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Abstract: Poly(ethylene succinate) (PES), poly(butylene succinate) (PBS), and poly(hexylene
succinate) (PHS), were synthesized using succinic acid and different dihydric alcohols as materials.
Enzymatic degradability by cutinase of the three kinds of polyesters was studied, as well as their
solid-state properties. The biodegradation behavior relied heavily on the distance between ester
groups, crystallinity, and the hydrophilicity-hydrophobicity balance of polyester surfaces. The weight
loss through degradation of the three kinds of polyesters with different hydroxyl monomers took
place in the order PHS > PBS > PES. The degradation behavior of the polyesters before and
after degradation was analyzed by scanning electron microscopy, differential scanning calorimetry,
powder X-ray diffraction, Fourier transform infrared spectroscopy, gel permeation chromatography,
and thermogravimetric analysis. The decrease in relative intensity at 1800-1650 estedpolyesters were
degraded simultaneously. The frequencies of the crystalline and amorphous bands were almost
identical before and after degradation. Thus, enzymatic degradation did not change the crystalline
structure but destroyed it, and the degree of crystallinity markedly decreased. The molecular weight
and polydispersity index only changed slightly. The thermal stability of the three kinds of polyesters
decreased during enzymatic degradation.

Keywords: poly(ethylene succinate); poly(butylene succinate); poly(hexylene succinate); cutinase;
biodegradability

1. Introduction

Given that energy and environmental problems are currently attracting considerable attention,
the use of traditional and non-biodegradable plastics—Including polypropylene (PP), polyethylene
(PE), and low-density PE—Is severely restricted. Thus, biodegradable polymers are increasingly
receiving attention as potential candidates for green materials. Aliphatic polyesters exhibit remarkable
physicochemical properties, mechanical properties, and processability, which are comparable with
those of PP and PE. Polycaprolactone (PCL), poly(3-hydroxybutyrate) (PHB), poly(ethylene succinate)
(PES), poly(butylene succinate) (PBS), poly(butylene adipate), poly(hexylene succinate) (PHS),
and poly(hexylene adipate) are some of the most promising biodegradable polymer materials in
the field [1-5]. Among them, PES, PBS, and PHS have favorable biodegradability and biocompatibility,
and they are widely used in films; injection-molded products; and clothing, pharmaceutical, medical,
and biomedical industries [6-8].
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Biodegradability is an indispensable utility of aliphatic polyester materials. This feature has
received extensive research attention, and is the basis of studying polymers of biological origin.
A considerable number of factors have been found to affect the degradation rate of polyesters under
enzymatic hydrolysis. For example, one critical factor in the chemical structure of the polymer is
the distance between ester groups in polyesters [9-14]. Recently, it has been widely accepted that
crystallinity has an effect on degradation rates [15,16]. Some hydrophilic end groups (carboxyl and
hydroxyl) can also promote the degradation of polyesters. The surface hydrophilicity-hydrophobicity
balance of polyesters is also an important factor in enzymatic degradation [12,17-22]. The spherulite
size, lamellar structure, pH, temperature, and enzyme concentration may also play significant roles
during enzymatic degradation [13,15].

The selection of depolymerase is a key factor in achieving a high degradation rate. Polyester films
can be decomposed completely within a few hours with different sources of cutinase, whereas
microorganisms and lipase require several days to degrade with relatively low degradation rates
(approximately 50%) [23-27]. Maeda et al. observed that poly-butylene succinate-co-adipate
films become obviously rough after 6 h of degradation using cutinase, which was purified from
PBS-degrading enzymes [28]. Hu et al. degraded PBS using cutinase cloned from Fusarium solani;
the polyester was degraded completely within 6 h [29]. Only a few researchers have studied the
degradation of PES by enzymes [8,30]. In particular, data for PHS biodegradability has only been
reported from degradation studies in river water [31].

Few systematic studies have compared the biodegradability of different polyesters. In the present
study, we prepared three kinds of aliphatic polyesters and compared their degradation behavior.
The effects of hydroxyl monomers on degradation were also discussed. Changes in film morphology,
crystallinity, chemical groups, molecular weight, and thermal behavior of the three different kinds
of polyesters after degradation were studied using scanning electron microscopy (SEM), differential
scanning calorimetry (DSC), powder X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), gel permeation chromatography (GPC), and thermogravimetric (TG) analysis.

2. Materials and Methods

2.1. Materials

Three polyesters were synthesized from succinic acid and aliphatic diols with two, four,
and six methylene groups. Succinic acid (purum 99.5%), eythylene glycol (purum, 99%,),
1,4-butanediol (purum, 98%), and 1,6-hexanediol (purum 98%) were purchased from the Aladdin
Biochemical Company (Shanghai, China). Titanium isopropoxide (purum, 95%), used as a catalyst,
and decahydronaphthalene (purum, 99%), used as a solvent, were also purchased from the Aladdin
Biochemical Company (Shanghai, China). Cutinase was purified from zymotic fluid of recombinant
Pichia pastoris containing a gene encoding cutinase from F. solani as described previously [23].
All reagents were of analytical grade.

2.2. Synthesis of Polyesters and Films

Synthesis of PES, PBS, and PHS followed the two stages of esterification and polycondensation [32].
In the first stage, a proper molar ratio of succinic acid and diol with different hydroxyl monomers was
added to 60 mL of odecahydronaphthalene at 190 °C in a nitrogen atmosphere. Titanium isopropoxide
(1/600 of the total molar mass of reactants) was used as a catalyst and added into a flask, undergoing
stirring. In the second stage, polycondensation was completed at 230 °C for 12 h of reaction.
The polyesters were then dissolved in chloroform and washed with methanol three times.

