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• Calorimetricmethod revealed the kinet-
ics and degree of nanoplastic degrada-
tion.

• The exact enthalpy of ester bond cleav-
age in nanoplastic determined.

• Experimentally obtained thermal data
validated the degradation kinetics.

• A two-step mechanism for biodegrada-
tion of nanoplastic confirmed.

• Polymer breakdown produced more
heat than the adsorption of biocatalysts.
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Plastics are globally used for a variety of benefits. As a consequence of poor recycling or reuse, improperly
disposed plastic waste accumulates in terrestrial and aquatic ecosystems to a considerable extent. Large plastic
waste items become fragmented to small particles throughmechanical and (photo)chemical processes. Particles
with sizes ranging from millimeter (microplastics, <5 mm) to nanometer (nanoplastics, NP, <100 nm) are
apparently persistent and have adverse effects on ecosystems and human health. Current research therefore fo-
cuses on whether and to what extent microorganisms or enzymes can degrade these NP. In this study, we ad-
dressed the question of what information isothermal titration calorimetry, which tracks the heat of reaction of
the chain scission of a polyester, can provide about the kinetics and completeness of the degradation process.
The majority of the heat represents the cleavage energy of the ester bonds in polymer backbones providing
real-time kinetic information. Calorimetry operates even in complex matrices. Using the example of the
cutinase-catalyzed degradation of polyethylene terephthalate (PET) nanoparticles, we found that calorimetry
(isothermal titration calorimetry-ITC) in combination with thermokinetic models is excellently suited for an
in-depth analysis of the degradation processes of NP. For instance, we can separately quantify i) the enthalpy
of surface adsorption ΔAdsH = 129 ± 2 kJ mol−1, ii) the enthalpy of the cleavage of the ester bonds ΔEBH =
−58 ± 1.9 kJ mol−1 and the apparent equilibrium constant of the enzyme substrate complex K = 0.046 ±
0.015 g L−1. It could be determined that the heat production of PET NP degradation depends to 95% on the
reaction heat and only to 5% on the adsorption heat. The fact that the percentage of cleaved ester bonds (η =
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12.9±2.4%) is quantifiablewith thenewmethod is of particular practical importance. The newmethodpromises
a quantification of enzymatic and microbial adsorption to NP and their degradation in mimicked real-world
aquatic conditions.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Plastic litter poses a serious risk to the health of ecosystem and
humans (Rochman et al., 2013; Wright and Kelly, 2017). As a result
of the increasing global production of plastics, which has reached
359 million metric tons p.a. excluding synthetic fibers in 2018
(PlasticsEurope, Plastics - the Facts 2019), efficient waste disposal
measures are urgently needed for the sustainable treatment of the
equivalent amount of plastic waste. Current estimations assume
that only 9% of the plastic waste was recycled worldwide in 2015
(Geyer et al., 2017). A tremendous amount of improperly or un-
treated plastic waste, hence, enters and accumulates persistently in
the natural environment including the oceans (Jambeck et al.,
2015; Lebreton et al., 2017; Worm et al., 2017) where larger plastic
debris are fragmented into small particles called microplastics
(<5 mm) and nanoplastics (NP, <100 nm). The latter often originate
from the former by fragmentation as a result of both abiotic
(e.g., mechanical abrasion, UV radiation) and biotic (e.g., ingestion
by krill) effects (Dawson et al., 2018; Wagner and Reemtsma,
2019), instead of being degraded to harmless end products. Potential
risks of microplastics to the environment and human health have
been intensively studied in recent years but they are still far away
from being fully understood (Hale et al., 2020). In comparison with
their larger counterparts, NP are emerging contaminants of higher
concern. Additionally, they are very difficult to sample (Nguyen
et al., 2019; Schwaferts et al., 2019) due to their small sizes. Further-
more, NP have a high permeation ability into human and animal tis-
sues (Lehner et al., 2019; Wagner and Reemtsma, 2019). Recently, it
was also found that submicrometer plastics and NP enter higher
plants from soils and thereby potentially entering the food web via
the terrestrial pathway (Li et al., 2020; Sun et al., 2020).

Recycling is considered the most sustainable and viable solution for
existing plasticwaste in the context of energy and fuel savings aswell as
reduction of CO2 emission (Rahimi and García, 2017; Vollmer et al.,
2020). Biotechnological recycling of plastics that allows the recovery
of their monomer feedstocks has emerged as a promising strategy
(Wei et al., 2020), especially for polyethylene terephthalate (PET)
which is widely used to produce beverage bottles, food packaging and
synthetic fibers (Wei and Zimmermann, 2017). A recent breakthrough
published in Nature has showcased an efficient biocatalytic depolymer-
ization of pretreated post-consumer PET bottleswithin 10h at a pilot in-
dustrial scale (Tournier et al., 2020). Here, they used engineered
variants of a plant-metagenome-derived cutinase (LC-cutinase) which
showed superior thermostability and PET hydrolyzing activity at ele-
vated temperatures compared to its mesophilic counterpart (Wei
et al., 2019b), e.g. the Ideonella sakaiensis PETase. This PETase received
a great attention by the scientific community as it was identified in a
bacterium isolated at plastic recycling sites (Yoshida et al., 2016). In ad-
dition to the large quantity of PET found in the mixed plastic waste
streams, its contribution to nanoplastic pollutant, usually in the form
of microfibers derived from textile ‘polyester’, is remarkable in various
aquatic systems (Deng et al., 2020; Suaria et al., 2020).

