3 Biotech (2017) 7:281
DOI 10.1007/s13205-017-0824-4

CrossMark

@

ORIGINAL ARTICLE

Biodegradation of P(3HB-co-4HB) powder by Pseudomonas
mendocina for preparation low-molecular-mass P(3HB-co-4HB)

Zhaoying Gao' - Tingting Su' - Ping Li' - Zhanyong Wang'

Received: 27 January 2017/ Accepted: 28 April 2017/ Published online: 16 August 2017

© Springer-Verlag GmbH Germany 2017

Abstract Poly(3-hydroxybutyrate-co-4-hydroxybutyrate)
(P(3HB-co-4HB)) is a biodegradable plastic that is exten-
sively utilized in many fields. In this work, P(3HB-co-
4HB) powder was degraded by Pseudomonas mendocina
for the preparation of low-molecular-mass (LMW) P(3HB-
co-4HB). After degradation, the remaining P(3HB-co-
4HB) powder was analyzed via gel permeation chro-
matography (GPC), differential scanning calorimetry
(DSC), X-ray powder diffraction (XRD), Fourier transform
infrared (FTIR) spectroscopy, and proton nuclear magnetic
resonance ('"H NMR) spectroscopy. The degradation of
P(3HB-co-4HB) by P. mendocina occurred in two stages:
the fast degradation stage (0—8 h) and the slow degradation
stage (8-24 h). GPC analysis showed that the molecular
weight of P(3HB-co-4HB) gradually decreased with
degradation time. After 24 h of degradation, the weight-
average molecular weight of P(3HB-co-4HB) was reduced
to 4-5 kDa. DSC and XRD analyses both verified that the
degree of crystallinity decreased with prolonged degrada-
tion time. The melting temperature of the degraded pow-
der, however, remained unchanged. FTIR and 'H NMR
analyses of the degraded powder showed that no new
material was produced during degradation. Thus, the
degradation of P(3HB-co-4HB) by P. mendocina could be
used to produce LMW P(3HB-co-4HB) for use in various
applications, such as the synthesis of amphiphilic block
copolymers.
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Introduction

Polyhydroxyalkanoates (PHAs) are natural polyesters that
are intracellularly synthesized and accumulated during the
unbalanced growth of various microorganisms (Khanna
and Srivastava 2005). In the past few decades, PHAs have
attracted commercial attention in the production of green
plastics given their biodegradability, and biocompatibility,
as well as the similarity of their mechanical properties to
those of petrochemical-derived plastics, such as
polypropylene (Numata et al. 2009; Wang et al. 2012). The
PHA family includes polyhydroxybutyrate (PHB),
poly(hydroxybutyrate-co-hydroxyvalerate), poly(3-hy-
droxybutyrate-co-4-hydroxybutyrate)  (P(3HB-co-4HB)),
poly(hydroxybutyrate-co-hydroxyhexanoate), and polyhy-
droxyoctanoate. P(3HB-co-4HB) is one of the most well-
known members of the PHA family.

The increasing application of PHAs, however, may
cause ecological problems given the incomplete degrada-
tion of PHAs within the desired time frame or the forma-
tion of intermediates during their degradation in the
environment (Tokiwa et al. 2009). Therefore, research on
the mechanisms of PHA degradation is necessary to for-
mulate guidelines for their appropriate use. Wen and Lu
(2012) investigated the microbial degradation of P(3HB-
co-4HB) copolymers with different 4HB molar fractions in
soil for 60 days. Their results showed that the rate of
degradation of P(3HB-co-4HB) is highly dependent on its
crystallinity and surface morphology. Furthermore, its
amorphous interspherulitic regions and crystal center are
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prone to degradation. Faezah et al. (2011) degraded
P(3HB-co-4HB) using a depolymerase from Cupriavidus
sp. USMAA1020 and observed that enzymatic degradation
enhanced 4HB composition in the copolymer. Hsieh et al.
(2006) hydrolyzed P(3HB-co-4HB) with depolymerase
from Ralstonia pickettii T\ (Hsieh et al. 2006) and reported
that the molecular weights of the crystals decreased during
enzymatic degradation, thus suggesting that the enzymatic
hydrolysis of chain-folding regions at the crystal surfaces
occurred in addition to enzymatic degradation at crystal
laterals or edges. Alejandra et al. (2012) hydrolyzed
P(3HB-co-4HB) with two kinds of commercial lipases.
After enzymatic degradation for 72 h, they obtained low-
molecular mass (LMW) P(3HB-co-4HB) with a molecular
mass (M,,) of 3-5 kDa.

