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Fully renewable polyesters via polycondensation
catalyzed by Thermobifida cellulosilytica cutinase
1: an integrated approach†
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The present study addresses comprehensively the problem of producing polyesters through sustainable

processes while using fully renewable raw materials and biocatalysts. Polycondensation of bio-based

dimethyl adipate with different diols was catalyzed by cutinase 1 from Thermobifida cellulosilytica

(Thc_cut1) under solvent free and thin-film conditions. The biocatalyst was immobilized efficiently on a

fully renewable cheap carrier based on milled rice husk. A multivariate factorial design demonstrated that

Thc_cut1 is less sensitive to the presence of water in the system and it works efficiently under milder con-

ditions (50 °C; 535 mbar) when compared to lipase B from Candida antarctica (CaLB), thus enabling

energy savings. Experimental and computational investigations of cutinase 1 from Thermobifida cellulosi-

lytica (Thc_cut1) disclosed structural and functional features that make this serine-hydrolase efficient in

polycondensation reactions. Bioinformatic analysis performed with the BioGPS tool pointed out func-

tional similarities with CaLB and provided guidelines for future engineering studies aiming, for instance, at

introducing different promiscuous activities in the Thc_cut1 scaffold. The results set robust premises for a

full exploitation of enzymes in environmentally and economically sustainable enzymatic polycondensation

reactions.

Introduction

United Nations Environment Programme (UNEP) has calcu-
lated that the natural capital costs of polymers and plastics
used in the consumer goods industry are over $75 bn per year.
Interestingly, over 75% of the known and quantifiable impacts
associated with plastic use are located in the upstream portion
of the supply chain across all sectors, namely impacts gener-
ated from the extraction of raw materials to the manufacturing
of plastic feedstock.1

The dimension of the problem is even more evident when
considered that about 4–6% of the world’s oil production is
used to produce 311 million tons of polymers and plastics
(http://www.plasticseurope.org) out of a global 7% of pet-
roleum consumption ascribable to the whole chemical sector.4

Even if global recycling rates rose from today’s 14% to more
than 55% – which would be higher than the rate achieved
today by even the best performing countries – annual require-
ments for polymeric products would still double by 2050.2

Moreover, there are several applications – within the plastic
stream – where recycling strategies appear not effective
because of technical or economic reasons. Examples can be
found in the cosmetic and the lubricant sectors.3 The present
study addresses comprehensively the problem of producing
polyesters through sustainable processes while using renew-
able raw materials and biocatalysts, namely enzymes. Among
polymers, polyesters are a widely used class with applications
ranging from clothing to food packaging and from the car
industry to biomedical applications. A number of hydrolases,
and lipase B from Candida antarctica in particular, were
reported to catalyze the synthesis of polyesters via polyconden-
sation or ring opening polymerization. Enzymes are attractive
sustainable alternatives to toxic catalysts used in polyconden-
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sation, such as metal catalysts and tin in particular. They may
work also in solvent-free systems and enable the synthesis of
functionalized as well biodegradable polyesters with a
controlled architecture through highly selective processes at
temperatures ranging between 40 °C and 90 °C, whereas con-
ventional polycondensations are carried out at T > 150 °C.4

Enzymatic synthesis generally leads to polymers with a moder-
ate molecular weight as compared to products obtainable via
conventional chemical synthesis, but this drawback has been
circumvented by using two-step procedures, where an initial
enzymatic polymerization leads to oligomers and the second
step is carried out at a higher temperature and/or at a lower
pressure after removal of the biocatalyst.5 Furthermore, the
synthesis of oligomers and short telechelic prepolymers with
functional ends represents an effective strategy for obtaining
polymers with a higher molecular weight.6 It must be under-
lined that short polyesters (<2500 Da) with highly regular struc-
tures have been used in coating and adhesive applications7

and that biodegradable oligomers can have intrinsic interest-
ing properties as film forming in cosmetic formulations.8

In the present study we report on a comprehensive
approach for the sustainable synthesis of polyesters, which
encompasses renewability of both raw materials and immobi-
lized enzymes, solvent use reduction, as well as energy con-
sumption.8,9 Since 30% of the environmental impact of poly-
mers and plastics is ascribable to greenhouse gas emissions
from raw material extraction and processing, we focused on
the esters of adipic acid and 1,4-butandiol (BDO), two renew-
able bio-based monomers available at an industrial scale.9–11

Indeed, there is a wide range of structurally different bio-based
chemical building blocks already available via fermentation or
chemical transformation of a renewable carbon. They are con-
tributing to the growth of the bio-based plastic market and to
the mitigation of the environmental impact of fossil-based
plastics.10

In order to fulfill sustainability criteria, polycondensation
reactions were carried out under solvent-free conditions and
exploiting thin-film systems that were demonstrated to over-
come viscosity by promoting optimal heat and mass transfer,
thus enabling the use of lower operational temperatures.5,12,13

Attention was paid also to the environmental impact of the
immobilization procedure: hydrolases were immobilized
efficiently on a renewable lignocellulosic carrier based on
milled rice husk,14 without any further chemical functionali-
zation of the solid matrix.

Integrated experimental and computational investigations
were used to study the applicability of cutinase 1 from
Thermobifida cellulosilytica (Thc_cut1)15,16 in polycondensa-
tions, with the objective of enlarging the portfolio of biocata-
lysts in polyester synthesis. Cutinases are fungal enzymes
involved in plant pathogenesis caused by the depolymerization
of cutin, a three-dimensional polymer of inter-esterified
hydroxyl and epoxy–hydroxy fatty acids with chain lengths
mostly between 16 and 18 carbon atoms.17 Because of their
ability to accept long chain substrates, cutinases are also
effective in catalyzing in vitro polymer synthesis. Recently, a

cutinase from Fusarium solani pisi showed consistent synthetic
activity for the production of polyamides,18 whereas cutinase
from Humicola insolens (HiC) was used in the polycondensa-
tion of linear dicarboxylic acids and their esters (e.g. adipic
acid, diethyl sebacate)19 and its application in the ring
opening polymerizations of lactones.20 We have recently
reported that Thc_cut1 efficiently catalyzes the polycondensa-
tion of dimethyl adipate with different polyols leading to
higher Mw (∼1900) and Mn (∼1000)15 when compared to the
performances of other hydrolases such as CaLB or Humicola
insolens cutinase (HiC).19 These observations stimulated the
study presented here, where experimental and bioinformatics
investigations provide a more detailed understanding of the
functional properties of Thc_cut1, disclosing specific features
that differentiate this serine-hydrolase from other enzymes
previously used in similar polycondensation reactions, namely
CaLB and HiC.

