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dell’Insubria, via J.H. Dunant 3, 21100

Varese, Italy

Tel: +39 033 242 1506

E-mail: loredano.pollegioni@uninsubria.it

(Received 22 December 2020, revised 3

March 2021, accepted 29 March 2021)

doi:10.1111/febs.15850

The polyester PET (poly(ethylene terephthalate)) plastic is chemically inert

and remarkably persistent, posing relevant and global pollution concerns

due to its accumulation in ecosystems across the globe. In past years,

research focused on identifying bacteria active on PET and on the specific

enzymes responsible for its degradation. Here, the enzymatic degradation

of PET can be considered as an ‘erosion process’ that takes place on the

surface of an insoluble material and results in an unusual, substrate-limited

kinetic condition. In this review, we report on the most suitable models to

evaluate the kinetics of PET-hydrolyzing enzymes, which takes into consid-

eration the amount of enzyme adsorbed on the substrate, the enzyme-ac-

cessible ester bonds, and the product inhibition effects. Careful kinetic

analysis is especially relevant to compare enzymes from different sources

and evolved variants generated by protein engineering studies as well. Fur-

thermore, the analytical methods most suitable to screen natural bacteria

and recombinant variant libraries generated by protein engineering have

been also reported. These methods rely on different detection systems and

are performed both on model compounds and on different PET samples

(e.g., nanoparticles, microparticles, and waste products). All this meaning-

ful information represents an optimal starting point and boosts the process

of identifying systems able to biologically recycle PET waste products.

Introduction

During the 20th century, plastics became central to

human life, based on their unbelievable versatility and

low cost. However, the massive production and use of

plastics together with their very long persistence pose

an extreme global pollution threat, especially in marine

environments [1–5]. Poly(ethylene terephthalate)

(PET), the most plentiful man-made polyester plastic

in the world (with a predicted life time of 25–50 years)

[6], is used to produce textile fibers and resins for

single-use beverage bottles and packaging. This ther-

moplastic polymer is composed of terephthalic acid

(TPA) and ethylene glycol (EG). Although PET can

be depolymerized into its constituents via chemical

processes based on the cleavage of the ester bonds

under harsh conditions, such as the use of sulfuric acid

at 150 °C [7,8] or under alkaline conditions in the

presence of hazardous chemical catalysts (e.g., methyl-

trioctylammonium bromide) [9], at present PET is
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primarily mechanically recycled, a process resulting in

a loss of material properties and value. In this regard,

and based on their great ability to adapt, some

microorganisms are able to degrade plastics by evolv-

ing enzymes and catabolic pathways [10–13].
In 2016, a newly discovered bacterium, Ideonella

sakaiensis 201-F6, was reported to use PET as a major

carbon and energy source for growth [11], generating

considerable media hype. The enzyme PETase (PET-

digesting enzyme, EC 3.1.1.101) converts PET to

mono(2-hydroxyethyl) terephthalic acid (MHET), with

trace amounts of TPA and bis(2-hydroxyethyl)-TPA

as secondary products, and the enzyme MHETase

(MHET-digesting enzyme, EC 3.1.1.102) further con-

verts MHET into the two monomers TPA and EG

(Fig. 1). For the sake of completeness, we should men-

tion that some previous studies also reported on

microorganisms (such as the filamentous fungi Fusar-

ium oxysporum and F. solani) [14,15] and enzymes

[16–22] that can degrade PET.

A number of cutinases (EC 3.1.1.74), lipases (EC 3.

1.1.3), and esterases (EC 3.1.1.x) are active on PET

(for a review, see Ref. [23]): Cutinases have shown the

greatest promise and thermostable biocatalysts are

promising candidates. In recent years, evolved enzymes

were generated by protein engineering studies. This is

a powerful approach whose success is largely governed

by a well-suited screening procedure (according to the

dogma ‘you get what you screen for’).

PETase activity can be assayed using different

methods. Some of these methods are based on the

use of model compounds, such as oligomeric PET

models (i.e., ethylene glycol dibenzyl ester, PET dimer

and trimer), others are based on the use of function-

alized esters [i.e., 4-nitrophenyl acetate (pNPA),

mono(2-hydroxyethyl)terephthalate, for which hydrol-

ysis can be directly recorded; see Table 1], and yet

others rely on the use of polymeric PET. For the

sake of clarity, we need to mention that some model

substrates, such as pNPA and 4-nitrophenyl butyrate

(pNPB), are not realistic of the complex (hydrophobic

and insoluble) structure of PET and their use should

be considered for preliminary assays only (e.g., to

check the amount of active enzyme during purifica-

tion procedures or inactivation experiments). Addi-

tional methods useful for investigating PET

degradation, but not suitable for screening, are repre-

sented by analysis of the polymer before and after

the treatment by scanning electron microscopy imag-

ing (to evaluate alterations in the polymeric structure)

and by differential scanning calorimetry (to evaluate

the degree of crystallinity). Recently, solution nuclear

magnetic resonance (NMR) was employed to investi-

gate the effect of the enzyme-catalyzed hydrolysis of

PET on the chemical microstructure of the polymer.

The NMR analysis allows the determination of the

degree of polymerization of PET which, correlated

with the amount of weight loss of the sample during

the enzymatic treatment, allows the discrimination

between the endo- and exo-type cleavage of the poly-

mer [24]. In addition, the analysis of the PET proper-

ties at an atomic level (e.g., the determination of the

ratio between the gauche and trans conformations in

the polymer, which correlates with its degree of crys-

tallinity) can be performed by solid-state NMR meth-

ods [25,26]. These methods give an in-depth

assessment of the effect of enzymatic treatment on

the polymer structure and are most suited for a

detailed mechanistic investigation of the mode of

action of PET hydrolases.