Polyester films (thickness of 0.1 mm) were prepared by hot pressing at T = T, + 40 °C and then
cold pressing at room temperature at 50 MPa for several minutes. To reach equilibrium crystallinity,
the films were kept at room temperature for three weeks and then reserved in a dry desiccator [14].
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2.3. Enzymatic Degradation

The polyester films with a size of 30 mm x 10 mm x 0.1 mm (length x width x thickness,
about 130-150 mg) were incubated in a 20 mM Na,HPO4-NaH,PO, buffer (pH 7.4) at 37 £ 0.1 °C in
10 mg-mL~! cutinase. After degradation for different lengths of time, the films were carefully gathered
and rigorously washed with distilled water. They were then dried under vacuum until their weight
was at a constant. The weight loss ratio of the three kinds of polyesters was calculated as Equation (1):

W - W,
Wioss (0/0) _ "Vbefore after % 100% (1)
Whefore
where Wiqgq (%) is the weight loss ratio of the polyester films, Wiefore is the weight of the polyester films
before degradation, and W, is the weight of the polyester films after degradation. The degradation
experiments were repeated six times for each specimen. The values of Wyefore and W g, were estimated
six times.

2.4. SEM Observations

The morphology of pre- and post-degraded polyester films was observed using SEM (SU8010,
Hitachi, Tokyo, Japan) at 20 kV acceleration. A thin gold layer was sprayed onto the surface of the
films before testing.

2.5. DSC Analysis

DSC (TA Instruments, Q20, New Castle, DE, USA) was conducted for calorimetric and
crystallization measurements. Approximately 7 mg of the sample was heated from 40 to 150 °C
at 10 °C-min~! and held for 5 min in a nitrogen atmosphere to erase its thermal history. The samples
were then cooled to 40 °C at 10 °C-min~!. The second heating scans were performed under the same
conditions to characterize the crystallinity and melting behavior.

2.6. XRD Analysis

XRD patterns were obtained with an S8 Tiger (Bruker, Karlsruhe, Germany) Advance
diffractometer with Cu Ko (A = 1.5418 A, 40 kV, 40 mA) radiation in the scan range of 5°-60° with a
step size of 0.02°.

2.7. FTIR Analysis

FTIR spectra were obtained using an FTIR spectrometer (Agilent Cary 660, Santa Clara, CA, USA)
equipped with a slide-on ATR accessory (Agilent, Santa Clara, CA, USA). Sixteen scans were co-added

from the range of 4000-400 cm ! with a resolution of 2 cm 1.

2.8. Water Contact Angle (WCA)

The wettability of the three kinds of polyester films was determined by measuring the WCA at room
temperature under static conditions using a contact angle meter (KRUSS, DSA100, Hamburg, Germany).
The polymer films were washed in ethanol and deionized water several times. The contact angle was
estimated five times.

2.9. GPC Analysis

GPC was used for the analysis of the average molecular weights and molecular weight distribution
of the three kinds of polyesters before and after degradation. GPC was conducted with a Waters
1515 Isocratic HPLC Pump (Milford, MA, USA). A Waters 1515 refractive index detector was used
with a temperature controller and tungsten lamp at 35 °C. Chloroform (1.5 mg-mL~!) was used as
an eluent with 0.80 mL-min~! flow at 35 bar. A Waters Styragel HT column was used, and different
molecular masses of polystyrene were utilized as standard in the range of 2000~10,000 g-mol .
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2.10. TG Analysis

The thermal degradation behavior of the three kinds of polyesters was studied by TG analysis
(TA Instruments, Q600, New Castle, DE, USA). About 10 mg of the sample was heated from room
temperature to 500 °C at 10 °C-min~! in a nitrogen atmosphere (30 mL-min~1).

3. Results and Discussion

3.1. Enzymatic Degradation

Figure 1 illustrates the weight loss of the three kinds of succinate polyesters with prolonged
degradation time. The weight loss was 60.1%, 76.3%, and 88.1% for PES, PBS, and PHS after
degradation for 4 h, respectively. The weight loss of PES, PBS, and PHS reached 95.3%, 98.4%, and 99.8%
after 12 h of enzymatic hydrolysis, respectively. The polyesters underwent two stages of weight loss:
a fast stage (from 0 to 4 h) and a slow stage (from 4 to 12 h). In the fast stage, the weight loss of the
polyester films increased rapidly. The rate of biodegradation is related to the slope of the degradation
curve. The slope of the biodegradation curve (from 0 to 4 h) of PHS was 18.0, which was greater than
that of PES and PBS, which were 15.8 and 14.8, respectively. Obviously, PHS exhibited the maximum
rate of biodegradation in the fast stage. In the second stage, weight loss proceeded continuously but at
a slow rate. With the attachment of enzymes to the polyester surfaces, the macromolecules changed
into oligomers and segments of low molecular weight in the first degradation. The low rate in the
second stage was due to the removal of oligomers and segments from the surface of polyesters [8].
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Figure 1. Weight loss of the three kinds of polyester films degraded for different lengths of time
by cutinase.