Finally, the design of the experiment study sheds light on
the response of Thc_cut1 under operational conditions.
Molecular dynamic simulations supported the experimental
study, revealing how Thc_cut1 displays optimal efficiency
under milder experimental conditions as compared to CaLB,
thus enabling saving energies in terms of heating and vacuum
application.

Overall, the present study provides the first comprehensive
analysis of the feasibility of fully renewable and economically
sustainable polyesters via enzymatic catalysis. There is robust
evidence that the next generation of sustainable polymers and
plastics calls for a change of paradigm and a closer integration
between chemistry and biotechnologies.

Results and discussion
BioGPS bioinformatics analysis of Thc_cut1 versus serine
hydrolase superfamily

Recent computational investigations15 disclosed the structural
features that make Thc_cut1 readily accessible to substrates
and optimally suited for covalent immobilization. As lipases
and other cutinase enzymes, it presents hydrophobic super-
ficial regions around the active site. The wide and superficial
active site of Thc_cut1 makes this hydrolase a promising cata-
lyst for enlarging the scope of enzymatic polycondensation by
synthesizing new polyesters with a larger molecular weight.
The scaffold of Thc_cut1 also represents a potential starting
point for further engineering strategies aiming at the synthesis
of novel classes of polymers.

In the present study, we analysed cutinase 1 from
Thermobifida cellulosilytica by means of the BioGPS bioinfor-
matics tool21 recently developed in our group with the objec-
tive of identifying differences and similarities with respect to
CaLB and cutinase from Humicola insolens (HiC), two hydro-
lases previously employed in polycondensation reactions.19,20

BioGPS (Global Positioning System in Biological Space)
molecular descriptors21–24 are based on GRID derived mole-
cular descriptors and are able to describe, mathematically, the
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environment of enzyme active sites both in geometrical and
electrostatic terms. Active sites were mapped using the GRID
force field for evaluating the energy of non-bonded inter-
actions and then for generating pseudo-MIFs (Molecular
Interaction Fields).25 Different probes were employed for the
study of four different properties: H probe, that maps the
active site shape; O probe, that evaluates H-bond donor pro-
perties; N1 probe, that accounts for H-bond acceptor capabili-
ties; and the DRY probe, that evaluates hydrophobic inter-
actions. The magnitude of the interaction of the N1 and O
probes also includes, implicitly, information about the charge
contribution, since these probes already have a partially posi-
tive and negative charge respectively.

The three-dimensional structure of HiC was taken from
PDB (Protein Data Bank)26 and corresponds to the PDB code
4OYY.27 For Thc_cut1, an already published homology model
was used15 since the crystal structure of this enzyme is not
available yet. The BioGPS descriptors for the two cutinases
were calculated by using BioGPS software version 2.1 using the
procedure already published. For CaLB, the 1TCA28 crystal
code of PDB was used.

With the pseudo-MIF procedure, the mapped properties are
considered as electron-density like fields centered on each
atom, corresponding to specific probe types (i.e. the inter-
action energies coming from the GRID N1 probe were centered
on the carbonyl oxygen as a H-bond acceptor). Afterwards, the
algorithm reduces the complexity of the pseudo-MIFs selecting
a number of representative points using a weighted energy-
based and space-coverage function. A preliminary visual com-
parison between the three enzymes comes from the alignment
of the corresponding pseudo-MIFs reported in Fig. 1.

The visual comparison of pseudo-MIF can simply suggest a
higher degree of similarity between CaLB and Thc_cut1,
whereas HiC differs significantly, especially for a less extended
ability to establish H-bonds. This type of mapping provides
some focused information although it cannot give comprehen-
sive analysis of functional differences, since they depend on a
complex combination of all structural and electrostatic factors
and, more importantly, on their interactions.

Therefore, in order to move beyond the approach based on
the visual inspection and to draw an unbiased picture of struc-
tural and functional similarities, the properties of the two cuti-
nases were statistically compared using a mathematical model
calculated on a set of 41 serine-hydrolases, which also con-
tains CaLB. The model was computed by analyzing statistically
the information contained in the BioGPS descriptors of each
hydrolase21 using Unsupervised Pattern Cognition Analysis
(UPCA).29 The complete procedure used for the calculation of
the UPCA model is available in the Materials and Methods
section and the set of the 41 Ser hydrolases enzymes that
includes amidases, peptidases, esterases and lipases is avail-
able in Table S1 in the ESI.† The approach is based on the
concept that catalytic properties depend not only on structural
features but especially on the ability of active sites to establish
electrostatic interactions.30,31 The BioGPS tool mapped the
active sites of all the serine-hydrolases and the information

contained in the molecular descriptors was analyzed by means
of the UPCA approach. Fig. 2 reports the Global Score analysis,
which encompasses all properties analyzed by the four probes.
The statistical analysis sorted all hydrolases and grouped them
into functionally distinct clusters, thus confirming that the
structural properties explained by the BioGPS descriptors are
correlated with catalytic functions of each class of serine-
hydrolase.

The main advantage of this approach is represented by the
visual representation of differences and similarities and it was
used for “projecting” the properties of the two cutinases, cal-
culated with the BioGPS tool, into the UPCA domain (Fig. 2).
The BioGPS analysis recognizes a high level of similarity
between the active sites of Thc_cut1 and CaLB (1TCA), which
are projected in a region close to the esterase cluster but at the
edge of the lipase group. This result supports the previous
data obtained for Thc_cut1 and CaLB through molecular
dynamics simulations, which indicated the absence of mobile
domains responsible for interfacial activation.15

BioGPS information was also dissected into the UPCA plots
computed for each single probe and they are reported in the
ESI (Fig. S1†). The active sites of CaLB, Thc_cut1 and HiC

Fig. 1 Comparison of the active site properties of CaLB, HiC and
Thc_cut1. Four active site properties are compared: shape, hydrophobi-
city, H-bond acceptor capabilities and H-bond donor capabilities. The
catalytic triads (represented in stick mode) are superposed for active site
orientation. PseudoMIFs are represented as wireframes and coloured in
green, red and pink for CaLB, HiC and Thc_cut1 respectively.
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appear similar in terms of hydrophobic properties and they
are positioned among esterases although close to the lipase
cluster. Both Thc_cut1 and CaLB are clearly classified as
esterases for their ability to establish H bonds and Thc_cut1
falls closer to the lipase group. In terms of H bond capabili-
ties, HiC moves far away from lipases and the other two
enzymes, confirming the differences observed in Fig. 1. These
observations shed new light also on the behaviour of CaLB,
which is recognized similar to lipases only in terms of hydro-
phobic properties.

