.11[b] 0.016�0.003[c] 0.038�0.007[c] – –

[a]–[d] Indicate statistically significant differences between the data for the individual enzymes (p<0.05), where [a] is significantly higher than [b], which is
significantly higher than c etc.
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lamellae are arranged in a higher-level structure, which is
dependent on the crystallization process.[47] The backbone of
the polymeric chains in both the crystalline lamellae and the
rigid amorphous regions (RAF) are associated with trans
conformations, while the mobile amorphous regions (MAF)
surrounding the crystals are considered to adopt gauche
conformations.[28,48] Hence, the change in surface topography,
resulting from the enzymatic treatment, would reflect the
selectivity towards these regions, as it is only the degradable
fractions which are removed from the insoluble substrate
during enzymatic treatment.
The assessment of the duration of the lag phases and the

rate responses of the enzymes on the PET samples at various XC
levels clearly demonstrated that PHL7 responded differently
than the other enzymes. We therefore decided to evaluate
whether these differences manifested via the surface erosion

(change in surface topology) caused by the enzymatic treat-
ment.
The surface erosion resulting from the eight days of

enzymatic treatment was evaluated using light microscopy
(Figure 4) (Due to the very low product formation by HiC and
TfC, these enzymes were not included in this assessment). The
changes in topology resulting from the individual enzymatic
treatments clearly demonstrated that the degradation pattern
varied profoundly amongst the enzymes and with increasing XC.
The differences among the enzymes were particularly evident
on the more crystalline samples (XC>10.8%). The samples
treated by PHL7 produced a more apparent and heterogeneous
surface erosion resulting in formation of crater-like-structures
(Figure 4).
The density of these structures furthermore decreased with

increased XC. The PET disk samples treated with DuraPETase,
LCC, or LCCICCG, on the other hand, resulted in less obvious

Figure 3. Linear regression of the progress curves (presented in Figure 1) during enzymatic degradation of PET at various degrees of XC using A) LCCICCG, B)
LCC, C) DuraPETase, D) PHL7, E) HiC and F) TfC. G) Product formation rate at the linear region of the progress curves (A–F) the error bars represent the
standard error of the linear regression. H) Tolerance curves displaying the relative product formation rates (derived from the rates in G) as a function of the XC.
The rates at the various XC samples are normalized with respect to rates measured on the most amorphous sample (XC=10.8%). The error bars represent the
standard error of both the relative rate and the XC. I) XC threshold at which normalized activity has been halved (XC,50) – these values have been calculated
from the tolerance curves in H. the error bars represent the standard error of the XC,50.
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surface erosion, despite their significant PET degrading action.
The PET disks at XC>15.8% treated with DuraPETase, LCC, or
LCCICCG however resulted in the exposure of what we assume
are crystal structures (Figure 4).

SEM imaging of PET samples treated by LCCICCG and PHL7

The structural features resulting from the enzymatic degrada-
tion were studied in more detail using SEM. As previously
reported,[22] the surface of the low crystalline sample treated by
LCCICCG appeared smooth (Figure 5A), while the surfaces of the
crystalline samples had more rough and porous structures
(Figure 5B,C), similar to those previously observed.[22] However,
as a result of the prolonged degradation, more well-defined
microstructures appeared on the surfaces of these samples
(Figure 5A–C). The appearance of these microstructures adds to
our understanding of the porous structures we previously
observed,[22] indicating that the solid section of the structures is
made up of a mix of hydrolyzable and un-hydrolyzable regions.
These findings suggest that the highly ordered structures that
emerge after extended treatment are un-hydrolyzable PET
crystals that become exposed as the amorphous regions are
removed. This interpretation is consistent with mechanistic
theories suggested by others.[49,50]

The grid-like structures that were observed resemble 90°
branching angle dendritic crystal formations reported in
crystalline poly(ethylene oxide) materials.[51]

The degradation of the samples with intermediate XC (15.8–
19.3%) by DuraPETase, LCC and LCCICCG revealed seaweed
shaped crystal structures (data shown for LCCICCG in Figure 5B).
These structures are associated with higher crystallization
temperatures than the dendritic crystals with 90° branching
angles[51] and are presumed to be associated with surface
crystals.[52]

Sheet-like structures were exposed as a result of the
enzymatic degradation of the highest XC disks and are
presumed to be due to the prolonged annealing at 115 °C.
Except from the grid-like structure, the surface topology

resulting from the enzymatic degradation of the most amor-
phous samples using LCCICCG or PHL7 appeared smooth at the
resolution obtained by the SEM. A previous study has however
shown that enzymatic treatment of amorphous PET film by LCC
and PHL7 results in the formation of smaller and less distinct
crater structures, covering the entirety of the PET
substrate.[29,45,46] Such crater structures were also observed on
the thermally annealed PET samples (XC>10.8%) treated by
PHL7 (Figure 4). However, the size of these craters was bigger
than those previously reported on amorphous PET[53]. The
magnification by SEM of the craters resulting from the
enzymatic treatment with PHL7 revealed that the topology of

Figure 4. Light microscopy imaging of the PET disks (Ø=6 mm) after eight days of enzymatic treatment treated with DuraPETase, LCC, LCCICCG, PHL7. Each
image represents one whole side of PET disks at various XC. The weight loss (in %) of the disks after the 8-days of incubation are shown in white font. The red
arrows indicate grid-like structures observed both before (15.8% XC) and after (10.8 and 15.8% XC) enzyme treatment.
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the craters varied with the XC. At intermediate XC (15.8%) the
craters appeared porous, while the surrounding areas were
smooth (Figure 5E). Such porous structures were also obtained
on the samples having XC of 15.8% and 24.4% for the
DuraPETase, LCC and LCCICCG (Figure 5B,C; data not shown for
LCC and DuraPETase). The pore sizes resulting from the treat-
ment of the PET disks with these enzymes were however larger
than those observed for PHL7. The porous structures of the
samples treated with the other enzymes were, unlike the ones
observed for PHL7, distributed homogeneously throughout the
surface, except for the exposed crystal structures mentioned in
the previous section.

Structural comparison of the enzymes

To understand the differences between the actions of the
different enzymes, it is relevant to compare structures and
surface electrostatics of the enzymes. Overall, the structures of
the four most active PET-hydrolases, LCC, LCCICCG, DuraPETase,
and PHL7, turned out to be quite similar with a maximum
RMSD (root mean square deviation) of 0.922 nm between
DuraPETase and LCCICCG. (Full RMSD comparison is given in
Table S1).
In particular, multiple sequence alignment shows that the

active site residues are highly conserved (Figure S3). These
similarities are also highly evident from a visual comparison of
the active site region (Figure S4), as recently reported else-
where, as well.[54] DuraPETase is by far the enzyme that differs

most from the other enzymes (Table S1 and Figure S4),
containing 2 areas of insertion (residues 109–111 and 217–219)
and a region of deletion (between residues 35 and 36), all of
which modify surface loops to some extent. LCCICCG and LCC are
naturally the most similar differing by only four point
mutations.[18]

A notable difference between these four thermostable PET-
hydrolases is their respective differences in surface charge
(Figure 6). In general, the surfaces of DuraPETase, LCCICCG and
LCC have positive electrostatic potentials across the solvent-
excluded surface. The exception being a negative pocket
located somewhat adjacent to the active site (Figure 6). In
contrast, PHL7 has large pockets of negative electrostatic
potential located on the rear side almost directly opposite to
the active site (Figure 6).

Proposed course of the enzymatic degradation of semi-
crystalline PET material

The enzymatic degradation of PET is an interfacial process
occurring at the surface of the PET material. As the surface Tg is
presumably lower than the reaction temperature of 55 °C (could
be as low as ~40 °C[30]), the PET chains are at their mobile state
(MAF), thus allowing them to change between conformations
(gauche or trans). In contrast, when the XC increases the PET
chain mobility is gradually hindered as the proportion of RAF
increases.[55] We therefore posit that the higher tolerance to XC
of certain PET hydrolases (i. e., LCC and LCCICCG) are due to their

Figure 5. SEM imaging of PET disk at 10.8, 15.8 and 24.4% XC after eight-days of treatment by either LCCICCG (A–C), PHL7 (D–F), or in buffer without enzyme
(G–I). The images are magnified at either 100× (large images) or 1500× (smaller images) magnification using SEM. The boxes which has been drawn on the
100× images are not the exact location of the 1500× magnification, but represent the features which has been enlarged. The two scale bars in A represents
500 μm (white) or 30 μm (yellow).
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broader conformational selectivity towards the trans conforma-
tion of the PET chains. This selectivity is governed by the
flexibility of the active site, allowing it to facilitate binding to
rigid PET chains existing in either a gauche or trans conforma-
tion. This interpretation agrees with the recent findings of Guo

et al.[25] Combining the topology analysis results (Figure 4 and 5)
with the data in Figure 2 (showing extended lag phases for
PHL7), we propose that the duration of the lag phase is
primarily determined by the enzyme’s conformational selectiv-
ity, as a lower density of attackable sites reduces the likelihood
of forming a productive enzyme-substrate complex.
Enzymatic degradation of PET using PET hydrolases follow a

random/endo-type chain scissoring that does not immediately
result in the release of soluble products[30,56] As the average
chain length, at the surface, becomes shorter, due to endo-type
degradation, the probability of a cleavage, resulting in the
direct release of a soluble product, becomes larger. Hence, an
increase in the product formation rate is expected during the
initial stage of degradation (determined as the lag phase) until
a steady-state rate is achieved. The steady state rate is achieved
either under saturation of the enzyme (low XC) or when the
number of attackable sites has become saturated (high XC).
Thus, at low XC the rate is determined by the enzyme

concentration, while at higher XC the rate is determined by the
density of attackable sites at the surface, thus explaining the
longer lag phases at higher XC. We also ascribe the longer lag
phases on the more crystalline PET to non-specific adhesion of
the enzyme to the PET substrate, which may be more profound
on the crystalline regions, as demonstrated recently for a
carbohydrate binding module on similar PET disks as those
employed in this study.[57]

Hydrolysis of polyester material, including PET, results in a
net increase in negative charges at the surface. This is due to
the exposure of deprotonated carboxylic acid at the end of the
polymeric chains upon bond cleavage.[56] It is therefore likely
that the negative pocket located on the back of PHL7 (Fig-
ure 6H) could result in a repulsion force between the enzyme
and substrate interface. This electrostatic repulsion would
prevent PHL7 from swirling near the PET surface and instead
retain the enzyme in position to act in an apparent pseudo
processive way once an initial bond cleavage has taken place.

Figure 6. Electrostatic potential of solvent excluded area for four thermostable PET-hydrolases. A and E: DuraPETase; B and F: LCCICCG; C and G: LCC; and D and
H: PHL7. Calculated using the APBS plugin in PyMOL. The active site is highlighted with an arrow. The front (A–D) and Back view (E–H) are defined according
to the placement of the active site. The scale bar located at the bottom indicates the electrostatic potential of the surface.

Figure 7. Schematic representation of the proposed degradation mechanism
of PHL7 and LCCICCG. A) PHL7 may bind unproductively (red enzymes) on the
entirety of the surface of the substrate. If PHL7 is exposed to MAF regions
(light gray) it may form a productive Enzyme-Substrate (ES) complex (yellow
enzymes), resulting in degradation of the PET. Once PHL7 is bound in a
productive ES complex it is more likely to form a new productive ES complex
with an adjacent ester bond (pseudo processivity). PHL7 is only capable of
degrading in one direction, as the enzyme is aligned by repulsion forces
between the negative charge on the backside of PHL7 and the negative
charges of the carboxylic end-groups of the hydrolyzed PET. B) LCCICCG may
bind unproductively (red enzymes) on the entirety of the surface of the
substrate. If LCCICCG is exposed to MAF or RAF regions (light- and dark gray)
it may from a productive ES complex (purple enzymes), resulting in
degradation of the PET. LCCICCG is not repelled by the negative charges
resulting from the hydrolysis, and is thereby capable of rotating, and thus
degrading PET in all directions to result in a more uniform degradation
pattern compared to PHL7.
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Hydrolysis of PET using PHL7 is therefore more likely to happen
in the same direction, compared to enzymes without a negative
pocket on the backside (LCC, LCCICCG, and DuraPETase) (Fig-
ure 6E–G). This mechanism of PHL7 would result in distinct
crater structures. A schematic representation of the proposed
degradation mechanisms of PHL7 and LCCICCG is shown in
Figure 7.

Degradation of highly crystalline PET particles

The hypothesis that PHL7 has a reduced preference for more
trans, less mobile RAF conformations that increase with
increasing XC, was investigated further using prolonged enzy-
matic treatments on extremely crystalline PET particles (Ø<
300 μm, XC=38%) using DuraPETase, LCC, LCCICCG, or PHL7
(Figure S5). Here it was observed that PHL7 produced a maximal
degradation yield of 2.5%, which corresponded to about half
the yield achieved by DuraPETase and less than half of the yield
of LCC and LCCICCG, respectively (Table 2 and Figure S5).

The maximal yields obtained for LCCICCG were, however,
significantly lower than what was previously reported
(23.5%[29]). A possible explanation for this discrepancy could be
the much lower (16 fold) enzyme to substrate ratio used in the
present study (0.2 μM enzyme per 32 gL� 1 substrate against
1 μM per 10 gL� 1). Nevertheless, it was shown that the
tolerance to XC (Figure 3I) correlated to the maximal conversion
yield achieved for the different enzymes. The inefficiency of
PHL7 on crystalline PET samples exemplifies this correlation and
the findings support the proposed hypothesis that PHL7 has
less selectivity towards the more crystalline regions exposed on
the surface of the annealed samples.

Total solvent accessible surface area and molecular dynamics
comparison of the enzymes

To understand the difference in action between the enzymes
and notably investigate the cause of the difference in electro-
static potential, the solvent accessible surface area (SASA) of
each residue of each enzyme structure across the 100 ns stable
molecular dynamic simulation was assessed. The average and
std error of each residue for the 100 ns simulation was then
binned and added dependent on residue type.
This analysis showed that PHL7 has a larger number than

the other enzymes of charged (arginine R, aspartic acid D and
glutamic acid E) residues which are solvent accessible (Fig-
ure 8A). DuraPETase also has a larger number of arginine R
residues which are solvent accessible, as well as a significantly
larger number of solvent-accesible serine S moieties than the
other enzymes (Figure 8A).
As part of the comparison between these four enzymes, a

molecular dynamic simulation was also conducted with the
results shown in Figure S6. All four PET-hydrolases were
generally stable throughout the simulation with an RMSD of

Figure 8. A) Aligned and gaped RMSF for each thermostable PETase during the 100 ns molecular dynamic simulation. B) Aligned and gaped RMSF for each
thermostable PETase during the 100 ns molecular dynamic simulation. Note, residue numbering is done from the trimmed sequence (without gaps) as given
in the multiple sequence alignment (MSA) (Figure S3). SASA is solvent accessible surface areas.

Table 2. Maximal conversion yields calculated from the concentration of
solubilized products (in terms of BHETeq) after 6 days of incubation of
highly crystalline PET particles, XC of 38%, at 55 °C pH 8.

Enzyme Maximal yield [%][d]

LCC 6.93[a]�0.37
LCCICCG 5.47[b]�0.21
DuraPETase 4.72[b]�0.24
PHL7 2.53[c]�0.05

[a]–[c] Different superscript letters indicate statistically significant differ-
ences between the data for each enzyme (p<0.05); [a] is significantly
higher than [b], and [b] is significantly higher than [c]. [d] Maximal yield
was calculated based on the product formation measured in terms of
BHET equivalents (BHETeq).
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less than 0.5 nm. Manual inspection of any major changes in
RMSD were found to be movement of the N or C termini and
not significant movement in the overall structure.
During this 100 ns time period, the RMSF (root mean square

fluctuation) of each residue was assessed in a way that the
aligned residues between each structure could be compared.
The results are shown in Figure 8B.
All four structures show increased flexibility in approx-

imately the same locations (namely residues 30–40 and 89–92),
though the effect is less for PHL7, possibly due to hydrogen
bonding interactions between the bulkier glutamine at resi-
due 33 (34) vs serine in LCCICCG and LCC (Figure S3).
Both the DuraPETase and PHL7 have increased flexibility at

residue 50, which is a distance away from the active site,[44] due
to the insertion of a glutamine for PHL7 and as a result of the
double glycine for DuraPETase.
LCCICCG has decreased flexibility at both 179–184 and 210–

225 when compared to LCC (Figure 8B), which is likely a direct
consequence of the D/C and F/I mutations from LCC to LCCICCG.
The structural comparison highlighting the added disulfide
bond is shown in Figure S7.
LCCICCG is a quadruple variant of LCC engineered towards

increased activity (F243I) and stability (D238C/S283C and
Y127G). The selection criteria for increased activity was based
on its specific activity on PET substrate at a crystallinity of
10.3%.[18]

It is interesting to note that the present tolerance assess-
ment (Figure 3I) disclosed that the four mutations differentiat-
ing LCCICCG from LCC did have a profound effect on the
response of the LCC enzyme to increased crystallinity, despite
its decreased flexibility, i. e., higher structural rigidity.

Conclusions

By evaluating the influence of XC on the enzymatic degradation
by six PET-hydrolases, it was shown that increasing levels of XC
resulted in increasing duration of the lag phase and decreasing
steady-state product formation rates for all enzymes once the
lag phase had been overcome. The impact of these effects was
highly enzyme dependent. PHL7 was more negatively affected
by increased XC than DuraPETase, LCC and LCCICCG. It was also
shown that PHL7 catalyzed degradation of thermally annealed
PET disks produced crater like structures on the PET surface,
while the other enzymes left behind a smooth PET surface. The
longer lag phases and lower tolerance to XC are suggested
caused by a lower selectivity of PHL7 towards crystalline regions
of PET but could not be fully explained by the higher negative
surface charge or differences in enzyme flexibility by molecular
dynamics analysis. However, it can be concluded, that in
addition to the importance of the enzyme surface charge
(Figure 7), the conformational selectivity of the enzymes with
higher tolerance to XC is due to additional enzyme properties,
namely: (1) How well the enzyme can bind to the chains, (2)
how fast the active site conformation dynamics allow such
binding to form a productive enzyme-substrate complex, and
(3) the degree of non-productive binding.