PET particles in nano- (<100 nm) and submicrometer (0.1–1 μm)
range have been generated using various source materials dissolved in
different solvents and dripped into water as an anti-solvent
(Rodríguez-Hernández et al., 2019; Welzel et al., 2002). These artificial
PET nanoparticles (PET NP) have been used to study their impact on
human macrophage cells (Rodríguez-Hernández et al., 2019) and their
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enzymatic degradation by a wide range of polyester hydrolases and
their variants (Barth et al., 2015a; Danso et al., 2018; Weber et al.,
2019; Wei et al., 2014a; Wei et al., 2012; Wei et al., 2014b; Welzel
et al., 2002). So far, the degradation of PET NP via the cleavage of their
ester bonds, has been previously monitored indirectly, either by the re-
lease of monomeric degradation products such as terephthalic acid
(Barth et al., 2015a; Wei et al., 2012) or by turbidity change of the PET
NP suspension (Danso et al., 2018; Wei et al., 2014a; Wei et al.,
2014b). As a consequence, the kinetic and mechanistic features on the
enzymatic PET NP depolymerization have not been unambiguously
elucidated.

In theory, the cleavage of the ester bond can be monitored
directly and in real time via the heat production rate of the reaction
(Charsley et al., 2019). Each ester bond is assigned an enthalpy
value ΔEBH. The main advantages of calorimetric process monitoring
are that the reaction progress is displayed in real time and that the
measurement performance is independent of the reaction matrix,
either solid such as soil, food, tissue, or liquid such as turbid suspen-
sions, organic solvents etc. The non-biological alkaline ester hydroly-
sis has already been studied intensively by calorimetry (Wadsö and
Karlsson, 2013). It was applied to quantify rate constants and
reaction enthalpies (Skaria et al., 2005), to check the performance
of custom-built calorimeter for different applications (Wadsö and
Li, 2008) and is even used for calibration of isothermal microcalorim-
eters (Beezer et al., 2001) or flow-through calorimeters (O'Neill
et al., 2003). In general, calorimetric methods were already success-
fully developed and tested for enzyme measurements in homogeneous
mixtures as reviewed before (Bianconi, 2007). These methods provide
thermodynamic data such as reaction enthalpy, heat capacity, Gibbs
energy as well as rate constants and their temperature dependency
using instruments with reaction vessels from the nanoliter (nL) (van
Schie et al., 2018) up to the liter (L) range (Maskow and Paufler, 2015).
Knowledge of the thermodynamic state variables allow in principle the
prediction of the influence of environmental conditions on the NP
degradation using the well-established thermodynamic framework. For
instance, the van 't Hoff equation predicts the influence of temperature
on reaction equilibria using the Gibbs energy and the reaction enthalpy
or equations of state such as ePC-SAFT allow the prediction of the influ-
ence of the chemical environment on enzyme-catalyzed reactions
(Greinert et al., 2020; Vogel et al., 2020). Isothermal titration calorimetry
(ITC) has already been proven to be particularly valuable for such
thermokineticmeasurementswhen the thermal inertia of the calorimeter
is taken into account (Hansen et al., 2016). The reaction in ITC is started by
the addition of the reactants or the enzyme and the thermal measure-
ment is only minimally disturbed by the addition. Todd and Gomez
(2001) developed a thermokinetic method for the evaluation of the ITC
data. However, their method was not designed for interfacial, heteroge-
neous enzymatic catalysis, which occurs during the degradation of
PET NP.

Therefore, the enzymatic hydrolysis of PET NP using the thermo-
philic cutinase TfCut2 from Thermobifida fusca (Roth et al., 2014) was
monitored by analytical ITC in this study. By extending established
heterogeneous kinetic models for the NP degradationwith a thermo-
dynamic approach, the thermal signals could be interpreted mecha-
nistically. The resulting thermokinetic model can help to individually
analyze the adsorption behavior and the degradation performance of
nanoplastics by microbial enzymes, thus enabling further under-
standing of the fate of nanoplastics in aquatic environments.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2. Experimental section

2.1. Preparation and characterization of PET NP

PET NP were produced according to a slightly modified protocol
(Welzel et al., 2002). Briefly, 0.1 g of post-consumer PET clamshell pack-
aging with an initial crystallinity of approximately 5–6% (Wei et al.,
2019a) was dissolved in 10 mL 1,1,1,3,3,3-hexafluoro-2-propanol at
room temperature for at least 12 h. This solution was dropped into
100 mL ultra-filtered water while stirring thoroughly at 13,000 rpm
using an overhead stirrer. Precipitated polymer formed small particles,
which can preserve as stable aqueous suspensionwhereas the larger ag-
gregates were removed with a standard folded filter. The organic sol-
vent was then removed from the particle suspension using a rotary
evaporator. To determine the polymer concentration, 2 mL of suspen-
sion was centrifuged, and the resulting polymer pellet was dried at
50 °C for 24 h before the mass was determined gravimetrically. A poly-
mer suspension containing up to 2.5 g L−1 of PET NP was obtained.
Afterwards, nanoparticle tracking analysis (NTA)was conducted to deter-
mine the size distribution of the particles prepared this way using a
NanoSight LM10 (NanoSight, Amesbury, United Kingdom), equipped
with a 532 nm laser. Before acquisition, PET nanoparticles were diluted
in phosphate buffered saline (PBS) to a final concentration of about
108–109 particles per mL. The measurements were performed at 25 °C.
Each sample was measured at five different positions for 60 s in three in-
dependent experiments. For the capturing and analyzing of the acquired
data the NTA 3.0 software was used. To better understand the fate of
PET NP during enzymatic degradation, partially degraded PET NP were
collected and analyzed by scanning electron microscopy (SEM), X-ray
diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR), as
described in detail in the Supplementary Material (SM).