Fully renewable immobilized Thc_cut1 applied in
polycondensations

In our previous investigations of polycondensations of
different diesters and polyols catalyzed by CaLB12 we have
demonstrated that viscosity represents a major bottleneck for
solvent free enzymatic polycondensation. Optimal mass trans-
fer and the homogeneous dispersion of the enzyme in the
reaction mixture are essential for achieving a reasonable
elongation of the oligomers. Although a mono-molecular dis-
persion of the native enzyme would lead to the highest reac-
tion rate, immobilization of the enzyme is mandatory in order
to avoid contamination of the product with the free protein

and also to assure the recycling of the biocatalyst for the econ-
omics of the process.5,7,20 We have also demonstrated that
immobilized formulations characterized by a low loading of
the CaLB protein are more effective as long as they are used in
larger amounts to promote the dispersion of the enzyme and
its accessibility.12 However, a fully renewable and economically
viable synthesis of bio-based polyesters must take into account
waste production, energy consumption as well as the environ-
mental impact of all raw materials, including immobilized bio-
catalysts. On that respect, it has been reported that fossil
based methacrylic carriers account for a relevant part of green-
house gas emissions due to the biocatalyst.32 In a recent study,
we have proposed rice husk (RH) as a renewable alternative
carrier suitable for immobilization of CaLB and other hydro-
lases.33 This inexpensive and massively available biomass
(globally 100 Mt per year) is composed of SiO2 and three
different biopolymers, namely cellulose, hemicellulose and
lignin.34 A preliminary analysis of the sustainability of immo-
bilization protocols employing rice husk has been previously
reported.15 Besides being fully renewable, at the end of its pro-
posed applications RH can still be used as a carbon source for
anaerobic digestion for biogas production, as a cellulose
source for bioethanol fermentation, burnt for generating
energy or exploited in different manufacturing sectors35 in
accordance with the circular economy principles.36

It must be noted that in our previous study all attempts of
adsorbing CaLB on rice husk particles in aqueous buffer were
unsuccessful (<5% adsorbed). Therefore, CaLB was covalently
immobilized on rice husk particles, which were oxidized at the
cellulosic component and later functionalized with a hexa-
methylene spacer. Looking for simpler and economical proto-
cols for covalent immobilization, in the present study we veri-
fied that Thc_cut1 can be adsorbed in moderate yield (36% in
24 h) on rice husk particles (rThc_cut1) with a diameter in the
range of 200–400 μm. In order to prevent protein leaching, the
enzyme was cross-linked using glutaraldehyde. Interestingly,
Table 1 shows that, despite the low loading, rThc_cut1 has a
higher hydrolytic activity as compared to a reference formu-
lation obtained by immobilizing a much higher amount of
cutinase (about 7 folders) on a commercial epoxy-activated
methacrylic resin.

Two different drying methods, namely freeze-drying and
evaporation at environmental pressure and at 30 °C for 48 h,
led to comparable enzymatic activity, although the lyophiliza-
tion allows for a more extensive dehydration (ESI, Table S2†).

Fig. 2 Projection of cutinases from Thermobifida cellulosilytica
(Thc_cut1) and from Humicola insolens (HiC) in the BioGPS model
obtained through Unsupervised Pattern Cognition Analysis (UPCA). Ser
hydrolases are clustered on the basis of the global similarity scores com-
puted using the BioGPS descriptors. They are labelled according to their
PDB code. Lipases are indicated in blue, esterases in green, amidases in
red and proteases in cyan.

Table 1 Activity of Thc_cut1 immobilized on rice husk (rThc_cut1) and on epoxy-methacrylic resin Sepabeads EC-EP/M (iThc_cut1)

Enzymatic Preparation
Protein loading
(mg gdry

−1)
Loaded
protein (%)

Drying
method

Hydrolytic
activitya (U g−1)

Water content
(% w/w)

rThc_cut1 4 36 Air-dried 35 ± 5 4
Lyo_rThc_cut1 Freeze drying 35 ± 3 0.2
iThc_cut1 10 99 Air-dried 13 ± 2 3
Lyo_iThc_cut1 Freeze drying 12 ± 3 0.2

a Calculated via the PNPB hydrolytic assay. All determinations were conducted in duplicates.
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The preparations were applied and compared in the polycon-
densation of dimethyl adipate (DMA) and 1,4-butanediol
(BDO), two bio-based monomers widely used in polymer syn-
thesis. Polycondensations were conducted using a thin-film
solvent-free system4 at 70 °C and working either at atmos-
pheric pressure or at 70 mbar.

The results in Table 2 indicate that by working with 10% of
formulations of rThc_cut1 with a very low loading of protein it
is possible to achieve in 24 h more than 64% of conversion
and oligomers made by up to 7 units. The complete character-
ization of the products is available in the ESI (Fig. S2–S15†).
Unexpectedly, working under reduced pressure and with very
dry preparations does not translate into higher conversions or
elongation. Rather, there is a negative effect of reduced
pressure, whereas the effect of water is less evident. When
working under vacuum (entry 3) it is necessary to use a triple
amount of the biocatalyst for reaching conversions observed in

entry 1 that was carried out at 1000 mbar. ESI-MS analysis in
Fig. 3 confirms this trend.

The same behavior was observed in the polycondensations
catalyzed by Thc_cut1 immobilized on epoxy methacrylic
resins, indicating that the effect is not dependent on the
nature of the carrier.

The negative effect of vacuum emerged also from the study
of the polycondensation of DMA with ODO (see ESI Fig. S16–
S24† for complete characterization of products). Also in this
case using 30% w/w of the biocatalyst at 70 mbar leads to com-
parable conversion (44%) with the 10% w/w 1000 mbar reac-
tion (39%) (Table 3).