The interplay between the catalytic site topology, overall
enzyme dynamics, and surface electrostatics for maximizing
performance of PET degrading enzymes is currently under
investigation. One of the goals is to understand how to design
the optimal PET-hydrolase. The LCCICCG has been engineered to
have improved catalytic activity and stability via only two
mutations in the active site of the wild-type LCC enzyme (F243I
and Y127G) maximizing enzyme-substrate contact. In addition,
the thermostability was improved by replacing a divalent
metal-binding site in the LCC with a disulfide bridge quite near
the active site (D238C and S283C).[15] Although a fast and
thermostable enzyme has been obtained, it is not yet
completely clear how to design the perfect PET-hydrolase as
several factors have significance. Indeed, it is not understood
why the LCC and the LCCICCG have high tolerance to increased
XC, or why the LCCICCG exhibits high tolerance despite having
lower overall flexibility compared to the wild type LCC (Fig-
ure 8).
It is tempting to speculate whether the products released

may affect the reaction behavior of the different enzymes. Any
negative effects of the solubilized products would be higher
with higher release rates and therefore not explain the lower
enzymatic rates with increased XC, and the rate data obtained in
the present study do not imply any positive, accelerating effects
either. From the data obtained, the seemingly uniform attack
on the PET disk surface by LCCICCG, which resulted in a smooth
surface, appears to be a result of enzymatic action brought on
by even movement of the enzymes across the surface of the
PET disk. LCC, DuraPETase and PHL7 had almost similar
activities on the amorphous PET, with LCC tending to be lowest,
and had nearly identical soluble product profiles, yet differed in
terms of tolerance to XC. The surface electrostatics did not
reveal any notable features for LCCICCG vs. LCC or DuraPETase.
Considering the surface electrostatics (Figure 6), the catalytic
action of LCCICCG likely involves fast, consistent movement,
including swirling of the enzyme upon detachment from the
substrate before the next attack. In contrast, based on the
surface electrostatics analysis, we suggest that the peculiar
formation of craters by the PHL7 action is directly related to the
negative (backside) surface charge of PHL7 found by surface
electrostatics and solvent accessible surface area analysis of
charged residues, which may clinch the enzyme in position to
act in a pseudo processive manner once the initial bond
cleavage has taken place.
Classic post-consumer plastic (polyester) degradation and

recycling methods include mechanical and chemical
recycling.[58,59] For PET, mechanical recycling involves washing
and shredding of the material, and then regranulation via
extrusion.[59] The traditional mechanical recycling method of
extrusion significantly reduces the tensile strength of PET. Thus,
during the initial mechanical recycle, elongation at break is
reduced by a factor of 4, and tensile strength and elongation at
break are reduced further with each round of recycling.[59]

Recent processes involve open-loop recycling via manufacture
of textile fibers or blending of the material into mixed
construction materials such as concrete.[58] For “virgin” PET
fibers, of relevance for PET textiles recycling, a hybrid chemo-
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enzymatic treatment involving pressurized, hot zinc acetate
pre-treatment under high pressure (at 250 °C, 40 bar) followed
by HiC treatment the polymer was reported to yield 97% pure
terephthalic acid (TPA).[60] However, the energy costs of the
pretreatment were obviously significant, but not calculated.
Even if the material has been properly sorted, for example, as is
gradually becoming the case for used PET bottles with a
recycling rate of nearly 60%,[58] the recycling rate of 60% means
that the rest, i. e., approximately 40%, currently ends up in
landfills or as waste spread elsewhere, emphasizing the need
for better recycling approaches.
The industrial implementation of PET degrading enzymes is

now a reality led by the French company Carbios. In addition to
protein engineering of enzymes to improve the performance, as
exemplified by the development of the LCCICCG,

[15] other
innovative approaches to improve catalytic efficiency of PET
degrading enzymes on PET of high crystallinity are gradually
emerging. These include, for example, extrusion based pretreat-
ment of PET to decrease XC

[48] and, for example, design of
whole-cell surface display PET-hydrolase systems.[49] The low
activity of PET-hydrolases towards crystalline PET regions never-
theless remains a bottleneck in terms of industrial application,
and a better understanding of the structural and dynamic
aspects in relation to the function, attack mode, lag phase, and
kinetic rates of the enzymes on PET of high crystallinity is the
key to develop better enzyme-assisted PET recycling processes.
Systematic examination of enzyme performance, including

lag phase duration, in response to XC, and the new quantitative
tolerance assessment of enzymes to XC are valuable character-
ization metrics to identify and engineer enzymes that are
efficient on highly crystalline PET.

Experimental Section

Enzymes

The six PET-hydrolases studied in this work for the enzymatic
degradation of PET were LCCICCG [Genbank: AEV21261.1] F243I/
D238C/S283C/Y127G), PHL7 [Genbank: AEV21261.1], HiC [Genbank:
AAE13316.1], LCC [Genbank: AAE13316.1], DuraPETase [Genbank:
GAP38373.1] and TfC [Genbank: AAZ54921.1]. The LCCICCG, TfC, and
HiC were expressed and purified as previously described.[22,61,62] The
DuraPETase and PHL7 were both heterologously expressed in
Bacillus subtilis, as described previously[63] with the following
modifications: The native signal peptide was replaced by the signal
peptide from B. licheniformis α-amylase AmyL (FJ556804.1), and a
histidine tag with a short linker (LEHHHHHH) was added to the C-
terminal. Enzyme concentrations were determined by absorbance
at 280 nm using theoretical extinction coefficients.

PET substrates

Amorphous PET sheets with a thickness of 1 mm (Goodfellow
Cambridge Ltd, Huntingdon, UK) (Cat. No. ES303010) were used as
the starting material. PET disks were prepared by punching the PET
sheet with a generic whole punch generating uniform PET disks
with a dimension of; Ø=6 mm, ~32 mg. The XC of the PET disks
were systematically modified in the range from 10.8–24.4% by
annealing at 115 °C using a dry heat treatment method as

described previously.[28] PET disks with the lowest XC of 10.8% were
briefly annealed at 85 °C for 5 min, to eliminate any enthalpy
relaxation caused by physical ageing of the polymer.

Semi-crystalline PET with a XC of 37.5%
[28] and with a particle size

<300 μm (reported by the supplier) was purchased from Good-
fellow Cambridge Ltd (Cat. No. ES306030). The PET-powder was
suspended in the reaction buffer prior to assaying.

Differential scanning calorimetry

The XC of the PET-disks were determined by differential scanning
calorimetry (DSC) analysis. Measurements were performed using on
a Pyris 1 Calorimeter (Perkin Elmer, Waltham, MA, USA). The
procedure involved a constant heating rate of 10 °Cmin� 1 using PET
samples weighing 8.5�0.5 mg. The initial temperature was set to
20 °C and was steadily increased to 270 °C. Measurements of XC
were determined as described previously.[28]

Standard conditions for enzymatic hydrolysis

200 nM enzyme was suspended in a 500 mM glycine NaOH buffer,
for a total reaction volume of 1 mL in Protein LoBind tubes
(Eppendorf). The reactions were initiated by addition of PET
samples and kept at 55 °C and 950 rpm in an incubator shaker (KS
4000 ic control, IKA). Samples were withdrawn at selected times
and the supernatant was immediately transferred to a UV-trans-
parent microplate (Corning Inc., Corning, New York, USA) (Cat. No.
3635)) for spectrophotometric analysis using a plate-reader (Molec-
ular Devices, SpectraMax Paradigm). All experimental runs were
conducted in triplicates.

Reaction Progress for PET-film

All reactions were initiated by transferring a PET disk to the reaction
mixture. Every 24 h, supernatant was withdrawn and diluted
appropriately to a final volume of 200 μL for spectrophotometric
analysis. Afterwards, the enzymatically treated PET disk was washed
using a 1% SDS (sodium dodecyl sulfate)- and 70% ethanol
solution. This sequence of events was repeated in iterations over
eight days with the result that the PET disks were subjected to a
fresh enzyme load and reaction mixture every 24 h.

After termination of the experiment the treated disks were
collected and subjected to gravimetric determination of weight
loss. Of notice, PET disks were handled cautiously to preserve the
integrity of the surface structure of the substrate sample.

Reaction Progress for PET particles

Enzymatic hydrolysis of semi-crystalline powder PET was carried out
at a PET concentration of 32 mgmL� 1. Every 24 h, the reaction
mixture was centrifuged for 1 min at 1000 rpm, and 10 μL of the
supernatant was then transferred to a total volume of 200 μL of the
reaction buffer as preparation for spectrophotometric analysis. This
procedure was repeated over 6 days.

Enzymatic product release

Absorbance of withdrawn supernatant samples from enzymatic
reactions was measured at 240 nm. The release of hydrolytic
products was quantified against standard curve of bis(hydroxyethyl
terephthalate) (BHET), and the products were calculated as BHET
equivalents (BHETeq) exploiting the fact that mono-aromatic
products have been reported to exhibit practically comparable
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extinction coefficients, as described previously.[41] The product
profile resulting from the enzymatic treatment of the “amorphous”
XC disks (XC=10.8%) was moreover characterized by analyzing the
product profiles in supernatants at each time point by reverse
phase High Performance Liquid Chromatography (HPLC) as follows:
At each time point, the particular sample was quenched with HCl
(1M) and briefly vortexed to obtain a homogeneous suspension of
the precipitate resulting from the lowering of the pH. Each sample
(2 μL) was then immediately transferred to a HPLC vial, diluted 100-
fold, and injected for analysis on a Vanquish Flex UHPLC system
equipped with a (250 mm×4.6 mm) C18 column and a UV/Vis
variable wavelength detector (Thermo Scientific, Waltham, MA,
USA). Samples (10 μL) were eluted at a flow rate of 1 mLmin� 1 at
40 °C from a ratio of 1 :5 of Eluent A (acetonitrile) and Eluent B
(7.5 mM formic acid in 5% v/v acetonitrile) for 7.5 min, then, the
amount of Eluent B was gradually increased until a 1 : 1 ratio was
reached after 12.5 min, and this ratio was then kept for 5 min. The
flow rate and peak analyses were controlled using the Chromeleon
Chromatography studio software (version 7.3.1) (Thermo Scientific,
Waltham, MA, USA). The samples were quantified against authentic
standards of terephthalic acid (TPA), mono(hydroxyethyl terephtha-
late) (MHET), BHET, and a di-aromatic compound consisting of two
ethylene glycol (EG) and two TPA moieties (TETE). TPA and BHET
were purchased from Sigma-Aldrich, while MHET and TETE were
synthesized in house as described previously.[42]

Light microscopy

Analysis of the enzymatic footprint imprinted on the surface of PET
disks were evaluated after eight days of enzymatic treatment as
described above, by high-quality images enlarged 125× using a
Leica M205 C microscope (Leica Microsystems, Germany).

Scanning electron microscopy

The surface features exposed by the enzyme treatment were
investigated using Scanning electron microcopy using the proce-
dure described previously.[28] The imaging was performed in low
vacuum at an acceleration voltage of 5 kV using a large-field
detector (LTD).

Structural comparison

The sequence of the four most active PET-hydrolases (LCC, LCCICCG,
PHL7, DuraPETase) was trimmed to remove signal peptides
(SignalP, 6.0)[64] and HIS tags. The structure of each sequence was
then modeled using Alphafold (v2.1.0) with MSA generation against
the reduced database.[65] The relaxed structure with the highest
plDTT score was selected for further analysis (DuraPETase: 94.93,
LCCICCG: 93.32, LCC: 93.21, PHL7: 96.62) and where applicable,
checked against available structures from the PDB (IsPETase: 6ANE,
LCC: 4EB0, PHL7: 7NEI). The four structures were assessed in PyMOL
Molecular Graphics System, Version 2.0 Schrödinger, LLC (New York,
NY, USA) with a MSA of all four (Clustal Omega 1.2.4)[66] used to
highlight regions of difference between structures. Additionally,
electrostatics potential molecular surface was calculated using the
Adaptive Poisson-Boltzmann Solver (APBS) plugin of PyMOL.[67]

Molecular dynamics

The four PET-hydrolases were run in an MD simulation using
GROMACS (v 2022.2)[68] using the Charmm36-jul2021 FF and TIP3P_
CHARMM water.[69] The systems were neutralized with Na+ or Cl�

where applicable and minimized with 50000 steps via steepest

descent minimization. Afterward, a 100 ps NVT equilibration
(300 K), followed by a 100 ps NPT equilibration (300 K, 1.0 bar) were
performed. All systems were run in 100 ns blocks of production MD
simulation until a 100 ns time course of relatively stable root-mean-
square deviations (RMSD) was observed. This 100 ns stable region
was used for analysis of root-mean-square fluctuations (RMSFs) and
solvent accessible surface areas (SASA).
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Abstract: Biocatalytic degradation of plastic waste is anticipated to 

become a crucial component in future recycling systems. However, 

enzymatic degradation of crystalline poly (ethylene terephthalate) 

(PET) remains consistently poor. Herein, we employed functional 

assays to elucidate the molecular underpinnings of this limitation. This 

included utilizing complementary activity assays to monitor the 

degradation of PET disks with varying substrate crystallinity (XC), as 

well as kinetic parameters for soluble PET fragments. Our results 

indicate that a proficient PET-hydrolase, LCCICCG, operates through 

an endolytic mode of action, and that its activity is limited by 

conformational constraints in the PET polymer. Such constraints 

become more pronounced at high XC values, which limit the density 

of productive sites on the PET surface. Our experimental findings 

demonstrated that endo-type chain-scissions occur during the initial 

lag phase. Moreover, these catalytic events partially alleviated 

conformational constraints in the polymeric PET, thereby facilitating 

the upwards concave progress curves for the formation of soluble 

products. 

Introduction 

Over the last decades, the scientific community has made 

substantial progress in identifying and engineering enzymes 

capable of degrading or modifying plastics, including the widely 

used polyester, poly(ethylene terephthalate) (PET).[1,2] Notable 

advancements include the discovery of a bacterium that utilizes 

PET waste as its sole carbon and energy source[3] and the 

identification and protein engineering of enzyme variants with 

sufficient activity for use in industrial PET-monomer recovery.[4–7] 

However, PET-hydrolases consistently showcase high sensitivity 

towards the degree of crystallinity (XC) of the substrate.[8,9] 

Crystalline PET comprises regions of highly ordered and 

densely packed PET chains, which stabilize the polymeric 

structure and renders it less susceptible to enzymatic 

degradation.[10] Many post-consumer products exhibit high XC 

values as a result of manufacturing processes and usage 

conditions.[6,11,12] This poses a significant challenge for the 

efficient utilization of PET-hydrolases for industrial-scale recycling 

of PET. Currently, the most viable strategy to overcome the 

recalcitrance of crystalline PET involves implementing a 

pretreatment step that includes micronization and 

decrystallization of the PET feedstock. However, this approach 

involves high energy and water consumption.[13,14] This situation 

has spurred the search for enzymes capable of degrading more 

crystalline polyesters, potentially drawing inspiration from the 

well-established ability of hydrolases to degrade naturally 

occurring crystalline polymers, such as cellulose[15] and chitin.[16] 

In this study, we investigated the characteristics of the PET-

hydrolase, LCCICCG, which is generally considered a promising 

candidate for large-scale industrial applications.[1,4,17] To assess 

its catalytic activity, we employed two complementary assays 

described previously.[18] This involved continuous pH-stat 

measurements to detect the release of protons resulting from 

cleavage of ester bonds, while reversed-phase high-performance 

liquid chromatography (RP-HPLC) was utilized for the analysis of 

the product profile and quantification of soluble product formation. 

By analyzing the product profile in the early stage of a reaction 

and assays performed against PET disks with varying XC, we 

gained a comprehensive understanding of how substrate 

crystallinity impacts the mode of action of the PET-hydrolase. 

Results  

Progress curves 
 

The time course for the degradation of PET disks with 

different XC was monitored by two complementary methods, 

HPLC and pH-stat measurements. Our HPLC protocol was 

capable of quantifying six different product types in the aqueous 

phase. These were the three mono-aromatic compounds 

terephthalic acid (T), mono(2-hydroxyethyl) terephthalic acid (ET), 

and bis(2-hydroxyethyl) terephthalate (ETE). In addition, we could 

resolve one peak for oligomers with respectively two, three or four 

aromatic rings. Each of these peaks encompassed three 

molecules with either zero, one or two ethylene glycol (EG) as 

end-groups. As an example, the fragments TET, ETET and 

ETETE, which all have two aromatic rings, co-eluted as a single 

mailto:petwe@dtu.dk
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peak during RP-HPLC analysis. In the following, we will refer to 

soluble fragments with two or more aromatic rings as oligo 

ethylene glycol terephthalates (OETs). In contrast to the HPLC 

measurements, the pH-stat detected all hydrolytic reactions, 

irrespective of whether they produced a soluble product or not.  

 

Results in Fig. 1 show the release of protons (pH stat 

measurements, blue trace, left ordinate) and soluble products 

(HPLC measurements, symbols, right ordinate) during the 

hydrolysis of PET disks with different degrees of crystallinity, XC. 

Under the conditions used in this experiment, concentrations of 

tri- and tetra-aromatic OETs were either undetectable or near the 

detection limit (high nM range). Thus, Fig. 1 only includes the 

remaining four products (T, ET, ETE and di-aromats).  

To facilitate further analyses of Fig. 1, we introduced a function, 

R, which specified the ratio of total hydrolytic activity to soluble 

products. Total hydrolytic activity was defined as the number of 

moles of hydroxide ions delivered by the pH stat system divided 

by the total reaction volume. These hydroxide ions neutralized 

protons produced by the enzyme reaction, and we call this 

concentration CH+. The overall release of organic products, Corg, 

was defined as the sum of all compounds detected by HPLC in 

Fig. 1, Corg=[T]+[ET]+[ETE]+[di-aromats]. The ratio, R, may be 

written: 

 

 

 𝑅 =
𝐶𝐻+

𝐶𝑜𝑟𝑔
               (1) 

To illustrate our interpretation of this function, we note that R>>2 

corresponds to a mode of action where the enzymatic reaction is 

dominated by cleavages across PET chains distant from chain 

ends (endo-type activity).  This type of reaction generates long 

insoluble OETs, and hence releases protons without concurrent 

soluble (organic) products. Conversely, cleavage near the 

terminal of insoluble polymers (exo-type activity), will release 

commensurate amounts of protons and soluble products and 

hence show R ~ 1. As a final example, complete hydrolyzation of 

a PET chain will yield R=2 since there are two ester bonds for 

each aromatic ring. (For further details, see Fig. S1). We note that 

a narrow distribution of activity across fewer PET-chains will yield 

a relatively lower R-value towards 2, since this mode of action 

requires fewer hydrolytic events to generate soluble products. We 

do not include EG in the definition of Corg (we cannot detect this 

product in the HPLC protocol). The R-value can therefore be 

regarded as a descriptor of abundance of endo-type cleavages, 

as the value is biased in regard to hydrolysis of certain soluble 

products (i.e., TE to T).  

 

Figure 2 illustrates how R changes with time when LCCICCG 

degrades PET disks of different crystallinity. The figure also 

includes the functions, CH
+ and Corg, that define R (eq. 1). These 

results confirmed earlier reports on a lag phase for the release of 

soluble products, which became more prominent on substrates 

with high XC.[8,19] For total hydrolysis, CH
+

, the lag phase was less 

pronounced and, in some cases was absent. As a result, the ratio, 

R, became larger in the initial stages of experiments for high-

crystallinity substrates. Specifically, experiments with XC=15.6% 

or 18.5% yielded R-values around 10 after 30-90 min. 