Wang et al. isolated Pseudomonas mendocina DS04-T,
which has a remarkable degrading activity for PHB,
P(3HB-co-4HB), and other PHAs (Wang et al. 2011). In
this work, the degradation of P(3HB-co-4HB) powder by
P. mendocina was investigated by analyzing P(3HB-co-
4HB) powder after degradation.

PHAs produced from bacteria have a high M, of
approximately 200-3000 kDa (Sudesh et al. 2000; Rave-
nelle and Marchessault 2002). The molecular mass of
P(3HB-co-4HB) exceeds 200 kDa (Rahayu et al. 2008).
High M,, is unsuitable for the molecular design of special
polymers, such as amphiphilic block copolymers for drug
release or organ transplantation. For such applications, low
values of My, (i.e., 1-5 kDa) are required. In this study, the
degradation of P(3HB-co-4HB) by P. mendocina DS04-T
was studied for the sustainable production of LMW
P(3HB-co-4HB) with M|, of 4-5 kDa for simple industrial-
scale applications.

Materials and methods
Materials

P(3HB-co-4HB) containing 12 mol% 4-hydroxybutyrate
was obtained from Shandong Ecomann Technology Co.
Ltd. (Zoucheng, China). The average M,, of P(3HB-co-
4HB) was approximately 520 kDa. Unless otherwise sta-
ted, all chemicals used were analytical grade (Mao et al.
2015).

Strain cultivation

Pseudomonas mendocina DS04-T was cultivated in min-
eral medium that contained 0.15% (w/v) P(3HB-co-4HB)
with or without agar (2%, w/v). The mineral medium
contained MgSO4-7TH,0 (0.5 g), NH4Cl (1.0 g), CaCl,.
2H,0 (0.005 g), KH,PO, (5.54 g), and Na,HPO,-12H,0
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(11.94 g) in 1000 mL deionized water, with the pH
adjusted to 8.

Biodegradation of P(3HB-co-4HB)

P. mendocina DS04-T strains were first inoculated into
liquid mineral medium containing 0.5% (w/v) P(3HB-co-
4HB) powder and incubated at 30 °C (Defroidt et al. 2009).
Then, P(3HB-co-4HB) powder were collected at different
incubation times (4, 8, 12, 16, 20, and 24 h). A blank
control without the strain was set up. After degradation, the
powder was collected and thoroughly washed with double-
distilled water and ethanol to remove medium components
and bacterial cells that remained on the powder surface
(Allen et al. 2012). Finally, the powder was dried at 60 °C
under vacuum to a constant weight (Zhou et al. 2009).

Gel permeation chromatography (GPC)

After degradation, P(3HB-co-4HB) powder was analyzed
using GPC, which provided relative molecular mass and
molecular mass distribution. GPC measurements were
performed at room temperature using the Agilent 1200
system and Agilent ChemStation software (Agilent Tech-
nologies, USA). An Agilent 1200 refractive index detector
was used at a working temperature of 35 °C with a tem-
perature controller and tungsten lamp. Chloroform was
used as the eluent at a flow rate of 0.80 mL/min with a
stabilization pressure of 35 bar and a sample concentration
of 1.5 mg/mL (Ramachandran et al. 2011). A Waters
Styragel HT column (Waters Corporation, Milford, USA)
was used. Polystyrene with different molecular masses was
used as standards.

Differential scanning calorimetry (DSC)

DSC was performed on a Perkin—Elmer Pyris 1 DSC
(Perkin—Elmer, USA) under a dry nitrogen gas flow of
50 mL/min. The apparatus was calibrated using high-purity
indium. Approximately 5 mg of sample was sealed in an
aluminum planchet and analyzed. Melting temperature
(Ty), melting enthalpy (AH,,), and glass transition tem-
perature were determined using previously described
methods (Puglia and Fortunati 2014). Crystallinity degree
(X. %) of P(3HB-co-4HB) was calculated with the
assumption that the AH,, value of 100% crystalline PHB
was 146 J/g (Wang et al. 2010). Scans were started at
30 °C and were ramped to 230 °C at 10 °C/min.

X-ray powder diffraction (XRD)

XRD analysis of the samples was conducted on a PAna-
lytical X’pert Pro X-ray Diffractometer with CuKa
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radiation (4 = 1.54,178 A°) and operated at 40 kV and
40 mA (Song et al. 2012).

Fourier transform infrared (FTIR) spectroscopy

Chemical structure was characterized using a Perkin—
Elmer Fourier transform infrared spectrometer (Perk-
inElmer, USA) and optical Perkin—Elmer software. The
line-scan spectra were based on 32 scans and a resolution
of 4/cm (Fu et al. 2015).