This behavior appears to be in contradiction with all pre-
vious reports on polycondensation catalyzed by CaLB,7,12,37

where the application of vacuum had the beneficial effect of
promoting the removal of the leaving nucleophile (either
alcohol or water), thus preventing the reversing of the reaction
and promoting higher yields and molecular weights.

Indeed, the experiments performed using CaLB immobi-
lized on the same epoxy activated methacrylic resin (Table 4,
entries 1 and 2) confirmed that it is necessary to apply vacuum
for achieving satisfying yield and elongation when traces of
water are still present in the enzymatic preparation (3%). Also
in the case of Novozym® 435 (NZ 435®), the enzymatic prepa-
ration most widely used in previous polycondensation studies,
it is evident that the reduced pressure exerts a dramatic effect

Table 3 Polycondensation of DMA with ODO using the rThc_cut1
preparation as a catalyst

Entry
Amount
(% w/w)

Vacuum
(mbar) Mw

a Mn
a PDa

Conv.b

(%)

1 10 1000 508 393 1.29 44
2 10 70 354 289 1.22 8
3 30 70 447 298 1.50 39

a Calculated via GPC calibrated with low molecular weight polystyrene
standards 250–70 000 Da. b Calculated via 1H-NMR by comparing the
ratio between the polyol methylene groups adjacent to –OH area and
the internal methylene groups area of DMA (assumed as constant). All
reactions were performed in duplicates.

Table 2 Polycondensation of DMAwith BDO catalyzed by different formulations of Thc_cut1 after 24 h

Entry Enzymatic preparation Amount (% w/w) P (mbar) Mw
a Mn

a PDa Conv.b (%)

1 rThc_cut1 10 1000 594 434 1.37 64
2 rThc_cut1 10 70 230 222 1.04 18
3 rThc_cut1 30 70 487 343 1.42 62
4 Lyo_rThc_cut1 10 1000 587 384 1.53 62
5 Lyo_rThc_cut1 10 70 224 203 1.10 13

6 iThc_cut1 10 1000 1923 985 1.95 8613

7 iThc_cut1 10 70 480 290 1.66 48
8 Lyo_iThc_cut1 10 1000 1120 656 1.71 78
9 Lyo_iThc_cut1 10 70 319 275 1.16 43

a Calculated via GPC calibrated with low molecular weight polystyrene standards 250–70 000 Da. b Calculated via 1H-NMR by comparing the ratio
between the signals of methylene groups adjacent to –OH of BDO and the methylene groups of DMA (assumed as constant). All reactions were
performed in duplicates.

Fig. 3 ESI-MS positive ion mass spectrum of the polycondensation pro-
ducts of DMA with BDO catalyzed by 10% w/w rThc_cut1 at 24 h and
70 mbar (top) and 1000 mbar (bottom).
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on the elongation of the polyester, even when the enzyme is
employed in a highly dried form (0.1% w/w). It must be noted
that a higher Mn obtained using Novozym® 435 is a conse-
quence of the detachment and dispersion of the enzyme
adsorbed on the acrylic support, as also experimentally
demonstrated in previous studies.5 We previously demon-
strated that both CaLB and Thc_cut1 can be recycled effectively
for at least ten cycles when covalently immobilized either on
RH or on epoxy methacrylic resins, with negligible protein
leaching.4,14,15

Globally, the data here reported suggest that CaLB and
Thc_cut1 are differently affected by experimental conditions.
These differences show no direct dependence on the immobili-
zation carrier, the substrate or the dehydration method.

Therefore, to the best of our knowledge, this is the first
report on the complexity of effects of experimental variables
on the efficiency of enzymes in enzymatic polycondensation
and we considered that the issue had to be analyzed in detail
by means of a design of the experiment approach.

Multivariate analysis of the effect of experimental variables on
polycondensation catalyzed by immobilized Thc_cut1

In a traditional investigative approach, ‘one factor at a time’ is
varied, with the remaining factors held constant. This method
provides an estimate of the effect of the single variable under
selected fixed conditions, but if the variables do no act addi-
tively (i.e. they interact), the resulting information is incom-
plete and the real optimum of a system can be identified only
with difficulty or by chance.38 By using statistical experimental
designs (i.e. factorial design), sets of experimental conditions
are selected according to a systematic plan, so that statistical
analysis of data provides information about the impact of
factors or their interactions on the response considered.39

In the present study we used a fractional factorial design to
quantitatively evaluate the effect of temperature, pressure and
water on diol conversion and product elongation (Mn). These
experimental variables were studied in the context of the poly-
condensations of DMA with two different diols: BDO and
ODO. A fractional factorial design was planned by setting a low
and a high value for each variable, thus defining the experi-
mental domain to be explored. Additionally, a central point –
corresponding to intermediate levels of the variables – was run
for each diol twice. Table 5 reports the plan of the experi-

ments, consisting of 12 polycondensation reactions, and the
obtained experimental results.

The effect of moisture was studied by adding defined
volumes of water to the reaction mixture. It must be noted that
the water activity is the actual informative parameter affecting
polycondensation and it is expected to vary as a function of the
diol and also throughout the course of the reaction. In order
to acquire more accurate information on the free water avail-
able in the systems and its distribution among the different
phases at least at the starting of the reactions, the vapor
pressure was measured in the gas phase using a humidity
sensor. In principle, at equilibrium, the “free” water should be
the same in all phases of the closed system, so that by measur-
ing the vapor pressure (or RH) in the gas phase we know the
aw value of the system and, ultimately, the water available for
promoting undesired hydrolytic reactions or for increasing the
hydration state of the enzyme.40

The system containing ODO reached constant values of
vapor pressure after 24 h of equilibration whereas for BDO the
system took 96 h to reach equilibrium (Table 6). Most probably
this behavior depends on the presence of traces of water in
the highly hygroscopic BDO. The distribution of such
water between the different phases occurred very slowly, as
suggested by a progressive increase of RH from 34% (24 h) to
49% (96 h).

Table 4 Polycondensation of DMAwith BDO catalyzed by 10% (w/w) of different formulations of CaLB after 24 h of reaction

Entry Biocatalyst H2O % (w/w) p (mbar) Mw Mn
a PDa Conv.b (%)

1 iCaLB 3 1000 888 528 1.68 7615

2 iCaLB 3 70 6947 3162 2.20 90
3 NZ 435® 1 1000 1040 561 1.85 7815

4 NZ 435® 1 70 8357 1759 4.75 96
5 LyoNZ435® 0.1 1000 999 608 1.64 76
6 LyoNZ435® 0.1 70 8250 2438 3.38 94

a Calculated via GPC calibrated with low molecular weight polystyrene standards 250–70 000 Da. b Calculated via 1H-NMR by comparing the ratio
between the signals of methylene groups adjacent to –OH of BDO and the methylene groups of DMA (assumed as constant). All reactions were
performed in duplicates.