Quantification of R earlier in the reaction was not attainable 

because Corg was too low to measure, but we clearly detected 

proton release, and this implies an initial reaction with high R-

value on crystalline substrates. As argued above, this implied that 

initial hydrolysis of crystalline substrate was slow and dominated 

by an endolytic mode of action (ten or more protons were released 

for every soluble product). However, irrespective of the initial XC, 

R approached 2 after the lag phase. We emphasize that these 

changes in the mode of action all occur under conditions where 

the total degree of conversion is very low. Thus, the final degree 

of conversion for the measurements in Fig. 2 ranged from 0.1 to 

1.7%. 

 
Product profile 
 
The results in Fig. 2 sparked interest in the initial product profile 

and to investigate this further, we designed a shorter experiment 

with a higher sampling rate. The aim of this experiment was to 

elucidate the profile of OETs released directly from the insoluble 

polymer. Thus, we used a lower enzyme concentration and higher 

substrate loads compared to the experiments shown in Figs. 1-2 

(see Methods) to limit secondary hydrolysis of OETs in the 

aqueous phase. Unfortunately, the time resolution of the pH-stat 

system was inadequate for the desired sampling rate, and we 

therefore relied solely on HPLC detection in these experiments. 

Results in Fig. 3 show that we were able to monitor progress 

curves for all six product types that were detectable in HPLC (see 

section above). These six species were present in comparable 

amounts after 60 s contact time (Fig. 3A), while products with four 

aromatic rings dominated during earlier stages of the reaction (Fig. 

3B). In accordance with Fig. 1, products with mono- and di-

aromatic products became by far the most prevalent after several 

minutes of reaction, probably due to secondary hydrolysis of 

soluble OETs in the aqueous phase (see Tab 1).  

While the relative abundance of tetrameric products decreased 

rapidly (see Fig. 3B), their absolute value remained practically 

constant (1-2 µM) throughout these experiments (see Fig. 3A). 

This steady concentration might be attributed to low solubility 

and/or the rate of secondary hydrolysis in the aqueous phase. To 

assess these factors, we estimated the solubility of the tetrameric 

PET fragment under the experimental conditions used and 

approximated it to be 6-8 µM (see supplementary information, Fig. 

S2). We also determined the kinetic parameters, in terms of 

Michaelis-Menten kinetics, for LCCICCG acting on soluble PET 

fragments (Tab. 1). These results showed that the specificity 

constant kcat/KM for the tetra-aromatic OET was comparable to 

TETE but an order of magnitude lower compared to TETET. 

Taken together, these observations suggest that the steady 

concentration of tetra-aromatic product in Fig. 3B could rely on 

both low solubility (the aqueous concentration approaches 

saturation) and slower secondary turnover compared to smaller 

OETs. 

 
 
Reduction in the molar mass of PET chains  
 
In an attempt to assess the frequency of respectively endo- and 

exo-lytic activity we analyzed the average chain-length of PET, 

degree of polymerization (DP), as a function of the degree of 

substrate conversion. We used a previously established 

approach,[9] based on partial hydrolysis of a PET sample, 

dissolution of remaining solids in an organic solvent and detecting 

the end-group concentration by nuclear magnetic resonance 

(NMR) (see methods and SI for details). Like most other 

methodologies in this area, this approach suffers from the 
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limitation that the bulk of the PET material (which is not modified 

by the enzyme) may dominate when all solid residue is dissolved. 

This has previously been discussed by Kawai et al.[20] To minimize 

this effect, we extended the enzymatic hydrolysis to high degrees 

of conversion (>70% weight loss). Nevertheless, results in Fig. 4 

showed an essentially constant average chain length with a DP 

ranging from 225 to 250 throughout these experiments. 

 
 
 
 

Figure 1. Progress curves for the activity against PET disks with varying degrees of crystallinity. Blue symbols represent the proton release from cleavage of ester 
bonds (left ordinate), providing a measure of total hydrolytic activity. Remaining curves depict the concentration of individual monomeric products and TETE, as 
indicated by the color code (right ordinate). Error bars were calculated as the standard deviation from two independent experiments.

 
 
 

 
 
Figure 2. Progress curves showing the ratio between proton release and product formation in reactions performed against PET disks with varying XC values. The 
left ordinate displays pooled product formation (green symbols), denoted as the sum of compounds listed in Fig. 1, while the R-ratio (brown symbols), defined in Eq. 
(1), is displayed on the right ordinate. The blue trace represents the hydrolytic curves shown in Fig. 1. Elevated R-values in the early stages of the reaction for PET 
disks with higher XC indicate that the amount of protons released is approximately 10-fold higher than the accumulation of soluble products. Error bars represent 
the standard deviation from two independent experiments. 
 

 
 
 

 
Figure 3. Investigation of the product profile during the early stage of an enzymatic PET hydrolysis course. Experiments were conducted at 65 °C using an enzyme 
load of 30 nM LCCICCG against 30 thin amorphous PET disks (XC = 4.6%, 7 mg). These reaction conditions were deliberately chosen to minimize the rate of secondary 
hydrolysis of the released reaction products. Figure A) displays the concentrations of the six aromatic product species resolved using RP-HPLC at different time 
points, with the color code for each product specified in the panel. Figure B) illustrates the experimental results shown in Figure A, presented as the relative 
abundance of each product species. Error bars represent the standard deviation from two independent experiments. 
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Figure 4. NMR analysis of treated PET disks used to investigate the mode of action of PET-hydrolase, LCCICCG. The relative weight loss of partially degraded PET 
disks are plotted as a function of the DP.  Substrates were analyzed up to a weight loss of 75%, using thin PET disks to increase the surface-to-mass ratio (250 µm 
thickness, ~7 mg). This figure is adapted from study III. 

 

 
 
Tabel 1. Kinetic parameters examined for LCCICCG acting on soluble PET fragments. The low solubility of the tetrameric compound precluded saturation for this 
substrate, and consequently, kcat and KM values could not be determined. Instead, we were able to evaluate their ratio, the specificity constant. 

Discussion 

Recent advancements in the discovery and engineering of PET-

hydrolases have laid the groundwork for industrial-scale 

monomer recovery from polyester waste through 

bioprocessing[1,17,21,22]. Nevertheless, challenges remain for this 

technology to become an integral part of a circular economy. A 

primary concern is the limited ability of known PET-hydrolases to 

convert substrate with the degree crystallinity (XC>20%)[8,9,19,23–26] 

that is typical for PET waste. While there is ample empirical 

evidence of the recalcitrance of crystalline PET, its molecular 

underpinnings are yet to be fully elucidated. Commonly proposed 

explanations include inaccessibility of scissile bonds, which is 

linked to low mobility of PET chains within or near crystalline 

regions.[10,27,28] This interpretation is consistent with a study on the 

material properties of PET, which revealed suppressed chain 

dynamics, when amorphous samples annealed above the glass 

transition temperature slowly crystallized.[29] Moreover, enzymatic 

activity has been associated with polymer chain conformation, 

underscoring the significance of mobility for the formation of 

productive enzyme-ligand complexes. [30,31] 

The structural data discussed above have offered valuable 

insights into the causes of recalcitrance, and the current work 

aims to investigate this topic further from a functional perspective. 

Our starting point was numerous observations of an initial lag 

phase for PET-hydrolases,[8,18,24,32,33] which has been reported to 

be especially pronounced for crystalline substrates. This was also 

evident in the current study, as progress curves for soluble 

products formation (Corg, Fig. 2) displayed initial lag phases, which 

became more pronounced as the XC increased. Progress curves 

for total hydrolysis (CH
+ in Fig. 2) showcased the well-known 

decline in activity with increasing XC (Fig. 2), but unlike Corg, this 

function displayed short-lived or no lag phase. This implied that 

initial hydrolysis of crystalline substrates by LCCICCG was 
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characterized by endolytic activity which rapidly released soluble 

products. In contrast, we found R-values above 10 for the most 

crystalline substrates. This indicated that ten or more protons 

were released initially for every soluble product.   

This observation is in line with a recent study of the lag phase[19] 

for a number of PET-hydrolases, including efficient enzymes such 

as LCCICCG,[4] PHL7,[5] and duraPETase.[7] The lag phases 

reported in this study extended up to several days for substrates 

with high crystallinity (>20 % XC). Nevertheless, soluble products 

emerged after even longer contact times, and in some cases, the 

post-lag reaction rate reached a level that was comparable (within 

a factor of 2-3) to the initial rate measured on the amorphous 

substrates (XC = 12.1%). These observations and the current 

results collectively support the interpretation that the initial 

enzyme reaction involves endo-type chain scissions, which are 

limited by the conformation of the PET polymer (i.e. trans or 

gauche). Hence, the reaction only occurs if the chain is able to 

attain a structure that is compatible with the active site of the 

enzyme. Loci on the PET surface that permits this mode of action 

serves as “attack sites” for the enzyme but are likely to be scarcely 

distributed on the surface of crystalline PET due to conformational 

constraints, such as the linear all-trans crystalline structures, or 

the highly trans RAF. This effect may be more profound due to 

the rigid nature of these microstructures, even at temperatures 

above Tg.[34] 

This interpretation could explain both the low rate of proton 

release (as attack sites are scarce) and the absence of soluble, 

organic products (as randomly placed attack sites across PET-

chains will produce mostly long and insoluble PET fragments) (Fig. 

2). A comparable explanation has been proposed by Tarazona et 

al.[35]. Perhaps most importantly, this attack-site interpretation 

could also explain the basic origin of lag phase kinetics, because 

breakage of one ester bond would promote local chain mobility 

and hence create new attack sites for the enzyme. In other words, 

the initial enzymatic modification gradually renders crystalline 

PET more reactive, and this leads to upward curvature of the 

progress curve (see Fig. 5).  

The initial reaction pathway was further illustrated by the short-

term product-profiles shown in Fig. 3. We first note that these 

results contradict the often-stated conclusion that PET-

hydrolases primarily release the mono-aromatic compounds ET 

and ETE via combined endo-type cuts that successively enable 

exolytic action on the polymer. [9,20,35–38] However, after 10 s, the 

summed concentrations of monomeric products accounted for 

less than 20% of soluble products. Later in the reaction, ET 

indeed became much more prevalent, but based on the amount 

of OETs released continuously (Fig. 3A), and their high turnover 

rates (Tab. 1), we propose that ET predominantly accumulates as 

the result of secondary hydrolysis of OETs in the aqueous phase. 

This interpretation parallels conclusions based on kinetic 

modeling of the degradation of nanoPET.[18] Such a mode of 

action that predominantly proceeds via endo-type activity is also 

in line with the occurrence of longer soluble fragments (OETs), as 

observed in Fig. 3. In the simplest interpretation, where attack 

sites are completely randomly distributed, a random-endo 

pathway would generate equal amounts of all OETs and mono 

aromats. We did indeed observe quite comparable concentrations 

after e.g., 60 s, but there was a dominance of tetra-aromatic 

compounds in the earliest part of the experiment (~50%) (see Fig. 

3B). Interestingly, Eberl et al.[39] similarly reported a high 

abundance of tetra-aromatic products in the insoluble fraction of 

enzyme treated PET samples. If indeed so, preference for the 

direct release of tetra-aromatic products could rely on either 

enzyme structure or chain conformation. We are not aware of 

structural features of LCCICCG that could promote binding of tetra-

aromatic moieties in the product site, and hence favor the release 

of such products. Alternatively, the distribution in Fig. 3 could rely 

on local structure and mobility of the polymer. Specifically, if a 

bond located four segments away from a broken ester became 

prone to enzymatic attack, there would be a preference for 

primary release of such products. Further analyses of this 

problem would require more experimental work, including 

quantification of longer fragments in the insoluble fraction of the 

hydrolysate.   

An endo-lytic mechanism as proposed above is expected to 

impart rapid chain shortening to the surface layer. Nevertheless, 

our NMR analysis of the average chain length failed to detect any 

evident reduction in DP even at 70% conversion of the substrate 

(Fig. 4). A similar result was recently reported in a study 

conducted by Kawai et al.[40] using another PET-hydrolase and 

experimental methodology. Both studies used all insoluble PET 

residue in the analysis, and this may hamper the interpretation as 

it is not straightforward to assess what fraction of the residue was 

exposed to the enzyme and what fraction made up the 

(unexposed) PET bulk. However, it is notable that no changes 

occurred in Fig. 4, even at high degrees of conversion, and we 

suggest that this could be caused by the aforementioned linkage 

between chain mobility and attack sites. Thus, if bond breakage 

promotes local chain mobility, it would generate a preference for 

repeated attacks on the same (more flexible) strand, and it follows 

that this chain would be preferentially solubilized. Our 

experimental data, which show R-values approaching 2 over the 

course of hydrolysis (see Fig. 2), further support this interpretation 

by demonstrating a constrained distribution of enzymatic activity 

on PET chains. A further assessment of this interpretation would 

require data on the average chain length in the surface layer, and 

we are currently pursuing options for this type of assay. 
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Figue 5. A schematic illustration of the hypothesized mode of action, by which LCCICCG hydrolyses regions of PET that comprise PET chains with varying degrees of 

conformational constraints in their mobility (red represents low chain mobility, while blue signifies high). Scheme A) presents a PET sample characterized by high mobility of 

PET chains, which are more readily susceptible to enzymatic hydrolysis. We suggest that degradation of these regions does not substantially increase the inherently high chain 

mobility and susceptibility of scissile bonds during the reaction. In contrast, Scheme B) illustrates a PET sample with low chain mobility. In accordance with the presented results 

in this study, multiple studies have reported that the degradation of crystalline PET samples involves an initial lag phase during which no soluble products are released. However, 

in Fig. 2, we observed initially high R-ratio that gradually declined over the course of the lag phase and transitioned towards 2 once a consistent reaction rate in product formation 

had been established. This observation suggests the occurrence of endo-type activity promote local chain mobility and hence expose new attack sites for the enzyme. This may 

account for the initial lag phase and the gradual transition towards product formation, while the R-ratio decreased. 

 

  

Conclusion 

We have studied the activity of the enzyme LCCICCG on PET 

substrates with different crystallinity, and used the results to 

assess the origins of the recalcitrance of crystalline PET.  A 

combined interpretation of current results and previous structural 

data suggested that conformational constraints of the PET chain, 

which become severe with increasing crystallinity, limit the initial 

enzyme reaction. This suggests that the structure of a constrained 

polymer rarely fits the architecture of the enzyme’s active site, and 

as a result, the density of productive sites (attack sites) is low on 

the surface of crystalline PET. This scarcity of attack sites results 

in a low reaction rate as seen broadly for crystalline substrates. It 

also explains initial dominance of endolytic reactions and 

insoluble products reported here (R≥10, Fig. 2) because activity 

is limited to scattered attack sites. However, slow, endolytic 

activity was found to change the mode of reaction even at very 

low degrees of conversion, and soluble products quickly became 

more prevalent (R=2, Fig. 2). We propose that this reflects a 

gradual and local alleviation conformational constraints. Thus, 

breakage of an ester bond may promote mobility of adjacent chain 

segments and hence the ability of these segments to combine 

productively with the enzyme. This produces more attack sites 

and leads and a type of synergy that generates an upward 

curvature of the progress curve. We suggest that this underpins 

the distinctive lag phase kinetics for crystalline substrates 

reported here and earlier. An interpretation based on local 

flexibility is also in line with the rapid decline of the R value (Fig. 

2) for crystalline substrates because clustering of cuts would 

release more soluble products than random cuts, and hence drive 

down R as it is indeed observed. Finally, local alleviation of 

constraints could lead to a preference for repeated cuts in the 

same strand in accord with the observations in Fig. 4.  

Experimental Section 

Enzymes 
 

The PET-hydrolase LCCICCG was expressed in a heterologous 

system using Escherichia coli cells and purified according to the 

method described by Thomsen et al.[41] The enzyme 

concentration was determined by measuring the absorbance at 

280 nm and utilizing the calculated molar extinction 

coefficients.[42]  

 
PET substrates 
 

PET disks with a diameter of 6 mm and weighing 

approximately 32 mg were produced using a generic hole punch 

and 1 mm thick PET sheets (Goodfellow Cambridge Ltd, 

Huntingdon, UK, Cat. No. ES303010). To increase the surface-

to-mass ratio for PET disks subjected to NMR analysis, we 

incorporated thinner PET disks with a thickness of 250 µm and a 

weight of approximately 7 mg (Goodfellow Cambridge Ltd, 

Huntingdon, UK, Cat. No. ES301445). 

T and ETE, which were utilized as standard samples, were 

purchased from Sigma. However, ET was not commercially 
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available and was therefore produced in-house via enzymatic 

hydrolysis of 10 mM ETE over a period of 5 h. The purity of the 

ET product was determined to be > 90%, as assessed by RP-

HPLC analysis.[42] 

 

Synthesis of TETETET 

 

A series of synthesis steps were conducted to obtain the PET 

fragment TETETET. This included Mono-tBu terephthalate (tBu-

T) which was purchased from Enamine Ltd (NJ, USA), while all 

other chemicals were purchased from Merck and used without 

further purification. Thin-layer chromatography (TLC) was 

performed on pre-coated silica gel on aluminum foil with a 

fluorescent indicator, and spots were visualized under 254 nm UV 

light. Flash chromatography was carried out using an automated 

Biotage Selekt system with pre-packed Biotage Sfär silica gel 

cartridges. NMR spectra were recorded at 25 °C on a Bruker 

Avance IIIHD 400 MHz instrument equipped with a 5 mm room 

temperature BBFO probe (see Fig S3 for NMR spectra). 

Initially, Mono-tBu terephthalate was dissolved in DCM-

SOCl2 (9:1, 100 mL), and a catalytic amount of DMF was added. 

The reaction was refluxed (approximately 45 °C) under N2 

overnight, resulting in a color change from milky white to clear 

light yellow. The solution was then evaporated using a rotary 

evaporator to yield a white solid product, which was used without 

further purification. Next, ethylene glycol (1 mL, 18 mmol) was 

dissolved in DCM-pyridine (4:1, 50 mL). Molecular sieves (4 Å) 

were added, and the mixture was stirred under N2 for 1 h. 

Subsequently, tBu-T-Cl was added, and the solution was refluxed 

(45-50 °C) under N2 overnight. TLC analysis (EtOAc-hexane 1:4) 

showed the formation of tBu-TET-tBu (Rf 0.6) and tBu-TE (Rf 0.3). 

The reaction mixture was evaporated, redissolved in DCM, and 

extracted with water to remove excess ethylene glycol. The 

solution was then evaporated onto silica and dry-loaded onto a 

flash column. Purification was carried out with a gradient from 0 

to 50% EtOAc in hexane. Following this, tBu-TET-tBu was 

dissolved in TFA-DCM (1:1, 5 mL) and stirred for 1 h at room 

temperature. The solution was then evaporated to dryness, 

yielding a white solid powder product of TET, which was used 

without further purification. TET was dissolved in DCM-SOCl2 

(9:1, 20 mL), and a catalytic amount of DMF was added. The 

reaction was refluxed (approximately 45 °C) under N2 overnight, 

before being evaporated using a rotary evaporator to yield a white 

solid product, which was used without further purification. This 

product, tBu-TE, was dissolved in pyridine-CHCl3 (1:1, 50 mL) 

and 4 Å molecular sieves were added. The mixture was stirred at 

room temperature under N2 for 2 h before Cl-TET-Cl was added. 