Proton nuclear magnetic resonance (‘"H NMR)
spectroscopy

'"H NMR spectra were recorded at 25 °C on a Bruker
AM300 spectrometer (Bruker, Germany). Polymer samples
were dissolved in chloroform, and a drop of tetramethyl-
silane was added as the reference. The 10-mg samples were
dissolved in 1 mL deuterated solvent. Proton spectra were
recorded at 300.1 MHz with a spectrum of 32 K data
points. A total of 64 scans were performed with a relax-
ation delay of 1 s.

Results and discussion
Change in M, of P(BHB-co-4HB) after degradation

Table 1 lists the changes in the M,, distributions of P(3HB-
co-4HB) after different durations of degradation by P.
mendocina DS04-T. Before degradation, P(3HB-co-4HB)
had a relatively high weight-average M,, of approximately
500 kDa and number-average molecular weight (M) of
approximately 80 kDa. The molecular weight of P(3HB-
co-4HB) decreased as degradation progressed. M, of
P(3HB-co-4HB) showed a linear downward trend before
8 h of degradation, after which degradation slowed. After
24 h of degradation, M,, and M, of P(3HB-co-4HB)
decreased to 4-5kDa and to approximately 2 kDa,
respectively. As shown in Table 1, M,/M, decreased

Table 1 Molecular weight distribution of P (3HB-co-4HB) degraded
by P. mendocina

Degradation time (h) M, M, M, /M,
0 523016 85152 6.14
184568 35841 5.15
8 36741 15215 242
12 9829 6542 1.50
16 4740 2393 1.98
20 4805 2155 2.23
24 4361 2085 2.09

rapidly during the first 12 h of degradation and negligibly
changed after 12 h of degradation, indicating that the
polymer had a homogeneous M,, after this period. How-
ever, the M,, distribution of the polymer changed slightly
after 12 h.

Compared with the results of Alejandra et al. who
applied a commercial lipase and obtained LMW P(3HB-
co-4HB) after 72 h of enzymatic hydrolysis, the current
work obtained LMW P(3HB-co-4HB) from P(3HB-co-
4HB) after approximately 16 h of degradation by P. men-
docina DS04-T, as revealed by the GPC analyses
(Table 1). In the previous study, lipases hydrolyzed
P(BHB-co-4HB) to LMW P(3HB-co-4HB), whereas in the
present study, P. mendocina DS04-T metabolized P(3HB-
co-4HB) to LMW P(3HB-co-4HB). In addition, the rate of
production was fast, thus, LMW P(3HB-co-4HB) could be
obtained within a short period.

Weight loss, nonisothermal crystallization,
and melting behavior

Figure 1 shows the weight loss of P(3HB-co-4HB) after
different durations of degradation by P. mendocina DS04-
T. The results of gravimetric analysis suggested that
degradation rate increased with degradation time. The
gravimetric method followed a two-step degradation
mechanism with an initially rapid increase from 0 to 8 h
that then slowed to a gradual increase from 8 to 24 h. The
initial rapid weight loss could be attributed to the large
surface area of P(3HB-co-4HB) powder that retained ade-
quate numbers of bacteria or amounts of enzymes. With
sufficient nutrient and carbon sources from P(3HB-co-
4HB), the bacterial strains and degrading enzymes rapidly
accumulated. Therefore, the molecular chain of P(3HB-co-
4HB) was broken down rapidly. The second step showed
no apparent increase in weight loss for two reasons: first,
after a period of accumulation under batch culture condi-
tions, nutrient depletion could inhibit the growth and
enzymatic yield of bacterial strains. Second, a large amount
of acidic substance (3HB), which could also affect the
reproduction, activity, and enzymatic yield of the bacterial
strain, was produced during degradation (Li et al. 2013).
The thermal properties of the samples were determined
via DSC. The results of DSC analyses are shown in Fig. 2
and Table 2. The melting point of P(3HB-co-4HB) before
degradation was approximately 115.3 °C. After 24 h of
degradation, the melting point of P(3HB-co-4HB) showed
a decreasing trend. This change, however, was not statis-
tically significant. Huong et al. posited that PAHB is more
likely than P3HB to be decomposed through lipase-medi-
ated enzymatic degradation (Huong et al. 2014). The P4AHB
unit in the molecular chain of P(3HB-co-4HB) was pref-
erentially degraded, because its melting point was lower
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Fig. 1 Weight losses of P(3HB-co-4HB) degraded by P. mendocina
DS04-T
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Fig. 2 DSC of P(3HB-co-4HB) powder after degraded different
times by P. mendocina DS04-T