Fig. 1. Enzymatic hydrolysis of PET by

PETases and MHETases. The ratio between

the products can be different depending on

the specific enzyme employed.
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In this review, we present the state of the art of ana-

lytical methods useful for assaying PET hydrolytic

enzymes, both novel and engineered variants. Further-

more, we emphasize that the ensuing kinetic data must

be evaluated using a model for an insoluble substrate

where the reaction is limited to the surface of the sub-

strate (i.e., a ‘substrate-limited’ condition). These

approaches and models cannot be translated to the

investigation of the degradation process mediated by

microorganisms, requiring longer times and frequently

suffering from further degradation of the depolymer-

ization products. Indeed, kinetic models for enzymatic

reactions are limited to the initial phase of reaction

and the effect of time is less appreciated.

Kinetic model of the heterogeneous
enzymatic hydrolysis of PET

PET hydrolytic enzymes are classified into two major

phylogenetic groups: type I and type II (which is fur-

ther divided into the a and b subtypes) [27,28].

Although possessing different structural properties

(type I and type II enzymes share ~ 50% of sequence

identity), all PET hydrolases possess the same catalytic

mechanism, typical of the α/β serine hydrolases with a

charge–relay network (formed by an histidine and an

aspartate) that activates the nucleophilic γ-OH of a

serine side chain. The polymeric substrate is bound

through several noncovalent interactions (mainly

hydrophobic, π-π stacking interactions, and H-bonds)

into a long cleft (~ 40 Å) on the surface of the enzyme,

which can be divided into four subsites (I, IIa, IIb,

and IIc) (Fig. 2) [27,28].

The enzymatic hydrolysis of insoluble PET particles

(e.g., micro- or nanoparticles, films, and yarns) is a

two-state heterogeneous reaction, and the corresponding

reaction rate is limited by the enzyme-accessible surface

area of the substrate (i.e., a substrate-limited condition)

[29]. Under these conditions, the canonical Michaelis–-
Menten (M&M) kinetic model (that describes homoge-

neous reactions under enzyme-limited conditions)

cannot be applied to determine the kinetic parameters.

An alternative two-step kinetic model has been pro-

posed that takes into account the partitioning of the

enzyme between the soluble (free) and the substrate-ad-

sorbed fractions [30–32]. This kinetic model can be

applied for the analysis of kinetic data both for type I

and for type II PET hydrolases. The kinetic model is

formally analogous to that of M&M, in which binding

is followed by hydrolysis and is based on eqn. 1:

EþS⇌
k1

k�1

ES�!k2 EP⇌
Kp

EþP (1)

The equilibrium between the free and substrate-ad-

sorbed enzyme fractions is defined by the absorption

constant:

Fig. 2. Structural details of a PET-hydrolyzing enzyme. (A) Representation of a model of the complex between LCC (PDB code 4EB0) and a

PET molecule. Negative and positive charged regions on the protein surface are colored in red and blue, respectively. Trp190 and Tyr95 are

highlighted in purple, and the catalytic Ser165 is highlighted in cyan. (B) Details of the reaction mechanism of LCC [28]: Hydrophobic

stacking interactions are shown by ocher thick lines, and PET is depicted in blue.
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KA ðμM�1Þ or ðμg=mLÞ�1 ¼ ½Eadsorbed�
½Efree�½PETbindingsites� ¼ k1=k�1

In addition, as only the superficial ester bonds are

accessible to the enzyme, the initial reaction rate

directly correlates with the surface of the insoluble

substrate PET.

In analogy to the canonical M&M model, the initial

reaction rate in the process proposed by Ref. [30]

depends on the concentration of the ES complex and

on its hydrolysis rate constant k2 (expressed as

μmol�cm−2�h−1 or μg�cm−2�h−1):

v0 ¼ k2 ES½ � (2)

Since [ES] is directly related to the substrate area

that is bound to the enzyme, eqn. 2 can be rewritten

as:

v0 ¼ k2A0θ (3)

where A0 (expressed as μM or as reported by several

authors as cm2 or cm2�mL−1) is the concentration of

the initial surface area of the polymer [31]. According

to a Langmuir-type isotherm model for the adsorption

of enzymes on insoluble substrates, the fraction of sur-

face ester bonds that form a complex with the enzyme,

named θ, depends on the enzyme concentration in

solution ([E]) and on the adsorption equilibrium con-

stant (KA), according to the following equation [32]:

θ¼ KA E½ �
1þKA E½ � (4)

Combining eqn. 3 with eqn. 4:

v0 ¼ k2A0
KA E½ �

1þKA E½ � (5)

By interpolating the plot of v0 as a function of the

enzyme concentration using eqn. 5, the adsorption

constant KA and the hydrolysis rate constant k2 can be

determined (Fig. 3A). The adsorption constant KA,

which corresponds to KS (= k1/k-1), is used as the

‘canonical term’ for the thermodynamic constant for a

complex dissociation, and as such, it is a measure of

the inverse of the affinity of the enzyme for the surface

of the polymer.