The reaction proceeded over the weekend (72 h) at room 

temperature. TLC analysis in both EtOAc-pentane 1:1 (Rf product 

0.9) and acetone-DCM 1:20 (Rf product 0.9) was conducted. The 

reaction mixture was filtered, evaporated, redissolved in CHCl3, 

and evaporated on silica. Purification by flash chromatography 

was performed using a gradient from 0-5% acetone in DCM. NMR 

analysis showed the target compound, albeit with a minor tBu-TE 

impurity. Lastly, tBu-TETETET-tBu was deprotected in TFA-DCM 

(1:1, 10 mL) for 2 h at room temperature. The mixture was then 

carefully evaporated under 100 mbar vacuum to approximately 1 

mL, followed by the addition of DCM. The solution was left at 4 °C 

overnight to precipitate. After decanting the supernatant, the white 

crystals were dried under vacuum and collected from the round-

bottom flask. NMR analysis revealed the desired TETETET with 

trace amounts of TE (see Fig. S3 in supplementary section). 

 

 

Isothermal crystallization 
 

PET disks with varying XC were prepared through thermal 

annealing, and XC was determined using differential scanning 

calorimetry (DSC) measurements in triplicates on a Pyris 1 

Calorimeter (Perkin Elmer, Waltham, Massachusetts, USA). 

These procedures have been described in detail in a previous 

study.[41] It should be noted that the untreated amorphous PET 

disk was annealed at 85 °C for 5 min to mitigate any enthalpy 

relaxation caused by ageing of the polymer. 

 

 

 

Methods for monitoring enzymatic activity  
 
Proton release detected by pH-stat analysis 
 
The release of protons associated to enzymatic PET hydrolysis 

was monitored using the pH-stat system TitroLine® 7000 

automated titrator (SI Analytics GmbH, Mainz, Germany). The 

reaction vessel consisted of a 10 mL vessel, equipped with a 

magnetic stirrer and a thermostat jacket connected to an external 

temperature-regulated water bath. 

Activity measurements commenced with the addition of 9.5 

mL of Milli-Q water to the vessel. Following this, the enzyme was 

added to achieve a final concentration of 150 nM, and the system 

was allowed to thermally equilibrate at 65 °C. The pH was then 

adjusted to 9.000, and the enzyme reaction was initiated by 

adding 9 PET disks (1 mm thickness). Subsequently, we 

continuously monitored the consumption of 20 mM NaOH 

required to maintain the pH at 9.000 over a 3-hour period. 

Initiation of the reaction with the substrate (rather than the 

enzyme) was preferred, as the enzyme stock solution influences 

the buffer capacity and pH of the solution. To minimize the uptake 

of atmospheric CO2 and reduce evaporation of liquid from the 

system, the reaction vessel was tightly sealed with a lid. To 

evaluate this effect and any potential leakage from the base 

delivery system, parallel control experiments without the 

substrate were conducted. Individual experiments were 

conducted in duplicates. 

 
Product formation detected by RP-HPLC analysis 

 

Concurrently, while performing the procedure described above for 

the pH-stat analysis, we retrieved subsets of the reaction mixtures 

for HPLC analysis. Specifically, 10 subsets of 20 µL of the 

reaction mixture above the PET disks were regularly withdrawn 

throughout the 3-hour time course. All aliquots were diluted in 175 

μL of Milli-Q water, and the reaction was quenched by the addition 

of 5 µL of 5 M HCl, as previously validated by Bååth et al.[42] 

Furthermore, we investigated the product profile during the 

early stage of an enzymatic PET hydrolysis course. To achieve 

this, we deliberately exploited reaction conditions intended to 

suppress the catalytic rate of secondary hydrolysis of soluble 

products in the aqueous phase. This included using a low enzyme 

dosage of 30 nM against a high substrate load consisting of 30 

thin amorphous PET disks (XC = 4.6%, 7 mg). Experiments were 

conducted at a temperature of 65 °C in a reaction volume of 2.5 
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mL. Over a short period and up to 10 min following the initiation 

of the reaction, 8 subsets of 50 µL samples were regularly 

withdrawn and analyzed using RP-HPLC. Individual experiments 

were conducted in duplicates. 

Quantification and product composition of soluble reaction 

products were analyzed by RP-HPLC using a Thermo Scientific 

Vanquisher system equipped with a Capital HPLC 250 mm x 4.6 

mm C18 column. Samples were injected in volumes of 20 µL, 

employing a mobile phase consisting of 7.5 mM formic acid and 

5% v/v acetonitrile at a 1:5 ratio for 7.5 min, followed by elution 

using acetonitrile for 12.5 min. The flow rate and column 

temperature were maintained at 1 mL/min and 40 °C, respectively. 

Analytes were detected using UV measurements at 240 nm, and 

peak analysis was performed using the Chromeleon 

Chromatography Data System software (version 7.3.1). 

 

Mono-aromatic products (T, ET, and ETE) could be readily 

resolved and quantified against standard curves. Products with 2, 

3, or 4 aromatic rings were also detected by HPLC; however, the 

different species within each of these groups (e.g., the di-aromatic 

products TET, TETE, and ETETE) exhibited similar retention 

times and eluted as one peak using the current experimental 

procedure. The peaks for di-, tri-, and tetra-aromatic compounds 

were identified and quantified using in-house synthesized 

standards TETE, TETET, and TETETET.[18] Reactions were 

conducted in duplicates and included control experiments without 

enzyme. 

 

Determination of kinetic constants 

 

The specificity constants for LCCICCG against PET fragments ET, 

ETE, TETE, TETET, and TETETET was determined. Reactions 

were conducted in low-binding microplates (Greiner Bio-One™ 

655900) in volumes of 250 uL and with substrate concentrations 

ranging from 0 to 2 mM. The plates were incubated in an 

Eppendorf thermomixer at 50°C and 1100 rpm for contact times 

of 10 minutes (ETE, TETE, TETET, and ETETETE) or 2 hours 

(ET). To prevent secondary hydrolysis, enzyme concentrations 

were kept low, ranging from 0.01 to 0.5 µM depending on the 

substrate. This approach ensured that the detected initial steady-

state rate represented the hydrolysis of the respective soluble 

PET fragment. To determine the specificity constant for TETETET, 

was derived using initial reaction rates due to its poor solubility. 

Also, to increase the solubility of the compound, we added 10% 

v/v DMSO to the reaction mixture, which consisted of 80 µM 

TETETET, 50 mM sodium phosphate buffer at pH 8, and was 

conducted at 50 °C and 1100 rpm. The reaction was initiated by 

adding LCCICCG at a final concentration of 50 nM. Quenching of 

the reaction was performed at specific time intervals (0, 10, 20, 

30, 40, and 120 minutes) by adding 5 µL of 6 M HCl to 100 µL 

aliquots. 

Duplicates and substrate blanks (for quantification of 

autohydrolysis) were included, and all reactions were quenched 

and analyzed by RP-HPLC as described above.  

 

 

 

 

 

 

 

Assessing the solubility of PET fragments 

 

A study was conducted to compare the solubility of various PET 

fragments released during enzymatic PET hydrolysis. To achieve 

this, concentration gradient from either 0-80 µM or 0-1 mM 

comprising T, ET, ETE, TET, TETE, TETET, ETETETE or 

TETETET PET fragments was prepared. Samples were adjusted 

to contain similar volumes of DMSO at either 0.7% v/v or 1.5% 

v/v. We note that presence of DMSO in the analyzed samples was 

unavoidable, as this solvent was already present in the stock 

solutions containing the PET fragments. These prepared PET 

fragment samples were introduced to a 96-well plate containing 

the reaction buffer used for experiments in Figs. 1 and 2. The 

plates were subsequently incubated at 65 °C for 1 h. After the 

incubation period, absorbance was measured for turbidity at 600 

nm using spectrophotometric measurements in a plate reader 

(Molecular Devices SpectraMax Paradigm, San Jose, USA). 

 

 

NMR analysis of partially degraded PET disks 

  

NMR analysis was conducted on partially degraded PET disks 

(250 µm thickness) to study the DP as a function of the mass 

conversion of the PET disk. For this purpose, individual reactions 

were conducted using PET disks with an enzyme load of 150 nM 

at 65 °C in a reaction volume of 1 mL. Over a 72-hour duration, 

the PET disks were regularly withdrawn, dried, and subjected to 

gravimetric analysis to determine weight loss. Subsequently, the 

enzyme-treated PET disks, along with an untreated control 

sample, were dissolved in hexafluoroisopropanol (HFIP, ≥ 99%, 

Merck KGaA, Darmstadt, Germany) and stored at room 

temperature for 48 h to ensure complete dissolution. Aliquots of 8 

µL of the dissolved PET solutions, with a final concentration of 

15.0 g/L, were transferred into a 3 mm NMR tube and mixed with 

142 µL of chloroform-d (CDCl3, 99.5%). 

 

All 1H solution NMR measurements were carried out at 25 °C 

using a Bruker Avance 800 MHz spectrometer (Bruker Biospin, 

Germany) operating at a 1H frequency of 800.09 MHz and 

equipped with a 5 mm TCI cryoprobe. The 1H NMR spectra were 

acquired using the zg experiment with a 1H 90° pulse length of 

6.8 μs and a recycle delay of 15 s. A total of 64k data points 

spanning a spectral width of 20 ppm were collected in 256 

transients. The spectra were processed using Topspin (Bruker). 

An exponential line broadening of 0.3 Hz was applied to the free 

induction decay prior to Fourier transformation, and the baseline 

was corrected. Individual baseline correction was applied for the 

signals at 4.49, 4.00, and 3.89 ppm using Matlab (The MathWorks 

Inc., Natick, USA). The intensities of all signals were measured in 

Matlab. 

Estimation of the DP was performed as previously described by 

Wei et al.[9], which involved analyzing the peaks in the spectral 

regions of 7.8–8.2 ppm and 3.8–4.8 ppm. Integration ratios are 

provided under each signal, calculated relative to the CH2 signal 

at 4.0 ppm. To improve visibility, the intensities of 1H signals in 

yellow and purple are increased by factors of 16 and 32, 

respectively. The 13C satellites of the parent HFIP signal (δH, 

4.41 ppm) are denoted by. 
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Supplementary information 
 

 

 
 
Fig S1. Overview of the various catalytic events mediated by PET-hydrolases during the enzymatic degradation of PET. Heterogeneous catalysis on insoluble PET 
chains can manifest as either endo- or exo-type activity (indicated by the blue arrow). The heterogeneous endo-type activity is characterized by the cleavage of a 
PET chain distant from its terminal ends, which results in the release of a proton without formation of soluble products. In contrast, a heterogeneous exo-type cut, 
occurring near a PET chain terminal, releases equivalent amounts of protons and soluble products. Throughout the hydrolysis process, soluble products are liberated 
from the bulk PET and undergo homogeneous catalysis in the aqueous phase (indicated by the pink arrow). Here, secondary hydrolysis of soluble OETs containing 
up to four aromatic rings proceeds towards terminal T. 

 
Fig S2. Comparison of the solubility of various PET fragments released during enzymatic PET hydrolysis. A concentration gradient comprising different species of 
mono-, di-, tri-, and tetrameric PET fragments was introduced to a 96-well plate containing the reaction buffer utilized in Figs. 1 and 2. The plates were incubated at 
65 °C for 1 h, after which absorbance was measured at 600 nm. This turbidity signal served to assess the degree of solubility of the PET fragments. As several PET 
fragments were stored in DMSO stock solutions, we adjusted the concentration of all samples to contain similar volumes of DMSO. Figure A included 0.7% v/v 
DMSO, while this value was 1.5% for figure B. We recognize that the presence of DMSO likely enhanced the solubility of the analyzed PET fragments. In scheme 
A showing concentrations of the PET fragments in the 0-80 nM range, signals were only detected for ETETETE and TETETET, from which their solubility levels 

were determined to be roughly 6-8 µM and 20-25 µM, respectively. 
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Figure S3. Characterization of TETETET. Upper panel show the 13C NMR spectra for the in-house synthesized PET fragment while the lower panel show the 1H 
NMR spektra. 
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A new continuous assay for quantitative assessment of enzymatic 
degradation of poly(ethylene terephthalate) (PET) 
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A B S T R A C T   

Enzymatic degradation of poly(ethylene terephthalate) (PET) has emerged as a promising route for ecofriendly 
biodegradation of plastic waste. Several discontinuous activity assays have been developed for assessing PET 
hydrolyzing enzymes, usually involving manual sampling at different time points during the course of the 
enzymatic reaction. In this work, we present a novel, compartmentalized UV absorbance assay for continuous 
detection of soluble hydrolysis products released during enzymatic degradation of PET. The methodology is 
based on removal of the walls separating two diagonally adjacent wells in UV-transparent microplates, to ensure 
passage of soluble enzymatic hydrolysis products between the two adjacent wells: One well holds an insoluble 
PET disk of defined dimensions and the other is used for continuous reading of the enzymatic product formation 
(at 240 nm). The assay was validated by quantifying the rate of mixing of the soluble PET degradation product 
BHET (bis(2-hydroxyethyl) terephthalate) between the two adjacent wells. The assay validation also involved a 
simple adjustment for water evaporation during prolonged assays. With this new assay, we determined the ki
netic parameters for two PET hydrolases, DuraPETase and LCCICCG, and verified the underlying assumption of 
steady-state reaction rates. This new continuous assay enables fast exploration and robust kinetic character
ization of PET degrading enzymes.   

1. Introduction 

Over the last century, synthetic polymers have become an integral 
part of modern life due to their versatile and durable properties [1,2]. 
Accordingly, the production of plastics has increased rapidly, reaching 
an annual production of 367 Mt in 2020 [3]. This high production has 
led to an increasing amount of plastic waste, which due to poor col
lecting rates, poses an ecological challenge due to its accumulation in 
landfills and marine environments [4]. 

Although the most widely used plastics are synthetic polymers, new 
discoveries have shown that microbial enzymes are capable of degrading 
certain types, notably poly(ethylene terephthalate) (PET) [5–7]. These 
discoveries have provided a new starting point for enzyme-driven PET 
recycling [8,9]. The enzymes that are active on PET include certain 
esterases (EC 3.1.1.1 and EC 3.1.1.2), lipases (EC. 3.1.1.3), cutinases (EC 
3.1.1.74), and notably the new class of enzymes categorized as PET 
hydrolases (PETases) (EC 3.1.1.101) [6,7]. Currently, several efforts 

focus on discovery, characterization, and protein engineering of PET 
degrading enzymes [10–12]. 

Proper performance assessment and comparison of PET degrading 
enzymes relies on robust and accurate assays. Several different analyt
ical methods have been established for investigating the enzymatic 
degradation of PET [13]. A few of these assays permit continuous 
analysis, e.g. involving pH-stat [14], turbidimetry [15], calorimetry 
[16], or impedance spectroscopy measurement [17]. However, none of 
these continuous assays fulfill the requirement for assessing the enzy
matic degradation of PET in a simple setup that permits small reaction 
volumes (to test limited amounts of enzymes) and allows for multiple 
reactions to be run in parallel. 

Suspension-based assays that apply UV-absorption spectroscopy to 
detect the hydrolysis products are among the most commonly used for 
PET hydrolases [18–20]. The analytical principle of these UV-absorption 
assays is based on the high absorbance of the phenyl-groups present in 
the soluble enzymatic degradation products of PET, i.e. terephthalic acid 

Abbreviations: PET, poly(ethylene terephthalate); BHET, bis(2-hydroxyethyl) terephthalate; MHET, mono(2-hydroxyethyl)terephthalic acid; TPA, terephthalic 
acid. 
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(TPA), mono(2-hydroxyethyl)terephthalic acid (MHET), and bis 
(2-hydroxyethyl)terephthalic acid (BHET) [21,22]. A limitation of the 
UV absorbance assay is that PET itself absorbs at 240 nm and thus that 
larger insoluble substrate particles result in light scattering. It is there
fore not possible to run the reaction continuously in a plate reader using 
a standard microplate, as the presence of the PET substrate interferes 
with the measurement, and the assays must therefore be run discon
tinuously. Such discontinuous assays usually require a significant 
amount of diligent manual sampling to attain accurate and comparable 
results, and since the enzymatic degradation of PET is a slow process 
that furthermore only slowly achieves a steady-state, especially at 
increased substrate crystallinity [18,23–25], the sampling usually has to 
take place over extended time periods. 

Here, we demonstrate and validate a compartmentalized UV absor
bance assay for continuous detection of soluble hydrolysis products 
during enzymatic degradation PET, i.e., a continuous assay that can be 
run in UV-transparent microplates. The applicability of the continuous 
assay is evaluated through inverse Michaelis-Menten (invMM) kinetics 
[26] on two thermostable PET degrading enzymes: LCCICCG, a variant of 
the leaf-branch compost cutinase (LCC) [12], and DuraPETase, a variant 
of the Ideonella sakaiensis PETase [27], and by analyzing the simulated 
rates of mixing of the hydrolysis products versus the enzyme catalyzed 
product formation rates. 

2. Materials and methods 

2.1. Enzymes 

LCCICCG was heterologously expressed in E. coli SHuffle T7 compe
tent cells (New England Biolabs, Ipswich, Massachusetts, USA), while 
DuraPETase was heterologously expressed in the E. coli BL21 (DE3) 
competent cells (New England Biolabs, Ipswich, MA, USA) as described 
previously [18]. 

2.2. Substrate 

The PET material used as substrate was 1 mm thick amorphous PET 
sheets (Goodfellow Cambridge Ltd, Huntingdon, UK) (Cat. No. 
ES303010), punched into uniform disks (Ø=6 mm) using a generic hole 
punch. In order to remove the enthalpy relaxation caused by ageing of 
the polymer, the PET disks were annealed at 85 ◦C for 5 min, and sub
sequently quenched in ice water for 30 s as described in [25]. The 
starting crystallinity of this PET material was 9.1 ± 1.3%, as measured 
by differential scanning calorimetry (DSC) as described earlier [25]. 

2.3. Modification of microplates 

To allow for continuous spectrophotometric measurements of prod
uct formation resulting from PET hydrolase action, a UV-transparent 
flat-bottom well microplate (made up of polystyrene with UV- 
transmissible well bottoms) (Corning Inc., Corning, New York, USA) 
(Cat. No. 3635) was modified to ensure unrestricted passage of soluble 
enzymatic hydrolysis products between two diagonally adjacent wells 

(Fig. 1). The modification involved cautious removal of the interjoining 
walls of two diagonally adjacent wells using a DREMEL® Rotary Tool 
(with a 4.8 mm routing bit) (DREMEL, Racine, Wisconsin, USA). During 
experimental runs, one well contained the PET disk (denoted as the 
reaction well), while the other well (denoted as the analytical well) was 
used for continuous UV detection of the soluble PET degradation prod
ucts formed during reaction. The modified plates were subjected to 
quality control to ensure that the interconnected wells were not leaking 
into the neighboring wells of each set of diagonally adjacent set of wells 
(Supplementary information, Fig. S1). 