As shown in Figure 1, the weight loss of the three kinds of polyesters was in the order
PHS > PBS > PES. Considering that the degree of enzymatic degradation strongly depended on
the distance between ester groups, hydrolysis occurred preferably at the ester groups with high
methylene contents, instead of a random scission [9-14]. Similar conclusions were inferred by
Rizzarelli et al. [14]; they degraded poly(butylene succinate-co-butylene sebacate) films and verified
that enzymatic degradation has partial selectivity in the esterolysis reaction instead of a random
breakdown. Fields and Bikiaris et al. both reported that aliphatic polyesters with six carbon atoms
are most swiftly degraded, and biodegradability decreases with decreasing numbers of methylene
groups between ester groups [8,12]. In our present work, PES, PBS, and PHS were derived from
Cy, C4, and Cg dihydric alcohols, respectively. Among them, PHS films carrying six carbon atoms
exhibited the maximum weight loss. Compared with PHS, PBS containing four methylene groups
exhibited the second greatest weight loss, whereas PES with two methylene groups showed the least
loss. In addition to the distance between ester groups, the degree of enzymatic hydrolysis was also
affected by other factors, such as crystallinity, hydrophilicity, and molecular weights, which will be
discussed in the following section.
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3.2. Morphological Observations

The surface morphology of the partially degraded films of the three kinds of polyesters was
determined via SEM observations (see Figures 2 and 3). Originally, the three kinds of polyester films
demonstrated a homogeneous surface. The first signs of enzymatic hydrolysis were some cracks
appearing on the surfaces of polyester films after 2 h of enzymatic erosion. Some holes arose and
became increasingly deeper with increasing erosion time. The surface was irregular after degradation,
lasting longer than 2 h. At the beginning of the PHS degradation process, some minor cavities and
splits were observed, and they gradually increased with time until they were connected to one another.
PES films showed similar behavior to PHS, but they degraded at a relatively low ratio. In contrast to
PHS and PES, PBS films showed a spherulitic texture. They formed holes in several specific locations,
which then became larger with increasing erosion time. This phenomenon was due to the enzymatic
erosion at the center of the crystals and separation of cracks [8]. This difference in degradation behavior
between PES and PBS could be due to several factors, including crystallinity, chemical composition,
and physical characteristics [8,33]. Figure 3 also shows that PHS exhibited the highest degradability,
and enzymatic hydrolysis occurred all over the surface of the samples simultaneously.

degraded

non-degraded

4h

Figure 2. SEM images of the three kinds of polyester films degraded for different lengths of time.
Poly(ethylene succinate) (PES): (a—d); poly(butylene succinate) (PBS): (e-h); and poly(hexylene succinate)
(PHS): (i-1) degraded for 0, 2, 4 and 10 h.

degraded for 6 h

PES PBS PHS

e 300pm

Figure 3. Panoramic SEM images of the three kinds of polyester films degraded for 6 h ((a)—PES;
(b)—PBS; and (¢)—PHS).
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3.3. Crystalline Properties

Figure 4 and Table 1 show the changes in crystallinity of the three kinds of polyesters before and
after degradation by cutinase. For all polyesters, the melting temperatures slightly decreased and
the fusion and crystallinity heat markedly decreased with rising degradation time. The decrease in
crystallinity was due to several factors, including a high initial crystallinity degree, the emergence of
oligomers and molecular segments with low molecular weight, and water uptake [34]. The crystalline
structure was damaged and the crystalline and non-crystalline regions of polyesters were degraded
simultaneously by Fusarium sp. FS1301; these findings were consistent with results reported in the
literature [4] and were certified by the following XRD and FTIR analysis. However, different findings
were also reported by some researchers. They claimed that the crystallinity of polyesters increases with
rising degradation time [8,35,36]. Abe et al. adopted depolymerase purified from Pseudomonas pickettii
to degrade PHB, and they found that degradation occurs preferentially at the amorphous regions [15].
Furthermore, the specific degradability of cutinase cloned from F. solani might be responsible for the
decrease in crystallinity during degradation.

Heat Flow (mw)

Endo down

——0h
—2h
—6h
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—— 10h

0 20 40 60 80 100 120 140

Temperature (C)

Figure 4. Differential scanning calorimetry (DSC) curves of the three kinds of polyester films degraded
for different times ((a)—PES; (b)—PBS; and (c)—PHS).

Table 1. Thermal properties of the three polyester films before and after degradation for different times.

Time PES PBS PHS
) TmCO  AHm (/) X (%)  TmCO  AHn(l)) X (%)  Tm (O AHn (lg)  Xc (%)
0 102.1 0.8 492 +1.1 64.0+ 1.4 105.1 0.7 53.1+1.5 482 +14 522+08 57.0+1.2 421 4+0.9
2 1019 £ 0.6 471 +1.2 621+16 1051408 519+12 470+ 11 520+0.6 55.0+ 1.6 408 £1.2
6 101.7 £ 0.6 458 + 1.0 59.8 +£1.3 105.0 £+ 0.6 502+ 1.7 4594+15 51.1+0.6 542 +1.3 40.0 1.0
8 101.0 £ 0.5 451+ 1.2 5924+16 1042404 468 £ 1.1 4234+10 51.1+03 514422 38.1+1.6
10 101.0 £ 0.5 42.8 +0.9 56.6 1.2 1041+ 0.4 441 4+15 39.8+14 498+0.3 50.0+1.1 369 +0.8

Time: referred to the degradation time of polyesters; Tr,: melting temperature; AHp,: enthalpy of fusion. Xc (%) =

% X 100%,AH8[1 = 76.4, 110, and 135 ] /g for PES, PBS, and PHS, respectively [37].

The decrease in crystallinity of the three kinds of polyesters after degradation was clearly observed
in XRD patterns (see Figure 5). The area of the diffraction peak gradually decreased with the extension
of the enzymatic hydrolysis time in the three kinds of polyester specimens. However, the pattern
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shape and peak position were not altered after degradation. The same conclusion was found in other
studies on PBS degradation [29].