Equation 5 describes a hyperbolic curve of the reac-

tion rate (v0) as a function of the enzyme concentration

([E]); therefore, at low [E], v0 increases linearly with the

enzyme concentration, showing a first-order kinetic

behavior, while at high [E], v0 reaches saturation (zero-

order kinetic) (Fig. 3A, left). Equation 5 can also be

used to interpolate values of v0 measured at increasing

substrate areas (A0), provided that the [E] is kept con-

stant (Fig. 3A, right). The gap between the experimen-

tal and theoretical values observed at high PET

concentration in the latter plot confirms that eqn. 5 can

be applied only under substrate-limiting conditions [33].

The kinetic model of Ref. [30] was improved by

adding the molar density of the ester bond (ρEB)
parameter to eqn. 5. Accordingly, in a reaction mix-

ture formed by a heterogeneous system (e.g., in the

presence of a suspension of nanoPET particles), the

initial reaction rate can be defined as the decrease in

(enzyme-accessible) ester bonds ηEB:

v0 ¼�dðηEBÞ
dt

¼ k2ρEBA0
KA½E�

1þKA½E� (6)

Equation 6 can be further improved by taking into

account enzyme loading at the surface of the polymer

substrate [34]. However, introducing this additional

parameter renders application of the resulting equa-

tion more complex because it requires further informa-

tion about the system under investigation. In addition,

the improved model proposed by Ref. [34] is more

suitable to describe rapid polyester hydrolysis, while

Ronkvist and coauthors demonstrated that eqn. 5 is

better suited to describe the relatively slow enzymatic

degradation of PET [31].

By determining the kinetic parameters on PET using

eqn. 6, researchers are provided with a quantitative

tool to compare performances of PET hydrolysis

between enzymes from different sources or between

different variants of the same enzyme. For example,

based on analysis of the reaction rate data collected by

pH-Stat it was reported that the cutinase from H. inso-

lens possessed the highest activity (i.e., the highest

k2 = 0.62 μmol�cm−2�h−1), while cutinase from P. men-

docina showed the best affinity for PET (i.e., the high-

est KA = 0.76 μM−1) [31]. Silva et al. [35] increased the

space and hydrophobicity of the binding cleft of

Thermobifida fusca cutinase (Tfu_0883) introducing the

two substitutions Q132A and T101A. Using an enzy-

matic fluorometric assay, the authors demonstrated

that the substitutions enhanced the efficiency of

PET hydrolysis by increasing both the adsorption

equilibrium constant and the hydrolysis rate constant

(5.3- and 9.0-fold, respectively;KA = 2.54 μM−1 and

k2 = 6.63 μmol�cm−2�h−1). The same authors showed

that the surface-accessible ester bonds of PET are usu-

ally hydrolyzed within the first hours of reaction. After

this time interval, the sites on the surface of PET

where the enzyme can bind and hydrolyze the polymer

ester bonds become fully occupied by the adsorbed

enzyme itself, halting the reaction [35].
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A recent paper compared the hydrolytic rates of sev-

eral cutinases and PETases by performing experiments

under either enzyme saturation (at high substrate

loads) or substrate saturation (at increasing enzyme

concentration where all the accessible attack sites on

the substrate surface are occupied) conditions, the lat-

ter yielding the so-called inverse Michaelis–Menten

framework [29,33]. This approach allowed to calculate

the density of attack sites, Γattack, on the PET surface

in units of mol of sites per gram PET:

invVmax=S0

convVmax=E0
¼Γattack (7)

where invVmax and convVmax are the maximal rate from

inverse and conventional M&M conditions, respectively,

S0 is the mass load of substrate (known), and E0 is the

amount of enzyme (known). Γattack was used to calcu-

late convKm in molar units (i.e., molarKm ¼ convKmΓattack)

and thus the molar specificity constant (i.e.,
molarη¼ kcat=

molarKm).

The very low molarKm values for Humicola insolens

and Thermobifida fusca cutinases on PET (~ 30

−40 nM) point to a very strong substrate interaction

that could be mediated by a nonspecific adsorption to

the PET surface. This conclusion is also supported by

the observed high molarη values (in the 105–107 M
−1�s−1

range): the nonspecific adsorption on the hydrophobic

surface of the substrate particles concentrates the

enzyme near the attack sites and hence yields a higher

effective substrate concentration than bulk reaction

[33].

As for the canonical M&M kinetic model, the sub-

strate-limited kinetic model can also be modified to

account for a product inhibition effect. In this case,

the inhibition parameter iP, specific for each soluble

inhibiting product (e.g., MHET), must be added to

eqn. 5 (for details, see Ref. [36]):

Fig. 3. Kinetics of a heterogeneous enzymatic reaction. Plot of the initial reaction rate of PET hydrolysis as a function of the concentration

of the enzyme or the substrate. (A) Left: initial rate of PET hydrolysis as a function of Pseudomonas mendocina cutinase concentration at a

fixed concentration of PET (13 cm2�mL−1). Data were fitted using eqn. 5. Right: initial rate of PET hydrolysis as a function of PET

concentration at 2 μMP. mendocina cutinase. The rate of PET hydrolysis was measured by pH-stat and reported as added NaOH vs time at

50 °C. Experimental and fitted values were plotted as filled and open symbols, respectively. Figure in panel A is reproduced from Ref. [31].