2.4. Continuous activity assays 

The continuous assay was used to measure the product formation as a 
function of time during the action of DuraPETase and LCCICCG, respec
tively. Each enzyme was added to the connected wells in dosages 
ranging from 20 nM to 800 nM in 650 µL of 50 mM Glycine-NaOH 
buffer at pH 9, and preheated at 50 ◦C for 10 min in an Epoch 2 
microplate spectrophotometer (BioTek, Winooski, Vermont, USA). 
Subsequently, a PET disk was placed into the reaction well and UV 
absorbance was detected at 240 nm in the analytical well for up to 
90 min at intervals of 45 s. A shaking step lasting 3 s was included be
tween each measurement. The UV absorbance of the enzymatic product 
formation at 240 nm was converted into molar amounts using 
commercially available BHET as standard. BHET was chosen as the 
standard since the molar absorption of BHET has been reported to reflect 
the sum of the pooled absorbance from all soluble PET degradation 
products [22]. To verify that this also applied under the experimental 
conditions in this study, we prepared standard curves for both BHET and 
MHET (Supplementary information, Fig. S2). On this premise, the molar 
amounts are given in terms of nmol BHET equivalents (BHETeq). 
Following enzymatic treatment of a PET disk, the reaction mixture was 
furthermore analyzed using direct light scatter to ensure that no parti
cles were present that could interfere with the light pathway used to 
detect product formation (data not shown). 

For the invMM kinetics analysis, the initial rates, vi, of the PET hy
drolase action were determined from the slopes of the progress curves of 
the enzyme catalyzed reactions achieved at different enzyme dosage 
levels, E0. The kinetic parameters for interfacially acting enzymes are 
thus described as the inverse maximal reaction rate, invVmax, and the 
inverse Michaelis-constant, invKM, respectively, derived as previously 
described [26], i.e. according to Eq. (1): 

vi =
invVmax⋅ E0
invKM + E0

(1)  

2.5. Evaporation 

Any possible evaporation occurring during the prolonged incubation 
required for the assay measurements was assessed at 50 ◦C. This was 
accomplished by quantifying the residual volume of 650 µL water 
samples in the microplates after incubation for 0 min, 30 min, 60 min 
and 120 min. The residual volume was quantified by weighing the 

Fig. 1. Schematic representation of the modified microplates. A) Standard UV 96-well micrplate. B) Modified microplate used in the continous asssay. The two 
digonally adjacent wells were conntected by removing the well walls using a DREMEL® Rotary Tool. C) Experimental set-up of the contious assay. Each connected 
well is filled with an enzyme solution (light blue color). An insoluble PET substrate is added to the reaction well, while the A240 is meassured in the analytical well. 
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remaining water in a connected set of two diagonal wells by pipetting. In 
addition, the effect of prolonged incubation on the absorbance of a 
100 µM BHET solution (650 µL) was evaluated over a 2 h incubation 
period at 50 ◦C. 

2.6. Mixing of BHET between the wells 

A study was conducted to quantify the rate of mixing of the soluble 
hydrolysis products (solutes) in the reaction well and the analytic well. 
To investigate any potential influence of the presence of the PET disk on 
the mass transfer of soluble products, the experiment was conducted 
with and without the presence of a PET disk in the reaction well (Sup
plementary information, Fig. S3). It was assumed that the mixing of the 
contents in the reaction- and analytical well can be described as a well- 
mixed two tank system with a constant molar flow in both directions, i.e. 
according to the following kinetic scheme (2): 

nrw

kf
⇌
kr

naw (2)  

Here nrw and naw are the molar amount of solutes in the reaction- and 
analytical well, while kf and kr are the rate constants for the forward and 
reverse mass flow, respectively. At equilibrium, the concentration of 
solutes is the same in both wells, thus corresponding to an equilibrium 
constant equal to 1. Since both wells have the same volume, it follows 
that the rate constants, kf and kr , must be the same. Hence, kf = kr = k. A 
differential equation of the change in nrw with time, t, can be derived 
from the kinetic scheme in (3): 

Δnaw

Δt
= k ⋅ nrw(t) − k ⋅ naw(t) (3) 

The nrw(t) at a given time can furthermore be expressed as function of 
naw(t): 

nrw(t) = 2 ⋅ neq − naw(t) (4) 

Here neq is the molar amount in both wells at equilibrium. By adding 
(4) to (3) and integrating the equation an expression of naw(t) emerges 
(Eq. (5)): 

naw(t) = neq + exp( − 2 ⋅ k ⋅ t) ⋅ c (5) 

Here c is the constant of integration. The rate constant k of the system 
was quantified by fitting experimental data to (5). A global fit, at which 
k was fixed, was performed using OriginPro software (OriginLab Cor
poration, Northampton, Massachusetts, USA). An additional experiment 
was conducted to verify that the mixing constant of MHET was similar to 
that of BHET (Supplementary information, Fig. S3). 

2.7. Simulation of mixing of solutes during enzymatic reactions 

The response of the system, was evaluated by simulating the amount 
of solutes in both wells, coupling (3) with an expression of the change of 
solutes in the reaction well, which can be described as in Eq. (6): 

Δnrw

Δt
= V ⋅ v + k ⋅ naw(t) − k ⋅ nrw(t) (6) 

Here V denotes the total volume of the connected wells, while v is the 
product formation rate of the enzymatic reaction occurring in the re
action well. It was assumed that the concentration of substrate was in 
such excess that v ≈ vi during the course of the reactions included in the 
simulation. 

The product formation rate of the experimental data was then 
simulated by solving the differential Eqs. (3) - (6) numerically using 
MATLAB software (MathWorks, Natick, Massachusetts, USA). The 
observed product formation rates at the linear regions of the progress 
curves along with the estimated rate constant of the mixing were used as 

input values in the simulation. 

3. Results and discussion 

3.1. Continuous detection soluble products by UV spectrophotometry 

The release of soluble products from the hydrolysis of PET using two 
PET hydrolases, DuraPETase and LCCICCG, was monitored continuously 
via detection by UV absorption. By connecting two adjacent wells in a 
microplate by removing the wall structure between two diagonally 
positioned wells, it was possible to run the enzymatic reaction in the 
reaction well while detecting the UV absorbance of the supernatant in 
the analytical well. During enzymatic hydrolysis, the insoluble PET disk 
was physically retained in the reaction well by the compartmentalized 
design of the interconnected wells. This compartmentalization pre
vented any interference to the optical light path used for absorbance 
measurements in the analytical well. Although one side of the PET disk 
faced downwards towards the bottom of the microplate, the accessibility 
of the enzymes to both sides of the substrate PET disk was not restricted 
(Supplementary information, Fig. S4). 

A schematic representation of the plate design is displayed in Fig. 1. 

3.2. Inverse Michaelis-Menten kinetics of two thermostable PET 
hydrolases 

The performance of the continuous assay was evaluated by quanti
fying the kinetic parameters invVmax and invKM , for both LCCICCG and 
DuraPETase. The enzymatic reaction rates at various enzyme concen
trations were obtained for each enzyme by monitoring the product 
formation in the analytical well during enzymatic treatment. Reactions 
were performed at 50 ◦C, corresponding to the maximal incubation 
temperature of the plate reader, and at pH 9, the pH optimum of both 
LCCICCG and DuraPETase [18]. 

The absorbance of a solute measured in the plate reader is only 
proportional to its concentration within a certain range (i.e. Lambert- 
Beer’s law). The upper detection limit of the product formation, 
measured by the continuous assay, is therefore limited to the range of 
this proportionality which corresponded to an upper limit of ~80 nmol 
BHETeq (Supplementary information, Fig. S2). 

The progress curves at various enzyme concentrations of LCCICCG and 
DuraPETase are displayed in Fig. 2. A distinct lag phase in the pro
gression of the product formation was observed during the initial 
treatment (~30–80 min depending on the conditions). After this point, 
the rate stabilized at a constant, which we define as the initial steady 
state rate. The rates were converted into µM min− 1 by dividing the initial 
rates, determined from Fig. 2A and B, with the starting volume (650 µL). 

The estimated rates were plotted against the enzyme concentration 
(Fig. 3A and B) and fitted to the invMM equation, displayed in Eq. 1, to 
obtain the kinetic parameters, invVmax and invKM, listed in Table 1. 

No significant difference were observed between the invKM of LCCICCG 
and DuraPETase. These values were in the same range as previously 
reported invKM values of other PET degrading enzymes [19,28]. 

The invVmax, on the other hand, was more than 6-fold higher for 
LCCICCG compared to DuraPETase; the invVmax is interpreted as the 
maximum rate the enzyme can achieve on an insoluble substrate, and 
implies that all accessible attack sites on the surface of the substrate are 
constantly occupied by the enzyme. The data verify the applicability of 
the assay for evaluating kinetics of PET hydrolases. The experimental 
data show that LCCICCG outperforms DuraPETase at these reaction 
conditions even if the optimal reaction temperature for LCCICCG is in fact 
20 ◦C higher. 
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3.3. Validation of the continuous assay 

3.3.1. Evaporation 
As the continuous assay is an open system, water may evaporate from 

the wells during incubation in the plate reader. A reduction in the re
action volume is therefore expected to occur during the enzymatic re
actions. The evaporation from the interconnected wells was monitored 

at standard reaction conditions (50 ◦C over a 2 h incubation period) 
(Fig. 4A). This corresponded to a linear evaporation rate of 2.15 
± 0.13 µL min− 1. It can therefore be expected that ~40% of the total 
reaction volume had evaporated after two hours of incubation. The 
enzyme concentrations from Fig. 3 A and B were therefore adjusted 
according to the expected residual volume, at the time at which the rates 
were calculated. This was done to account for the increasing enzyme 
concentration caused by evaporation. 

The effect of prolonged incubation on the absorbance of reaction 
products, was evaluated by incubating 72 nmol of BHET at standard 
conditions (Fig. 4B). A constant signal was observed during the two 
hours of incubation, despite a ~40% reduction in the sample volume 
caused by the evaporation. This phenomenon can be explained by the 
Lambert-Beer’s law (A = C ⋅ l ⋅ ε), as the increase in concentration, (C), 
caused by the reduction in sample volume, is inversely proportional with 
the length of the optical light path (l), at which the absorbance measure 
is taken. 

Threfore, we consider it a fair assumption that the absorbance 
monitored by the continuous assay is representative with the actual 

Fig. 2. Progress curves at various initial enzyme concentrations (20–800 nM) for A) LCCICCG and B) DuraPETase. The reactions were performed at 50 ◦C in 50 mM 
Glycine-buffer pH 9 for a maximum of 100 min. The data points and error bars represent the average value and standard deviations (n = 3). 

Fig. 3. Inverse Michaelis-Menten (invMM) curves of A) LCCICCG and B) DuraPETase displaying the product formation rates as a function of the enzyme load. The 
symbols and error bars represent the average and standard deviation (n = 3) of the linear region of the experimental data. The solid lines are non-linear regression fit 
of the experimental data to the invMM equation (Eq. (1)). The reactions were performed at 50 ◦C in 50 mM Glycine-buffer pH 9 for a maximum of 100 min. Enzyme 
dosages and product levels were adjusted to account for water evaporation during the course of reaction. 

Table 1 
Kinetic constants derived from the invMM fits of LCCICCG and DuraPETase shown 
in Fig. 3. The values are the fit parameters ± the standard deviation of these 
based on three replicate measurements for each enzyme. Different superscript 
letters a and b indicate statistically significant differences between the data for 
each enzyme (p < 0.05), where a is significantly higher than b.   

invKM 
invVmax  

[nM] [µMBHETeq min− 1] 

LCCICCG 104a ± 35 9.2a ± 0.9 
DuraPETase 101a ± 28 1.5b ± 0.1  
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molar amount of BHETeq released during the enzyme reaction. 

3.3.2. Mixing of solutes between the wells 
A key prerequisite for the continuous assay is that sufficient mixing 

of contents in the interconnected wells is achieved. We note that the 
reaction mixture is subjected to physical shaking which dictates that the 
mass transfer of soluble products between the wells cannot be regarded 
as diffusion alone, but instead as a combined effect of diffusion and 
mixing. This will allow the system to obtain a steady-state, at which the 
product formation rate measured in the analytical well is equal to the 
rate of the enzymatic reaction in the reaction well. 

The rate constant of the mixing was quantified by monitoring the 
absorbance in the analytical well, after a small amount of a concentrated 
BHET suspension had been added into the reaction well of individual 
samples (Fig. 5). The mixing constant of the system was estimated to be 
0.247 ± 0.002 min− 1 using global fitting of the experimental data 
(Fig. 5) to Eq. (5). 

As a consequence of the separation of the reaction well and the 
analytical well, a delay in the observed product formation rate is ex
pected during the initial incubation. This delay, determined by the 
mixing rate constant, is equivalent to the time it takes for the detected 
rate in the analytical well to be equivalent to the product formation rate 
in the reaction well. The expected product formation measured in the 
analytical well was simulated using the differential Eqs. (3) and (6) 
using the estimated rate constant from Fig. 5 and the rate of the linear 
regions from Fig. 2A and B as input values. This was done to compare the 
acceleration of the rate observed experimentally with the acceleration 
associated with the time delay caused by the mixing. 

A comparison between the observed and simulated product forma
tion in the analytical well is displayed in Fig. 6A, while the on-set time, 
defined as the time it takes to reach 95% of the product formation rate at 
steady state, is displayed in Table 2. 

From Fig. 6A it is evident that the reaction rate of the simulated 
product formation reaches a steady-state after 8 min which, depending 
on the conditions, was 3.5–10 times faster than the corresponding actual 
rates. The mixing constant was neither affected by the presence of a PET 
disk in the reaction well or the type of hydrolysis products (i.e., BHET or 
MHET) (Supplementary information, Table S1). However, the mixing 
constant was apparently affected by other parameters, including the 
specific dimensions of the passage between the interconnected wells in 
the prepared microplates. As outlined in 2.3 we therefore recommend 
complete removal of the interjoining walls of two diagonally adjacent 
wells for successful assay results. The mixing constant used in this study 
for simulating product formation was conservatively selected to repre
sent the lowest experimental mixing constant obtained throughout our 
study. The data emphasize the importance of continuous monitoring of 
the product formation when quantifying the reaction rates, as single 
end-point measures may result in an underestimation of the rates. 

4. Conclusion 

In order to thoroughly study the characteristics of PET hydrolases, it 
is important to assess the progression of the rate by which soluble hy
drolysis products are released from a PET sample during enzymatic 
treatment. In this study, we demonstrated the applicability of our 
continuous activity assay for the quantification of released soluble hy
drolysis products from PET disks treated with two PET hydrolases, 
DuraPETase or LCCICCG. 

Both enzymes showed a clear trend where the initial rate increased 
gradually until a constant rate had been reached. In turn, these constant 

Fig. 4. A) Correlation between residual volume of 650 µL water samples and incubation time at 50 ◦C, the correlation follows a linear trend (y = -(2.15 ± 0.13) 
x + 647 ± 7, R2 0.99). The average volume and standard deviation (n = 3) are represented by data points and error bars. B) Change in signal, in nmol BHETeq of 
three individual samples (represented by red, black, or blue data points) of 72 nmol BHET during 120 min incubation at 50 ◦C. 

Fig. 5. A) Change in BHETeq in the analytical well after adding of three 
different volumes of a concentrated BHET suspension (2.5 mM) into the reac
tion well. The average and standard deviation (n = 3) of the experimental data 
is represented by data points and error bars. The solid lines represent the non- 
linear global fit of Eq. (5) to the experimental data. 
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rates were used to derive kinetic parameters under the assumption of 
steady-state kinetics. The results obtained were in line with values re
ported in the literature. In summary, this continuous activity assay offers 
a novel tool for further characterization of PET degrading enzymes. The 
continuous monitoring assay is fast and simple, and has potential as a 
high-throughput method for kinetic assessment of new putative PET 
degrading enzymes or engineered PET hydrolases in expression 
libraries. 