2.2. Production and purification of enzymes

The TfCut2-catalyzed degradation of PET NPwas previously well de-
scribed by a turbidimetric method (Wei et al., 2014a) and thus proved
an ideal example to validate our ITC measurement in this study. The
synthetic gene of the mature TfCut2 (ENA: FR727681) from
Thermobifida fusca KW3 was purchased from Twist Bioscience (San
Francisco, USA). The inactive mutant TfCut2_S130A was created by
substituting the catalytic serine with an alanine residue using the Q5
Site-Directed Mutagenesis Kit (NEB, Ipswich, USA) after the manufac-
turer's instructions. The recombinant expression of both enzymes was
carried out in Escherichia coli BL21(DE3) harboring pET-26b(+)
vectors based on a slightly modified protocol as described previously
(Roth et al., 2014). Recombinant proteins were purified using an
immobilized metal affinity chromatography (IMAC) resin charged
with cobalt (TALON, Takara Bio Europe SAS, Saint-Germain-en-Laye,
France). Recombinant enzymes obtained in homogeneity were ana-
lyzed by SDS-PAGE and then dialyzed against 100 mM sodium phos-
phate buffer (pH 8.0) for storage at 4 °C prior to further use. Protein
contents were determined by the Bradford method using bovine
serum albumin as standard (Bradford, 1976).

2.3. Isothermal Titration Calorimetry (ITC)

The samples have to be prepared before ITCmeasurement. Solutions
of active and inactive cutinase were originally prepared in 100 mM so-
dium phosphate buffer (pH 8) and the PET NP were present in water.
This significant difference between both solutions must be adjusted to
reduce the release of heat of dilution. Therefore, the solutions were di-
luted and adjusted to a buffer concentration of 12.5 mM sodium phos-
phate (pH 8). The calorimetric titration experiments were performed
with two different types of ITC. The TAM ITC (Titration setup using the
TAM IV; TA-instruments, New Castle, DE, USA) was used for the deter-
mination of the total hydrolysis enthalpy of the PET NP, whereas the
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PEAQ-ITC (Malvern Panalytical Ltd., Malvern, UK) was used to follow
the enzymatic degradation. For the total alkaline hydrolysis of PET NP
(measured by the TAM ITC), the NP suspension was diluted in
12.5 mM sodium phosphate puffer to obtain the following concentra-
tions: 0.25, 0.65, 1.0 and 1.31 g L−1. The calorimetric vessel contained
800 μL of 1 M NaOH in 12.5 mM sodium phosphate and the syringe
contained 100 μL of PET NPwith the different concentrations. The refer-
encemeasurementswere performedwithout PET NP in the syringe. The
measurements of the total hydrolysis were carried out at 60 °C, with a
stirrer speed of 80 rpm using 850 μL water in the reference cell.

For measuring the enzymatic degradation in the PEAQ-ITC, the titra-
tion cell was filled with the enzyme solution and the PET NP were in
the syringe. The volume of the titration cell was 200 μL. Different concen-
trations of enzyme (in the range 0–0.265 g L−1) and NP (in the range
0–0.221 g L−1) were used in the individual experiments. The measure-
ments were carried out at 60 °C. The following settings were used: refer-
ence power is 20 μW, high feedback, stirring speed of 750 rpm and initial
delay of 900 s. Single injectionmeasurementswere recordedwith one in-
jection each with 39 μL (injection rate 0.5 μL s−1) and the length of the
measurement was chosen so that the signal returned to the baseline
level. Three single injection measurements were carried out one
after the other, in which the cell contents were not exchanged in be-
tween. These were then evaluated using ConCat 32 from Malvern
Panalytical. In order to be able to calculate the heat of dilution,
reference experiments were carried out. On the one hand the PET
NP were titrated to buffer and on the other hand buffer was titrated
to the enzyme as negative control. All measurements were
performed as triple determinations.

3. Results and discussion

3.1. Thermokinetic model

A two-step enzymatic degradationmechanismof polymers has been
previously proposed (Kartal and Ebenhoh, 2013; Lee et al., 2005; Mukai
et al., 1993; Scandola et al., 1998; Tang and Riley, 2019) and adopted for
the thermokinetic analysis of the enzymatic degradation of PET NP in
this study. The list of all used symbols, their properties and units can
be found in SM (Table S2). The first step of the reaction mechanism is
the adsorption of the enzyme on the plastic surface (solid-liquid inter-
face) and the second step is the cleavage of the ester bonds leading to
small molecules of different molecular weights that are water-soluble.
Mono- and dimeric esters of PET, such as mono(hydroxyethyl) tere-
phthalate (MHET) and bis(hydroxyethyl) terephthalate (BHET) have
been shown to inhibit the enzymatic degradation with high affinities
to the active centre of the biocatalysts but less susceptible to further
hydrolysis to the monomeric building blocks (Barth et al., 2015a). In
comparison, the degradation monomers including terephthalic acid
(TA) and ethylene glycol (EG) showed no inhibitory effect (Tournier
et al., 2020). In time, both processes will overlap, with the adsorption
being faster than the cleavage of the ester bonds. The principle of the
total process is shown in Fig. 1.

