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Plasticizers are the most used polymer additives world-wide. Nowadays, conventional plasticizers
(e.g. phthalates) do not meet the requirements in terms of renewability, biodegradability and cytotoxicity
that have become necessary, especially if they are compounded with biopolymers. In this study, novel
bioplasticizers are synthesized from levulinic acid via a protecting-group-free three-step process. After
FT-IR and NMR characterization of the synthesized molecules, their plasticization effect has been tested
with poly(3-hydroxybutyrate) (PHB) as a model semicrystalline biopolyester characterized by a narrow
processing window, slow re-crystallization and high brittleness, which limit its processability and
diffusion. The proposed bioplasticizers show remarkable miscibility with PHB and low leaching. The
bioplasticizers also show a remarkable plasticization effect in terms of reducing the glass transition and
melting temperatures (17 °C and 8 °C, respectively), which are comparable with the performance of the
best commercially available green plasticizers. Furthermore, flexibility and crystallinity are positively
affected, leading to an overall reduction in the typical brittleness of PHB. The observed effects result in
an expansion of the temperature range in which PHB can be processed without thermal degradation.
Moreover, the incorporation of the levulinic acid-based additives does not significantly affect the typical
biodegradability and biocompatibility of PHB, showing their promising features as bioplasticizers for both
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Introduction

The growing environmental awareness concerning the depletion of
fossil reserves, greenhouse gas emissions and waste management
has been increasingly dissuading companies from investing in
traditional plastics." As a consequence, there is a rapidly growing
research interest toward more sustainable polymers® based on
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environmental and biomedical applications.

renewable feedstocks, which biodegrade at the end of their life
cycle without leaching out any harmful pollutants.® In addition to
the important environmental benefits, the physical properties of
the emerging biopolymers should also be comparable with those
of conventional plastics in order to represent a realistic alternative.
In this sense, compounding polymers with suitable additives is a
simple and effective approach to overcome poor mechanical
properties, limited thermal stability and/or manufacturing
problems. Nonetheless, while the development of new biopolymers
has been rapidly increasing in the last decade, the related range of
additives has not been growing that fast. This has resulted in
an urgent need of developing a new generation of sustainable
“bioplasticizers” that can improve the processability of the
biopolymers and tune their properties and, at the same time,
preserve their renewability and/or cytocompatibility and/or
biodegradability.®

Polyhydroxyalkanoates (PHAs) are a very promising class of
fully biobased thermoplastic polyesters produced by different
bacterial strains as intracellular energy storage compounds.®
PHAs are well-known for their high biodegradability upon expo-
sure to soil, composting sites or water bodies (sea, lake, etc.).”
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These biopolyesters have been recently proposed as materials for
biomedical applications thanks to their excellent biocompatibility
and bioresorbability.>* Moreover, they have found applications as
materials for food-packaging’® and as substrates for green
electronics and piezoelectric devices."' ™ Poly(3-hydroxybutyrate)
(PHB) is the most widespread member of the PHA family. PHB is a
semicrystalline isotactic stereoregular polyester, which can reach a
crystallinity degree of up to 80%'® which makes this material
particularly stiff and brittle.’” In addition, PHB suffers from
secondary crystallization, which slowly occurs during the lifetime
of the material, thus further affecting its properties.'® Moreover,
the PHB processability is strongly limited by its thermal-
degradation temperature (approx. 200 °C) which occurs a few tens
degree above its melting temperature (typically 175 °C)." All these
disadvantages can be easily overcome by compounding PHB with
a plasticizer, to induce a decrease in glass transition (7,) and
melting temperatures (7y,), elastic modulus and melt
viscosity.”>?’ However, not only the plasticization performance
is important for a plasticizer suitable for bioplymer, as PHB.
In particular, an innovative plasticizer (bioplasticizer) does not
have to alter the biodegradability, biocompatibility and bio-
resorbability typical of these biopolymers.>>*® Traditional
petroleum-based plasticizers such as phthalates, trimellitates,
and dicarboxylates have shown high plasticization efficiency;
however, they also have very severe toxicity issues>* >’ and a high
environmental impact*®**° due to their leaching.’® This led the
USA,** Canada®” and the European Union,**** among others, to
strictly regulate the use of petroleum-based plasticizers, such as
phthalates in the manufacturing of children’s toys, biomedical
devices and materials for food-packaging, and incentivized the
development of safer and greener alternatives. In this context,
bio-based alternatives,*® typically used in poly(vinyl chloride)
(PVC), have been investigated as potential PHB plasticizers.
Among them, starch derivatives such as starch-adipate and
grafted starch-urethane were evaluated in terms of changes in
the mechanical and thermal properties.*® Epoxidized linseed
and soybean vegetable oils (EVOs), as well as citrate
derivatives,”***?%*!' have been also intensively studied.’”~°
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Although EVOs are cheap raw materials extracted from biomass
(plants, fruits, seeds or wood), their epoxidation process usually
requires harsh conditions and harmful reagents and solvents
such as carboxylic acids, peroxides and benzene*>*® that definitly
affect the sustainablility of these plasticizers synthesis. Furthermore,
EVOs cannot ensure the long-lasting properties of the plastic
compound since they have shown a high leaching rate especially
under UV irradiation.**