(B) Inhibitory effect of the reaction of 50 μg�mL−1 TfCut2 by the product MHET. Left: double-reciprocal plots of the initial rates of PET

hydrolysis as a function of the nanoparticle surface area in the presence of increasing concentrations of MHET. Right: plot of the inhibition

parameter iP as a function of the MHET concentration. The reactions were performed at a fixed nanoparticle surface of 80 cm2�mL−1, and

data were fitted using the double reciprocal of eqn. 9. Figure in panel B is reproduced from Ref. [37].
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v0 ¼ k2
KAA0 E½ �

1=ip
� �þKAA0

(8)

The iP parameter is related to the association con-

stant for the formation of the enzyme–product com-

plex (KP) and to the [P] by the relationship:

ip ¼ 1

1þKP P½ � (9)

The proposed inhibition equation was used to inves-

tigate the inhibition of TfCut2 due to the accumula-

tion of small soluble products (TPA, EG, MHET, and

BHET) during the enzymatic hydrolysis of PET

nanoparticles (nanoPET) (Fig. 3B) [36]. This study

revealed that, although BHET and MHET showed

similar Kp values (0.57 and 0.55 mM
−1, respectively),

MHET had a higher inhibitory effect on the overall

hydrolysis of nanoPET since it also originated from

the other reaction product, that is, from BHET [36].

Since TPA and EG did not affect the enzyme hydroly-

sis of PET, the observed inhibition caused by MHET

and BHET is probably due to their ester bonds that

occupy the TfCut2 substrate binding site [36]. The

same kinetic model was also applied to demonstrate

that by using a dual-enzyme system, consisting of

TfCut2 and an immobilized carboxylesterase from T.

fusca KW3, MHET could be fully eliminated from the

reaction mixture, thus relieving its inhibitory effect.

The dual-enzyme system was 2.4-fold more efficient in

hydrolyzing PET than the cutinase alone [37]. By using

the same model, it was demonstrated that the

improved PET hydrolytic efficiency of the G62A vari-

ant of TfCut2 was due to its lower affinity for the pro-

duct MHET (5.5-fold lower iP) than for the wild-type

enzyme [38]. Comparison of the turnover number of

cutinases and I. sakaiensis PETase for soluble frag-

ments (MHET and BHET) vs intact PET indicates the

interaction between the polymer strands in the solid

PET as a slow (rate limiting) process, while the hydro-

lytic reaction itself could be fast [33]. The proposed

kinetic model is based on the assumption that the

enzyme acts at an internal ester bond of the polymer

(i.e., it performs an endohydrolytic activity, and conse-

quently, in turnover, a release-and-binding process is

required to catalyze the following reaction cycle). On

the other hand, it has been reported that during the

hydrolysis of low crystalline PET, the enzyme could

also show a processive-like exohydrolytic activity [24].

As stated by Ref. [33], ‘The understanding of

enzyme-catalyzed hydrolysis of PET and other plastics

is not complete and there is no well-established frame-

work for kinetic analyses of the reaction’.

Assays based on spectrophotometric
methods

As proposed by Ref. [39], since hydrolysis of PET gen-

erates heterogeneous products, in terms of hydropho-

bicity and size, the use of a combination of several

detection methods is strongly suggested. Variability in

PET degradation assay results can arise from endolytic

hydrolysis generating insoluble products as compared

to exolytic activity or endolytic cleavages producing

soluble monomers or small soluble fragments [24].

Spectrophotometric methods have been developed to

assay the products arising from the enzymatic hydroly-

sis of PET. These methods are based on detecting

changes in the absorbance of the reaction mixture due

to production of compounds that absorb light (direct

method) or on measuring the absorbance changes due

to a suitable pH indicator dye (indirect method). In

addition, changes in turbidity of the reaction mixture

can also be used for this purpose (turbidimetric

method). The activity detected by applying spectropho-

tometric methods might merely be a result of hydroly-

sis of molecules on the surface of PET particles

(hydrophilization) and not from degradation of its

core. For this reason, it is advisable to perform control

experiments omitting the enzyme and combining the

spectroscopic determination of PET hydrolysis with

determinations of weight loss of the PET sample and/

or with morphological analysis by scanning electron

microscopy [40,41].

Direct methods

Colorimetric determination of hydrolysis of p-

nitrophenol esters

The compounds pNPA and pNPB are classical sub-

strates that can be used to detect different esterase

activities, in particular lipases and hydrolases [42].

These enzymes catalyze the hydrolysis of ester bonds

between an acyl moiety and p-nitrophenol (pNP): The

release of 4-nitrophenolate anion (yellow at pH values

above its pKa of 7.08 at 22 °C) is determined as a

strong increase in absorbance at 405 nm (molar extinc-

tion coefficient = 18600 M
−1�cm−1) [43]. Owing to the

simple setup of this reaction, it can be used for the

routine assay of enzymatic preparations (e.g., during

the purification procedures) and for the determination

of the ratio of active vs inactive clones as a result of a

random mutagenesis procedure. In addition, the use of

p-nitrophenol esterified with fatty acids of different

chain length is helpful for probing the size of the

enzyme active site and for determining the substrate
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scope of hydrolases active on large linear substrates,

such as cutinases. As an example, pNP monoesters of

fatty acids with acyl chain lengths from 2 carbons

(pNP-acetate) to 18 carbons (pNP-stearate) were used

to determine the substrate scope of the recombinant

LC-cutinase [43]. The substrates were evaluated in the

presence of up to 10% acetonitrile to improve solubil-

ity. A specific activity of 270 U�mg−1 at pH 8.5 and

50 °C on pNP-butyrate for LC-cutinase was deter-

mined, which compared with a figure of 399 U�mg−1

for TfCut2 [43,44].

The major drawback of this assay is the low struc-

tural similarity between the PET polymer and pNP

esters, which hampers identification of the PET hydro-

lytic enzymes. In addition, a significant autohydrolysis

of the substrate at high temperatures and pH > 8.5 is

observed [43]. The use of 15% poly(ethylene glycol)

(PEG6000) during the pNP assay avoids adsorption of

proteins to the plastic vials [32].

