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Abstract

Novel poly(3-hydroxybutyrate) and poly(ethylene glycol) (PHB/PEG) multiblock copolymers were synthesized through one-step
copolymerization with hexamethylene diisocyanate (HDI) as a coupling agent by varying the block composition. Molecular structures and
chemical compositions were confirmed by NMR and FTIR spectral analysis. Thermal properties and mechanical properties were investigated
using differential scanning calorimetry (DSC) and stress—strain experiments, respectively. The hydrophilicity and degradability were also
assessed in different media at 37 °C. The results show that this kind of copolymers exhibit good toughness and moderate strength in
comparison with homopolymer PHB, the degradation rate and equilibrium water content (EWC) are much higher than those of the PHB

homopolymer.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Poly(hydroxyalkanoates) (PHAs) are a class of biode-
gradable aliphatic polyesters, which are produced by many
types of micro-organisms [1]. Poly(3-hydroxybutyrate)
(PHB) was the first identified member of PHA family. It
was first discovered in Bacillus megaterium by Lemoigne in
1920’s. In recent years, PHB has been intensively studied
due to its special properties, such as biocompatibility [2],
biodegradability [3], and so on. In biomedical area, PHB can
be used as surgical sutures [4], drug release carriers, and
scaffolds for tissue engineering [5], etc. PHB also offers
potential advantages over the currently used materials in
that it is known to exhibit piezoelectric properties [6], and
its mechanical properties closely resemble those of cortical
bone. So it has been considered in a number of orthopedic
uses [7].

Because of the high isotactic stereoregularity of PHB, it
readily crystallizes to yield materials with high degrees of
crystallinity. When crystallizing from melting state, PHB
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may form large spherulites, which give rise to its brittle
properties [8—10]. Meanwhile, high crystallinity also
influences other properties of PHB including degradability
and hydrophilicity. The degradation of PHB proceeds at a
relatively slower rate than those of other degradable
polymers, such as PLA (polylactide) or PCL (polycapro-
lactone). Besides, the hydrophilicity of PHB is relatively
poor. All these restrict the applications of PHB, especially
the applications in medical field.

Many efforts have been employed, including biological
modification, physical blending and chemical copolymer-
ization, to overcome its shortcomings [11-21]. PEG, as a
highly hydrophilic, biocompatible and flexible polyether,
has been widely used for the modification of biomedical
materials [22-24]. Recent attention of our lab has been
focused on blending of PHB with PEG. The studies showed
that the incorporation of low molecular weight PEG into a
PHB matrix could improve its hydrophilicity, biocompat-
ibility and degradability. On the other hand, the tensile
strength decreased and the fragility became more serious
[15].

Low molecular weight PEG (PEG200) has been selected
by Fernandes et al. as plasticizer in the PHB/beech wood
flour blend system. Incorporation of PEG was found to
compromise thermal stability of PHB as demonstrated by
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the higher decrease on the onset decomposition temperature
(T4). This behavior can be attributed to the hydroxyl groups
in PEG, which may accelerate the degradation of PHB [16].

Shi et al. added PEG to cultivation media of Alcaligines
eutrophus during fermentation process and studied its
effects on control of the molecular weight and the structure.
Their results showed that addition of low molecular weight
PEG can regulate the molecular weight of the yield, P3HB
[17]. When 4-hydroxybutyrate was used as carbon source,
PEG can modulate the repeat unit composition and repeat
unit sequence distribution in the yield. The final products are
a mixture of random copolyesters with different compo-
sitions of 3HB, 3HV and 4HB repeat units. In some cases,
PEG was covalently linked to terminal position of the PHA
chain, but the content was relatively low. So they cannot
really act as block copolymers [18].