Currently, citrate derivatives find extensive use as phthalate
alternatives in medical grade plastics.*> Although citrate esters
are believed to be much less harmful than phthalates, most of
the available toxicity data are related to acetyltributyl citrate
(ATBC),*® and only limited information is available regarding
other citrates.””*°

Among the biobased feedstocks used for producing sustainable
alternatives to phthalates, levulinic acid (LA) has been increasingly
drawing attention due to its renewability, chemical versatility, and
relatively low price.” It is indeed not by chance that LA has been
classified as one of the most promising biomass derived building
blocks by both the USA®' and European Union®? and it is con-
sidered a key intermediate in the synthesis of several value-added
products.”® Recently, Xuan and co-workers developed a family of
linear and branched LA-based esters and tested their performance
in poly(lactic acid) (PLA), evaluating the effect of structural
variations on their plasticizing efficiency and migration
properties.”® Almost simultaneously, our group designed a new
class of biobased asymmetric ketal-diester derivatives of LA,
synthesized by means of a selective protecting-group-free route.
These molecules exhibited a very high plasticization effect towards
PVC, showing performances comparable to the ones of
commercially available phthalates even at lower concentrations.”
This was a preliminary study on a model commodity plastic that is
the most compounded material worldwide.

The aim of this work is to develop LA-based ketal-esters
capable of inducing the plasticization effect in semicrystalline
polyesters such as PHB, which represents one of the most
promising bio-based materials of the upcoming future.
The herein proposed ketal-ester bioadditives efficiently decrease
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Scheme 1 The three-step protecting-group-free synthetic route to obtain asymmetrical ketal-diester bioplasticizers.
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the glass transition temperature, melting temperature and
stiffness of PHB with only 20 phr (per hundred of resin) of the
additive, showing a plasticization performance comparable with
that of the so-called ‘“‘green plasticizers”. In addition, the
synthesized bioplasticizers do not alter the cytotoxicity and
biodegradability typical of PHB, envisioning their potential use
in the manufacturing of plastic biomedical devices and food
packaging materials.

Results and discussion

Five LA-based ketal-ester plasticizers have been synthesized by
modifying the three-step protecting-group-free route
(Scheme 1) previously developed by our group, using only
materials that can be obtained from renewable resources.’
As shown in Scheme 1, the prepared molecules are characterized
by the same central structure (ketal-ester) and different side
chains: myristoyl (C,,), stearyl (Cy4), isovaleryl (Cs), phenyl (Cs)
and benzyl (C,). The synthesized ketal-diesters have been coded
as KE-myr, KE-stear, KE-isoval, KE-phen and KE-benz according
to the side chain present in them.

The chemical structure evolution of the intermediates and
their corresponding final additives have been studied by FT-IR
analysis on the products obtained in each step. The example of
KE-myr is used as the representative and reported in Fig. S1
(ESIT). The structure of the final ketal-esters has been
determined by 1D nuclear magnetic resonance (NMR). In the
"H-NMR spectra shown in Fig. 1 (assignments in the ESI), the
ketal-ring formation is confirmed by the three multiplets at
approx. 3.90, 1.80, and 1.53 ppm corresponding to the
methylene protons (C, E) and to the diastereotopic protons
(D) of the six-membered ketal ring, respectively. Moreover,
protons (G, F) and (A) of the levulinate moiety are observed as
triplets at approximately 2.50 and 2.00 ppm and as a singlet at
1.40 ppm, respectively. The "H-NMR results are then further
supported by ">C-NMR investigations and related assignments
reported in Fig. S2 in the ESL¥

Neat PHB and PHB compounded films, with 10 and 20 phr
(per hundred of resin) of the plasticizer, have been prepared by
solvent casting for the following characterization studies
(photographs of the films are provided in Fig. S3, ESIf).