The degree of crystallinity is closely related to degradability. The higher the crystallinity, the slower
the degradation of polyesters [16]. The degrees of crystallinity of neat PES, PBS, and PHS were 64.4%,
48.8%, and 38.4%, respectively. The enzymatic degradability of the three kinds of polyesters took
place in the order PHS > PBS > PES. In addition, the melting temperature and glass transition of
polyester could also affect the rate of enzymatic degradation. It has been reported that the polyesters
with lower melting temperatures and lower Ty degraded faster [38-40]. Among the three kinds of
polyesters, PHS had the lowest melting point and lower Ty [6]. Thus, PHS (X =42.1%, T = 52.2 °C,
Ty = —40.0 °C) degraded faster than PES (X. = 64.0%, Tm = 102.1 °C, Tg = —11.5 °C) and PBS
(Xc =48.2%, T =105.1 °C, Tg = —44.0 °C) [8,38,41]. Furthermore, a broad cold crystallization peak
was observed in PES specimens (Figure 4a); this peak was due to crystallization and recrystallization
being remarkably slower for PES than for PBS and PHS [42].
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Figure 5. XRD patterns of the three kinds of polyester films degraded for different lengths of time
((a)—PES; (b)—PBS; and (¢)—PHS).

FTIR is highly sensitive to local structures and an effective instrument to distinguish between
different polyester films. The FTIR spectra of all samples are shown in Figure 6 to analyze the changes
after degradation. Compared with the initial spectra of the three polyesters, absorption peaks did not
show apparent distinctions after erosion by cutinase. The primary peaks at around 1720 and 1150 cm ~*
belonged to the stretching vibration of C=0 and C-O-C, respectively. The FTIR spectra recorded in
the 1800~1650 and 1300-1000 cm ™! regions are shown on the right of Figure 6. Peaks at 1723, 1712,
and 1722 cm~! were all assigned to the C=0 stretching mode of the crystalline parts in the three kinds
of polyesters [43-46]. These peaks were lower by about 25 cm ™! compared with the frequency of the
stretching band of a free ester C=O group. These low frequency shifts were due to the crystalline
packing [43]. The band at 1150 cm ™! probably consisted of two bands ascribed to the crystalline and
amorphous states [43,44].

The bands in the 1800-1650 and 1300-1000 cm~! regions revealed that the frequencies
of the crystalline and amorphous bands were almost identical before and after degradation.
These observations and the XRD results concluded that the structures of the crystalline states were
highly similar before and after degradation. The C=0 and C-O-C vibrations of the three kinds of
polyester films before degradation were much more intense than those after degradation. The decrease
in relative intensity of the two regions also demonstrated that enzymatic degradation simultaneously
occurred at the crystalline and non-crystalline regions of polyester surfaces. Enzymatic degradation
did not change the crystalline structure but destroyed it, thereby reducing crystallinity. These findings
were consistent with the DSC and XRD measurements.
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PES and PBS only had a single peak at 1720 cm~!, whereas PHS had double peaks at that
wavenumber. The splitting of the C=O stretching vibration was due to the generation of the C-H-O
hydrogen band between O atom of the C=0 group and H atom of the -CH;— group [43,44]. Peaks at
1722 and 1715 cm~! were due to the free carbonyl and hydrogen band, respectively. This result could
be evidenced by the broad band above 3000 cm ! (Figure 6c¢).
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Figure 6. FTIR spectra of the three kinds of polyester films degraded for different lengths of time
((a)—PES; (b)—PBS; and (¢)—PHS).

3.4. WCA Analysis

Besides the carbon chain length and degree of crystallinity, the hydrophilic-hydrophobic balance
was also an important factor affecting the degradability of polyesters. The angles of PES, PBS,
and PHS were 68° £ 0.2°, 74° £ 0.5°, and 78° £ 0.3°, respectively. Evidently, hydrophilicity
progressively decreased as the carbon chain length increased. Several researchers illustrated that
the hydrophilicity—hydrophobicity balance of polyesters exerts different effects when various enzymes
are attached on the substrate surface [12,18-22]. Shirahama et al. studied the relationship between
the hydrophilic properties of polyesters and degradability by different enzymes. Compared with
hydrophilic polyesters, polyesters with more carbon atoms display a specific affinity for cholesterol
esterase and lipase B and exhibit large weight loss and a fast degradation rate. However, opposing
trends were observed when the substrate was degraded by lipase from Rhizopus delemar under the
same conditions [47]. Unfortunately, the interaction between cutinase purified from F. solani and
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the hydrophilic polyester has not been investigated yet. In contrast to the degradation behavior
of the three kinds of polyesters, cutinase exhibited high activity at the hydrophobic polyester
surfaces. Therefore, degradability took place in the order PHS > PBS > PES depending on the
different hydrophilic-hydrophobic properties. When the water-soluble enzymes came into contact with
a hydrophobic surface, their active sites became completely approachable, and the enzyme assumed
the active conformation [14].

3.5. Molecular Weight Analysis

Regarding the reliance of molecular weight on degradation rate, Li and Tokiwa et al. proved
that the rate of degradation is independent from the molecular weight when the molecular weight
exceeds 4000 g/mol [48,49]. The molecular weights of PES, PBS, and PHS were beyond 30,000 g/mol,
so the effect of molecular weight on degradability was excluded in our present work. The molecular
weights of our synthesized polyesters are listed in Table 2, which also shows the molecular weights and
polydispersity indices of the three kinds of polyesters after degradation. Only minimal changes were
found, which implied that degradation occurred homogeneously on the surface of the films. Moreover,
the low-molecular-weight fragments of macromolecules did not accumulate, and their molecular
weights remained unchanged. This result was in accordance with the enzymatic degradation of PCL
and PHB [5,50].

Table 2. Molecular weight and polydispersity index (My / Mp) of the three polyester films before and
after degradation for different times.