The total heat, Q (in J L−1, Eq. (1b)), and the heat production rate, Q
:

(inWL−1, Eq. (1a)), are therefore composed of the twopartial contribu-

tions. The first is related to the ester cleavage reaction (QEB, _Q
EB
) and the

second to the adsorption of the enzyme on the NP surface (QAds, _Q
Ads

)

Q ¼ QEB þ QAds ¼ CEB∙ΔEBH þ CAds
E ∙ΔAdsH ð1aÞ

_Q ¼ _Q
EB þ _Q

Ads ¼ rEB∙ΔEBH þ rAdsE ∙ΔAdsH ð1bÞ

CEB, CEAds, rEB, rEAds, ΔEBH, ΔAdsH stand for the concentration of cleaved
ester bonds in the NP (in mol L−1), the amount of adsorbed enzyme per
NP (in mol L−1), the cleavage rate (in mol L−1 s−1), the adsorption rate
(in mol L−1 s−1), the reaction enthalpy of the cleavage of the ester



Fig. 1. Scheme of the kinetic and energetic model. k values stand for the respective kinetic constants.
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bonds, (in J mol−1), and the adsorption enthalpy (in J mol−1), respec-
tively. The relation between the total heat and the heat production
rate is given by Eq. (2).

Q ¼
Z

Q
:

dt ð2Þ

For the separation of the two effects NP are titrated to an inactive
(TfCut2_S130A) and later to an active form of TfCut2. In the first case,
the contribution of the reaction term is zero. The adsorption heat can
be determined by variation of CEAds in the calorimetric vessel taking the
same CEB in the syringe. The number of cleaved ester bonds can bequan-
tified if ΔEBH and the adsorption contribution are known by titrating NP
to the active enzyme and measuring calorimetrically the released heat.
In practice, however, this heat is superimposed by thermal effects of di-
lution of the enzyme (Qref, E(CE)) or the PET NP in buffer (Qref, NP(CNP)).
Both values can be measured by titrating the enzyme CE dissolved in
buffer to the same buffer and of buffer to the PET NP CNP diluted in the
same buffer. Q is therefore determined by the difference between the
raw data (Qexp(CECNP)) and the reference values according to Eq. (3a).

The same applies to the heat production rate Q
:

according to Eq. (3b).

Q ¼ Qexp CECNPð Þ−Qref ,NP CNPð Þ−Qref ,E CEð Þ ð3aÞ

_Q ¼ _QexpCE;CNP− _Qref ;NPCNP− _Qref ;ECE ð3bÞ

The enthalpy of the ester cleavage ΔEBHwas obtained from an addi-
tional titration experiment realizing the total alkaline hydrolysis of PET
under the same conditions as for the enzymatic cleavage. Here, it is as-
sumed that the catalyst and the different pH values have only negligible
influence on the reaction enthalpy. In this case, the slope of the plot of
the measured heat QAH versus the total concentration of all ester
bonds from the PET NPs (CEBNP) provides ΔEBH according to Eq. (4). CEBNP

equals the concentration of the NP, CNP0 in g L−1, divided by the molar
mass of the repeating unit, M = 192.17 g mol−1, and the number of
ester bonds per repeating unit (2).

QAH ¼ Qref ,AH þ CNP
EB ∙ΔEBH ð4Þ
4

Qref,AH is the heat of dilution of the buffer to the alkaline solution in
the calorimetric chamber. The ΔEBH obtained in this way can be used
to calculate the completeness of the enzymatic PET NP degradation.
For that purpose, Eq. (1a) only needs to be rearranged to Eq. (5) provid-
ing the concentration of the enzymatically cleaved ester bonds CEB.

CEB ¼ QEB−CE ∙ΔAdsH
ΔEBH

ð5Þ

The degree of degradation η of the NP can be calculated thereof.

η ¼ CEB

CNP
EB

¼ Q−CE ∙ΔAdsHð Þ∙2∙M
ΔEBH∙C

0
NP

ð6Þ

The heat production rate of the cleavage process, _Q
EB
, is the product

of the cleavage rate of the ester bonds rEB (in mol L−1 s−1) and the en-
thalpy of the ester cleavage ΔEBH.

_Q
EB ¼ rEB∙ΔEBH ð7Þ

Kineticmodels are needed to evaluate the information content of the
heat production rate. There are severalmodels describing the enzymatic
or bacterial degradation ofmicroplastics (Lee et al., 2005; Scandola et al.,
1998; Tang and Riley, 2019), which can potentially be applied to PET NP
degradation. For the enzymatic degradation of PET NP, in particular,
both Langmuir adsorption based (Wei et al., 2014a; Wei et al., 2014b)
and canonical Michaelis−Menten (M-M) analogous (Barth et al.,
2015a) models have been applied for the kinetic analysis. In addition,
the former model has been also applied to analyze the kinetics of enzy-
matic degradation of PET films and fabrics (Ronkvist et al., 2009; Silva
et al., 2011). Nevertheless, the inverse M-M kinetic model has been re-
cently shown to bemore reliable for the kinetic study of heterogeneous
enzymatic cellulose depolymerization, which is analogous to the enzy-
matic PET degradation occurring at the solid-liquid interface mostly
circumventing substrate saturation (Kari et al., 2017). From the view-
point of mathematical practice, the constant K (or KM) derived from
the inverse M-M kinetics is reciprocal to the adsorption equilibrium
constant (KA) obtained based on the Langmuir adsorption model. In



Table 1
Enthalpies of the cleavage of ester bonds.

Material Enthalpy (in kJ mol−1) Reference

PET −54.1 ± 1.9 This study
PVAc −57.3 Wadsö and Karlsson, 2013
PLA −57.9 Wadsö and Karlsson, 2013
Methylparaben −59.2 ± 0.4 Skaria et al., 2005
Ethylparaben −64.4 ± 1.3 Skaria et al., 2005
Propylparaben −60.1 ± 0.3 Skaria et al., 2005
Propylparaben −56 ± 3 Wadsö and Li, 2008
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this study, we simply adopted this inverseM-M kinetic model to evalu-
ate the enzymatic PET NP hydrolysis determined by calorimetry. A brief
mathematical derivation is shown in the following.