High miscibility of the plasticizer in the desired polymer is
the first parameter to consider in order to have an effective
plasticization.’® This has been evaluated through FESEM inves-
tigations on the cross sections of the neat and compounded
PHB films with 20 phr additives. As clearly shown in Fig. 2, all
samples present only one homogeneous phase even at high
magnification (in the insets), confirming the mutual miscibility
of the components. Generally, compatibility arises thanks to
the presence of intermolecular attractive forces between the
additive molecules and polymeric chains.”” This is the reason why
polar moieties have been introduced during the initial design of
the plasticizers.’® Specifically, the excellent compatibility between
PHB and the ketal-diesters can be ascribed to the carbonyl-
carbonyl (C—=0- - -C—0) intermolecular non-covalent interactions,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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where the lone pairs (n) of the oxygen atoms of the carbonyl groups
are delocalized over the antibonding orbitals (n*) of the nearby
carbonyl C—=0 bonds (n — n*).>>®° Thanks to these interactions,
both polymer and plasticizer C—O0 groups are polarized, resulting
in a sequential chain of O---C n — m* interactions, which improve
the mutual attraction and result in high miscibility as also similarly
observed in other polyesters such as poly(lactic acid).”*

The intermolecular interactions between PHB and additives
not only lead to a homogeneous material, but also lower the
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Fig. 1 H-NMR spectra and the corresponding proton assignments of the
final ketal—esters: (a) KE-myr, (b) KE-stear, (c) KE-isoval, (d) KE-phen and
(e) KE-benz.
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Fig. 2 Cross-section FESEM images (secondary electrons) of neat PHB and plasticized films. The insets show high-resolution images.

plasticizer migration, preventing its leaching from the polymeric
compound. Limited leaching is a crucial requirement for an
additive, ensuring long-lasting properties of the compound and
avoiding environmental contamination or human exposure. The
potential leaching has been evaluated by extraction tests (24 h)
both in water and n-hexane in order to simulate the hydrophilic
and lipophilic environments. As shown in Fig. 3, the extractable
fraction ( f) in water is remarkably low, with a value less than
1.6% for all additives considering the extracted fraction of neat
PHB. As expected, when n-hexane is used, the average weight loss
is higher due to the high miscibility of the synthesized additives
in this solvent, which forces their migration. Nevertheless, f is

[ ]Extraction in water
I Extraction in hexane

f (% wt.)

Fig. 3 Extractable fraction (f) of neat and plasticized PHB films calculated
using eqn (1) after 24 h of extraction test in water (light blue) and n-hexane
(green).
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less than 3.5% for all plasticizers, taking into account the small
extracted fraction observed for neat PHB (Fig. 3). This has to be
considered a promising result since it is comparable with the
value obtained under similar conditions for the so-called ‘“non-
migrating plasticizers”.®>

The role of a plasticizer is to separate the neighboring
polymer chains by breaking up some of the attractive inter-
chain interactions.®® The smaller number of cohesion points
among the macromolecular chains results in an enhanced
polymer molecular mobility, which leads to a decrease in the
polymer Ty, since less energy is required to overcome the forces that
keep the polymeric chains closely bonded.®*** The plasticizing
performance of the proposed molecules has been evaluated in
terms of T, reduction (Table S1, ESIt) as extrapolated from the
differential scanning calorimetry (DSC) thermograms (in Fig. $4,
ESIt) of neat and compounded PHB films. As shown in Fig. 4a,
the plasticizer KE-stear and KE-isolval showed a comparable T,
decreasing effect of approx. —5 °C at 10 phr of additive content, and
—8 °C at a concentration of 20 phr. The additives KE-myr, KE-phen,
and KE-benz are shown to be more effective leading to T, reduction
of approx. —10 and —17 °C by increasing the additive content from
10 to 20 phr, respectively (Fig. 4a). According to the free volume
theory, plasticizers intercalate and diffuse into the polymer,
increasing the internal space between the macromolecules. Based
on the side chain, the proposed ketal-diesters can be divided
into aliphatic (KE-myr, KE-stear and KE-isoval) and aromatic
(KE-phen and KE-benz) chain bearing derivatives. The largest
experimentally observed decrease of Ty is induced by KE-myr
(Cys linear side chain). Although a branched plasticizer is
typically more efficient than the corresponding linear one,®
KE-isoval showed a slightly worse plasticizing effect than
KE-myr. Probably, the isopropyl side chain of KE-isoval is not
sufficiently branched to induce a free volume comparable with
the one provided by the long linear aliphatic compounds. On
the other hand, aromatic side chain additives such as KE-phen

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Glass transition temperature (Tg) and (b) melting temperature (T,,) determined by DSC for neat and plasticized PHB films as a function of the

additive content. (c) Crystallinity degree (y) calculated using eqgn (2) from the DSC curves for neat and plasticized PHB films as a function of the additive
content. (d) Storage modulus (E’) values (extrapolated at 25 °C) as a function of the additive content for neat and plasticized PHB films.

and KE-benz due to the steric hindrance largely affect the T, of
PHB (Fig. 4a).