Degradation PES PBS PHS
ime(h) 37 oimol)  My/My M, (g/mol)  My/M, My (g/mol)  My/My
0 53,086 8.15 36,657 2.75 86,043 181
2 52,765 8.13 36,147 2.71 85,817 179
6 54,972 8.10 36,792 2.67 88,245 175
8 58,494 8.06 38,154 2.59 92,046 172
10 62,517 8.03 41,528 2.57 95,314 1.70

3.6. TG Analysis

Thermal degradation of PES, PBS, and PHS was studied and the TG and the derivative
thermogravimetric (DTG) are shown in Figure 7. It can be seen from TG curves that all the polyesters
decomposed in one stage. However, there were small divergences in the initial stage of decomposition
in DTG curves. It showed that the polyesters decomposed followed two different mechanisms [51].
The initial decomposition (about 200-300 °C) was attributed to the volatilization of small molecules,
including residual catalysts, succinic acid, and different dihydric alcohols. Only slight differences in the
three kinds of polyesters could be seen in DTG curves. A random cleavage of the ester bond took place
in the second stage (about 320450 °C), which was due to the 3-CH hydrogen transfer. Carboxylic end
groups and vinyl groups were formed during this chain scission [52]. Bikiaris et al. prepared PES and
PBS with the same molecular weight. They concluded that PBS had higher thermal stability due to
having more methylene groups [53]. However, in our study, the temperature of the maximum rate
was 374, 388, and 396 °C for PES, PBS, and PHS, respectively (Figure 7b). This was due to the fact
that, along with the number of methylene groups, the molecular weight and the polydispersity of the
polyesters also play a significant role in thermal stability [53]. PHS films with high molecular weight
and narrow polydispersity had high thermal stability. In addition, when the polyesters were degraded
for different lengths of time, they gradually disintegrated as degradation progressed (Figure 7c—e).
These changes caused the thermal decomposition temperature to shift from a high point to a low one.
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Figure 7. TG/DTG curves of the three kinds of polyester films ((a)—TG; (b)—DTG); TG curves of PES,
PBS, and PHS degraded for different times ((¢)—PES; (d)—PBS; and (e)—PHS).

4. Conclusions

This work focused on the differences in enzymatic degradation among three kinds of aliphatic
polyesters with various hydroxyl monomers. The biodegradability of the three kinds of polyesters
took place in the order PHS > PBS > PES. The high weight loss was due to the high methylene contents
between ester groups, low melting temperature, enhanced surface hydrophobicity, and low crystallinity.
The characteristic crystalline and amorphous vibration modes were at 1720 and 1150 cm ! for the
three kinds of polyesters, respectively. The decrease in the FTIR band intensity demonstrated that
degradation simultaneously occurred at crystalline and non-crystalline regions. DSC, XRD, and FTIR
showed the decrease in the degree of crystallinity, which was due to the crystalline structure being
destroyed after enzymatic degradation. GPC analysis showed slight changes in molecular weight and
polydispersity of the three kinds of polyester. Low-molecular-weight fragments of macromolecules
did not accumulate on polyester films, and they were completely removed in the second stage of
enzymatic degradation. TG analysis clarified that the thermal decomposition temperature decreased
for all polyesters with increasing degradation time.

Acknowledgments: This work was supported by the National Natural Science Foundation of China (Grant
No. 31570097) and the Science Project of Liaoning Province Education Office (Grant No. L2016002).

Author Contributions: Zhanyong Wang and Yun Liu conceived and designed the experiments; Zhenhui Bai
performed the experiments; Zhenhui Bai and Tingting Su analyzed the data; Zhanyong Wang contributed
reagents/materials/analysis tools; Zhenhui Bai and Tingting Su wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Qiu, Z,; Fujinami, S.; Komura, M.; Nakajima, K.; Ikehara, T.; Nishi, T. Miscibility and crystallization of
poly(ethylene succinate) / poly(vinyl phenol) blends. Polymer 2004, 45, 4515-4521. [CrossRef]

Wang, Z.; Wang, Y.; Guo, Z.; Li, E; Chen, S. Purification and characterization of poly(L-lactic acid)
depolymerase from Pseudomonas sp. strain DS04-T. Polym. Eng. Sci. 2011, 51, 454-459. [CrossRef]


http://dx.doi.org/10.1016/j.polymer.2004.04.033
http://dx.doi.org/10.1002/pen.21857

Polymers 2018, 10, 90 11 of 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Gao, Z; Su, T,; Li, P; Wang, Z. Biodegradation of P(3HB-co-4HB) powder by Pseudomonas mendocina for
preparation low-molecular-mass P(3HB-co-4HB). 3 Biotech. 2017, 7, 281. [CrossRef] [PubMed]

Mao, H.; Liu, H.; Gao, Z.; Su, T.; Wang, Z. Biodegradation of poly(butylene succinate) by Fusarium sp. FS1301
and purification and characterization of poly(butylene succinate) depolymerase. Polym. Degrad. Stab. 2015,
114, 1-7. [CrossRef]

Khatiwala, V.K.; Shekhar, N.; Aggarwal, S.; Mandal, U.K. Biodegradation of poly(e-caprolactone) (PCL) film
by Alcaligenes faecalis. ]. Polym. Environ. 2008, 16, 61-67. [CrossRef]

Franco, L.; Puiggli, J. Crystallization kinetics of poly(hexamethylene succinate). Eur. Polym. ]. 2003, 39,
1575-1583. [CrossRef]

Ye, H,; Liu, P; Wang, C; Meng, X.; Zhou, Q. Polymorphism regulation in Poly(hexamethylene
succinate-co-hexamethylene fumarate): Altering the hydrogen bonds in crystalline lattice. Polymer 2017, 108,
272-280. [CrossRef]

Bikiaris, D.N.; Papageorgiou, G.Z.; Achilias, D.S. Synthesis and comparative biodegradability studies of
three poly(alkylene succinate)s. Polym. Degrad. Stab. 2006, 91, 31-43. [CrossRef]