Table 5 Scheme of the experimental design developed for evaluating
the effect of experimental conditions on the polycondensation (24 h) of
DMAwith BDO or ODO catalyzed by immobilized Thc_cut1

T (°C) P (mbar) H2O (µL) Yield (%) Mn (Da)

BDO
30 70 0 85 901
70 1000 0 66 514
70 70 10 22 359
30 1000 10 50 417
50 535 5 96 1893
50 535 5 90 1266

ODO
70 70 0 6 271
30 1000 0 54 423
30 70 10 66 716
70 1000 10 53 434
50 535 5 85 1315
50 535 5 85 1221
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Overall, the data in Table 6 indicate that at the starting of
the reactions all different systems studied with the factorial
design had aw values ranging between 0.34 and 0.63.

Fig. 4 reports a global visual representation of the data
obtained with BDO and ODO, with the results displaced at the
edges of the cubes. The two centers report the average of
values obtained from the replicates using BDO and ODO and
provide information on the effect of the diol structure.

Data clearly indicate that immobilized Thc_cut1 displays
the best performances at intermediate values of all experi-
mental variables considered in the study.

The variable importance plots (VIP plots) explain the effect
of each single variable and, most importantly, of their inter-
actions (Fig. 5). They were calculated by linear regression for
both responses, where the effect corresponds to the difference
between the averages of responses obtained at a high and low
level of each experimental factor. Details are available in the
ESI, Fig. S52.†

Temperature is the factor that exerts a major and detrimen-
tal effect on the reaction, indicating that Thc_cut1 prefers
milder temperatures to 70 °C. At 30 °C the enzyme is efficient
but most probably the temperature is insufficient for increas-
ing the fluidity of the reaction mixture, so that 50 °C appears
to be a suitable temperature for the chosen reactions.

Interestingly, pressure does not exert a great effect on con-
version and Mn but rather the interaction between pressure
and temperature causes the most negative effect on the reac-
tions. The results of the design indicate that the enzyme is
severely affected by vacuum at high temperature, whereas the
negative effect of vacuum is not relevant at low temperature.

It is note worthy that the chemometric approach disclosed
the disruptive effect of this interaction, whereas the mono-

variate analysis of the preliminary data induced to attribute a
negative effect on the vacuum alone.

The structure of the diol is also relevant for the elongation
of the reaction, whereas the conversion is not much affected.
This finding suggests that the bulkiness of the substrates
gains increasing importance as the reaction proceeds and the
molecular weight of the oligoesters grows. It must be also
taken into account that BDO is a viscous liquid, whereas ODO
is a solid (melting point between 57 and 61 °C) that is sus-
pended in the DMA and melts upon heating at 50 °C. The
corresponding intermediate products of ODO are more
viscous, thus hampering the elongation of the oligoesters.

Unexpectedly, the water added to the system does not exert
a major effect on Mn, and polycondensation proceeds even in
the presence of small volumes of water (5 μL for 0.006 moles
of each monomer), at a mild temperature (50 °C) and under
vacuum (535 mbar). In summary, these findings indicate that
immobilized Thc_cut1 works optimally under conditions quite
different from those employed so far for the polycondensation
reactions catalyzed by CaLB. A comprehensive review by Gross
and co-workers20 reported a list of polycondensations catalyzed
by CaLB carried out between 70 and 95 °C and most studies
underlined how heating must be used in combination with
high vacuum for removing traces of water or the leaving
nucleophile (i.e. alcohol or water), thus promoting the shifting
of equilibrium towards synthesis.5,12

Table 6 aw measured in the sealed vessels containing the reaction mix-
tures and the immobilization carrier. Values refer to systems made with
0.006 mol of each monomer in a 50 mL round-bottom flask equilibrated
at 30 °C until constant readings

Monomer
mixture

Water added
0 µL

Water added
5 µL

Water added
10 µL

DMA-BDO (96 h) aw 0.49 aw 0.63 aw 0.61
DMA-ODO (24 h) aw 0.34 aw 0.35 aw 0.51

Fig. 4 Tridimensional representation of conversions and Mn obtained in
the reactions of the factorial design. Numbers reported in the cubic
space represent the average of values obtained from the corresponding
reactions carried out with BDO and ODO.

Fig. 5 Analysis of effect of variables and of their interactions on reac-
tion conversion and Mn.
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Indeed, Table 4 above reports that CaLB immobilized on
epoxy methacrylic resins leads to polyesters of DMA and BDO
with Mws of almost 7000 Da and Mn above 3000 Da when
working at 70 °C and 70 mbar, whereas at atmospheric
pressure Mn falls dramatically to 528 Da. In order to further
compare the behavior of CaLB with Thc_cut1 we carried out
the same polycondensation catalyzed by CaLB at 50 °C. The
results are reported in the ESI (Fig. S48–S51†). Although the
conversion of the diol was 90%, surprisingly ESI mass spec-
trometry shows the formation of polyesters with Mws lower
than 1000 Da. More importantly, the spectra pointed out the
formation of hydrolytic products as well cyclic polyesters. After
72 h of reaction the elongation does not improve but rather
the formation of hydrolysis products is even more evident.
Apparently CaLB is more sensitive to traces of water, which
affects the equilibrium of the reaction.

Molecular dynamics simulations of CaLB and Thc_cut1 at
different temperatures and pressure

In the next step of the investigation we intended to investigate
whether conformational changes are on the basis of the
different behaviour of CaLB and Thc_cut1. Molecular Dynamics
simulations were run under different conditions of temperature
and pressure for 10 ns by using the software GROMACS version
4, OPLS force field definitions and explicit water as a solvent.
Each enzyme was subjected to three different simulations
(6 MD simulation in total) in terms of temperature and
pressure conditions that are highlighted in Table 7.