Importantly, the overall plasticization performance of the
presented ketal-diesters is comparable with the effect of
different citrate esters, which currently represent one of the
most common commercially available “‘green” alternatives to
phthalates.®® Chaos and co-workers, who studied the plasticizing
effect of tributyl citrate on PHB, observed a T, reduction of 16 °C
with an additive concentration of 20 wt% (approx. 17 phr).° This
T, reduction is basically the same result obtained using the
herein proposed plasticizers KE-myr, KE-phen and KE-benz
loaded at 20 phr (Fig. 4a). On the other hand, a very low T,
reduction (approx. 3 °C) was observed elsewhere®® by using the
pomace extract from grape waste, confirming that the herein
proposed ketal-esters are very promising plasticizers and can
compete with the commercially available products.

PHB is a semicrystalline polymer, thus characterized by both
Ty and Ty,. Typically, plasticizers have a more important effect
on the amorphous part, but in this case, it has been found that

© 2021 The Author(s). Published by the Royal Society of Chemistry

the additives have also a lowering effect on the T,, of the
polymer (Table S1, ESIt). The addition of the plasticizers leads
to an overall decrease in the T,, of PHB as shown in Fig. 4b.
Specifically, at 10 phr, KE-myr and KE-stear are more effective
than KE-isoval, KE-phen and KE-benz, lowering the T,, from
171 °C to approximately 168 °C. Conversely, at higher contents,
KE-isoval, KE-phen and KE-benz perform better than KE-myr
and KE-stear, resulting in further decreased T, values (164,
162, and 161 °C, respectively). The polymer melting is only
related to the crystallite features (such as crystallites size,
morphology and stability), which mainly affect the DSC
endothermic peak shape and the T;, value. Typically, neat PHB
is characterized by a double melting peak, whose small shoulder
is attributed to lower molecular weight species, polymorphism,
and different crystallite sizes.®” As observed in the thermograms
shown in Fig. S4 (ESIY), all plasticizers actually induce changes
in the melting peak of PHB. In particular, the typical double-
peak shape undergoes a broadening effect and shifts toward
lower temperatures regardless of the additive contents.

Mater. Adv., 2021, 2, 7869-7880 | 7873
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Considering the narrow temperature range (approx. 20 °C)
where PHB can be processed without thermal degradation,®®
the observed decreases of T, and Ty, are remarkable results for
enhancing its processability in the molten state.

The observed effect on the T, allows to suppose a possible
effect on the crystallinity degree of PHB. Melting enthalpy
(AHy,) values (listed in Table S2, ESIf), obtained from the
DSC curves (Fig. S4, ESIT), were used to calculate the degree
of crystallinity (by eqn (2)) of the samples as shown in Fig. 4c
and listed in Table S2 (ESIt). Generally, an increase in crystal-
linity is consistent with the plasticization effect. In fact, the
increase of free volume and molecular mobility allows the
macromolecular chains to rearrange in new configurations
resulting in further nucleation.””®® However, the observed
crystallinity decrease (Fig. 4c) caused by KE-phen and KE-
benz at 20 phr may be rationalized considering the chemical
structure of the additives. Both plasticizers are characterized by
polarizable aromatic rings, which can form many points of
mutual attraction along the polymer chains. This may prevent
the chains from lining up and compactly packing into crystals.
On the other hand, additives such as KE-myr, KE-stear, and
KE-isoval that bear aliphatic non-polar side chains do not
introduce additional cohesive links along the macromolecular
chains, allowing them to move and rearrange into ordered
structures.

The previously discussed higher chain molecular mobility
affects not only the biopolyester thermal behavior, but also the
mechanical properties, making the samples more flexible
already at room temperature.”’ As described by Marcilla and
Beltran,”® when a plasticizer is added, the amorphous portion
of the polymer swells due to the increase in free volume.
Consequently, the mobility of the chains is enhanced as well
as the overall flexibility of the material. Storage modulus (E)
values at 25 °C, extrapolated from the results of the dynamic
thermal mechanical analysis (the DMTA curves are shown in
Fig. S5, ESIt), are a suitable parameter to evaluate the effect of
the proposed plasticizers on the viscoelastic properties of PHB.
As shown in Fig. 4d, the plasticizers led to an overall decrease
of E' for both tested contents, confirming their effective
plasticization (values also listed in Table S1, ESIt). The E’ at
25 °C is constantly under 2000 MPa for all additives loaded at
20 phr. This value is significantly lower than the E' reported by
Audic et al. using epoxidized vegetable oils added at a similar
content (in the range 3000-3500 MPa).”' Considering that
epoxidized vegetable oils are one of the best green plasticizers,
the presented ketal-esters can be considered a very promising
alternative to reduce the brittleness of PHB at room temperature.