Mochizuki, M.; Mukai, K.; Yamada, K,; Ichise, N.; Murase, S.; Lwaya, Y. Structural effects upon enzymatic
hydrolysis of poly(butylene succinate-co-ethylene succinate)s. Macromolecules 1997, 30, 7403-7407. [CrossRef]
Diamond, M.].; Freedman, B.; Garibaldi, ].A. Biodegradable polyester films. Int. Biodeterior. Biodegrad. 2001,
48,219-224. [CrossRef]

Mukai, K.; Doi, Y.; Sema, Y.; Tomita, K. Substrate specificities in hydrolysis of polyhydroxyalkanoates by
microbial esterases. Biotechnol. Lett. 1993, 15, 601-604. [CrossRef]

Fields, R.D.; Rodriguez, F.; Finn, R K. Microbial degradation of Polyesters: Polycaprolactone degraded by
P. pulluluns. J. Appl. Polym. Sci. 1974, 18, 3571-3579. [CrossRef]

Montaudo, G.; Rizzarelli, P. Synthesis and enzymatic degradation of aliphatic copolyesters. Polym. Degrad. Stab.
2000, 70, 305-314. [CrossRef]

Rizzarelli, P.; Impallomeni, G.; Montaudo, G. Evidence of selective hydrolysis of aliphatic copolyesters
induced by lipase catalysis. Biomacromolecules 2004, 5, 433-444. [CrossRef] [PubMed]

Abe, H.; Matsubara, I.; Doi, Y. Physical properties and enzymatic degradability of polymer blends of bacterial
poly[(R)-3-hydroxybutyrate] and poly[(R,S)-3-hydroxybutyrate] stereoisomers. Macromolecules 1995, 28,
844-853. [CrossRef]

Wang, S.; Qiu, B. Polycaprolactone-poly(ethylene glycol) block copolymer, I: Synthesis and degradability
in vitro. Polym. Adv. Technol. 1993, 4, 363-366.

Aburto, J.; Alric, I; Thiebaud, S.; Borredon, E.; Bikiaris, D.; Prinos, J.; Panayiotou, C. Synthesis,
characterization, and biodegradability of fatty-acid esters of amylose and starch. J. Appl. Polym. Sci.
1999, 74, 1440-1451. [CrossRef]

Huang, J.; Shetty, A.S.; Wang, M. Biodegradable plastics: A review. Adv. Polym. Technol. 1990, 10, 23-30.
[CrossRef]

Mochizuki, M.; Hirami, M. Structural effects on the biodegradation of aliphatic polyesters. Polym. Adv. Technol.
1997, 8, 203-209. [CrossRef]

Song, D.K.; Sung, Y.K. Synthesis and characterization of biodegradable poly(1,4-butanediol succinate).
J. Appl. Polym. Sci. 1995, 56, 1381-1395. [CrossRef]

Tokiwa, Y.; Suzuki, T. Hydrolysis of polyesters by Rhizopus delemar lipase. Agric. Biol. Chem. 1978, 42,
1071-1072. [CrossRef]

Mochizuki, M.; Hirano, M.; Kanmuri, Y.; Kudo, K.; Tokiwa, Y. Hydrolysis of polycaprolactone fibers by
lipase: Effects of draw ratio on enzymatic degradation. J. Appl. Polym. Sci. 1995, 55, 289-296. [CrossRef]
Kitamoto, H.; Shinozaki, Y.; Cao, X.; Morita, T.; Konishi, M.; Tago, K.; Kajiwara, H.; Koitabashi, M.; Yoshida, S.;
Watanabe, T.; et al. Phyllosphere yeasts rapidly break down biodegradable plastics. AMB Express 2011, 1,
1-11. [CrossRef] [PubMed]

Zhou, W.; Wang, X.; Yang, B.; Xu, Y.; Zhang, W.,; Zhang, Y.; Ji, J. Synthesis, physical properties and
enzymatic degradation of bio-based poly(butylene adipate-co-butylene furandicarboxylate) copolyesters.
Polym. Degrad. Stab. 2013, 98, 2177-2183. [CrossRef]

Pantani, R.; Sorrentino, A. Influence of crystallinity on the biodegradation rate of injection-moulded
poly(lactic acid) samples in controlled composting conditions. Polym. Degrad. Stab. 2013, 98, 1089-1096.
[CrossRef]


http://dx.doi.org/10.1007/s13205-017-0824-4
http://www.ncbi.nlm.nih.gov/pubmed/28828288
http://dx.doi.org/10.1016/j.polymdegradstab.2015.01.025
http://dx.doi.org/10.1007/s10924-008-0104-9
http://dx.doi.org/10.1016/S0014-3057(03)00066-1
http://dx.doi.org/10.1016/j.polymer.2016.11.071
http://dx.doi.org/10.1016/j.polymdegradstab.2005.04.030
http://dx.doi.org/10.1021/ma970036k
http://dx.doi.org/10.1016/S0964-8305(01)00085-3
http://dx.doi.org/10.1007/BF00138548
http://dx.doi.org/10.1002/app.1974.070181207
http://dx.doi.org/10.1016/S0141-3910(00)00139-7
http://dx.doi.org/10.1021/bm034230s
http://www.ncbi.nlm.nih.gov/pubmed/15003003
http://dx.doi.org/10.1021/ma00108a007
http://dx.doi.org/10.1002/(SICI)1097-4628(19991107)74:6&lt;1440::AID-APP17&gt;3.0.CO;2-V
http://dx.doi.org/10.1002/adv.1990.060100103
http://dx.doi.org/10.1002/(SICI)1099-1581(199704)8:4&lt;203::AID-PAT627&gt;3.0.CO;2-3
http://dx.doi.org/10.1002/app.1995.070561102
http://dx.doi.org/10.1271/bbb1961.42.1071
http://dx.doi.org/10.1002/app.1995.070550212
http://dx.doi.org/10.1186/2191-0855-1-44
http://www.ncbi.nlm.nih.gov/pubmed/22126328
http://dx.doi.org/10.1016/j.polymdegradstab.2013.08.025
http://dx.doi.org/10.1016/j.polymdegradstab.2013.01.005