E þ EB
!k1
 
k−1

E=EB ð8Þ

E=EB!k2 P þ E ð9Þ

Here E and EB are the enzyme and the substrate (ester bond), re-
spectively. E/EB is the enzyme-substrate complex, and P represents
the hydrolysis products. If a steady state for reaction 8 is assumed, the
kinetic equation simplifies to Eq. (10).

k1∙CE ∙CEB ¼ k−1∙CE=EB ð10Þ

Assuming the adsorption of the enzyme on the surface of the NP, CEB
available for the enzyme is proportional to the “free” PET particle sur-
face (CEB ¼ a∙F ∙ 1−Θð Þ) and CE/EB is proportional to the surface a (in
cm2) occupied by the enzyme CE=EB ¼ a∙F ∙Θ: F is the proportionality
factor. From Eq. (11) the parameter θ can be derived.

θ ¼ CE

K þ CEð Þ with K ¼ k−1

k1
ð11Þ

For the kinetics of the hydrolysis step (9) can be written:

rEB ¼ d CEB

d t
¼−k2∙CE=EB ¼−k2∙F ∙a∙θ ¼−k2∙F ∙a∙ CE

K þ CEð Þ ð12Þ

To solve the differential Eq. (12), time dependence of the particle
surface, a, is needed. a is proportional to the actual concentration of
PET NP. When all this is taken into account, we obtain Eq. (13) (for
more details see SM).

rEB ¼−
C0
NP

M∙2
∙C∙

CE

K þ CEð Þ ∙ exp −C∙
CE

K þ CEð Þ ∙t
� �

with C ¼ k2∙F ∙12∙MdP ∙ρ
ð13Þ

ρ, dp,M stand for the density (in gm−3), themean diameter of the NP
(in m) and for the molar mass of repeating unit, respectively. The molar
mass of the PET repeating unit is M=192.17 gmol−1. The particle diam-
eter dp was determined by NTA (nanoparticle tracking analysis) to be
85 ± 6 nm parameters. This value falls in the size range of nanoplastics
(< 100 nm) and is in a similar range as previously determined with PET
NP derived from othermaterial sources by dynamic light scattering rang-
ing from 106 to 164 nm (Wei et al., 2014a). The density (ρ =
1.38 g cm−3) was taken from literature (Kong and Hay, 2002). The heat
production rate over time can be calculated combining Eqs. (7) and (13).

_Q ¼ ΔEBH∙
C0
NP

M∙2
∙ℂ∙

CE

K þ CE
∙ exp−ℂ∙

CE

K þ CE
∙t ð14Þ

Eq. (14) describes a first order kinetics concerning the concentration
of NP and also assumes that the concentration of the enzyme remains
constant during the reaction. Thus, the slope of the logarithmic plot of
the heat production rate versus time equals to−C∙ CE

KþCEð Þ. The slope con-

tains information on both the kinetic constant k2 (part of ℂ) and the
equilibrium constant K. In order to distinguish between both parame-
ters, the heat production rate at the beginning of the PET NP degrada-

tion Q
:

0 and the initial concentration of NP, C0NP, and the respective
initial enzyme concentration, CE, is considered (Eq. (15)).

_Q0 ¼ ΔEBH∙
C0
NP

M∙2
∙ℂ∙

CE

K þ CE
ð15Þ
5

For that purpose, the heat production rate is extrapolated to time
zero and different experiments with different amounts of PET particles
and enzymes were performed. Eq. (15) predicts saturation behavior
concerning the enzyme concentration CE and allows estimating by pa-
rameter fitting the estimation of K.

Our inverse M-M-based model for the enzymatic PET NP hydrolysis
predicts that i) the heat production rate should decline exponentially

during each experiment, ii) the correlation of Q
:

0 versus the concentra-

tion of the PET NP should be linear and iii) the correlation of Q
:

0 versus
the enzyme concentration should provide an M-M kinetics-like behav-
ior. In order to validate the feasibility of our model, these predictions
will be tested in the following.

3.2. Enthalpy of ester bond cleavage

The most important parameter for the thermokinetic model is the
enthalpy of the ester cleavage of PET NP. This value was determined
by alkaline hydrolysis of different amounts of the PET NP using ITC.
The results are shown in SM (Fig. S1). The slope in the plot of the reac-
tion heat versus the number of available ester bonds provides the en-
thalpy of the ester cleavage of ΔEBH=– 54.1±1.9 kJ mol−1 assuming
the total hydrolysis under the given measuring conditions (pH = 14,
T = 333.15 K, P = 101,325 Pa). For the cleavage of ester bonds in PET
backbone no literature data are available for comparison. However,
such enthalpies are known for comparable esters as summarized in
Table 1. These values are very similar to the value we obtained with
PET NP.

3.3. Degree of the enzymatic cleavage of ester bonds in PET NP

The reaction heat after titration of PET NP to the enzymes depends
on the number of the cleaved ester bonds according to Eq. (6). Conse-
quently, calorimetry should provide the degree of the degradation of
PET NP. For this purpose, the heat production rate was integrated until
the decay of the reaction, defined as the heat signal disappearing in
the instrument noise (typically after 20–60min). Indeed, the evaluation
of the calorimetric experiments in this way provides an average per-
centage of cleaved ester bonds of 12.9 ± 2.4% based on 17 individual
measurements (different concentration of NP and enzyme). At first
glance, this seems surprisingly small, but itmay also bedue to the acces-
sibility of the ester bonds. In other words, the enzymeworks - in accor-
dance with our model - on the surface and only very slowly makes its
way to the interior of the PET NP. There is no statistically significant in-
fluence of the NP concentration on the percentage of the cleaved ester
bonds (Fig. 2A). A higher ratio of the enzyme to the NP concentration,
however, improves the completeness of the cleavage slightly (Fig. 2B).