Interestingly, among the plasticized samples, a correlation
between E’ and crystallinity can be noticed. In detail, at 10 phr,
KE-myr and KE-benz, which induce the highest degrees of
crystallinity (68% and 66%, respectively), also show the highest
moduli compared to the other additives (2625 and 2538 MPa,
respectively). On the other hand, KE-stear, which is the only
additive able to decrease the PHB crystallinity degree at 10 phr,
results in the lowest value of E’ (2097 MPa). KE-phen and
KE-benz show different performances depending on their content,

7874 | Mater. Adv, 2021, 2, 7869-7880
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Fig. 5 Evaluation of the viability of mouse embryo fibroblasts Balb/3T3
clone A31 cells after 24 h of incubation. In yellow: extract diluted at 1:2,
and in purple: extract diluted at 1: 4.

increasing the crystallinity of PHB to 63% and 66% at 10 phr, while
at 20 phr they decrease it to 60% and 58%, respectively. As a result,
the two aromatic additives at 20 phr lead to the lowest observed E’
values (1600 and 1583 MPa, respectively). Conversely, KE-myr
induces the highest degree of crystallinity, showing therefore the
lowest E' reduction at 20 phr (2011 MPa). This behavior may be
explained taking into account the so-called rigid amorphous
fraction (RAF), which is a metastable nanophase at the interface
between the crystallites and the surrounding phase in semicrystal-
line polymers.”” This fraction is constituted of amorphous chain
portions, the mobility of which is hindered by the neighboring
crystalline phase.” As reported by Di Lorenzo et al., full mobilization
of the RAF of PHB takes place at a temperature around 70 °C.
At 25 °C (temperature at which E’ has been extrapolated), RAF is still
vitrified, acting as a further tensed and rigid domain within the
polymer.'® Consequently, the higher values of E' found for the
samples with higher degree of crystallinity may be due to the higher
amount of RAF related to the crystalline phase.

Knowing the unique biocompatibility and resorbability of
PHB in living systems, cytocompatibility tests have been
performed to ascertain whether the synthesized ketal-diesters
can affect this property. For this, the mouse embryo fibroblast
Balb/3T3 clone A31 cell line was directly incubated with different
dilutions (1:2 and 1:4) of the neat and compounded PHB
sample extracts (extraction time 24 h). According to the inter-
national standard ISO 10993-5:2009, employed for the tests, a
material shall be considered non-cytotoxic if the cell viability is
>70% of the control. As shown in Fig. 5, the results highlight
that all extracts diluted at 1:4 are fully cytocompatible. In
addition, very promising results were obtained from the extracts
at a dilution ratio of 1:2 (data summarized in Table S3, ESIT).
Indeed, only the extract containing the KE-isoval additive leads
to a cell viability value close to 40% of the control. It is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Typical BOD curves for the KE samples and neat PHB as a function of the immersion time in seawater. (b) BOD3 values of KE-myr, KE-phen,

and neat PHB in comparison to other biopolymers. The inset shows the BODzq values of all the KE samples and neat PHB. (c) Weight losses (using eqgn (3))
after immersion for 30 days in seawater of KE-myr, KE-phen, and neat PHB in comparison to other biopolymers. The inset shows the weight losses after
immersion for 30 days in seawater of all the KE samples and neat PHB. (d) The SEM top-view images of KE-myr and KE-phen samples before and after

BOD tests. Scale bar: 25 pm.

noteworthy that KE-isoval is also the plasticizer that showed the
highest values of leaching in water. Probably it hydrolyses
yielding an acidic compound, which slightly decreases the pH
of the extract and inhibits the cell growth. However, it is
important to underline that the 1:4 ratio represents the most
realistic dilution envisioning the potential application of the
proposed compounded material as medical grade components,
tubes, blood bags and scaffolds for tissue regeneration.

The biodegradability of neat PHB and compounded with KE
additives (20 phr) was assessed by immersing the samples in
seawater for 30 days. Fig. 6a reports the typical biological
oxygen demand (BOD) values registered every day for the entire
period of the analysis for each sample. All samples started
biodegrading after 4 days and after a period of rising a plateau
was reached at different days depending on the sample: 10 days
for KE-phen, 15 days for KE-isoval, KE-benz, and KE-stear,
17 days for KE-myr, and 21 days for neat PHB. The final BOD
values (or BOD;,) were also dependent on the type of additive