Polymers 2018, 10, 90 12 of 13

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Koitabashi, M.; Noguchi, M.T.; Yamashita, Y.S.; Hiradate, S.; Suzuki, K.; Yoshida, S.; Watanabe, T;
Shinozaki, Y.; Tsushima, S.; Kitamoto, H.K. Degradation of biodegradable plastic mulch films in soil
environment by phylloplane fungi isolated from gramineous plants. AMB Express 2012, 2, 40. [CrossRef]
[PubMed]

Shinozaki, Y., Morita, T., Cao, X.; Yoshida, S.; Koitabashi, M., Watanabe, T., Suzuki, K,
Sameshima-Yamashita, Y.; Nakajima-Kambe, T.; Fujii, T.; et al. Biodegradable plastic-degrading enzyme
from Pseudozyma antarctica: Cloning, sequencing and characterization. Appl. Microbiol. Biotechnol. 2013, 97,
2951-2959. [CrossRef] [PubMed]

Maeda, H.; Yamagata, Y.; Abe, K.; Hasegawa, F.; Machida, M.; Ishioka, R.; Gomi, K.; Nakajima, T. Purification and
characterization of a biodegradable plastic-degrading enzyme from Aspergillus oryzae. Appl. Microbiol. Biotechnol.
2005, 67, 778-788. [CrossRef] [PubMed]

Hu, X.; Gao, Z.; Wang, Z.; Su, T.; Yang, L.; Li, P. Enzymatic degradation of poly(butylene succinate) by
cutinase cloned from Fusarium solani. Polym. Degrad. Stab. 2016, 134, 211-219. [CrossRef]

Gan, Z.; Abe, H.; Doi, Y. Biodegradable poly(ethylene succinate) (PES). 2. Crystal morphology of
melt-crystallized ultrathin film and its change after enzymatic degradation. Biomacromolecules 2000, 1,
713-720. [CrossRef] [PubMed]

Doi, Y.; Kasuya, K.I; Abe, H.; Koyama, N.; Ishiwatar, S.I.; Takagi, K.; Yoshida, Y. Evaluation of
biodegradabilities of biosynthetic and chemosynthetic polyesters in river water. Polym. Degrad. Stab.
1996, 51, 281-286. [CrossRef]

Karayannidis, G.P,; Roupakias, C.P; Bikiaris, D.N.; Achilias, D.S. Study of various catalysts in the synthesis
of poly(propylene terephthalate) and mathematical modeling of the esterification reaction. Polymer 2003, 44,
931-942. [CrossRef]

Tansengco, M.L; Tokiwa, Y. Thermophilic microbial degradation of polyethylene succinate.
World ]. Microbiol. Biotechnol. 1997, 14, 133-138. [CrossRef]

Fortunati, E.; Gigli, M.; Luzi, E; Dominici, E; Lotti, N.; Gzzano, M.; Cano, A.; Chiralt, A.; Munari, A.;
Kenny, ].M.; et al. Processing and characterization of nanocomposite based on poly(butylene/triethylene
succinate) copolymers and cellulose nanocrystals. Carbohydr. Polym. 2017, 165, 51-60. [CrossRef] [PubMed]
Seretoudi, G.; Bikiaris, D.; Panayiotou, C. Synthesis, characterization and biodegradability of poly(ethylene
succinate) / poly(e-caprolactone) block copolymers. Polymer 2002, 43, 5405-5415. [CrossRef]

Yasuniwa, M.; Satou, T. Multiple melting behavior of poly(butylene succinate). I. Thermal analysis of
melt-crystallized samples. J. Polym. Sci. B 2002, 40, 2411-2420. [CrossRef]

Vankrevelen, D.W.; Nijenhuis, K.T. Properties of Polymers, 4th ed.; Elsevier Publishing Company:
Amsterdam, The Netherlands, 2008; pp. 129-188. ISBN 978-0-08-054819-7.

Bikiaris, D.N.; Papageorgiou, G.Z.; Giliopoulos, D.J.; Stergiou, C.A. Correlation between chemical
and solid-state structures and enzymatic hydrolysis in novel biodegradable Polyesters. The Case of
Poly(propylene alkanedicarboxylate)s. Macromol. Biosci. 2008, 8, 728-740. [CrossRef] [PubMed]

Marten, E.; Miiller, R.J.; Deckwer, W.D. Studies on the enzymatic hydrolysis of polyesters I. Low molecular
mass model esters and aliphatic polyesters. Polym. Degrad. Stab. 2003, 80, 485-501. [CrossRef]

Abou-Zeid, D.M.; Miiller, R.J.; Deckwer, D.W. Biodegradation of aliphatic homopolyesters and
aliphatic-aromatic copolyesters by anaerobic microorganisms. Biomacromolecules 2004, 5, 1687-1697.
[CrossRef] [PubMed]

Papageorgiou, G.Z.; Bikiaris, D.N. Crystallization and melting behavior of three biodegradable poly(alkylene
succinates). A comparative study. Polymer 2005, 46, 12081-12092. [CrossRef]

Papageorgiou, G.Z.; Bikiaris, D.N. Synthesis, cocrystallization, and enzymatic degradation of novel
Poly(butylene-co-propylene succinate) copolymers. Biomacromolecules 2007, 8, 2437-2449. [CrossRef]
[PubMed]

Sato, H.; Murakami, R.; Padermshoke, A.; Hirose, F; Senda, K.; Noda, I.; Ozaki, Y. Infrared spectroscopy
studies of C-H:--O hydrogen bondings and thermal behavior of biodegradable poly(hydroxyalkanoate).
Macromolecules 2004, 37, 7203-7213. [CrossRef]