As a final remark it is important to state that this assay is not limited 
to the characterization of PET degrading enzymes, as it can be used to 
characterize other enzyme working on insoluble substrates. This does 
only require that the products from enzymatic reactions can be 
measured by absorbance or other types of optical spectroscopy. 
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Abstract  10 

Poly(ethylene terephthalate) (PET) is a semi-crystalline plastic polyester material with a global 11 

production volume of 83 Mt/year. PET is mainly used in textiles, but also widely used for 12 

packaging materials, notably plastic bottles, and a major contributor to environmental plastic 13 

waste accumulation. Currently, less than 10% of PET is recycled; however, now that enzymes 14 

have been demonstrated to catalyze PET degradation, new options for sustainable bio-recycling 15 

of PET materials via enzymatic catalysis have emerged. The enzymatic degradation rate is 16 

strongly influenced by the properties of PET, notably the degree of crystallinity, XC: The higher 17 

the XC of the PET material, the slower the enzymatic rate. Crystallization of PET, resulting in 18 

increased XC, is induced thermally (via heating) and/or mechanically (via stretching), and the XC 19 

of most PET plastic bottles and microplastics exceeds what currently known enzymes can readily 20 

degrade. The enzymatic action occurs at the surface of the insoluble PET material and improves 21 

when the polyester chain mobility increases. The chain mobility increases drastically when the 22 

temperature exceeds the glass transition temperature, Tg, which is 40°C at the surface layer of 23 

PET. Since PET crystallization starts at 70°C, the ideal temperature for enzymatic degradation is 24 

just below 70°C to balance high chain mobility and enzymatic reaction activation without inducing 25 

crystal formation. This paper reviews the current knowledge on the properties of PET as an 26 

enzyme substrate and summarizes the most recent knowledge of how the crystalline and 27 

amorphous regions of PET form, and how the XC and the Tg impact the efficiency of enzymatic 28 

PET degradation.  29 

Keywords: Polyester; Plastic bottles; Substrate crystallinity; PET hydrolases; PET recycling.  30 

Abbreviations: BHET, Bis(2-Hydroxyethyl) terephthalate; EG, ethylene glycol; MAF, mobile 31 

amorphous fraction; MHET, mono(2-hydroxyethyl)terephthalic acid; RAF, rigid amorphous 32 

fraction; Tg, glass transition temperature; TPA, terephthalic acid; XC, degree of crystallinity.    33 
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1. Introduction 34 

Plastic pollution has become a global environmental concern due to the ubiquitous presence of 35 

plastics within aquatic and terrestrial environments [1,2]. Still, the annual demand for plastics 36 

keeps increasing 3-4% per year, and the global annual production of plastics reached 390 Mt in 37 

2021 (excluding plastics used in textile fibers), with 90% produced from fossil-based feedstock 38 

[3]. By including the production of synthetic textile fibers, which amounts to 68.2 Mt/year [4], the 39 

total global plastic production is nearly ~460 Mt/year.  40 

Poly(ethylene terephthalate) (PET) is a type of polyester plastic, which is mainly used for textile 41 

fibers, but also renowned as the most widely used type of plastic used for plastic bottles, notably 42 

single-use bottles for soft drinks and water [3,5]. Such single-use plastic bottles are categorized 43 

as post-consumer packaging materials. Because of their short lifespan and low collection rate, 44 

post-consumer packaging materials are major contributors to plastic pollution. The total annual 45 

production of post-consumer packaging materials is currently 72 Mt, of which 32% is leaked 46 

outside the collection system [6], and ultimately ending up as plastic pollution in both marine and 47 

terrestrial environments [7].  48 

Various regional, national, and global policies have been implemented to mitigate plastic pollution 49 

and promote a circular economy of plastics [8,9]. To highlight the urgency, it is noted, that the 50 

European Union Directive (EU) 2019/904 has set a collection target of 90% of single-use plastics 51 

by 2029, as well as a requirement that by 2025, at least 25% of plastic bottles within the EU 52 

contain recycled plastics (30% by 2030) [10].  53 

PET is a semi-crystalline thermoplastic type of polyester and is manufactured at a global 54 

production volume of ~83 Mt/year, thus constituting 52% of the total global fiber production [4] 55 

and 6.2% of the global plastic production (textiles excluded) [3]. The newest PET production data 56 

from Europe include about 10% recycled PET, indicating a profound increase in recycling. Yet, 57 

most of the globally produced PET is synthesized from scratch from fossil oil via oxidation of the 58 

aromatic hydrocarbon compound p-xylene, derived directly from petroleum, to terephthalic acid 59 

(TPA) [11]. The PET polyester resin is then obtained by esterification or transesterification 60 

between TPA or dimethyl terephthalate and ethylene glycol (EG), followed by polymerization [12]. 61 

For use as packaging material or bottles, the PET resin is manufactured to the desired shape via 62 

injection molding (blow-molding) or extrusion. A recent life-cycle-assessment of PET bottles 63 

showed that 84% of the environmental burden quantified in terms of resource consumption, 64 

climate change, ecosystem quality, and human health is caused by the production of PET resin 65 

[5]. 66 

To address the negative environmental impact of plastics - including PET - there is obviously an 67 

urgent need to drastically intensify sustainable recycling efforts. The conventional methods for 68 

recycling of PET principally involve mechanical and thermal treatment, i.e., washing and 69 

shredding of the material, and then regranulation via extrusion [13]. In the case of PET, this type 70 

of mechanical recycling typically results in a lower quality of the recycled product compared to the 71 

original (virgin) material. Specifically, the treatment causes changes in appearance, meaning 72 

color and brittleness, and in material properties at the molecular level such as lower molecular 73 

weight (Mw), polymer chain length (Mn), polydispersity index (Mw/Mn), resulting in decreased 74 
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tensile strength. The crystallization rates of recycled PET also increase leading to a higher XC of 75 

the re-processed products [14–16]. In addition, the existing commercially viable recycling 76 

processes are constrained to certain PET products, as not all PET products can be effectively 77 

recycled by classic means. This includes textile blends of different fiber types such as polyester, 78 

cotton, etc., which are common in clothing and other textile fabrics [17].  79 

Development and implementation of new technologies are therefore clearly required in order to 80 

facilitate higher recycling rates and improve the quality of the recycled products [18].  Plastics, 81 

including PET, are considered resistant to biodegradation. However, the realization that certain 82 

enzymes can catalyze degradation of PET [19,20], notably the discovery in 2016 of the bacterium 83 

Ideonella sakaiensis, that can use PET as its major carbon and energy source for growth [21], 84 

has significantly boosted the efforts for sustainable PET recycling, notably recycling of PET plastic 85 

bottles, yielding high quality recycled products.  PET degrading enzymes may also be used to 86 

recycle textile blends by specifically degrading the PET polyester fibers alone or in combination 87 

with other enzymes that target other fibers in the material, such as cellulases that target cotton, 88 

or in combination with a chemical pretreatment [17,22]. 89 

Although the continued discovery and protein engineering of efficient PET degrading enzymes 90 

have created novel opportunities for industrial biotechnology-based PET recycling, less attention 91 

has been paid to the fact that the activity of the PET degrading enzymes is strongly influenced by 92 

the physical properties of PET, notably the degree of crystallinity (XC). The XC is defined as the 93 

fraction of the total PET polymer chains that are in the crystalline structure state [23–25]. In 94 

addition, the surface glass transition temperature, Tg, of PET and the local mobility of the 95 

amorphous PET chains affect the amenability of PET to enzymatic attack and degradation. This 96 

paper reviews the enzymatic conversion of PET with particular emphasis on the distinct 97 

complexity of PET as a semi-crystalline substrate for enzymatic depolymerization.        98 

1.1. Enzymatic recycling of PET 99 

The use of plastic degrading enzymes in biocatalysis-based recycling of PET has recently been 100 

introduced as a new promising technology enabling the production of recycled products of the 101 

same quality as the virgin plastic [26], and enzyme-based technology has already shown great 102 

potential for industrial-scale PET recycling, thus allowing for closed-loop circular economy 103 

processes [24,27]. In addition, unlike thermo-mechanically recycled PET, the enzyme-based 104 

approach permits the degradation products to be used as feedstock for the manufacture of other 105 

products, including other types of polyester materials such as polyhydroxy alkanoates (PHAs) 106 

[28]. 107 

Although plastics are man-made polymers, several enzymes are capable of degrading synthetic 108 

polyesters, even if they are not their natural substrate [29–31]. The PET hydrolase class, EC 109 

3.1.1.101, was created in 2016 based on the discovery of the PET degrading enzyme enabling I. 110 

sakaiensis 201-F6 to utilize PET as its sole carbon source. I. sakaiensis 201-F6 also secretes a 111 

MHETase (EC 3.1.1.102), which catalyzes the further conversion of mono(2-112 

hydroxyethyl)terephthalic acid (MHET), a product of the PET hydrolase reaction, into TPA and 113 

EG)[21,32]. The vast majority of PET degrading enzymes are however classified as cutinases 114 

(EC 3.1.1.47) [33–35] or carboxyl esterases (EC 3.1.1.1) [36], and certain arylesterases [37] (EC 115 

3.1.1.2) and lipases [23] (EC 3.1.1.3) are also known to be active on PET. 116 
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An overview of all characterized PET hydrolases is listed in the plastic active enzymes database,  117 

the PaZy database, and it is seen that most of these enzymes originate from either the 118 

Actinobacteriota or the Pseudomonadota phyla [36]. A phylogenetic tree covering all entries from 119 

the PaZy database and linking these to their microbial origin (phylum level) and EC numbers are 120 

displayed in Figure 1. This phylogenetic tree also displays the dominance of hitherto known PET 121 

degrading enzymes originating from Actinobacteria (grey nodes) and Pseudomonadota 122 

(turquoise blue nodes), but also reveals that enzymes that have some activity on PET are found 123 

in a range of different microbial organisms, including archae (Genbank Accession no. RLI42440, 124 

a feruloyl esterase type of enzyme) and fungi (Genbank Accession no. AAA33335.1, a cutinase 125 

originating from a Fusarium spp.).  This variety signifies the diversity of PET hydrolyzing enzymes 126 

and underscores the likely possibility that several more may be discovered in the future.  127 

 128 

Figure 1. Phylogenic tree of all currently characterized PET hydrolases. The phyla of the microbial 129 

host are indicated by node color, while the EC number is highlighted by the surrounding colors of 130 

the tree. 131 

2. Features of PET as a semi-crystalline material 132 

PET consists of repeating units of TPA and EG, covalently bound via ester bonds, and it is the 133 

ester bonds that are catalytically hydrolyzed by PET degrading enzymes. In the melt state above 134 

the melting temperature, Tm, (260C) PET is a disordered random coil polymer melt. If the melt is 135 

cooled sufficiently quickly - quenched – to temperatures below the Tg of PET (75C for amorphous 136 

PET) [25], then the amorphous random coil structure is preserved.  However, solid PET is usually 137 

in a semi-crystalline state which contains both highly ordered domains (crystals) as well as glassy 138 
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amorphous domains. It is the amount of crystals, i.e. the level of highly ordered crystalline 139 

domains, which define the XC of PET polyester materials [38]. Although high cooling rates are 140 

readily achievable in standard processing, the material properties such as gas permeability of 141 

amorphous PET are not always desirable for the material use [39]. Hence, PET products, 142 

including plastic bottles and textile fibers tend to have a high XC [40,41]. 143 

2.1. Crystallization of PET    144 

The crystalline regions - or crystals - in PET material form when the polymeric chains in the 145 

amorphous state align, which in turn happens when the chain mobility/energy of the material is 146 

sufficiently high. A high chain mobility/energy can be achieved by either thermal or mechanical 147 

means, which is why heating and mechanical molding lead to the formation of crystals, and thus 148 

an increase in the XC of the PET material [42]. Thermally induced crystallization takes place at 149 

temperatures above the Tg (75C) [43], and notably occurs when the PET material is slowly cooled 150 

from melt or kept at temperatures above the Tg. The crystallization process is quenched by cooling 151 

the material to a temperature below the Tg of PET. The rate at which the crystallization occurs 152 

increases with temperature, until it reaches its maximum at 174°C [44]. Beyond this temperature, 153 

the crystallization rate starts to decrease due to excessive chain mobility. On the other hand, at 154 

temperatures below Tg, the mobility of the chains is restricted, leading to limited crystallization 155 

[43]. Other factors such as moisture content [45] and molecular weight of the polymers in the PET 156 

material [46] also  influence the crystallization of PET.  157 

The mechanically induced crystallization of PET may typically be induced via stretching the 158 

material. This process is referred to as stress or strain induced crystallization, and requires 159 

stretching of the PET material at temperatures above Tg [42]. The XC caused by strain induced 160 

crystallization increases with both temperature and strain rate [47]. The increased crystallinity can 161 

lead to improvements in the mechanical properties of PET material such as higher modulus, 162 

toughness, stiffness, tensile strength, and hardness [48]. The ability of changing the XC, and 163 

hence the mechanical properties of PET by strain induced crystallization is  utilized in many 164 

applications of PET processing, most notably in the manufacturing of blow-molded PET bottles, 165 

textile fibers, and oriented films [49]. The XC of a PET material is therefore heavily dependent on 166 

its processing history and due to the changes taking place at the molecular chain level, the XC 167 

may not be uniform throughout a PET material. An example of this is illustrated by the XC of a 168 

PET bottle [41], presented in Figure 2. Here it is evident that the finish/neck and base center have 169 

a lower XC (1.2% and 11.7%, respectively) than the rest of the bottle, that has XC >25% [41].  170 

Furthermore, plastic waste in the environment, including microplastics, may undergo 171 

weathering/aging because of solar exposure and thermal aging, which increases the XC [50]. 172 
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 173 

Figure 2. The degree of crystallinity varies in different regions of a PET bottle. The figure is a 174 

schematic representation adapted from Lu et. al. [41]. 175 

2.2. Details of the structure and morphology of PET crystals 176 

During crystallization, the PET chains undergo a conformational change from a predominantly 177 

trans-gauche-trans to a linear all-trans conformation; a schematic representation of the all-trans 178 

conformation of a PET chain is shown in Figure 3A. Although the linear all-trans conformation of 179 

the free PET chain is energetically less favorable than a trans-gauche-trans conformation, the all-180 

trans confirmation of a crystal structure is stabilized by intermolecular π/π stacking of the aromatic 181 

rings of the TPA moieties, which is why the all-trans is the prevalent chain conformation in PET 182 

crystals [51]. In other words, this means that there is a decrease in gauche conformations with 183 

increasing XC [52,53]. The unit cell structure of PET crystals has been extensively studied, and 184 

has been shown to form triclinic crystals [54]. However, the unit cell parameters of PET crystals 185 

are not universal, as they are highly dependent on the crystallization and manufacturing process 186 

parameters. These parameters include the crystallization temperature, draw ratio, and 187 

subsequent annealing temperature and time [54].  188 

Within a PET crystal the polymer chains are arranged in densely packed lamellae structures. 189 

These crystalline lamellae are separated by amorphous regions, and interconnected by PET 190 

chains, known as tie molecules, which are crossing the crystal-amorphous interface [55]. As 191 

illustrated in Figure 3B, the morphological parameters of a PET crystal may be quantified in terms 192 

of the average crystalline lamellae thickness (lc), the average interlamellar amorphous layer 193 

thickness (la), and the long period (L), which is the sum of lc and la [56] (Figure 3B). Due to the 194 

effect of temperature and mechanical stress on the crystallization, the morphology of the PET 195 

crystal, and hence the values of lc, la, and L are obviously highly dependent on the crystallization 196 

process and the processing conditions [56,57]. 197 

The crystallization of PET can be divided into nucleation and crystal growth. During nucleation, 198 

amorphous PET chains align in the lamellar structure, thus forming the nucleus of a new crystal. 199 

The formation of nuclei is followed by the development of the crystals, the crystal/lamellae growth 200 

phase. The growth phase can be further divided into two stages, primary and secondary 201 

crystallization. Primary crystallization designates the initial stage of crystal growth, which is 202 

associated with growth of the heterogeneous crystal structures (as outlined below, this entails 203 

that the lamellae and the rigid amorphous fraction structures expand the boundaries of the PET 204 

crystal). The secondary crystallization takes place within the boundaries of a crystal structure, 205 

and is associated with either thickening (increase in lc and reduction in la) of the lamellae structures 206 
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and/or formation of new lamellae within a crystal (formation of spherulites) [44,58]. The crystalline 207 

lamellae are furthermore arranged in a higher-level structure. The anatomy of the higher-level 208 

structure is also dependent on the crystallization process [59–61]. A simplified representation of 209 

the lamellar crystal structures and distribution of the crystal structures is illustrated in Figure 3C.   210 

 211 

Figure 3. Schematic representation of the structural details of the crystal structure of a PET crystal 212 

within semi-crystalline PET: A) side and front view of the all-trans molecular confirmation of a 213 

structural moiety (two TPA and one EG moiety) of the polymeric chain of a PET crystal; B) 214 

Molecular arrangement and lamellar structure of the polymeric chains in semi-crystal PET (la, lc, 215 

and L, are explained in the text); C) Schematic representation of the spherical crystalline regions 216 

in a semi-crystalline PET material.  217 

Thermally induced crystals manifest as highly branched spherulites (bulk crystals) or as micelles 218 

(surface crystals) [38,59,62]. The size of these crystals is influenced by the annealing 219 

temperature, as larger crystals are formed at higher temperatures [43,59]. The visual appearance 220 

of thermally annealed PET samples becomes progressively more opaque with increasing XC, 221 

resulting from the increased light scattering caused by the crystals [63]. Studies by in situ Atomic 222 

Force Microscopy of the annealing of spin coated PET film (thickness up to 680 nm), have 223 

revealed that surface crystals begin to form at 70C, whereas crystal formation in the bulk material 224 

starts at 85C [61]. However, no bulk crystals were observed on films thinner than 10 nm within a 225 

temperature range of 50 to 190°C [61]. In contrast to thermally induced crystals, the crystal 226 

structures resulting from strain induced crystallization are generally elongated in rod-like or 227 

fibrillary structures [60]. Here, the lamella are oriented in the direction of the strain, while the 228 

lamellar structures following thermally induced crystals are oriented randomly [57]. The crystal 229 

size of PET samples which have undergone strain induced crystallization are moreover smaller 230 

than thermally induced crystals. PET material with stress/strain induced crystals may therefore 231 

appear transparent due to the small crystal size [42]. 232 

2.3. Amorphous fractions 233 

In its melt form the PET chains adopt a disordered random coil-state, as mentioned above. These 234 

chains are highly flexible, leading to highly entangled structures. The entanglement molecular 235 

weight (MWe) of PET, which is a measure of the molecular weight between two chain 236 

entanglements, is typically between 1450 to 2120 g/mol [64] corresponding to an entanglement 237 

between every 7.5 to 11 repeating units (i.e., the mono(2-hydroxyethyl) terephthalate MHET units) 238 
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in a PET chain. This amorphous state of the polymeric chains is maintained in the solid state if 239 

the polymer melt is cooled rapidly to temperatures below the Tg, i.e., below 75°C [25].  240 

The amorphous fraction of PET can be further divided into two different fractions, namely a mobile 241 

amorphous fraction (MAF) and a rigid amorphous fraction (RAF). The MAF consists of the 242 

amorphous regions between the crystal structures, while the RAF is associated with the interface 243 

between the crystal and the amorphous regions (Figure 3B). This interface also includes the 244 

interlamellar spacing within PET crystals (quantified as la, Figure 3B). Therefore, the RAF content 245 

of a PET sample increases with the XC, while the MAF content decreases [42,65,66]. The RAF 246 

and MAF content of a PET sample is also affected by the crystal morphology [67]. A recent study 247 

has shown that the RAF content in a biaxially oriented PET  film was higher than in thermally 248 

annealed samples (at 120 and 190°C), even though the XC was highest in biaxially oriented PET 249 

film [57]. Compared to the chains in the MAF, the mobility of the chains within the RAF is more 250 

physically restrained by the crystal lamellae as shown in Figure 3B. As a consequence, the RAF 251 

remains in its glass-state, while only the MAF transitions into the mobile rubber-state once heated 252 

above the Tg value [65].  The overall Tg of PET may be lowered by the presence of additives [68] 253 

or by absorption of water molecules, conferring a plasticizing effect on PET [69,70], that impact 254 

the enzymatic attack and hence the enzymatic depolymerization of PET, to be discussed further 255 

below. 256 

2.4. The enzymatic degradation mechanism on semi-crystalline PET 257 

Given the complexity of the enzymatic degradation of PET the exact details of the molecular 258 

enzymatic attack mechanisms, and the interactions between insoluble PET and PET hydrolases 259 

during reaction are still unclear [71]. Nevertheless, already in 2009, by studying PET chain length 260 

distribution using MALDI-TOF and the changes in surface chemistry by X-ray photoelectron 261 

spectroscopy (XPS) of enzyme treated PET with a lipase and a cutinase, respectively, Eberl et. 262 

al. proposed that the enzymatic degradation of PET was facilitated by random (endo-type) chain 263 

scissoring [72].  264 

This interpretation was based on the observations that the enzymatic treatment of PET increased 265 

the surface polarity, and increased the level of smaller insoluble fragments (fewer than 11 TPA 266 

moieties) in the insoluble substrate [72]. They furthermore demonstrated that the degradation 267 

pattern differed between two PET degrading enzymes, as one (the Thermobifida fusca cutinase) 268 

appeared have a higher preference for chain scissoring at the terminal, exo-type, releasing more 269 

soluble products than the other enzyme (the Thermomyces lanuginosus lipase), which instead 270 

accumulated more smaller insoluble fragments, indicating a higher preference for endo-type chain 271 

scissoring [72]. The insoluble polymeric chains are then hydrolyzed into smaller soluble products. 272 