© 2021 The Author(s). Published by the Royal Society of Chemistry

used (if any), inset of Fig. 6b. Thus, these values ranged from
~3.8 mg O, L " for KE-myr to ~9.0 mg O, L™ for KE-phen.
Neat PHB showed an intermediate behavior with a value of
~6.3 mg O, L™'. In the explanation of this tendency can
participate many factors such as the sample’s crystallinity,
the interactions between the additive and the polymer matrix,
and the different nature of the ester bond of the additives.”*””
To locate the biodegradability potential of the KE samples, the
final BOD values of KE-myr, KE-phen, and neat PHB were
compared to those of other common biopolymers such as
polylactide (PLA), cotton, lignin, xylan, and amorphous cellulose
(Fig. 6b).”%® Interestingly, the values are similar to those of
cotton and lignin and much higher than those of PLA that shows
almost no biodegradation in seawater. The weight loss after the
immersion in seawater for 30 days was also measured (Fig. 6c).
The inset of Fig. 6¢ displays the weight losses (by eqn (3)) of all
the KE samples and neat PHB. As observed, KE-myr, neat PHB,
and KE-stear showed weight losses less than 15%, while for

Mater. Adv,, 2021, 2, 7869-7880 | 7875
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KE-benz, KE-isoval, and KE-phen the weight losses were more
than 22%. In general, these values are between the weight losses
described under similar conditions for cotton and amorphous
cellulose (Fig. 6¢).”®®° Finally, the effect on the samples’
morphology of the biodegradability in seawater was characterized
by SEM (Fig. 6d). KE-myr and KE-phen, which are the samples
with the lowest and highest biodegradability, respectively, have
been selected to show such effects. Before the immersion in
seawater, both samples presented very similar rough surfaces.
However, after 30 days, some differences were noticed. KE-myr
showed little changes with the appearance of small pores, while in
the case of KE-phen such pores were accompanied by some
higher scratches typical of surface erosion mechanisms.”

Conclusion

Novel bioplasticizers for enhancing the limiting mechanical
and thermal properties of polyhydroxyalkanoates are herein
presented. The levulinic acid-based ketal-ester bioplasticizers
were synthesized, fully characterized and tested as plasticizing
additives in PHB. In particular, we found that with only
20 phr of plasticizer that bears benzyl side chains, the glass
transition and melting temperatures of PHB can be reduced by
17 °C and 8 °C, respectively. Also the storage modulus is affected,
showing a reduction of approx. 50% with respect to the neat PHB,
resulting in a flexible polymer at room temperature. It is note-
worthy that the observed plasticization efficiency is comparable
with that of the commercial green additives on the market.
In addition, the proposed plasticizers do not significantly affect
both cytocompatibility and biodegradability typical of this family
of biopolyesters, which represents an important step forward in
the polymer additive field. The presented results support the use
of ketal-esters as very promising sustainable plasticizers
for several other biopolyesters as innovative alternatives to the
polluting and toxic conventional additives on the market.

Experimental section
Materials

Commercially available reagents and solvents were used as
received without further purification. Levulinic acid (98.0%),
ethylene glycol (anhydrous, 99.8%), 1,3-propanediol (98.0%),
myristic acid (>98.0%), stearic acid (95.0%), benzoic acid
(99.5%), p-toluenesulfonic acid monohydrate (PTSA, >98.5%),
sulfuric acid (H,SO,, 96%), sodium sulfate (Na,SO,, anhydrous,
>99.0%), sodium chloride (NaCl, >99.5%), filter agent
(Celite® 545), diethyl ether (>99.0%), chloroform (CHCI;,
HPLC grade), deuterated chloroform (CDClz;, 99.8 atom% D,
contains 0.03% v/v TMS), dichloromethane (>99.9%), ethyl
acetate (>99.5%), n-hexane (>95.0%), water (HPLC grade),
methanol (>99.8%), tetrahydrofuran (THF, HPLC grade) and
toluene (HPLC grade) were purchased from Sigma-Aldrich.
Isopentanoic acid (99.0%), phenylacetic acid (99.0%) and
sodium carbonate (NayCO3, >99.0%) were supplied by Merck.
Analytical thin layer chromatography (TLC) was performed
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using pre-coated aluminium-backed plates (Merck Kieselgel
60 F254) and visualized using a solution of potassium perman-
ganate (KMnO,, 0.06 M). For column chromatography,
silica gel (MN Kieselgel 60, 0.063-0.2 mm, 70-230 mesh,
Macherey-Nagel) was used. For cytocompatibility evaluation,
the mouse embryo fibroblast Balb/3T3 clone A31 cell line from
American Type Culture Collection (ATCC CCL-163) was
selected. Cells were propagated as indicated by the
supplier using Dulbecco’s modified eagle medium (DMEM)
(Sigma-Aldrich) supplemented with 4 mM of i-glutamine
(Sigma-Aldrich), 1% of penicillin:streptomycin  solution
(10000 U mL™": 10 mg mL™"; Sigma-Aldrich), 10% of calf
serum (Sigma-Aldrich) and antimycotic (complete DMEM).
Viability and proliferation were investigated using WST-8 tetra-
zolium salt reagent (Microtech).