Diblock copolymers of PHB and PEG (PHB-block-
mPEG) have been synthesized by catalyzed transesterifica-
tion of bacterial PHB and monomethoxy PEG in the melt
[19]. Li et al. [20] have synthesized a PEG-PHB-PEG
triblock copolymers from telechelic hydroxylated PHB
(PHB-diol) and methoxy-PEG-monocarboxylic acid (M-
PEG-A) by esterification reaction. Because of the relative
low molecular weight, tri- and diblock copolymers do not
hold the sufficient mechanical strength for direct appli-
cations. The potential applications of these copolymers are
to act as amphiphilic drug carriers based on self-association
and micro- or nanoscaled ordering behavior. They may also
serve as the emulsifier for corresponding binary blends [21].

Among many known block copolymers, polyurethanes
display good mechanical properties since they are though,
moderately extensible elastomers. In this paper, the
approach based on polyurethane multiblock copolymers
was adopted to conjugate PHB and PEG. Telechelic
hydroxylated PHB (PHB-diol) with low molecular weight
was first prepared by alcohololysis of bacterial PHB.
PHB/PEG multiblock copolymers were synthesized from
PHB-diols, as hard segments and PEGs as soft segments,
with hexamethylene diisocyanate (HDI) as a coupling agent.
Furthermore, the control of the polymer properties, such as
mechanical properties and degradability can be achieved by
varying the block composition. The structures and proper-
ties of the copolymers including thermal properties,
mechanical properties, degradability and hydrophilicty
were also systematically investigated.
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2. Experimental section

2.1. Materials

PHBs were kindly supplied by Tianlu Co. Ltd (Tianjin,
China). Natural original PHBs were purified by precipi-
tation in n-hexane from chloroform solution, subsequently
precipitation in methanol from same solution. PEGs were
imported and sub-packaged by Tiantai Fine Chemicals Co.
Ltd (Tianjin, China). PEGs were dried under vacuum at
60 °C for over 12 h before use. Hexamethylene diisocyanate
(HDI, >99%, Acros Organics, Belgium) was used as
received, without further purification. 1,2-dichloroethane
was purified by distillation from anhydrous magnesium
sulfate. 1,4-butanediol (1,4-BD), p-toluene sulfonic acid,
dibutyltin dilaurate (T-12) and phosphate buffered saline
(PBS, Sigma) were all of AR grade and were used as
received. All the above chemicals, except those indicated,
were all obtained from Kewei Chemicals Co. Ltd (Tianjin,
China).

2.2. Synthesis of PHB/PEG multiblock copolymer

Dihydroxy-terminated PHB prepolymers with low
molecular weight (M,,=4862, M,,=2673, M,/M,=1.82,
determined by GPC) were prepared by our previous work.
Its chemical structure has been ascertained by IR and 'H
NMR [25].

Preparation of various PHB/PEG multiblock copolymers
was carried out by a modified method described elsewhere
[13]. The synthetic pathway is shown in Scheme 1. The
detailed synthesis process is as follows. First, a DCE
solution of desired composition of PHB-diol and PEG was
prepared at as high a concentration as possible. An
equivalent amount of HDI and a small amount of dibutyltin
dilaurate (T-12) as catalyst were added. The system was
mixed at 50 °C and then stirred at 75 °C under nitrogen
atmosphere for 72 h. The resulting copolymer was
precipitated in ether and dried to constant weight under
vacuum at 60 °C.

2.3. Preparation of copolymer films

Thin films of copolymers (0.2-0.4 mm thickness) were
prepared by solution-casting method. The films were dried
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Scheme 1. Synthesis pathway of the PHB/PEG multiblock copolymer.
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under vacuum to constant weight and then were left to attain
equilibrium crystallinity for more than 2 weeks at room
temperature.

2.4. Characterization

'3C nuclear magnetic resonance ('?*C NMR) spectra of
PHB/PEG multiblock copolymers were performed on a
Varian UNITY-plus 400 system operating at 400 MHz. The
polymers were dissolved in CDCl; with tetramethylsilane as
an internal reference.

Fourier transform infrared (FTIR) spectra were recorded
on a Bio-Rad FTS 135 spectrometer.