Sato, H.; Dybal, J.; Murakami, R.; Noda, I.; Ozaki, Y. Infrared and Raman spectroscopy and quantum
chemistry calculation studies of C-H---O hydrogen bondings and thermal behavior of biodegradable
polyhydroxyalkanoate. J. Mol. Struct. 2005, 744, 35-46. [CrossRef]


http://dx.doi.org/10.1186/2191-0855-2-40
http://www.ncbi.nlm.nih.gov/pubmed/22856640
http://dx.doi.org/10.1007/s00253-012-4188-8
http://www.ncbi.nlm.nih.gov/pubmed/22678026
http://dx.doi.org/10.1007/s00253-004-1853-6
http://www.ncbi.nlm.nih.gov/pubmed/15968570
http://dx.doi.org/10.1016/j.polymdegradstab.2016.10.012
http://dx.doi.org/10.1021/bm000055t
http://www.ncbi.nlm.nih.gov/pubmed/11710202
http://dx.doi.org/10.1016/0141-3910(95)00178-6
http://dx.doi.org/10.1016/S0032-3861(02)00875-3
http://dx.doi.org/10.1023/A:1008897121993
http://dx.doi.org/10.1016/j.carbpol.2017.02.024
http://www.ncbi.nlm.nih.gov/pubmed/28363575
http://dx.doi.org/10.1016/S0032-3861(02)00433-0
http://dx.doi.org/10.1002/polb.10298
http://dx.doi.org/10.1002/mabi.200800035
http://www.ncbi.nlm.nih.gov/pubmed/18615455
http://dx.doi.org/10.1016/S0141-3910(03)00032-6
http://dx.doi.org/10.1021/bm0499334
http://www.ncbi.nlm.nih.gov/pubmed/15360276
http://dx.doi.org/10.1016/j.polymer.2005.10.073
http://dx.doi.org/10.1021/bm0703113
http://www.ncbi.nlm.nih.gov/pubmed/17655353
http://dx.doi.org/10.1021/ma049117o
http://dx.doi.org/10.1016/j.molstruc.2004.10.069

Polymers 2018, 10, 90 13 of 13

45.

46.

47.

48.

49.

50.

51.

52.

53.

Kennouche, S.; Moigne, N.L; Kaci, M., Quantin, J; Caro-Bretelle, A.S. Delaite, C.;
Lopez-Cuesta, J.M. Morphological characterization and thermal properties of compatibilized poly
(8-hydroxybutyrate-co-3-hydroxyvalerate)(PHBV)/poly(butylene succinate) (PBS)/halloysite ternary
nanocomposites. Eur. Polym. ]. 2016, 75, 142-162. [CrossRef]

Buzarovska, A.; Grozdanov, A. Crystallization kinetics of poly (hydroxybutyrate-co-hydroxyvalerate) and
poly(dicyclohexylitaconate) PHBV/PDCHI blends: Thermal properties and hydrolytic degradation. J. Mater. Sci.
2009, 44, 1844-1850. [CrossRef]

Shirahama, H.; Kawaguchi, Y.; Aludin, M.S.; Yasuda, H. Synthesis and enzymatic degradation of high
molecular weight aliphatic polyesters. J. Appl. Polym. Sci. 2001, 80, 340-347. [CrossRef]

Li, F; Xu, X;; Yu, J.; Cao, A. The morphological effects upon enzymatic degradation of poly(butylene
succinate-co-butylene terephthalate)s (PBST). Polym. Degrad. Stab. 2007, 92, 1053-1060. [CrossRef]

Tokiwa, Y.; Suzuki, T.; Takeda, K. Two types of lipases in hydrolysis of polyester. Agric. Biol. Chem. 1988, 52,
1937-1943.

Iwata, T, Doi, Y, Kasuya, KI; Inoue, Y. Visualization of enzymatic degradation of
poly[(R)-3-hydroxybutyrate] single crystals by an extracellular PHB depolymerase. Macromolecules
1997, 30, 833-839. [CrossRef]

Chrissafis, K.; Paraskevopoulos, K.M.; Bikiaris, D.N. Thermal degradation mechanism of poly(ethylene
succinate) and poly(butylene succinate): Comparative study. Thermochim. Acta 2005, 435, 142-150. [CrossRef]
Buxbaum, L.H. The degradation of poly(ethylene terephthalate). Angew. Chem. Int. Ed. 1968, 7, 182-190.
[CrossRef]

Chrissafis, K.; Paraskevopoulos, K.M.; Bikiaris, D.N. Effect of molecular weight on thermal degradation
mechanism of the biodegradable polyester poly(ethylene succinate). Thermochim. Acta 2006, 440, 166-175.
[CrossRef]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.eurpolymj.2015.12.009
http://dx.doi.org/10.1007/s10853-008-3236-3
http://dx.doi.org/10.1002/1097-4628(20010418)80:3&lt;340::AID-APP1105&gt;3.0.CO;2-F
http://dx.doi.org/10.1016/j.polymdegradstab.2007.02.008
http://dx.doi.org/10.1021/ma961352m
http://dx.doi.org/10.1016/j.tca.2005.05.011
http://dx.doi.org/10.1002/anie.196801821
http://dx.doi.org/10.1016/j.tca.2005.11.002
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Synthesis of Polyesters and Films 
	Enzymatic Degradation 
	SEM Observations 
	DSC Analysis 
	XRD Analysis 
	FTIR Analysis 
	Water Contact Angle (WCA) 
	GPC Analysis 
	TG Analysis 

	Results and Discussion 
	Enzymatic Degradation 
	Morphological Observations 
	Crystalline Properties 
	WCA Analysis 
	Molecular Weight Analysis 
	TG Analysis 

	Conclusions 
	References