than that of P3HB (the melting point of P3HB was
171-182 °C, whereas that of P4HB was 60 °C, thus
decreasing the degradation product of the molecular chain
of PAHB unit content; increasing the relative content of
P3HB unit, and increasing the melting point of the system.
Alejandra et al. (2012) reported that T, significantly
decreases with time when hydrolyzed by two kinds of
commercial lipases. This decrease results from the low
molecular mass of P(3HB-co-4HB), which in turn is a
direct consequence of the chain-scission reactions that
occur during enzymatic hydrolysis. P(3HB-co-4HB) pow-
der degradation by extracellular P3HB depolymerase from
R. pickettii T\ showed that the melting point decreases as
the duration of degradation is prolonged (Hsieh et al.
2006). Wen et al. (2012) and Chanprateep et al. (2010) also
obtained a similar conclusion. The results of these previous
studies were different from those of the present study
results, because the mechanism of the degradation of the
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materials by P. mendocina DS04-T was different from that
of the pure enzyme.

Two melting peaks appeared after 16 h of bacterial
degradation, because the portion of enriched 4HB
increased as degradation progressed. Therefore, the melt-
ing peak of P4HB appeared.

As shown in Table 2, the melting enthalpy (AH,) of
P(3HB-co-4HB) decreased as degradation time was pro-
longed. Crystallinity also decreased as degradation time
was prolonged. This observation was consistent with the
XRD results. However, this finding differed from that for
the biodegradation of PHB films by P. mendocina DS04-T
(Wang et al. 2013). When PHB films are degraded by P.
mendocina DS04-T, crystallinity increases with degrada-
tion time and the amorphous region of the PHB is degraded
prior to the crystalline region. Moreover, in this work, P.
mendocina DS04-T should simultaneously degrade the
crystalline and amorphous regions of P(3HB-co-4HB),
with the crystalline region being continuously converted
into amorphous phases during degradation.

XRD of P(3BHB-co-4HB) after different degradation
times

The crystal structure of degraded P(3HB-co-4HB) was also
investigated via XRD (Fig. 3). As shown in Fig. 3, all
samples exhibited almost similar diffraction patterns.
Diffraction peaks were all located at approximately 13.57°,
16.96°, 19.87°, 21.49°, 25.53°, 27.13°, and 29.98°, which
corresponded with (020), (110), (021), (111), (121), (040),
and (002), respectively (Ning et al. 2016; Kunioka et al.
1989). The XRD spectrum of the P(3HB-co-4HB) powder
was formed by two parts of a simple superposition: one
part was produced by a crystalline sharp peak (diffraction
peak) and the other part with a hump arch was produced by
a noncrystalline dispersion peak. The two parts indicated
that the crystalline and amorphous random copolymer
materials are significantly different. The degradation
degree of the relative crystallinity of the powder material
gradually decreased, as also shown in Fig. 3. This result
was consistent with that of DSC analysis. Ou et al. (2011)
concluded that the crystallinity of the polymer powder
increases as degradation time is prolonged, because the
noncrystalline region of P(3HB-co-4HB) is degraded
before the crystalline region. Alejandra et al. (2012) also
proposed that the crystallinity degree of P(3HB-co-4HB)
increases with degradation. However, in this work, P(3HB-
co-4HB) crystallinity decreased after 24 h of degradation.
This result is consistent with the conclusion reported by
Dagnon et al. (2010). The decreased crystallinity degree of
PCL (Khatiwala et al. 2008) and PHB (Wang et al. 2013)
under biodegradation has also been reported. Theoretically,
P. mendocina DS04-T preferentially degrades disordered
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Table 2 Weight loss, melting temperature, and crystallinity degree
of P(3HB-co-4HB) powder degraded different times by P. mendocina

Degradation time (h) Melting temperature (OC) AH,,(J/g) Xc (%)

0 115.30 35.83 24.54
114.35 32.66 22.37
8 114.88 31.07 21.28
12 114.86 29.16 19.97
16 114.41 25.64 17.56
20 114.33 24.72 16.93
24 114.60 24.24 16.60
— 20 h
© 16 h
> /M!’\/\A_'\
= 12h
c
2
£