Each enzyme structure was analyzed and compared on the
basis of RMSF calculated on the protein Cα. The RMSF ana-
lysis of Thc_cut1 (see ESI Fig. S46†) shows that the enzyme
has a similar behaviour under all conditions, with a slightly
higher average enzyme mobility at 343 K, as normally expected.
More relevant conformational mobility differences are observa-
ble for the terminal parts of the protein chain. The overall con-
formational stability of Thc_cut1 is also confirmed by the
superimposition of the structures resulting from the three
simulations (Fig. 6). On the other hand, Fig. 6 highlights some
differences not revealed by the RMSF analysis and mainly
related to side chain movements in an area flanking the active
site corresponding to residues 86–91.

At 343 K and 70 mbar (blue structure) the active site
appears slightly less accessible than at atmospheric pressure
(red structure), as a consequence of conformational changes of
residues 86–91, although it is difficult to establish a direct link
between these observations and the negative effect of high
temperature and vacuum on the enzyme. Nevertheless, the MD

simulations did not show fast and disruptive conformational
changes caused by the combination of high temperature and
vacuum.

RMSF analysis performed on the Cα of CaLB (see ESI
Fig. S47†) shows clear differences in the enzyme behaviour
under different simulated conditions. Such differences are
even more evident by superimposing the structures (Fig. 7).

Table 7 Temperature and pressure settings of the 3 MD simulations
performed on each enzyme

Simulation Temperature Pressure

1 300 K 1000 mbar
2 343 K 1000 mbar
3 343 K 70 mbar

Fig. 6 Superimposition of the structures of Thc_cut1 resulting from the
three different MD simulations: condition 1 (300 K, 1000 mbar) in green,
condition 2 (343 K, 1000 mbar) in red; condition 3 (343 K; 70 mbar) in
blue. Catalytic serines are represented in sphere mode; residues 86–91
in the proximity of the enzyme active site are highlighted in the yellow
circle.

Fig. 7 Superimposition of the structures of CaLB resulting from the
three different MD simulations: condition 1 (300 K, 1000 mbar) in green,
condition 2 (343 K, 1000 mbar) in red; condition 3 (343 K, 70 mbar) in
blue. Catalytic serines are represented in sphere mode; residues 86–91
in the proximity of the enzyme active site are highlighted in the yellow
circle.
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Fig. 7 indicates that the protein loops at the active site
entrance, corresponding to residues 138–143 and 187–193
(highlighted in the yellow circle), change their conformations
on passing from physiological conditions (green structure:
300 K; atmospheric pressure) to high temperature and low
pressure (343 K, 70 mbar; in blue) that widen the active site
shape. Notably, no enlargement of the active site is observable
in the simulation run at high temperature and atmospheric
pressure (343 K, 1000 mbar; in red).

Although MD simulations provide some preliminary impor-
tant hints on the stability of ThC_cut1 and the accessibility of
the active sites of both hydrolases, the different effects of
temperature and pressure on the two enzymes appear
strictly linked to the role of water inside active sites. BioGPS
analysis reported above clearly indicates that the H-bond
capabilities of CaLB are different from what was observed for
most lipases.

It must be noted that several authors have already discussed
the possible effect of water molecules entrapped in the stereo-
specificity pocket of CaLB40,41 and this issue appears of crucial
importance for the optimal exploitation of this enzyme in poly-
condensations. Future engineering strategies of CaLB might
follow that direction, also taking inspiration from the positive
features displayed by Thc_cut1.

Conclusions

Enzyme catalyzed reactions, because of their selectivity and
efficiency, have the potential to confer advanced and unique
properties to polyesters, while boosting a sustainable inno-
vation towards more benign polymers and synthetic processes.
Here we demonstrated the feasibility of fully renewable enzy-
matic synthesis of polyesters by addressing comprehensively
the environmental, technological and economic constraints.
Bio-based monomers were used in polycondensations cata-
lysed by a cutinase enzyme (Thc_cut1) immobilized on renew-
able and inexpensive carriers made by using milled rice husk
following a simple and economic protocol of adsorption and
crosslinking thus overcoming the environmental impact of
conventional fossil-based immobilization carriers. The bioca-
talyst works efficiently in solvent-free systems and under very
mild reaction conditions (50 °C) as compared to conventional
polycondensations employing toxic metals (T > 150 °C). As
compared to lipase B from Candida antarctica, Thc_cut1 is less
sensitive to the presence of water in the system and this
feature makes achieving chain elongation possible at a
pressure closer to atmospheric pressure without observing
hydrolytic reactions. Moreover, by operating under thin-film
conditions, mass and heat transfer are optimized, with conse-
quent energy saving.

These findings set robust premises for further exploitations
of this cutinase enzyme in different environmentally and
economically sustainable synthesis of biorenewables.42

Future investigations might address engineering strategies
to enlarge the specificity and catalytic properties of Thc_cut1.

The accessible and superficial active site of Thc_cut1 makes
this enzymatic scaffold very attractive for polymer synthesis
and transformation of bulky substrates in general. Information
coming from BioGPS bioinformatics analysis provides guide-
lines for future engineering studies aiming, for instance, at
introducing different promiscuous activities in the Thc_cut1
scaffold. On that respect, Bio_GPS analysis disclosed the simi-
larities between Thc_cut1 and CaLB, which share the hydro-
phobic nature of lipases but appear to be functionally closer to
esterases.

Methods
Chemicals and reagents

EC-EP/M Sepabeads were kindly donated by Resindion S.r.l.,
(Mitsubishi Chemical Corporation, Milan, Italy). Dimethyl
adipate (DMA) was purchased from Sigma-Aldrich. 1,4-
Butanediol (BDO), and 1,8-octanediol (ODO) were purchased
from Merck. All other chemicals and solvents were also pur-
chased from Sigma-Aldrich at reagent grade, and used without
further purification if not otherwise specified. The samples of
rice husk (carnaroli type) were kindly donated by Riseria
Cusaro S.r.L. (Binasco, Italy).

Enzymes

The recombinant Thermobifida cellulosilytica cutinase 1
(Thc_cut1) was produced and purified as previously
described.43 The organism used for the expression was E. coli.
Novozym® 435 was purchased from Sigma-Aldrich (product
code: L4777) containing Candida antarctica lipase B immobi-
lized on macroporous acrylic resin, exhibiting a synthetic
activity of 11 700 PLU U per g propyl laurate units). Lipozyme
CaLB (protein concentration of 8 mg mL−1) was a kind gift
from Novozymes (DK).