UV absorption detection of soluble compounds

The increase in absorbance of the reaction mixtures in

the ultraviolet region of the light spectrum (at 240 nm)

indicates the release of soluble TPA or its esters

(BHET and MHET) from an insoluble PET substrate.

These compounds share an identical strong absorbance

peak around 240–244 nm with an identical extinction

coefficient (ε240 nm ~ 13800 M
−1�cm−1) as all three com-

pounds contain the same number of carbonyl groups

(Fig. 1) [40,45]. For this reason, the absorbance value

at this wavelength can be used to calculate the overall

sum of PET hydrolysis products according to the

Lambert–Beer law (i.e., Products½ � ¼E240nm= ɛ240nm � lð Þ),
and the enzyme-specific activity is determined as total

equivalent of produced TPA [18,46]. Measurements

can be performed by withdrawing aliquots of the reac-

tion mixture at specific time intervals and transferring

them into quartz cuvettes or UV-transparent plate

wells (12–96 wells). To rule out interference due to the

presence of other compounds that absorb the UV

light, it is recommended that the absorbance spectrum

of the reaction mixture be recorded from 220 to

300 nm instead of recording the absorbance intensity

at a single wavelength.

This method has been applied to measure the release

of PET hydrolysis products from a relatively large

PET sample such as 10- to 15-mm circular (or square)

swatches of PET film [40,45], 5-mm pieces of PET

yarn, and 4- to 6-mm PET granulate [47]. As the reac-

tion on these substrates is usually quite slow, measure-

ments are performed from a minimum of few hours to

several days: For analysis of the hydrolytic activity of

bacteria, the possibility that the products can be con-

sumed by the microorganism themselves as a carbon

source should be taken into consideration.

The main advantages of this method are that it can

used both on whole microorganisms (e.g., actino-

mycetes) [47] and on purified enzymes [45] and that it

does not require any sample processing (e.g., derivati-

zation). The major limitations of this approach are

that: (a) it can be applied on relatively large PET par-

ticles as substrate only (from microparticles up to lar-

ger PET fragments) because a fast and easy physical

separation of the insoluble PET substrate from the sol-

uble products is required before the spectrum can be

spectrophotometrically recorded; (b) it is a discontinu-

ous method; (c) in some cases, artifacts have been

observed (e.g., an absorbance change in the first two

hours due to absorption of the enzyme onto the fibers)

[47,48]; and (d) it cannot be used when UV-absorbing

compounds are present, for example, DMSO. In addi-

tion, a potential discrepancy between the measured

and the actual reaction rates could arise from the

heterogeneity of the reaction products; in particular,

production of long insoluble oligomers or release of

soluble dimers or short oligomers could result into the

under- or overestimation of the reaction rate, respec-

tively [39].

Indirect colorimetric assay based on the halochromic

compound phenol red

The hydrolysis of PET produces small soluble com-

pounds (BHET, MHET, and TPA) that possess free

carboxylic groups (Fig. 1) and that, when accumu-

lated, cause the pH of the reaction mixture to decrease

(under low buffering conditions). The simplest method

to measure the change in pH during the progress of

the reaction is by using halochromic chemical com-

pounds (i.e., acid–base indicators). The most common

acid–base indicator is phenol red (phenolsulfonph-

thalein). This compound possesses an absorbance spec-

trum with two main peaks, at 550 and 430 nm

(Fig. 4A). The pH decrease from 8.2 to 6.2 due to the

accumulation of acidic reaction products changes the

relative intensity of these peaks and causes a gradual

transition from fuchsia to yellow [49]. This assay

method can be used to monitor the reaction progress

in a spectrophotometer cuvette or can even be adapted

to perform a rapid and preliminary solid-phase screen-

ing of esterase screening microorganisms. As an exam-

ple, it has been used for the identification of cutinase

activities [50]. Clones were plated on agar medium

containing the desired substrate (e.g., 1% cutin): The

diffusion of the acidic reaction products lowered the
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pH around the colony altering the color of the dye.

The radius and intensity of the colored halo were pro-

portional to the activity and the enzyme expression

level. A trade-off between the optimal temperature of

the hydrolysis reaction and the optimal growth tem-

perature of the microorganism is required. Due to this

limitation, the phenol red assay is more suited for the

assay of the hydrolytic activity of purified enzymes on

insoluble PET samples. In this case, the assay is per-

formed in liquid phase (e.g., in an Eppendorf or a

microtitration plate) and the supernatant can be easily

separated from the insoluble substrate by a rapid cen-

trifugation step. The reaction must be performed using

a low-concentration buffer, since, at a high buffer con-

centration, the pH buffering power might decrease the

assay sensitivity (for an example of experimental con-

ditions, see legend of Fig. 4B). It is possible to esti-

mate the specific activity of the tested enzyme sample

by converting the ΔA550nm�min−1 in U�mg−1 enzyme

using the extinction coefficient at 550 nm of phenol

red (8450 M
−1�cm−1). Values must be corrected for the

background nonenzymatic hydrolysis of the substrate.

Turbidimetric methods

Production of PET nanoparticles

Due to the compact nature of solid PET, PET hydro-

lases do not penetrate the polymer particles; conse-

quently, the only PET ester bonds accessible to the

enzyme are the ones on the surface of the polymeric

particle. One strategy for increasing the reaction rate

of the enzymatic hydrolysis is to use nanoPET whose

surface/mass ratio is very high (e.g. the surface/mass

ratio for a PET nanoparticle of 100 nm in diameter is

about 3000-fold higher than the corresponding value

for a PET microparticle of 300 μm in diameter).