These degradation products are primarily EG, TPA, MHET, and Bis(2-Hydroxyethyl) terephthalate 273 

(BHET) [26,73], but larger PET oligomers containing two or more aromatic rings have also been 274 

observed [23,74,75].  275 

Several PET degrading enzymes are moreover capable of degrading the soluble products, such 276 

as BHET and MHET [75–77]. Consequently, the enzymatic depolymerization of the insoluble PET 277 

may be competitively inhibited by its degradation products, e.g., as shown for BHET and MHET 278 

on the TfCut2 enzyme [76]. A degradation mechanism taking the crystalline and amorphous 279 

regions of PET into consideration was recently updated by Wei and coworkers [78]. They 280 
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suggested that the MAF regions could be degraded by both endo and exo-type chain scission, 281 

while the RAF and PET crystals can only be degraded via endo-type scission. This hypothesis 282 

was deducted by an assessment of the molecular weight distribution of enzymatically treated PET 283 

samples [78]. A schematic representation of this mechanism is presented in Figure 4.   284 

 285 

Figure 4. Schematic representation of the hypothesized enzymatic degradation mechanism of 286 

semi-crystalline PET. A) Proposed distribution of enzymes during enzymatic degradation of PET. 287 

The enzymes in the soluble fraction may either be unbound free enzyme or bound in an enzyme-288 

substrate complex to soluble hydrolysis products resulting from the enzymatic degradation of 289 

PET. The interfacial enzymes bound to the insoluble substrates may either be productive 290 

(resulting in hydrolysis) or unproductive. B) Schematic representation of the currently presumed 291 

enzymatic attack restrictions in response to the crystallinity features of semi-crystalline PET, 292 

adapted from Wei et. al [78]. 293 

The course of the different degradation routes of PET degrading enzymes was recently studied 294 

in more detail by Schubert et. al who, using stochastic modeling of the evolution in the product 295 

profile during enzymatic treatment, quantified the preference for endo- or exolytic chain scissoring 296 

of four different PET hydrolases. The work showed that efficient PET hydrolases (notably the LCC 297 

enzyme) were characterized by a preference for endo-type chain scissoring [75]. 298 

It has also recently been shown that no soluble products are released during the initial incubation 299 

period of several types of PET material. This includes PET from commercial packaging material 300 

[41], extruded PET made from recycled PET flakes [79], and amorphous PET samples which 301 

have been thermally annealed [25]. This phenomenon has been previously been described as a 302 

lag phase [25]. The duration of these lag phases was shown to depend on the specific surface 303 

area of the substrate [79] and the XC [25], and notably with the enzyme catalyzing the reaction 304 
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[80]. Notably, higher XC resulted in extended lag phases. During enzymatic treatment of different 305 

low crystalline PET samples (XC < 4%) from packaging material, a lag phase was observed only 306 

on three of these samples (#29, 38, and 43) [41]. This observation could therefore indicate that 307 

the duration of the lag phases may be affected by other uncharacterized properties of the PET 308 

material than the XC. A deeper insight into the causes of the lag phase would enlighten the exact 309 

degradation mechanism of PET degrading enzymes. This could furthermore unravel potential 310 

synergies between PET degrading enzymes, as both the duration of the lag phase and the steady 311 

state reaction rate vary from enzyme to enzyme [80].   312 

2.5. Surface modification caused by enzymatic treatment of PET 313 

Evidently, the main enzymatic degradation reaction of PET takes place at the interface of the 314 

insoluble substrate and the reaction medium, and the enzymatic action is therefore associated 315 

with a change in surface topology of the PET substrate. This change, both the extent and the 316 

resulting surface topology, is heavily dependent on the XC of the PET substrate [25]. 317 

The changes in surface topology of an amorphous PET sample resulting from the enzymatic 318 

degradation by different enzymes have recently been studied using two of the most promising 319 

wild type PET hydrolases, PHL7 and LCC [81–83]. These studies showed that the enzymatic 320 

degradation of PET resulted in the formation of small shallow pits at the surface of PET samples, 321 

and the pits increased in diameter with increasing exposure time [83]. Subsequently new pits 322 

were originating within the existing pits, and ultimately replenishing these [81]. This degradation 323 

pattern would eventually reach a “steady-state”, at which the decrease in the PET film thickness 324 

would appear as a uniform degradation [82]. A similar observation was shown on amorphous PET 325 

film treated by LCCICCG [25] – the LCCICCG being the protein engineered, Ca2+ independent 326 

thermostable gold standard enzyme for PET degradation. The surface erosion on more crystalline 327 

PET samples (XC 15-27%), induced via thermal annealing, were also studied by scanning electron 328 

microscopy of the surface erosion induced by enzymatic action revealed that certain areas 329 

seemed left “untouched” during the enzymatic degradation. Under the microscope these regions 330 

appeared as smooth, flat surface regions within the porous pattern that developed progressively 331 

to produce a gradually finer erosion pattern as the enzymatic treatment progressed (Figure 5). As 332 

the XC increased the size of the porous structures seemed to increase as well [25]. The 333 

“untouched” structures were presumably associated with crystal structures resulting from the 334 

thermal annealing, as they were not observed on the  samples with a lower XC (<15%) [25]. 335 

Prolonged annealing of these samples did, furthermore, result in the exposure of larger crystal 336 

structures [80] as shown in Figure 6B. Interestingly, it was observed that the surface erosion of 337 

PHL7 resulted in large crater formations, rather than the porous structures obtained by LCCICCG, 338 

these differences were attributed to the selectivity of the enzymes towards RAF [80]. 339 
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 340 

Figure 5. Change in surface topology during enzymatic degradation of semi-crystalline PET. A) 341 

Schematic representation of the surface erosion of a PET film caused by enzymatic treatment. B) 342 

SEM images of the surface erosion caused by enzymatic treatment of annealed PET disk (XC = 343 

23.3%) using LCCICCG adapted from [25]Thomsen et al.,[80] 344 

2.6. Effect of XC on enzymatic degradation of PET 345 

The activity of PET degrading enzymes is, as previously mentioned, highly affected by the XC of 346 

the PET substrate. Several studies have shown how the enzymatic hydrolysis of PET samples 347 

with a high XC is very limited compared to amorphous or low XC samples [23,24,78,84]. The same 348 

trend was observed on commercial PET bottles, as the activity on the more crystalline regions 349 

(e.g. body) was significantly lower than the less crystal regions (e.g. the  finish/neck) [41,85]. 350 

Thermally induced crystallization has been used to quantify the effect of the XC on the activity of 351 

PET hydrolases. This includes both iso-thermal [25] and non-isothermal crystallization [86]. Here 352 

both studies showed that the activity is affected in a non-linear matter, and that activity is almost 353 

depleted at XC > 17-20%. A recent comparative assessment of six thermostable PET hydrolases 354 

performed by the authors of this paper reviled that this threshold varied between the enzymes 355 

[80]. For a quantitative assessment of this phenomenon we defined the term tolerance, which 356 

corresponded the XC at which the residual activity corresponded to 50% of what was obtained on 357 

a PET sample of low XC. The tolerance to XC of these enzymes is summarized in the upper part 358 

of Table 1.  359 

Despite this, it has been shown that PET particles at higher XC values (>30%) was amendable to 360 

enzymatic hydrolysis [52,87–89]. The overall extent of reaction was, however, lower compared to 361 

substrate at lower XC [52,88], and may be explained by the disproportionally large surface area 362 

of the small substrate particles.  363 

Brizendine et. al recently studied the effect of particle size on the degradation of highly crystalline 364 

PET (32.5–35.7% XC) and Cryo-grinded PET particles (7 to 15% XC). This study revealed that the 365 

reaction rate increased with the specific surface area (SSA), while the overall extent of reaction 366 

was unaffected by the particle size [88]. Kaabel et. al showed that the extent of reaction could be 367 

improved via a mechano-enzymatic hydrolysis (ball milling followed by an enzymatic treatment at 368 

55°C) of a PET powder slurry [89]. Here, nearly 50% yield of TPA was reached after 21 cycles in 369 

their process. Another attempt to increase the efficiency of PET degrading enzymes towards the 370 
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crystalline regions was made by improving the selectivity towards the trans confirmation [90]. This 371 

improvement was achieved by engineering an IsPETase via rational design assisted by MD 372 

simulation and molecular docking [90]. The S238A variant showed a 2.8-fold higher activity on 373 

trans-enriched PET substrate compared to the WT [90]. The selectivity towards the crystalline 374 

regions has also been assessed through a comparative evaluation of 51 putative PET hydrolases 375 

from 7 district phylogenetic groups [91]. Here three enzymes displayed a higher activity on 376 

crystalline PET powder compared to amorphous PET powder. These tree enzymes 503, 602, and 377 

711 are highlighted in Table 1. 378 

Table 1.  List of enzymes that have been characterized in terms of their tolerance to PET 379 

crystallinity.    A. Direct tolerance to XC as threshold when activity was halveda; B. Relative ratio, 380 

termed selectivity ratio, between the activity on amorphous (XC 6.2%) and highly crystalline PET 381 

(XC 39.3%).  382 

A. Assessment of tolerance, adapted from [80] 

Enzyme Origin (Phylum) EC number Tolerance (% XC)a 

LCC (sp|G9BY57|) Actinobacteriota 3.1.1.74 23.2 ± 2.6 

LCCICCG (sp|G9BY57|) Actinobacteriota 3.1.1.74 20.9 ± 2.1 

DuraPETase 

(sp|A0A0K8P6T7|) 

Pseudomonadota 3.1.1.101 17.1 ± 0.9 

PHL7 (pdb|7NEI|) - 3.1.1.74 17.4 ± 1.9 

TfC (AJ810119.1) Actinobacteriota 3.1.1.74 14.3 ± 0.8 

HiC (tr|A0A075B5G4|) Eukarya 3.1.1.74 13.7 ± 0.5 

B. Relative product formation on crystalline PET powder vs on amorphous film [91] 

Enzyme Origin (Phylum) EC number Selectivity ratiob 

LCCICCG (sp|G9BY57|) Actinobacteriota 3.1.1.74 0.19 

503 (EGD44994.1) Actinobacteriota - 1.30 

602/Tcur0390 (ACY95991.1) Actinobacteriota 3.1.1.74 2.79 

711/est119 (sp|F7IX06|) Actinobacteriota 3.1.1.1 2.13 

a Calculated at the XC (%) at which the reaction rate was half the of the rate obtained on amorphous PET (10.8% XC) 383 
[80]; b Calculated as the ratio between the activity of the enzyme on crystalline PET powder (XC=39.3%) divided by the 384 
activity on amorphous powder (XC=6.2%) [91] 385 

As pointed out in this review, currently a main limitation of biocatalytic recycling of plastics is the 386 

limited activity of the currently characterized PET degrading enzymes on PET of relevant 387 

crystallinity, i.e., XC>20% (Table 1) [24,25,41,78]. A pre-treatment step involving extrusion and 388 

micronization is therefore currently required for efficient degradation of PET using enzymes [24]. 389 

An impact analysis of the enzymatic recycling of PET has pointed out that the elimination of the 390 

pretreatment step would decrease the minimal selling price of the degradation products by 12% 391 

and reduce its greenhouse gas emission by 38% [27]. This is under the assumption that the 392 

catalytic efficiency of the enzymes remains unchanged.  393 
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3. Effect of Tg on enzymatic degradation of PET 394 

Water may act as a plasticizer PET, and a decrease in Tg of PET material is therefore expected 395 

during enzymatic treatment, as these reactions are performed in aqueous solutions. We recently 396 

investigated the effect of decreased Tg values of PET on enzymatic degradation efficiency [52]: 397 

By soaking a PET sample in water for 24 hours at 65°C, the Tg was lowered from 75°C to 61°C, 398 

without affecting the XC. The activity of the thermostable LCC variant, LCCICCG, was measured on 399 

both the untreated (Tg = 75°C) and the soaked (Tg = 61°C) PET samples (sheets), at a reaction 400 

temperature between the Tg value of the two samples (68°C). It would be expected that the 401 

mobility of the PET chains in the soaked sample would be greater when the reaction temperature 402 

was above the Tg (Figure 6A). However, the activity of the LCCICCG enzyme was, not affected by 403 

the decreased Tg [52] (Figure 6B. Table 2). These results indicate that the increase in activity at 404 

temperatures near Tg is mainly driven by the thermal activation of enzyme activity (kcat), provided 405 

the enzyme is sufficiently thermostable, rather than by the increased chain mobility of the 406 

substrate.  407 

In fact, as previously indicated, it has been shown the Tg at the surface of PET is substantially 408 

lower than the Tg of bulk PET [92–94]. Consequently, the local Tg of a thicker PET sample would 409 

gradually increase from the surface into the bulk of the samples, as illustrated in Figure 6. This 410 

observation also explains the on-set temperatures of surface and bulk crystals, as crystallization 411 

may only occur at the surface when the temperature is below the bulk Tg and above the surface 412 

Tg. The decreasing Tg at the surface is however suppressed by the RAF associated with the 413 

increase in XC resulting from the formation of surface crystals s [94]. It is therefore not suitable to 414 

run reaction at 70°C or above, as the crystallization, and thus increase in XC, occurring at these 415 

high temperatures lowers the reaction rate of the enzyme [24]. The optimal reaction temperature 416 

on PET of PET degrading enzymes may therefore be governed by the crystallization of the 417 

substrate rather than by thermal inactivation of the enzyme [25]. 418 

  419 

Figure 6. A) Change in Tg during 1 hour of incubation with LCCICCG at 68°C  [25]. B) Schematic 420 

representation of the Tg gradient trend in a PET sample. 421 

 422 
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Table 2. Change in Tg and XC during the enzymatic treatment of PET disks using LCCICCG at pH 423 

9 and a temperature of reaction (TR) of 68°C. Disks were subjected to different soaking conditions 424 

to achieve distinct starting Tg values. The reaction rate was assessed for each substrate with Tg, 425 

bulk > TR, Tg, bulk ≈ TR, and Tg, bulk < TR. The data presented in the table are adapted from [25]. 426 

 
Soaking 

condition 

Tg,bulk start 

[°C] 

Tg,bulk final 

[°C] 

XC start  

[%] 

XC final  

[%] 

Rate 

[mM/h] 

Tg, bulk > TR n/a 74.8 ± 0.36a  68.8 ± 2.10a  11.2 ± 0.97a  10.9 ± 1.47a  4.81 ± 0.83a  

Tg, bulk ≈ TR 24h, 45°C 68.9 ± 0.81b  63.8 ± 1.20b  11.5 ± 1.08a  10.7 ± 0.89a  4.56 ± 0.64a  

Tg, bulk < TR 24h, 65°C 60.35 ± 

0.46c  

62.2 ± 0.54b  11.7 ± 0.22a  11.2 ± 0.58a  4.38 ± 0.86a  

 427 

The complexity of the Tg effect versus the direct enhanced enzymatic reaction rate effect, i.e., the 428 

Arrhenius effect, is corroborated by the findings that the activity of PET hydrolases increases 429 

drastically in the temperature range from 50 to 70°C on a low XC PET film, compared to on a 430 

highly crystalline PET powder [95]. The same is found on poly(vinyl acetate), which has a lower 431 

Tg of 32°C [34,96]. It is tempting to infer that these findings are a result of the MAF of amorphous 432 

PET film undergoing transition to its more mobile state during this temperature interval. Such 433 

transition has been shown to occur at temperatures as low as 40°C [97]. However, this 434 

explanation does not hold for a crystalline sample, as it presumably has a limited content of MAF. 435 

Similarly, no transition occurs for poly(vinyl acetate), as it devitrifies at lower temperatures than 436 

PET [96]. 437 

Due to the complexity of the PET substrate as highlighted in this review it is evident that other, 438 

yet uncharacterized factors may also affect the enzymatic degradation PET. This includes the 439 

change in surface electrostatics at the surface of PET caused by the exposure of two acid groups, 440 

when a PET chain is hydrolyzed in an endo-type manner [72,80]. Moreover, the extent of 441 

entanglement, which can be quantified in terms of MWe, could potentially affect the enzymatic 442 

degradation of PET. To the best of our knowledge, this aspect has not yet been studied in relation 443 

to the enzymatic hydrolysis of PET. Nevertheless, we speculate that the greater presence of 444 

entanglements could hinder sterically the accessibility of the most hydrolysable regions of the 445 

PET substrate via the entanglements blocking the formation of an enzyme-substrate complex.  446 

4. Conclusions and future trends 447 

The fractional composition of PET as a substrate for biorecycling, especially the relative level of 448 

crystalline regions, i.e., the degree of crystallinity, XC, strongly affects the activity of PET 449 

degrading enzymes. When the XC exceeds ~20% [25,86], the activity of the currently known PET 450 

degrading enzymes such as LCCICCG, DuraPETase, and PHL7, is limited - if not completely 451 

abolished - which is a major challenge for enzymatic recycling of PET, as most waste PET, notably 452 

the PET constituting the major part of plastic bottles, is highly crystalline (XC>25%) [41]. Such 453 
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high crystallinity is a result of the thermo-mechanical molding process of the PET polymer resin 454 

to the desired shape at high temperature (> 260C) because crystals form during the slow cooling 455 

from temperatures above the Tg of 75°C, and because of stretching of the hot material at 456 

temperatures above the Tg - the latter phenomenon being referred to as strain induced 457 

crystallization.   458 

In the budding industrial enzyme based recycling of PET bottles, a pretreatment step is therefore 459 

used to make the substrate more amorphous and thus amendable to enzymatic degradation 460 

[27,98]. This pretreatment is, however, undesirable as it is highly energy demanding. To achieve 461 

as enzymatic high turnover rates (kcat) as possible, industrial enzymatic reactions are to be run at 462 

as high temperatures as possible, to enable a thermal rate activation of the enzyme and to 463 

facilitate the transition of the mobile amorphous PET chains into their more mobile state. This 464 

transition occurs at the Tg of the material. However, it has been observed that this transition occurs 465 

at temperatures considerably lower than the Tg of the bulk material, particularly at the surface in 466 

an aqueous environment (40°C) [97]. Although highly thermostable PET degrading enzymes have 467 

now been developed by protein engineering, the nature of the thermal crystallization of PET 468 

dictates that the maximal reaction temperature of the enzymatic processing step is max. 65-68°C, 469 

as reaction above 70oC, which is significantly below the Tm of current PET degrading enzymes 470 