A previous study (Barth et al., 2015a) has investigated the enzymatic
degradation of similarly prepared PET NP at 60 °C in a thermoshaker at
1000 rpm. Based on the hydrolysis products released, amaximal degree
of degradation of 60% was obtained after 60 min incubation with
50 μgmL−1 TfCut2 in 0.5M Tris-HCl buffer (pH 8.5). An extension of re-
action time up to 24 h did not result in significantly further degradation.
In comparisonwith the relatively lower degradation degree determined



Fig. 2. Percentage of the cleavage of the enzymatic ester bonds of the PET NPs as a function of the concentration of the NP (A) and as a function of the enzyme/NP ratio (B). In A) Pearson's
correlation coefficient is−0.096 and the p-value of the F-test is 0.712meaning that the slope is not significant different from zero. In B) Pearson's correlation coefficient is 0.581 and the p-
value for the F-test is 0.015 meaning that the assumed linear model is statistically different from a constant η.

Fig. 3. Reaction heat as a function of the amount of enzyme for CNP0 = 0.215 g L−1. If the
saturation behavior of the reaction heat (active cutinase) is described by an inverse M-
M kinetic function, a maximum heat of −0.0216 ± 0.0006 J L−1, a Km value of
0.0287± 0.0039 g L−1, and a p-value of the F-test of 10−35 is obtained. For the adsorption
process (inactive cutinase) Pearson's correlation coefficient of−0.807 and the p-value of
the F-test of 3·10−11 is obtained assuming a linear model.
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in this study, higher buffer concentration as well as vigorous shaking in
the former report could be considered advantageous for the enzymatic
depolymerization process, consistent with the conclusions in other rel-
evant studies using PET foils as substrates (Barth et al., 2015b; Schmidt
et al., 2016). In addition, another earlier study showed an over 80% deg-
radation of agarose-immobilized PET NPwith TfCut2 (Wei et al., 2014a)
after 40 min reaction at 60 °C, indicating that the use of hydrogel may
also help to trap the biocatalyst on the PET NP surface thereby promot-
ing a more effective degradation.

The inhibition of the cutinase reaction by the oligomeric cleavage
products BHET and MHET may also be another reason hampering the
progress of the PET NP depolymerization (Barth et al., 2015a). To test
this hypothesis calorimetrically, NP were added three times in succes-
sion to a TfCut2 solution. If the hypothesis is correct, there should be lit-
tle or no cleavage reaction after the second and third addition. This
should be reflected by a significantly reduced heat production rate. In-
deed, this behavior was observed as Fig. S2 in SM exemplarily shows.
In principle, the comparison of heat curves should be suitable for testing
inhibition models. However, this was not tried here because the reduc-
tion in heat production rate was so drastic that it is difficult to quantify
the second and third subsequent signals from the calorimetric signal in
separation. Previous studies have indicated that the enzymatic degrada-
tion of PET using TfCut2 was strongly influenced by the buffer concen-
tration applied (Schmidt et al., 2016). As we used a lower
concentration (12.5 mM) of phosphate buffer for the ITC investigation,
a moderate degradation rate and degree was expected. Both FTIR and
XRD analysis of partially degraded PET NP (see SM) indicated an in-
crease in crystallinity during the enzymatic degradation, similarly to
what has been described previously (Wei et al., 2019a). The increased
crystallinity of PET NP deteriorates its biodegradability, leading to in-
complete degradation, as we observed under the prevailing conditions.

3.4. Enthalpy contributions of ester bond cleavage and adsorption

The recombinant mature TfCut2 used in this study was expressed in
E. coli harboring a pET-26(+) vector which confers a C-terminal His6-
tag to the recombinant enzyme resulting in a molecular mass of
6

29.3 kDa. Fig. 3 compares the reaction heat of the enzymatic NP hydro-
lysis with active and inactive TfCut2. The reaction heat of PET NP degra-
dation is exothermic and two orders of magnitude greater than the
adsorption heat of the enzyme on the PET NP, which is endothermic.
In contrast to the hyperbolic shape with the active enzyme, the inactive
enzyme showed an apparently linear shape. That is surprising, because
surface adsorption processes show usually a saturation behavior. A lin-
ear relation, however, would be expected when the added enzyme
binds completely to the PET NP surface. Under this circumstance, the
slope of 4.3± 0.5 J g−1 allows the estimation of the adsorption enthalpy
ΔAdsH=126± 15 kJmol−1 according to Eq. (1a). Literature data on the
enthalpy of the adsorption of enzymes or proteins on nanoplastics for
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comparison do not exist to our knowledge. Treating bovine serum albu-
min (BSA) in the same manner an adsorption enthalpy of – 1.12 ±
0.42 J g−1 or - 74 ± 25 kJ mol−1 (M = 66,000 g mol−1) is obtained,
and the slope is significantly different from zero at 0.05 level (see
Fig. S3 in SM). Nevertheless, in order to get an idea of the magnitude
of the expected adsorption enthalpy the SM contains adsorption en-
thalpies of different enzymes and proteins on different surfaces
(Table S3 in SM). These values vary between −40 and 50 kJ mol−1