Custom grade PHB (Sigma-Aldrich, Italy) was carefully purified
as described elsewhere.?! In brief, as received PHB was solubilized
in warm CHCI;, filtered through Celite and precipitated in a large
excess of cold methanol, in order to completely remove the
fermentation residues. Number average molecular weight (M)
of 71600 g mol™' and weight average molecular weight (M,,) of
245100 g mol " (all data in Table S4, ESIT) were determined after
the purification step by gel permeation chromatography (GPC)
(chromatogram in Fig. S6a, experimental details in the ESIt). The
purified PHB was characterized by "H-nuclear magnetic resonance
(NMR) (experimental details in the ESIt) in order to confirm the
absence of any possible additive that can affect the plasticization
effect. "H-NMR spectra and signal assignments of PHB are shown
in Fig. S6b (ESIY).

Synthesis of ketal-diester derivatives of levulinic acid

Ketal-diesters were synthesized by modifying the selective
three-step protecting-group-free route previously developed.’’
Briefly, a solvent-free reaction between ethylene glycol and
selected carboxylic acids led selectively to different
2-hydroxyethyl esters which, in the second step, reacted with
the carboxylic moiety of levulinic acid giving the corresponding
asymmetric diesters. In the last step, the acetalization of the
remaining ketone group with 1,3-propanediol resulted in the
target cyclic ketal-diester compounds, bearing side chains with
distinctive chemical features (Scheme 1).

PHB films preparation

In order to evaluate the plasticizing effect, the synthesized ketal-
esters were added to a PHB/CHCI; solution (12.5 mg mL ') and
cast in a Petri dish for obtaining films (approx. 70 um thick). The
additives were added to the polymer solution at 10 and 20 per
hundred of resin (phr). The solutions were dried overnight at
room temperature in an aspiration hood. A neat PHB film was
also prepared as a reference in order to observe the variations in
the properties due to the addition of the herein synthesized
ketal-esters (such as thermal behavior, crystallinity degree and
dynamic mechanical properties). As shown in Fig. S3 (ESIt), the
addition of the plasticizers does not affect the aspect of the neat
PHB film, which is partially transparent due to its semicrystal-
line natire.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Characterization studies

To confirm the chemical structure of the synthesized inter-
mediates and final additives, FT-IR and 1D NMR experiments
were carried out (FT-IR results and experimental details are
reported in the ESIf). "H-NMR and *C-NMR spectra were
recorded at room temperature using a Varian Mercury 400
spectrometer at 400 MHz (nominal frequency: 399.92 MHz)
for '"H and at 150 MHz (nominal frequency: 150.80 MHz)
for *C. Relaxation delays of 1 s and pulses at 45 degrees
were employed. '>C-NMR spectra were acquired in the
'H broad-band decoupled mode. CDCI; containing 0.03 vol%
of TMS as internal reference was used as solvent for the
analysis. Chemical shifts () are reported in ppm relative to
residual solvent signals (CHCl3, 7.26 ppm for "H-NMR; CHCl;,
77.16 ppm for *C-NMR). The following abbreviations are used
to indicate the multiplicity in NMR spectra: s, singlet; d,
doublet; t, triplet; m, multiplet; br s, broad signal. All the
spectra were processed using Vnmr] software (Varian, Inc.).

The miscibility of the levulinic acid derivatives in PHB was
evaluated in the cross-sections of the compounded PHB films
and compared to that of neat PHB film. The cross-sections were
prepared by cryo-fracturing in liquid nitrogen and coated with
gold (thickness 10 nm) by the electrodeposition method to
impart electrical conduction. The so-prepared cross-sections
were investigated by field emission scanning electron micro-
scopy (FESEM) using a Nova NanoSEM 450 electron microscope
(FEI Company-Bruker Corporation), applying an accelerating
voltage of 5 kV.

The migration resistance of the plasticizers was evaluated by
extraction tests in either deionized water or n-hexane, following
the standard method ASTM D1239-14. Samples of approximately
300 mg of both neat and plasticized PHB films (20 phr additive
content) were placed in a closed vessel containing 20 mL of the
given extracting solvent for 24 hours at room temperature under
gentle magnetic stirring. Afterwards, the samples were dried for
24 hours at 40 °C under vacuum and re-weighed. The weight loss
corresponds to the extractable fraction ( f) and it was calculated
according to the following equation:

f (%) =[(Wy — W,)/W4] x 100 (1)

where W; and W, represent the initial and final weights of the
samples, respectively.