Protein structures

All the protein structures used as the dataset for BioGPS model
generation (Table S1 in the ESI†) were retrieved from the
Protein Data Bank (PDB)26 and preprocessed by using the soft-
ware PyMOL.44 All molecules but the proteins were deleted
(i.e. water molecules, inhibitors, glycosylation residues, etc.).
The original protein structure coordinates (from the PDB) were
used as inputs, without any previous superimposition.

The same approach was used for the structure of Humicola
insolens cutinase (HiC) (PDB code 4OYY)27 whereas the struc-
ture of cutinase from Thermobifida cellulosilytica (Thc_cut1)
comes from an already published homology model.15

BioGPS model

The BioGPS (Global Positioning System in Biological Space)
model was obtained as already published21 using BioGPS soft-
ware version 2.1. BioGPS is based on the “Common Reference
Framework” composed by two main steps: the characterization
of the protein active sites and their comparison. The active site
of each enzyme was automatically detected by the FLAPsite
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algorithm.23 First the algorithm reduces the complexity of the
pseudo-MIFs selecting a number of representative points using
a weighted energy-based and space-coverage function. Then it
generates all possible combinations of four points; each com-
bination is termed “quadruplet”. All possible quadruplets for
each mapped active site were generated and stored into a bio-
fingerprint (bitstring). Each active site was then compared
within the Common Reference Framework using an “all
against all” approach where each enzyme active site is com-
pared with itself and with all the other enzyme active sites. At
the end, the algorithm generates a set of Tanimoto scores45

represented by square matrixes, namely a series of probe
scores (one for each original probe) together with a global
score. The set of Tanimoto scores was used as an input for the
UPCA algorithm which generated the final BioGPS statistical
model by generating the multidimensional space (Principal
Components – PCs) which differentiated each enzyme active
site on the bases of their similarities and differences.

Projection of cutinases

The two cutinases Hic and Thc_cut1, were projected into the
BioGPS model. These two enzymes were processed as
described in the previous section. Each cutinase was compared
with itself and with all the other enzymes. Finally the
Tanimoto scores45 (see the ESI† for details) were used for the
projections of the two cutinases into the BioGPS model com-
puted for the 41 ser-hydrolases.

Milling of rice husk

Rice husk was milled using a Rotor mill ZM 200 (Retsch S.r.l.,
Bergamo, Italy) according to a procedure already described.14

The raw material was separated by size using sieves of 450 and
then 200 mm. The wet particles were weighed and then dried
in an oven at 120 °C for 6 h. The density of RH before milling
was 0.153 g mL−1 whereas the milled RH (size 0.2–0.4 mm)
had a density of 0.437 g mL−1. The full characterization of rice
husk has been previously reported.14

Immobilization of Thc_cut1 on milled rice husk (200–400 μm
diameter)

The rice husk powder (200–400 µm) was washed with an
ethanol/distilled H2O mixture (2×) 10 min each step (4 mL g−1

dry material). Then the particles were rinsed with distilled
H2O (2 times). The moisture content was determined as
described above and an amount corresponding to 1 g of dry
rice husk powder was suspended in 10 mL of 0.4 mg mL−1

enzyme solution in 0.1 M Tris-HCl buffer pH 7.0 at room temp-
erature for 24 h on a rotating wheel. The progress of the immo-
bilization was monitored by evaluating the residual protein
concentration in the supernatant after 4, 8 and 24 h and data
are reported in the ESI.† The supernatant containing the
unbound enzyme was discharged and the cutinase adsorbed
on the rice husk was subjected to a cross-linking step using
5 mL solution of glutaraldehyde 1.5% in potassium phosphate
buffer 0.1 M pH 8.0, for 4 h at room temperature. The enzyme
preparation was extensively washed with 0.1 M Tris-HCl buffer

pH 7 in order to remove all the non-bound protein on the
support, monitoring UV absorbance of washing solutions. The
preparation was left to dry on a Büchner filter for 48 h at 30 °C
and atmospheric pressure prior to use (if not otherwise
specified).

Immobilization of Thc_cut1 on epoxy activated carrier

The epoxy-activated beads were washed with ethanol (2 times)
and double distilled H2O (2 times) prior to use. A total of 1.0 g
of dry epoxy-activated beads were suspended in 10 mL of 1 mg
mL−1 enzyme solution in 0.1 M Tris-HCl buffer pH 7 at 21 °C
for 24 h on a blood rotator. The samples were withdrawn over
time. The progress of the immobilization was monitored by
evaluating the residual activity and the protein concentration
in the supernatant. It must be noted that Tris-HCl buffer was
selected as immobilization medium because native Thc_cut1
was produced in this same buffer and the exchange of buffer
would cause a loss of enzymatic activity (data not shown). After
the immobilization, the enzyme preparations were extensively
washed with 0.1 M Tris-HCl buffer pH 7 in order to remove all
the non-covalently bound protein adsorbed on the support.
Finally, in order to block the unreacted epoxy groups, the enzy-
matic preparations were incubated in 45 mL of 3 M glycine
for 24 h at 21 °C as previously reported.15 The enzyme
preparations were extensively washed with 0.1 M Tris-HCl
buffer pH 7.

Moisture determination

0.2 g of immobilized enzymatic preparation was weighed in a
tarred weighing bottle (A), dried for 6 h at 120 ± 5 °C, cooled
down in a dessicator until a constant weight was reached and
then weighed again (B). The moisture content was calculated
as follows:

Moisture content ð%Þ ¼ ½ðA� BÞ=A� � 100

Activity assay for immobilized enzymes

Activity was measured at 21 °C using PNPB as a substrate. The
final assay mixture was made up of 0.1 mL of the substrate
solution (86 μL of PNPB and 1000 μL of 2-methyl-2-butanol),
11 mL of 100 mM Tris-HCl buffer at pH 7 and 20 mg of
immobilized enzyme preparation. The increase of the absor-
bance at 405 nm due to the hydrolytic release of p-nitrophenol
(ε 405 nm = 9.36 mL (μmol cm)−1) was measured over time
with a HACH Lange benchtop spectrophotometer using plastic
cuvettes. A blank was included using beads where glycine was
used instead of an enzyme as a blocker for the epoxy-activated
beads. The activity was calculated in units (U), where 1 unit is
defined as the amount of the enzyme required to hydrolyze
1 μmol of the substrate per minute under the given assay
conditions.