and are therefore at least in the order of magnitude of our values. A
good review about the interaction forces between synthetic particles
and biomacromolecules, that can give us an imagination why the vari-
ance of the adsorption enthalpies is so large, was published previously
(Hoshino et al., 2014). The other approximation to the observed linear
relationship is the consideration of the maximum loading of the nano-
particles with the enzyme. Unfortunately, there are also no measure-
ments of nanoparticles available in literature. However, Zumstein et al.
(2016) have investigated the adsorption of a lipase on various polyester
thin films including PET by quartz crystal microbalance with dissipation
monitoring (QCM-D), and indicated the highest affinity of PET to the en-
zyme with adsorbed mass up to 12 μg cm−2. Based on the size and con-
centration of PET NP used in this study, this value corresponds to an
enzyme concentration of 1.21 g L−1. This value is between four and
five times higher than our maximum enzyme concentration
(0.27 g L−1). Because no data on TfCut2 are available in literature,
other model proteins are also considered. The adsorption of model pro-
tein (BSA) on thin films of 8 different polymers (unfortunately without
PET) was measured using a static adsorption method by Wang and Shi
(2010) and modelled by Fang et al. (2019) providing maximum
adsorbed mass between 3.89 and 28.52 μg cm−2. These values corre-
spond to enzyme concentration between 0.17 and 2.5 g L−1 which
makes our measurement below the maximum load with enzyme prob-
able and could explain our observation of a linear correlation.
Fig. 4. Thermokinetic evaluation of the decay of the heat production rate after addition of PET

Verification of the predicted linear correlation between Q
:

0 and the concentration of NP for a
the predicted exponential decay of the heat signal after injection of different amounts of N
predicted saturation behavior according to Eq. (16).

7

The corrected reaction heat showed a saturation behavior (Fig. 3)
which seems to be understandable knowing that only a very small
part of the ester bonds was cleaved. As long as only a few enzymemol-
ecules are present, each additional molecule contributes to the cleavage
until the cleavage limit is reached. At high enzyme concentrations, how-
ever, the cleavage limit is exceeded and the additional dosage of enzyme
molecules do not contribute.

3.5. Verification of the model predictions

The next important question is whether the new thermokinetic
model can describe the experiments and which kinetic parameters we
can expect at which accuracy. The comparison of the predictions with
the experiment is shown visually in Fig. 4 and quantitatively in Table 2.

Eq. (14) can be simplified as Eq. (16).

Q
:

¼Q0

:

∙ exp −b∙tð Þ with Q
:

0

¼ ΔEBH∙C∙C
0
NP

2∙M
∙

CE

K þ CEð Þ and b ¼ C∙
CE

K þ CEð Þ ð16Þ

Dividing the parameterQ
:

o by b and plotting versus the start concen-
tration of the NP, CNP0 , should show a linear correlation and the slope
should provide the enthalpy of the ester bond cleavage according to

Eq. (17). For the parameter fitting to Eq. (16) to obtain Q
:

0 the first
100 s of signal was not considered because this part is influenced by
the thermal inertia of the instrument (Hansen et al., 2016).

Q
:

0

b
¼ ΔEBH

2∙M
∙C0

NP ð17Þ

From the slope (−169±24 J g−1) the enthalpy of the ester cleavage
of ΔEBH = −64.9 ± 9.2 kJ mol−1 can be derived which statistically
NP to TfCut2. A): Verification of the predicted linear correlation according to Eq. (17); B):

constant enzyme concentration CE = 0.265 g L−1 according to Eq. (17); C) Verification of
P to enzyme according to Eq. (14) (values are given in Table 2); D) Verification of the



Table 2
Comparison of predictions using Eq. (14) and derivative thereof explained in the following
with experimental data.

Predictions Experiment

Limiting
condition

Shown
in

Quantitative
(P, p)a

Derived parameter

Linear relation:
Q
:

0
b vs. CNP0

None Fig. 4A P = 0.962
p = 0.00211

ΔEBH = −64.9
± 9.2 kJ mol−1

Linear relation:

Q
:

0 vs. CNP0
CE = const. Fig. 4B P = 0.991

p = 0.0001
None

Exponential drop:

Q
:

0 vs. t

None Fig. 4C P = N/A
p < 10−14b

Table S4 in SM

Saturation
behavior:

b vs. CE

None Fig. 4D P = N/A
p = 7·10−7

ΔEBH = −48.4
± 10.4 kJ mol−1

K = 0.046
± 0.015 g L−1

ℂ = 0.00856
± 0.0008 s−1

a P-Pearson's correlation coefficient; p- probability of the zero hypothesis in the F-Test.
b Exemplarily given for experiment 25.
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corresponds to thevalueof thealkalinecleavage(−54.1±1.9kJmol−1).
The b-parameter of Eq. (16) is predicted to show a saturation behavior,
which is indeed observed experimentally (Fig. 4D). The fitting parame-
ter ℂ and K can be applied to estimate ΔEBH = −48.4 ± 10.4 kJ mol−1

according to Eq. (16). The relatively large error of 20% is because errone-
ous values are included in the calculation. The maximum error estima-
tion is described in Section 8 in SM. The error contributions are 43%
for ℂ, 31% for the slope and 26% for K, respectively. Even this third en-
thalpy corresponds statistically to the other two, confirming our
model. Eq. (14) predicts an exponential drop of the heat signal in
Fig. 5. Changes in the size distribution of PET NP as a function of the duration of the enzymatic d
distribution of NPs degraded by enzymes for 10 min. These particles showed multimodal distr
enzymes for 60 min. The modal value was shifted to 220 ± 27 nm. D): After 5 days of enzyma
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accordance with the experiments (Fig. 4C) and the derived parameter
are exemplarily given in Table S4 in SM.

Here we determined an adsorption-equilibrium associated constant
K = 0.046 ± 0.015 g L−1 by ITC. This value is quantitatively in a good
agreement with various previous studies, e.g. K = 0.031 g L−1 and
0.039 g L−1 obtained by turbidimetric analysis of the TfCut2-catalyzed
agarose-immobilized PET NP prepared from amorphous PET films and
PET fibers, respectively (Wei et al., 2014a), and K= 0.06 g L−1 calculated
based on the release of degradation products determined from the enzy-
matic hydrolysis of PET fabrics using Tfu_0883, an enzyme highly homol-
ogous (sharing 99% sequence identity) to TfCut2 (Silva et al., 2011). These
results validate our ITC measurements as well as its applicability in the
quantitative analysis of the enzymatic nanoplastic degradation.