PET nanoparticles are not commercially available,

but they can be produced according to a protocol that

is quite straightforward [51,52]. The starting polymer

(e.g., commercial PET microparticles or PET granu-

late, films, or fibers) is dissolved in the water-soluble

solvent hexafluoro-2-propanol (100 mL of solvent for

1 g of PET). The polymer solution is then added drop

by drop to a 10-fold larger volume of distilled water

under vigorous stirring (e.g., using a homogenizer, at

8000 r.p.m., or a magnetic stirrer). The dilution of the

polymer solution in water causes the formation of the

nanoPET. Larger particles are removed by filtration,

and the solvent is removed from the mixture using a

rotatory evaporator as its boiling point (58.2 °C) is

lower than that of water. The nanoparticle concentra-

tion is determined by weighing the PET contained in

an aliquot of nanoparticle solution (from 1 to 10 mL)

after harvesting by centrifugation and drying at 40 °C
for 24 h (Fig. 5A). The resulting concentration in the

suspension should usually be < 6 mg�mL−1 since floc-

culation or film formation occurs at a higher concen-

tration. The particle size, determined by dynamic light

scattering, is usually in the 50- to 250-nm range [51].

An alternative protocol for the preparation of nano-

PET was recently proposed [52]. According to this

protocol, 1 g of fine debris of PET (< 0.2 mm,

obtained from soft drink bottles) was dissolved in

10 mL of 90% v/v trifluoroacetic acid solution (TFA)

at 50 °C. The solution was stirred until the PET debris

Fig. 4. Colorimetric assay of PET hydrolysis using the halochromic compound phenol red. (A) Changes in the absorbance spectrum of

phenol red as a function of pH. (B) Absorbance spectra of the supernatant of the enzymatic hydrolysis reaction of PET microparticles

(diameter: 300 μm). The increase at 240 nm is due to the accumulation of soluble products in the reaction supernatant. Inset: variation of

absorbance at 558 nm during the reaction time course (data were interpolated using a single exponential decay equation). Reaction

conditions: 8.5 mg�mL−1 PET microparticles, 18.5 μg�mL−1Ideonella sakaiensis PETase, 0.075 mM phenol red, 37 °C. Buffer: 1 mM Na2HPO4

and 100 mM NaCl, pH 8.1.
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had completely dissolved (~ 2 h). Nanoparticles were

formed by adding 10 mL of a diluted aqueous solution

of TFA (20% v/v) to the initial mixture (that had set-

tled overnight) under stirring for 2 h. Nanoparticles

were collected by centrifugation, resuspended in

100 mL of 0.5% sodium dodecyl sulfate, and subjected

to stirring and ultrasonication to obtain a homoge-

neous suspension. PET particles larger than 300 nm

were separated by sedimentation in a cylinder (for 1 h)

and nanoPET ranging from 50 to 300 nm (as deter-

mined by dynamic light scattering) were recovered in

the upper portion of the solution (Fig. 5B,C). The

nanoPET showed the same chemical structure as the

original material (analyzed by Fourier transform infra-

red spectroscopy) and could be kept in suspension for

several days or stored as dry powder [52].

Turbidimetric analysis of hydrolysis of PET

nanoparticles (nanoPET)

Dispersion of nanoPET in an aqueous solvent gener-

ates a heterogeneous colloid mixture that scatters visi-

ble light due to the Tyndall effect (Fig. 6A). The

resulting turbidity of the solution, which can be easily

measured by recording the optical density of the solu-

tion at 600 nm (OD600) using a spectrophotometer, is

related to the concentration of the particles (Fig. 6B)

[53]. During enzymatic erosion of nanoPET particles,

the OD600 of the solution decreases owing to the

decrease in size and number of nanoparticles in sus-

pension at a rate directly proportional to the enzy-

matic activity [32]. As an example, 0.3 mg�mL−1 of

nanoPET produced using PET from different sources

(from granulate, film, or fibers) was treated with

increasing concentrations of TfCut2 (up to

50 μg�mL−1): The turbidity of the reaction mixture

reached a value < 5% after 30 min of incubation at

60 °C with the exception of the one produced from

recycled PET granulate. This nanoparticle preparation

corresponds to a PET concentration of 8.6 μM and a

concentration of ester bonds of 1.57 mM (considering

an estimated mean degree of polymerization of amor-

phous PET of 181.7 units and a MW of

35 000 g�mol−1) [25]; anyway, only the ester bonds

exposed on the nanoparticle surface are available for

the enzymatic hydrolysis. To avoid sedimentation of

nanoparticles with a diameter > 100 nm during the

reaction and to increase the reproducibility of the mea-

surements, nanoPET were immobilized onto 0.9%

agarose matrix with pore sizes between 100 and

250 nm [32]. Recently, the same group applied the tur-

bidimetric method to measure the activity of PET-hy-

drolyzing enzymes on other substrates, that is, BHET

and ethylene glycol bis-(p-methylbenzoate) (2PET).