(110) 4h

021)
(020) (111)(121)
(040)
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Fig. 3 XRD of P(3HB-co-4HB) powder after degraded different
times by P. mendocina DS04-T

regions. Thus, the degree of the crystallization of P(3HB-
co-4HB) powder should increase as degradation pro-
gressed. However, the actual experimental results showed
the opposite result, which could be related to the doping of
the 4HB monomer (Garcia and Hueso (2010); Hsieh et al.
2009). Given that the crystal structure of the P(3HB-co-
4HB) random copolymer is more complex than that of a
polymer and that the melting enthalpy is proportional to the
degree of crystallinity, the composition of the copolymer
remarkably affects polymer crystallinity. The physical
properties of P(3HB-co-4HB) were considerably influ-
enced by the incorporation of the 4HB monomer. 3HB and
4HB, however, did not cocrystallize. Under isothermal
crystallization, P3HB had a repulsive effect on the 4HB
unit in copolymer chains (Faezah et al. 2011). To date, the
nonregulatory components of the copolymer, which was
excluded from the crystallization group, are unclear and are
difficult to explain based solely on DSC results. DSC
results revealed that the melting point and relative crys-
talline degree of P(3HB-co-4HB) powder slightly changed
after degradation, confirming that the P. mendocina DS04-
T strains can degrade P(3HB-co-4HB) powder.

FTIR of P(3HB-co-4HB) after different degradation
times

The FTIR spectra of P(3HB-co-4HB) after different dura-
tions of degradation with P. mendocina DS04-T are shown
in Fig. 4. The FTIR spectra did not reveal significant dif-
ferences between different P(3HB-co-4HB) samples that
were biodegraded by P. mendocina DS04-T. After 24 h of
degradation, My, of P(3HB-co-4HB) in all samples signif-
icantly decreased without the formation of new substances.
Concurrently, all samples showed the corresponding peaks
of the main P(3HB-co-4HB) chemical groups: bands at
approximately 1727/cm that belonged to the carbonyl
group; bands at approximately 2934/cm that represented
methylene C-H vibrations; and bands located between
1187 and 1277/cm that represented ester C=0O vibrations.
The bands at 1228 and 1179/cm were assigned to the chain
conformation and the stretching vibration of C-O-C,
respectively. The analysis revealed variations in the shape
and intensity of the bands at 1179, 1228, and 1277/cm.
These changes are associated with the variation in the
crystallinity degree of the polymer (Bayari and Severcan
2005). FTIR results showed that no new material was
produced.

'"H NMR of P(3HB-co-4HB) after different
durations of degradation

"H NMR results revealed the changes in the molecular
structure of P(3HB-co-4HB) as a consequence of degra-
dation by P. mendocina DS04-T. The '"H NMR spectra for
P(3HB-co-4HB) after different degradation times are
shown in Fig. 5. All samples presented the three

24 h
20 h
16 h
12h

'W 8h

4000 3000 2000 1000 0
Frecuency(cm™)

T %

Fig. 4 FTIR of P(3HB-co-4HB) powder after degraded different
times by P. mendocina DS04-T
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Fig. 5 'H NMR of P(3HB-co-4HB) powder after degraded different
times by P. mendocina DS04-T

characteristic groups of signals for P(3HB-co-4HB): a
doublet at 1.26 ppm (Fig. 5, signal Hj), a doublet or
quadruplet at 2.62 ppm (Fig. 5, signal H,), and a multiplet
at 5.27 ppm (Fig. 5, signal H;). All spectra also showed
low-intensity signals that corresponded to the 4HB frac-
tion: a triplet at 4.10 ppm (Fig. 5, signal Hy) and two
multiplets at 2.48 and 1.94 ppm (Fig. 5, signals Hs and
Hg). The 4HB monomer constituted 12% of the polymer
structure, as calculated through the representative peak
areas of both fractions: at 5.27 ppm for the 3HB signal and
at 4.10 ppm for the 4HB signal. Moreover, the three signals
that corresponded to the 4HB fraction decreased with
degradation time. NMR results further confirmed that the
peak of each unit decreased with the degradation of
P(3HB-co-4HB).

Conclusions

This work investigated the degradation of P(3HB-co-4HB)
powder by P. mendocina. The powder was characterized
after degradation. The crystallinity of P(3HB-co-4HB)
powder decreased as the duration of degradation increased,
whereas Ty, remained unchanged. The M,, of P(3HB-co-
4HB) gradually decreased with degradation time. After
24 h of degradation, M, of P(3HB-co-4HB) decreased to
approximately 4-5 kDa. Therefore, the degradation of
native P(3HB-co-4HB) powder by P. mendocina can pro-
duce specific LMW P(3HB-co-4HB). Studies on the con-
ditions for the controllable degradation of P(3HB-co-4HB)
and the immobilization of the degraded strain are in
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progress. Further applications of P(3HB-co-4HB) degra-
dation by P. mendocina in the production of LMW P(3HB-
co-4HB) are forthcoming.
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