3.6. Degradation pattern of the PET nanoparticles

A further criterion for the NP degradation is the change in the size
distribution after the reaction. This was quantified by NTA and is
shown in Fig. 5.

At the beginning of the reaction the size distribution of PET NP is
with a modal value of 85 ± 6 nm relatively narrow and the particles
are very uniform. This value is in good agreementwith the similarly pre-
pared PET NP size in the range of 106–164 nm determined by dynamic
light scattering shown in a previous study (Wei et al., 2014a). In com-
parison to the PET NP prepared in a different manner (Rodríguez-
Hernández et al., 2019) with a more broad size distribution from 50 to
300 nm, PET NP derived by our procedure has a more uniform size dis-
tribution. During the enzymatic degradation, the proportion of particles
with the initial size distribution decreases considerably as expected.
After 5 days almost all material of this particle size has disappeared
seemingly in contradiction to the relatively low degree of degradation
of the data obtained from the ITC measurement. The apparent
egradation. A): Size distribution of untreated NPswith amodal size of 85± 6 nm. B): Size
ibution with a major fraction at size of 85 ± 3 nm. C): Size distribution of NP degraded by
tic treatment the modal size of the particles was finally shifted to 330 ± 7 nm.
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contradiction is resolved because the ITC monitor the cleavage of ester
bonds, whereas the NTA measures the formation of aggregates that
still contain many ester bonds. This explanation is supported by the
formation of large agglomerates with a broad size distribution. The
enzymatic degradation is assumed to alter the surface charge and ho-
mogeneity of the nanoparticle suspension and thus causing agglomera-
tion upon long-term incubation. This assumption is supported by the
SEM analysis of the partially degraded PET NP and NP incubated in
plain buffer (see Fig. S4 in SM). Agglomeration of PET NP was observed
in both samples, but reduced particle size was seen only in PET NP after
enzymatic treatment.

3.7. Concluding evaluation of the ITC method and the thermokinetic model

Calorimetry has the advantages i) to provide kinetic and stoichio-
metric information in real-time, ii) no need for complex and elaborated
analytics, iii) to combine adsorption with chemical reactions, iii) to op-
erate even in complexmatrices, and iv) to provide thermodynamic state
variables which allow predictions applying the thermodynamic frame-
work. In principle, the time course of the reaction heat (heat production
rate) is also suited for testing mechanistic models of the nanoparticle
degradation. This was shown using the example of a well-known two-
phase mechanistic kinetic model for the PET NP degradation (Lee
et al., 2005; Scandola et al., 1998; Tang and Riley, 2019; Wei et al.,
2014a; Wei et al., 2014b) in combination with a thermodynamic ap-
proach. The first phase is the adsorption of the enzyme on the surface
of the PET NP and the second phase is the actual cleavage of the ester
bonds. All predictions of the model were experimentally validated illu-
minating the potential of calorimetry for testing mechanistic kinetic
models. Themodel predicts different correlations that provide indepen-
dent thermodynamic and kinetic parameters (K= 0.046± 0.015 g L−1,
ℂ=0.0056 ± 0.0008 s−1). As an example, the enthalpy of cleaving the
ester bonds was quantified i) using the alkaline hydrolysis (ΔEBH=
− 54.1 ± 1.9 kJ mol−1), ii) using the signal decay after adding PET NP
to TfCut2 according to Eq. (17) (ΔEBH = −64.9 ± 9.2 kJ mol−1) or iii)
evaluating the saturation behavior of the b-parameter according to
Eq. (16) (ΔEBH = −48.4 ± 10.4 kJ mol−1). These values cannot be dis-
tinguished statistically which suggests the correctness of the proposed
thermokinetic model. The heat production of PET NP degradation is de-
termined to about 95% by the heat of reaction and only to 5% by the heat
of adsorption, which is clearly shown by the comparison of the reaction
with active and inactive cutinase. The predictive power of our model is
tested by comparing the predictions with the experiments (Fig. 6). The
Fig. 6. Comparison of 19 experimental and predicted Q
:

0 values. The probability of the F-
test is 1.8·10−17.
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slope in Fig. 6 is 0.993± 0.028 (expected is 1.00) and Pearson's correla-
tion coefficient is 0.993 which indicates the suitability of our model in
the investigated range.

4. Conclusion

This is the first time thatwe have direct real-time access to the enzy-
matic cleavage of ester bonds in PET NP via calorimetry. The proposed
measurement method and model are perfectly suited to screen for effi-
cient biocatalysts for NP degradation and to quantify the most impor-
tant key figures in a simple way. Since the type of catalyst used is
irrelevant for calorimetry and thermodynamics, the method should be
equally suitable for all types of biocatalysts including whole-cell plastic
degrading catalysts like bacteria (Yan et al., 2020) and fungi. The fact
that the newmethod provides a state variable ΔEBH and an equilibrium
constant K can be used in the further development of the method to
make predictions on the influence of environmental conditions (e.g.
temperature, chemical composition of the environment) on PET NP
degradation based on the well-established thermodynamic framework.
In addition, themethodmight be suitable for the analysis of other enzy-
matically decomposable polymeric NP. However, this will requiremany
more investigations after this demonstration of the principle. Motivat-
ing for the further development of this research approach is the fact
that highly sensitive calorimeters with sub-nanowatt resolution are
currently being developed (Hur et al., 2020).
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