These substrates were used in a nanoparticle form in

assays performed on microplates, demonstrating the

Fig. 5. Overview of the protocols for

preparing nanoPET. (A) Production of

nanoparticles by diluting PET, solubilized

with hexafluoro-2-propanol, with distilled

water under vigorous stirring. (B) Production

of nanoparticles by solubilizing PET into TFA

followed by dilution into aqueous solution of

TFA (20% v/v) under stirring, and then

separating by sedimentation. (C) Dynamic

light-scattering analysis of nanoPET in

aqueous solution (top) and clusters of

nanoPET photographed by transmission

electron microscopy (bottom). Figure in

panel C is reproduced from Ref. [52].
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possibility of applying this method to rapid screening

protocols, too. In this assay, the nanoparticles were

entrapped in a matrix of 4.5% acrylamide (with pore

size of ~ 0.2 μm) containing the enzyme. The turbidity

decrease was followed at 60 °C up to 10 or 120 min

for BHET or 2PET, respectively [54]. A similar

approach was also used to monitor the progress of the

enzymatic degradation of a suspension of nanoparti-

cles of the biodegradable polymer poly(butylene succi-

nate-co-adipate) [40,41].

Analysis of turbidimetric data

Experimental data obtained from turbidimetric mea-

surements and expressed as v0 as a function of the ini-

tial enzyme concentration ([E]) can be interpolated

using an alternative form of eqn. 5, where v0 is

expressed as the rate of change in turbidity (for details,

see Ref. [32]):

v0 ¼�d
ffiffiffi
τ

pð Þ
dt

¼ kτ
KA E½ �

1þKA E½ � (10)

According to eqn. 10, the relative hydrolysis rate

constant (kτ) and the enzyme adsorption equilibrium

constant (KA) can be determined from interpolation of

the initial reaction rate values �d
ffiffi
τ

pð Þ
dt as a function of

[E]. The absolute hydrolysis rate constant is obtained

as a ratio of kτ and the initial overall surface area of

the nanoparticles (k=kτ/A0). The k, kτ, and KA are rel-

evant parameters for defining the performances of a

specific enzyme on different nanoPET (e.g., nanoparti-

cles produced from different polymers or of different

sizes).

This model was applied to investigate the hydrolysis

of nanoparticles formed by aggregated BHET or 2PET

molecules catalyzed by the carboxylesterase TfCa from

Thermobifida fusca KW3. Analysis of the kinetic data

showed that the esterase activity (represented by the kτ
parameter) correlated with the accessibility of the

enzyme active site. The kτ for the smallest substrate

(BHET) was ~ 3.5-fold higher than that for the largest

compound (2PET) [54]. The same kinetic parameter

was taken into account to demonstrate that the two

paralogous polyester hydrolases expressed in Ther-

momonospora curvata possess a > 10-fold higher activ-

ity on poly(ϵ-caprolactone) than on PET [32].

The KA parameter is also useful to evaluate the

activity of an esterase on different polymers. For

example, the polyester hydrolase TfCut2 shows similar

Fig. 6. Turbidimetric analysis of the enzymatic hydrolysis of nanoPET. (A) NanoPET (with a diameter of ~ 50–300 nm) suspended in an

aqueous solution scatter the light due to the Tyndall effect. The intensity of the scattered light is inversely proportional to the fourth power

of the wavelength. (B) The OD600 value of a solution of nanoPET is linearly dependent on the number of nanoparticles suspended and on

their diameter. Figure reproduced from Ref. [53]. (C) Time course of the turbidity (OD600) decrease of a preparation of agarose-immobilized

nanoPET from recycled PET granulate (0.2 mg�mL−1) incubated with TfCut2 (the enzyme concentration was in the 3- to 50-μg�mL−1 range).

Figure reproduced from Ref. [32]. (D) The initial reaction rates reported as the square roots of turbidity decrease, calculated from the linear

region of the curves reported in panel C, as a function of the concentration of TfCut2. Experimental data were fitted using eqn. 10 (solid

curve). Figures in panels B–D are reproduced from Ref. [32].
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kτ values but different KA values for the hydrolysis of

alternative nanoPET (i.e., nanoparticles produced from

recycled PET granulate, film, or fibers): Researchers

proposed that the efficiency of the enzymatic degrada-

tion was mostly controlled by the adsorption equilib-

rium constant (i.e., by the affinity of the enzyme for

the superficial ester bonds of the substrate) [32].

Fluorimetric methods

Enzymatic assays based on detecting fluorescent prod-

ucts are generally more sensitive than the spectropho-

tometric ones, require a more stringent control of the

assay temperature, and are more prone to chemical

interference. A preliminary investigation concerning

the quantitation of the TPA produced by the enzy-

matic hydrolysis of PET showed that this compound

can be quantitatively converted to hydroxyphthalic

acid (HOTH or HTA) by the reaction with hydrogen

peroxide under boiling conditions [55]. HOTH can be

detected by measuring fluorescence at 421 nm (excita-

tion at 328 nm) [56].

A more recent and reliable protocol based on the

fluorimetric detection of the same compound generated

by free hydroxyl radicals produced by iron autoxida-

tion at room temperature (a modified Fenton reaction)

is described in Fig. 7 [57,58]. Molecular oxygen dis-

solved in the assay mixture (~ 0.24 mM at room tem-

perature) reacts with Fe(II) to produce the superoxide

(O2
−) ion. Two superoxide ions react to form one

molecule of hydrogen peroxide that, in turn, is further

reduced by Fe(II) with the production of one hydroxyl

radical (•OH). This latter species readily reacts with

TPA, producing HOTH. An incubation time of

~ 6 min is required to allow full TPA hydroxylation;

the fluorescence signal is stable for > 24 h [59]. This

assay protocol can be performed both in cuvettes

(3 mL assay final volume) or in microplate wells

(150 μL assay final volume); its fluorescence signal is

linear from 0.01 to 0.075 mM TPA (in 0.1 M phosphate

buffer, pH 8.5) [58]. Neither proteins nor microorgan-

isms interfere in fluorescence emission in the sample

assays; thus, this method can be used to assay PET

hydrolytic reactions without requiring any preliminary

treatment of the sample [60]. A further major advan-

tage of this method, in comparison with the spec-

trophotometric detection of the PET hydrolysis

products at ~ 240 nm, is its specificity for detecting

TPA as both MHET and BHET do not react with the

hydroxyl radical [58].