The thermal behavior of the prepared films was evaluated by
differential scanning calorimetry (DSC, Q10, TA Instruments),
fitted with a standard DSC cell and equipped with a discovery
refrigerated cooling system (RCS90, TA Instruments). Samples
of approx. 10 mg were placed in aluminum pans and subjected
to three heating cycles from —60 °C to +195 °C (hold for 5 min) at
a heating rate of 10 °C min~". The cooling rate was 10 °C min "
during the first cooling scan and as fast as possible (quenching)
during the second cooling scan. The DSC cell was purged with
dry nitrogen at 50 mL min . The system was calibrated both in
temperature and enthalpy with indium standard. The DCS
curves were processed using TA Universal Analysis 2000 software
(TA Instruments) in order to extrapolate the peak melting

© 2021 The Author(s). Published by the Royal Society of Chemistry
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temperature (7,,,) and the enthalpy of melting (AH,,) from the
area of the endothermic melting signal of the second heating
scans, in order to remove the influence of material processing.
The degree of crystallinity (x) was calculated according to the
following equation:

1 (%) = [AHp/(AHpm 0 Wprg)] X 100 (2)

where AH;, and AH;, are the melting enthalpies of the
analyzed sample and tabulated 100% crystalline PHB (AHu, 0
=146] g "),** respectively. wpyp is the weight fraction of PHB in
the sample. The glass transition temperature (T,) was evaluated
from the third heating scan, as the mean value between the
onset-point and end-point of the typical transition range.

Dynamic mechanical thermal analysis (DMTA, Q800, TA
Instrument) was carried out in triplicate in order to measure the
temperature-dependent viscoelastic properties of the material,
particularly storage modulus (E'). Rectangular-shaped samples
(15 x 10 x 0.07 mm) were tested in the film tension mode at a
constant frequency of 1 Hz under strain control fixed at 0.4%. The
heating cycle was from —60 to 60 °C at a rate of 3 °C min " and
under nitrogen gas flow. DMTA curves were processed using
TA Universal Analysis 2000 Version 4.5 A Build 4.5.0.5 software
(TA Instruments).

The cytocompatibility of the PHB films containing the
synthesized plasticizers was evaluated using biological tests
based on international standards BS EN ISO 10993-5:2009
and BS EN ISO 10993-12:2012. Both neat and plasticized PHB
films were cut using a puncher (5 mm diameter) and sterilized
under UV light for 45 min. After this, each sample was placed in
a centrifuge tube containing a certain amount of complete
growth medium (extraction ratio 0.2 ¢ mL ') and incubated
at 37 °C and 5% CO, for 24 h to allow the formation of the
extracts. Direct contact assays were then performed in triplicate
by directly incubating the cells (Balb/3T3 clone A31) with
different dilutions of the prepared extracts. Briefly, cells were
seeded in 96-well culture plates at a concentration of 3 x 10°
per well and incubated at 37 °C in a 5% CO,-enriched
atmosphere and allowed to proliferate for 24 h. Cells were then
incubated with diluted sample extracts (dilution ratios of 1:2
and 1:4) for 24 h. Cells incubated with the complete growth
medium were used as control (CTRL). Finally, cells were
incubated for 4 h at 37 °C and 5% CO, with the WST-8 reagent
at 1:10 dilution in order to evaluate their viability and
proliferation. Measurements of formazan dye absorbance were
carried out using a microplate reader (Biorad) at 450 nm. The
assays were performed in triplicate, and the average values were
expressed as a percentage of the control.

Biodegradability was assessed on neat and plasticized PHB
samples using a standard biochemical oxygen demand (BOD)
test by measuring the oxygen consumption during the bio-
degradation process in seawater. For this, carefully weighed
samples (approx. 200 mg) were finely ground and immersed in
amber bottles with 164 mL of seawater from the Malaga (Spain)
area shoreline. The oxygen consumed during biodegradation
was recorded for 30 days at 20 °C in the dark by using OxyTop™®-i
measuring heads (WTW). Seawater with no sample was used as
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the reference. Measurements were carried out in triplicate and
the results were averaged to obtain the main value.

After BOD tests, the remaining samples were collected,
washed with distilled water, dried for 24 h under vacuum,
and weighed. The weight loss was calculated as follows:

Weight loss (%) = (ms — myp)/ms x 100 (3)

where mg and my, are the weights of the corresponding sample
before and after the BOD test, respectively.

The morphology of the films was characterized by SEM
before and after the BOD tests in seawater by using a JEOL
JSM-6490LV microscope working in the high vacuum mode,
with an acceleration voltage of 5 kV. Samples were previously
coated with ~30 nm of gold using a JEOL ION SPUTTER
JFC 1100.
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