Protein quantification

Protein concentrations were determined by using the BioRad
protein assay (Bio-Rad Laboratories GmbH, Vienna, Cat. No:
500-0006). Briefly, 10 µL of the sample was added into the
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wells of a 96-well micro-titer plate (Greiner 96 Flat Bottom
Transparent Polystyrene). As soon as all the samples were
placed into the wells, 200 µL of the prepared BioRad reaction
solution were added to the wells (BioRad Reagent diluted 1 : 5
with mQH2O). The plate was incubated for 5 min at 21 °C and
400 rpm. The buffer for protein dilution (0.1 M Tris-HCl pH 7)
was used as a blank and BSA (bovine serum albumin) as the
standard. The absorption after 5 min was measured at λ =
595 nm and the concentration calculated from the average of
triplicate samples and blanks.

Enzymatic polycondensation using a thin-film reaction system

The thin-film enzymatic polycondensations were conducted as
previously reported by Pellis et al.4 Reactions based on the fac-
torial design were carried out using equimolar amounts
(0.006 mol) of diester and diol (0.006 mol) and 10% w/w of
immobilized iThc_cut1. The reactions were conducted in
50 mL round-bottom flasks connected to a rotary evaporator,
applying reduced pressure when requested. The reactions were
operated with a Rotavapor R-215 (BÜCHI) connected to a
vacuum pump Vac® V-513 (BÜCHI) and a pressure controller
V-800 (BÜCHI). Temperature was controlled by means of a
Waterbath B-480 (BÜCHI). After 24 h, the reaction mixture was
recovered with THF and products were characterized after fil-
tration of the biocatalyst and evaporation of THF, without any
further treatment.

Measurement of water activity

Water activity of the reaction system was determined at 30 °C
by using a hygrometer (DARAI-Trieste, Italy) operated and cali-
brated as previously reported.39 The monomers, the porous
immobilization carrier without the enzyme and different
volumes of water were added, mixed and thermostated at
30 °C in the same round-bottom flasks used for carrying out
the reactions. We assumed that the very small amount of
protein linked to the carrier binds to a negligible percentage of
water if compared with the huge bead surface and therefore
does not affect the aw of the system. The humidity sensor was
maintained in contact with the gas phase within the sealed
vessels and the values of relative humidity (RH) were measured
until constant readings (aw), namely the achievement of
equilibrium.

The relative humidity at equilibrium is correlated with aw
by the following equation: ERH = aw × 100.

GPC

The samples were dissolved in THF (250 ppm BHT as inhibi-
tor). Gel permeation chromatography was carried out at 30 °C
on an Agilent Technologies HPLC System (Agilent
Technologies 1260 Infinity) connected to a 17 369 6.0 mm ID ×
40 mm L HHR-H, 5 µm guard column and a 18 055 7.8 mm ID
× 300 mm L GMHHR-N, 5 µm TSK gel liquid chromatography
column (Tosoh Bioscience, Tessenderlo, Belgium) using THF
(250 ppm BHT as inhibitor) as an eluent (at a flow rate of 1 mL
min−1). An Agilent Technologies G1362A refractive index detec-
tor was employed for detection. The molecular weights of the

polymers were calculated using linear polystyrene calibration
standards (250–70 000 Da).

1H-NMR

Nuclear magnetic resonance 1H measurements were per-
formed on a Bruker Avance II 400 spectrometer (resonance fre-
quencies 400.13 MHz for 1H) equipped with a 5 mm observe
broadband probe head (BBFO) with z-gradients. CDCl3 was
used as an NMR solvent if not otherwise specified.

Electrospray ionization mass spectrometry (ESI-MS)

The crude reaction mixtures were analyzed on Esquire 4000
(Bruker) electrospray positive ionization by generating the ions
in an acidic environment. Around 10 mg of the sample was
dissolved in 2 mL of methanol containing 0.1% v/v formic
acid. The generated ions were positively charged with m/z ratio
falls in the range of 200–1000. The subsequent process of
deconvolution allows the reconstruction of the mass peaks of
the chemical species derived from the analysis of the peaks
generated.

Planning of the factorial design

The factorial design was planned using the software MODDE
8.0.2 (MSK Umetrics). Polycondensations were carried out on a
thin film and under solvent-less conditions using Thc_cut1
immobilized on epoxy methacrylic resin and following the pro-
cedures described above. Experiments were run following a
random sequence. The independent variables considered were
temperature, pressure and added water. They were studied at
two levels (+1 and −1). Temperature = (70 °C; 30 °C); pressure
= (1000 mbar; 70 mbar); and H2O = (10 µL; 0 µL). The factorial
design is composed by the combination of the different levels
of the three variables. The effect of the diols (BDO and ODO)
was evaluated by dividing the factorial design into two blocks,
one for each diol. For each block, a further central point was
added, corresponding to the combination of the combination
of each independent variable taken at an intermediate level
(level 0: T = 50 °C; p = 535 mbar; H2O = 5 µL). The responses
measured for each experiment were the conversion of the diol
(calculated by NMR spectroscopy as described above) and the
Mn of the product (calculated by GPC analysis). The effects of
factors on responses were calculated by multiple linear
regression.

Molecular dynamics simulations

The structure of CaLB (PDB 1TCA) and Thc_cut1 (homology
model)15 were protonated at pH 7.0 using the PDB2PQR
server46 based on the software PROPKA.47 Subsequently, each
protonated enzyme structure was defined into an OPLS force
field.48 Each protein was inserted in a cubic box of 216 nm3

and solvated with an explicit solvent (TIP4 water type).49 Thus,
each enzyme system was minimized using the software
GROMACS version 450 using the steepest descendent algorithm
for 10 000 steps. Afterwards, each enzyme was simulated under
three different conditions: (1) 300 K and 1000 mbar; (2) 343 K
and 1000 mbar; and (3) 343 K and 70 mbar. Each MD simu-
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lation was performed for 10 ns with the software GROMACS
version 4 defining a NVT environment; the Particle Mesh
Ewald (PME) algorithm51 was used for the calculation of
electrostatic interactions, the v-rescale algorithm64 for temp-
erature and the Berendsen algorithm52 for pressure were also
employed.

The outcome of each MD simulation was analyzed by calcu-
lating the Root Mean Square Fluctuation (RMSF), which indi-
cates the average movement of the protein residues during
simulation. The calculation was performed on the protein Cα
using the g_rmsf tool of the GROMCS 4 package.
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