This approach was recently exploited for screening a

microbial library for enzymes active on PET on micro-

plates (final volume of 200 μL). By adding exogenous

H2O2 to the assay mixture (130 mM), the limiting start-

ing O2 concentration (0.24 mM) could be overcome:

Owing to the increase in H2O2 concentration, the lin-

ear detection range of TPA could be extended up to

0.5 mM [60].

Titrimetric methods

In a titrimetric method, the optimal pH value for a

specific reaction that produces dissociable compounds

is maintained constant by a device (pH-Stat) that adds

the required amount of an acid or alkaline reagent.

The kinetics of the reaction of interest is then calcu-

lated based on the consumption (as a function of time)

of the neutralizing reagent. This method is particularly

suitable for investigating the catalytic hydrolysis of

PET, which produces compounds possessing one or

two carboxylic groups such as TPA, MHET, and

BHET (Fig. 1) [34]. The titrimetric method was

applied to assay the enzymatic activity of different

cutinases on PET samples (such as 5 × 5-mm PET

films). The reaction was followed for ~ 1 h, and the

slopes (expressed as micromoles of added NaOH/mL

of reaction volume/hour) were measured in the linear

region of the curve (from 15 to 30 min), making it

possible to assess cutinase activity under different con-

ditions (e.g., different temperature or pH). The rates

of PET hydrolysis were plotted as a function of the

enzyme or PET concentration and were interpolated

using eqn. 5 [31].

Recently, a titrimetric assay was used to investigate

the catalytic performances of several multiple variants

of the leaf-branch compost cutinase (LCC) [46]. The

Fig. 7. Fluorimetric assay of the PET

enzymatic hydrolysis.
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reactions were performed in a 500-mL bioreactor

equipped with a thermostat: pH was maintained con-

stant at 8 by adding 6 N NaOH. The reaction mixture,

constituted by 20 g of postconsumer colored-flake

PET waste (PcW-PET), was added to 80 mL reaction

volume containing up to 2.07 µmol of purified enzyme.

Both the depolymerization yield and the initial rate of

the reaction (g(hydrolyzed PET) L−1�h−1) were calculated

according to the amount of NaOH consumption [46].

The authors demonstrated that the F243I/D238C/

S283C/Y127G and F243W/D238C/S283C/Y127G vari-

ants of LCC were able to hydrolyze 82% and 85% of

PET granulate, respectively, while wild-type LCC only

reached 53% conversion. The optimal incubation tem-

perature and enzyme concentration were identified to

maximize the cost–productivity ratio in a potential

industrial recycling application [46].

HPLC

Reverse-phase HPLC systems have been widely used

to analyze the products derived from the enzymatic

hydrolysis of PET owing to its powerful resolving

capability and reproducibility. The different com-

pounds produced by PET hydrolytic enzymes (i.e.,

TPA, MHET, and BHET) can be efficiently separated

on a C18 reverse-phase HPLC column: The reaction

mixture is loaded into a column equilibrated with a

polar mobile phase, and the concentration of the

organic solvent (acetonitrile) [18,27,43,61–63] or

methanol [11,46,64,65] is increased over time (gradient

elution). The pH of the mobile phase is kept constant

during the run. Elution of TPA and its esters is fol-

lowed by measuring the UV absorbance of the eluate

in the 240- to 244-nm range due to the presence of the

two carbonyl groups [31]. Elution of products can also

be recorded in the 254- to 260-nm range due to the

absorbance of the TPA aromatic ring [27,63]. The

reaction product showing the lowest retention time is

TPA, while the one with the highest retention time is

BHET (Fig. 8).

Although HPLC is a discontinuous assay and is

more time-consuming than other procedures, it is the

only method that gives the exact amount of each reac-

tion product, provided that suitable standards are

available. While TPA and BHET are commercially

available, MHET needs to be synthetized; a protocol

for the synthesis of MHET is reported by Ref. [46].

This approach is prone to the same potential issue of

under- or overestimation of the reaction rate due to

the heterogeneous solubility of the reaction products

commented above (see UV absorption detection of sol-

uble compounds paragraph) [39].

Discussion

The discovery of novel microorganisms that use PET

as a major carbon and energy source has raised inter-

est both for their application in bioremediation and

for elucidation of the mechanism(s) of the related

enzymes. Furthermore, the natural enzymes active on

PET represent valuable scaffolds for additional protein

engineering studies aimed at increasing the efficiency

and substrate acceptance for degrading such a highly

resistant polymer. Both these approaches require sim-

ple and accurate analytical methods that, moving from

artificial/simple model compounds, can evaluate the

enzymatic potential on PET samples. To reach the

industrial level, the enzymatic treatment of PET mate-

rials requires highly active and stable enzymes (to

shorten the treatment times) and enzymes that are not

sensitive to product inhibition effects. Here, the use of

multienzymatic systems seems a useful approach to

perform the continuous hydrolysis of PET [37], a pro-

cess that once again requires an in-depth evaluation of

the kinetics.
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