[24], reduces reaction rate and hydrolysis yield of the enzymes [24,25].  471 

Recently EU has passed legislation requiring that a tax of EUR 0.80 per kilo be imposed on newly 472 

produced plastics - i.e. plastics which are not made from recycled plastics [99]. This is equivalent 473 

to approx. 100 to 160 per cent of the costs of the precursors used for the molding of new PET 474 

products [27] and is expected to have a positive impact on the recycling of plastics, and further 475 

fuel the enzymatic recycling of plastics as a sustainable technology option. For this to be 476 

successful, a better understanding of the degradation mechanism of PET degrading enzymes on 477 

semi-crystalline PET of XC > 20% is therefore required to determine how the activity against the 478 

crystalline regions PET can be improved. This can only be achieved by directing the research 479 

within the field of plastic degrading enzymes into the characterization of substrate and enzyme 480 

interactions. The currently characterized enzymes has therefore been assayed using different 481 

types of substrate [35]. It is difficult the compare results between studies as the enzymes have 482 

been characterized under different conditions and on substrates of varying (or undefined) 483 

crystallinity. Hence, better, standardized assay analysis methods are required using standardized 484 

PET substrates of known (high) XC, to quantitatively characterize the action kinetics of PET 485 

degrading enzymes [52,71]. We anticipate that the next important step forward in advancing the 486 

field of enzymatic PET degradation and recycling is to develop a deeper understanding of the 487 

significance of the PET as a semi-crystalline enzyme substrate. This would ideally reveal the 488 

sequential features required for efficient degradation of the crystalline regions and allow for 489 

rational approach for selection or development of efficient PET degrading enzymes with high 490 

activity towards the crystalline regions. 491 
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 8 

Abstract 9 

Plastic pollution poses a significant environmental challenge, with Poly(ethylene terephthalate) 10 

(PET) being a major contributor due to its extensive use in packaging and other applications. 11 

Enzymatic degradation of PET offers a promising solution, but its kinetics and dependence on 12 

substrate composition remain poorly understood. In this study, we investigated the enzymatic 13 

degradation of PET using the benchmark PET hydrolase LCCICCG. PET substrates with varying 14 

compositions of mobile amorphous fraction (XMAF), rigid amorphous fraction (XRAF), and 15 

crystallinity (XC) were employed to study the kinetics of the enzymatic reation. We observed a 16 

substantial reduction in the maximum reaction rate (invVmax) with increasing XC, corresponding to 17 

a 3 fold reduction from 8.6% to 12.2% XC. 18 

Although substrate specificity towards the amorpous fractions (in terms of XMAF and XRAF) was 19 

initially considered, the intricate nature of PET substrate complexity became evident, suggesting 20 

the involvement of additional factors. Interestingly, XMAF emerged as a better descriptor for the 21 

density of attack sites (Γmax) compared the entire amorphous region. Furthermore, we established 22 

a correlation between the duration of the lag phase (tlag) and the steady-state rate vss, indicating 23 

an initial random/endo-type degradation pattern. The extended tlag associated with increased XC 24 

was proposed to result from higher substrate entanglement density and unproductive enzyme 25 

binding to crystalline regions. These findings enhance our understanding of PET enzymatic 26 

degradation kinetics and its dependence on substrate composition.  27 

1  Introduction 28 

Plastic pollution has emerged as a pressing global environmental concern, threatening both 29 

aquatic and terrestrial ecosystems [1,2]. The demand for plastics continues to rise, resulting in a 30 

substantial production of 390 Mt in 2021 (excluding plastic used in textile fibers) [3]. Among these 31 

plastics, Poly(ethylene terephthalate) (PET), accounting for 10% of the annual plastic production 32 

[1], holds a significant role in contributing to environmental plastic pollution. This stems from the 33 

widespread usage of PET in packaging material and plastic bottles [2,3], which are associated 34 

with short lifespan and poor collection rates [4].  35 

PET is a semi-crystalline polymer characterized by both highly-ordered crystalline regions  and 36 

amorphous regions [5,6]. The polymer chains within the PET crystals form densely packed 37 

lamellae structures, separated by an amorphous layer [5].  The amorphous regions of PET can 38 
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be subdivided into two distinct fractions: the mobile amorphous fraction (MAF) and the rigid 39 

amorphous fraction (RAF). MAF resides within the amorphous regions between distinct crystal 40 

structures, whereas RAF surrounds the crystalline lamella, including the interlamellar spacing 41 

within PET crystals. Consequently, the RAF content in a PET sample generally increases with 42 

the XC, while the MAF content decreases [7–9]. Due to a molecular connection between the RAF 43 

and the rigid crystal lamellae, the mobility of the RAF is more constrained compared to the mobility 44 

of MAF. As a result, only MAF transitions into a mobile “rubbery”-state upon heating above its 45 

glass transition temperature (Tg), a process known as devitrification,  while RAF remains in the 46 

rigid “glassy”-state [8]. Complete devitrification of RAF has been proposed to occur at 200°C [10]. 47 

MAF and RAF does also differ by their molecular orientation, as MAF is pronominally at a gauche 48 

conformation, RAF is composed of mainly trans, while the Crystalline fraction is all-trans [11,12].  49 

In recent years, certain enzymes, such as cutinases (EC 3.1.1.74), have demonstrated activity 50 

against PET alongside their natural substrates [13–16]. This discovery has paved the way for 51 

enzymatic recycling of plastics. In this process, enzymes break down PET into its constituent 52 

monomeric building blocks, which then serve as the feedstock for synthesis of new PET with 53 

properties equivalent to virgin PET [17–19]. This enzymatic recycling process offers the potential 54 

for establising a closed-loop circular economy, as the quality of the recycled PET, unlike 55 

conventional recycling methods, is preserved. Furthermore, the degradation products obtained 56 

from enzymatic degradation can be utilized in other applications [20]. 57 

The aim of this study was to investigate the substrate preference of the benchmark PET hydrolase 58 

LCCICCG [17]. This was done by using the inverse Michealis-Menten (invMM)  approach [21] to 59 

quantify the kinetic constants at increasing levels of XC. By employing a continuous assay, for 60 

monitoring of the product formation over time, we were further capable of correlating the lag 61 

phase, which constitute the initial degradation of the PET[22,23], with the steady-state rate and 62 

XC. 63 

2 Experimental Section 64 

Enzyme 65 

LCCICCG was expressed in BL21 (DE3) competent cells (New England Biolabs, Ipswich, MA, 66 

USA) as previously described in [23] 67 

Substrate preparation 68 

1 mm thick “Amorphous” PET Sheet cat. No. ES30301(Goodfellow, Cambridge Ltd, Huntingdon, 69 

UK) was used starting material. The PET sheet was cut into uniform disk of Ø=6mm using a 70 

generic hole punch. The crystallinity of the PET substrate induced via thermal annealing as 71 

described in [12]. The fractional composition of the substrate (XC, XMAF, and XRAF) were quantified 72 

DSC as described in [12]. All DSC measurements were made in triplets 73 

Enzyme activity assay 74 

The enzyme activity assay was performed directly in an Epoch 2 microplate spectrophotometer 75 

(BioTek, Winooski, Vermont, USA), using the compartmentalized set-up described in [24]. The 76 

reactions were operated at the maximal incubation temperature of 50ºC in 650 µL (total volume) 77 

of 50 mM glycine-NaOH buffer at pH 9 for up to 120 min. The substrate concentration was fixed 78 

to one disk. The initial enzyme concentration was 20 to 800 nM. Each reaction was performed in 79 
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triplets. The vss was quantified by linear regressing at the constant region of the progress curves, 80 

while the tlag was quantified as the intercept between the linear regression of vss and the baseline, 81 

as shown in Fig 1. Linear regression was performed using Origin 2021 (OriginLab Corporation, 82 

Northampton, MA, USA). 83 

 84 

Fig 1: Example of the quantification of vss and tlag from a progress curve 85 

Invers Michealis-Menten kinetics 86 

The kinetic constants invVmax and invKM were quantified to fitting the vss at different enzyme 87 

concentration to the invers Michaelis-Menten equation, as described in [21] using Origin 2021 88 

(OriginLab Corporation, Northampton, MA, USA). The enzyme concentration was adjusted was 89 

adjusted for the evaporation occurring during the reaction as described in [24].  90 

Prediction model for describing the tlag as a function of vss and XC 91 

Multiple linear regression of the tlag as a function vss and XC of was performed using SAS jmp 15 92 

(SAS institute, Cary, NC, USA).  The following terms were included for the multiple regression of 93 

tlag: intercept, vss, vss
2, XC, XC

 2, and the interaction term vss:XC. The prediction model of tlag was 94 

subsequently generated using backwards selection: the term with the highest p-value was 95 

stepwise removed until the p-value of each remaining term was > 0.05. 96 

3 Results and discussion 97 

It has previously been shown that the initial stage of the enzymatic degradation, referred to as the lag 98 

phase, is characterized by the absence of product release. This phenomenon has been observed 99 

to be influenced by several factors, including the enzyme catalyzing the reaction [25], the specific 100 

surface area of the substrate [22], and the XC of the substrate [12,23]. Consequently, determining 101 

the kinetics of PET substrate with increasing XC is challenging due to the need for extensive 102 

sampling.  103 

To circumvent this challenge, we employed a compartmentalized spectrophotometric assay, 104 

enabling  continuous monitoring of product formation during the enzymatic degradation of PET 105 

[24]. Fig 2A displays representative progress curves of the of the product formation, in BHETeq 106 

[26], during enzymatic hydrolysis of PET at increasing XC. These curves clearly illustrate how the 107 
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lag phase increased with XC. Due to evaporation of the reaction media, the reaction time was 108 

limited to 120 min, as previously discussed in [24]. The XC used for the invMM kinetics were 109 

therefore limited to ~12% as the tlag would extend beyond the maximal incubation time at higher 110 

XC. 111 

 112 

Fig 2: A) Progress curves displaying the soluble product formation during enzymatic degradation of PET disks at 113 
various XC (8.6 to 12.2%) using 300nM LCCICCG at 50°C pH 9. B)  InvMM curves of LCCICCG substrate at various XC 114 
(ranging from 8.6% to 12.2%). The steady-state rate was estimated from the linear region of the progress curves as 115 
indicated in Fig 1. 116 

Table 1: Composition of the substrate (XC, XMAF, and XRAF) used for the invMM (Fig 2B) and kinetic constants (invVmax, 117 
invKm) Different subscript letters (a, b, or c) indicate a statistically difference. 118 

 119 

3.1 Steady-state Kinetics 120 

Despite the relatively limited range of XC of the substrate considered in the InvMM analysis, it was 121 

observed that the increase in XC  from 8.6% to 12.2% let to a significant 3-fold reduction in the 122 
invVmax from 0.22 to 0.07 µMs-1, as outlined in Table 1.  123 

As elucidated by Kari et. al [21] the  invVmax  may be defied as the product of the catalytic constant 124 

(kcat), initial substrate loading in g/L  (S0,mass) and density of attack sites (Γmax) : 125 

 𝑖𝑛𝑣
𝑉𝑚𝑎𝑥 = 𝑆0,𝑚𝑎𝑠𝑠 ∗ 𝛤𝑚𝑎𝑥 ∗ 𝑘𝑐𝑎𝑡   (Eq. 1) 

Given that S0,mass remains unaffected by the thermal annealing, and may therefore be considered 126 

as the same across all reactions, the observed reduction in invVmax can be ascribed to either a 127 

reduction in Γmax, a decrease in the apparent kcat or a combination of both factors. It is well-128 

Annealing 

condition 

XC 

[%] 

XMAF 

[%] 

XRAF 

[%] 

invVmax  

[µM s-1] 

invKm 

[µM] 

invVmax/
invKm

 

[min-1] 

5 min at 85°C 8.6 ± 0.78a 77.4 ± 1.9a 13.8 ±1.2a  0.22 ± 0.011a 0.11 ± 0.018a 2.0 ± 0.44a 

3 min at 115°C 9.7 ± 0.45ab 70.9 ± 5.9ab 19.4 ± 6.4a 0.16 ± 0.011b 0.054 ± 0.016a 2.9 ± 1.1a 

4 min at 115°C 11.2 ± 0.31ab 64.4 ± 2.6ab 24.5 ± 2.8a 0.13 ± 0.010b 0.072 ± 0.0220a 1.9 ± 1.8a  

5 min at 115°C 12.2 ± 0.89b 62.3 ± 1.9ab 25.8 ± 0.78a 0.07 ± 0.011c 0.13 ± 0.074a 0.5 ± 0.865a 
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established that PET degrading enzymes are incapable of degrading the crystalline regions of 129 

PET[23,27–30]. Consequently, it becomes evident that increase in XC would lead to a decrease 130 

in Γmax. 131 

To Investigate whether Γmax could solely be correlated to the fractional composition of the PET in 132 

terms of the rigid all-trans XC, the rigid trans-rich XRAF, or the mobile gauche-rich XMAF, two 133 

scenarios were proposed as to describe the substrate specificity of LCCICCG: 134 

 Scenario 1: The entire amorphous fraction of PET (MAF and RAF) is degraded equally 135 

by LCCICCG, while the crystalline regions resist enzymatic hydrolysis. Hence,  Γmax = XMAF 136 

+ XRAF = 100 – XC 137 

 Scenario 2: Only MAF is degraded by LCCICCG, hence both RAF and crystalline regions 138 

resist enzymatic hydrolysis. Hence, Γmax = XMAF 139 

In both scenarios, it was assumed that the enzyme acts solely on the specified amorphous 140 

regions, and it was further assumed that kcat remains unaffected by substrate type (i.e., MAF or 141 

RAF) or changes in fractional composition. To assess whether either of the substrate preferences 142 

outlined in the scenarios could be directly correlated with Γmax, the normalized invVmax was plotted 143 

against the normalized substrate composition, following the specifications of scenario 1 or 2. The 144 

slope of these plots would then indicate the relative change in invVmax as a function of the relative 145 

change in substrate composition. However, the slopes for both scenarios were >1, with a value 146 

of 3.0 ± 0.7 for scenario 1 and 15 ± 2.8 for scenario 2, as illustrated in Fig 2B. 147 

 148 

Fig 3: A) Correlation InvVmax between the fractional composition of the PET substrate in terms of XC, XRAF or XMAF. B) 149 
Normalized InvVmax, estimated from the InvMM curves plotted against the normalized amorphous fraction (100% - XC) 150 
(Scenario 1) or the normalized XMAF (scenario 2). The bold lines represent the linear regression of the fit.  151 

The analysis revealed that neither XC nor XMAF in isolation could fully account for the reduction in 152 
invVmax. However, XMAF emerged as a better descriptor of Γmax, as the slope of scenario 2 (Γmax = 153 

XMAF) was five times lower than scenario 1 (Γmax = 100% - XC). It is noteworthy that the relative 154 

decrease in invVmax caused by LCCICCG due to increasing XC was more significant than the 155 

influence of XC on the vss of LCCICCG, as reported in previous studies [23,25]. These discrepancies 156 

likely arose from variations in experimental conditions. As mentioned earlier, the continuous assay 157 
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was conducted for a limited duration of two hours at 50°C. Consequently, factors such as 158 

increased chain mobility induced by temperature or enhanced surface erosion leading to a higher 159 

specific surface area due to prolonged degradation may have impacted tolerance towards XC. 160 

3.2 Duration of the lag phase 161 

Continuous monitoring of product formation provided an in-depth analysis of the lag phase. In 162 

addition to the vss used in the invMM curves, presented in Fig 2B, the tlag was quantified from all 163 

enzymatic reactions. While vss was defined as the linear region of the progress curves, tlag was 164 

empirically defined as the intersection between the regression line of vss and the baseline, as 165 

illustrated in Fig 1. 166 

 167 

Fig 3: A) correlation between the steady-state rate and the duration of the lag phase for each data point (n=3) included in the invers 168 
MM plot in figure 2. B) Multiple linear regression of the all individual data points from the figure 2. The model includes the following 169 
parameters: intercept, XC, rate, and the interaction term between XC and rate..  170 

A notable correlation was observed between tlag and vss, as evidenced by the linear regressions 171 

depicted in Fig. 3A. This inverse proportionality between tlag and vss was further amplified at 172 

increasing in XC. In fact, the tlag at a given experimental condition could be predicted based on the 173 

vss and XC alone as evident from the multiple regression (R2=0.95) displayed in Figure 3B.  174 

These observations consolidated previous explanations that the lag phase was a result of a 175 

random/endo-type degradation pattern of insoluble PET chains [25,31]. Consequently, the 176 

average degree of polymerization (DP) of the PET chains exposed at the surface would decrease 177 

during the initial stage. This would increase the likelihood of chain scissoring at the terminals, 178 

leading to the formation of a soluble product. The rate of product formation would thus be inversely 179 

proportional to the average DP of the exposed PET chains at the surface. Therefore, tlag could be 180 

attributed to the time required to hydrolyze the necessary number of ester bonds to reach a 181 

steady-state where the average DP of the exposed polymer chains remained constant. The 182 

increase in tlag due to an increase in XC would consequently imply that the required number of 183 

ester bonds to reach a steady-state also increases with XC. This phenomenon could potentially 184 

be attributed to the density of entanglements in the amorphous regions. It has been established 185 
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that crystal formation during annealing at temperatures below 120°C (which applies to this study) 186 

does not result in unravel the entanglements in the amorphous regions [32]. Consequently, the 187 

relative density of entanglements in the amorphous regions would increase as XC increases. We 188 

speculate if these entanglements could potentially shield the free ends of the polymeric chains, 189 

which are necessary to yield a soluble product. Which would explain the longer tlag at increasing 190 

XC. Another explanation could result from unproductive binding of the enzymes to the crystalline 191 

regions, which has previously been shown to be the major interaction between PET and PET 192 

degrading enzymes [33]. 193 

4 Conclusion 194 

In this study, we conducted a kinetic evaluation of the enzymatic degradation of PET by the 195 

benchmark PET hydrolase LCCICCG using PET substrate with different compositions of XMAF, XRAF 196 

and XC. We observed that as the crystalline content of PET, represented by XC, increased, there 197 

was a significant reduction in the invVmax. We hypothesized that this reduction was directly liked to 198 

substrate specificity in terms of XMAF and XRAF. Interestingly, the substrate composition alone could 199 

not explain the profound reduction in invVmax. Thus emphasizing the complex nature the PET 200 

substrate. However, we found that XMAF is a better descriptor for the Γmax, than the entire 201 

amorphous region. Furthermore, our study revealed that the tlag could be predicted by the vss and 202 

XC alone. This observation suggest that the tlag is resulting from an initial random/endo-type 203 

degradation leading to a reduction in the average chain length at the surface without releasing 204 

any soluble products. We further proposed that the longer resulting from increased XC was 205 

attributed to a more dense engagements and unproductive binding of the enzyme to the 206 

crystalline regions. In conclusion, our study advances our understanding of PET enzymatic 207 

degradation, specifically in relation to substrate composition, particularly XC, XRAF and XMAF. Future 208 

investigations may delve deeper into the structural and mechanistic aspects of PET degradation 209 

enzymes concerning substrate structural features to optimize their performance and broaden their 210 

applications in plastic waste management. These insights offer promising prospects for more 211 

efficient and sustainable plastic recycling solutions. 212 
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