Studies by gel permeation chromatography (GPC) were
carried out using a Waters Model 510 pump and Model 410
refractive index detector with Shodex KF-802.5, KF-804
columns. Chloroform was used as eluent at a flow rate of
1.0 ml/min. Polystyrene standards with a low polydispersity
were used to establish the calibration curve.

Thermal properties were investigated using differential
scanning calorimetry (DSC) on a NETZSCH DSC-204
under nitrogen atmosphere. In the DSC experiments, at first,
at the heating rate 10 °C/min, the sample was heated from
—80 to 180 °C (first heating scan), and kept for 2 min at
180 °C. After eliminating thermal history, the sample was
rapidly cooled from 180 to — 80 °C (—80 °C/min). Then the
sample was heated from —80 to 180 °C at the heating rate
10 °C/min (second heating scan) and kept at 180 °C for
2 min before the melt was slowly cooled to —80°C
(—5 °C/min). In the final heating run (third heating scan),
the sample was reheated to 180 °C with the same heating
rate. The transition temperature and the enthalpy were
determined from endothermic and exothermic peaks in the
second and third run.

Mechanical properties were assessed by stress—strain
experiments. The copolymer films were tested on a M350
Testometric tensile tester according to ASTM standard
D882-83 at ambient temperature. The crosshead speed was
5 mm/min. The sample dimensions were 10 mm X 30 mm X
0.2-0.4 mm. Each experiment was repeated 3 times and
reported data were determined on the average of three
specimens.

For the determining of degradability, samples were cut
from dry films and were incubated in PBS buffer solution at
37 °C. The degradation process was monitored by weekly
recording of the changes in the molecular weight of the
copolymers.

To measure the hydrophilicity of copolymers, the dry
films were cut into squares and were immersed in deionized
water at 37 °C. At given intervals, the weight of swollen
polymers was measured after removing the excess water on
the surface by tapping with filter paper until they reached
swelling equilibrium.

3. Results and discussion

3.1. Synthesis of PHB/PEG multiblock copolymers

By changing the copolymer composition, HDI/diols ratio
and using PEGs with different molecular weight, a range of
copolymers were prepared. The progress of this reaction
was monitored by GPC. The GPC chromatographs showed,
in all cases, peaks which were unimodal and higher in
molecular weight than those of starting materials (PHB-diol
and PEG1000). Meanwhile, no peaks related to PHB-diol
and PEG1000 were observed, which indicates that no
starting materials remain in final products. All these can
prove that PHB and PEG in the presence of HDI did
copolymerize in a random condensation. Table 1 lists the
relationship between the composition of reactant mixtures
and the molecular weight of the synthesized copolymers. It
can be seen that the molecular weight of the products
decreases with increasing PHB component. This might be
attributed to some end groups of low reactivity in the PHB-
diol, which might be crotonic acid esters [26], and the
relative concentration of these end groups increases with
increasing the PHB content. In addition, the HDI/Diols ratio
is a key factor in determining the molecular weight of the
copolymers. Considering the requirements of practical
applications, three kinds of final products were selected
for further studies (Table 2).

Table 1

PHB/PEG multiblock copolymers prepared from PHB-diols and PEGs with HDI

M, (PEG) M, (PHB-diol) PHB-diol/PEG HDI/diols (mole ratio) — M.,," My /M,
(weight ratio)

1000 2673 0.5 1.0 34659 1.98

4000 2673 0.5 1.0 22166 2.19

6000 2673 0.5 1.0 15268 2.65

1000 2673 0.5 1.1 132568 2.52

1000 2673 1 1.1 95590 2.92

1000 2673 0.5 1.3 - -

1000 2673 0.25 1.1 146780 2.43

# Measured by gel permeation chromatography (GPC).
® Crosslinked.
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Table 2

Representative yields prepared from PHB-diols and PEGs with HDI

Sample code M, (PHB-diol) M, (PEG) PHB-diol wt% PEG wt% Junction unit wt  M* M /M?
(mol%) (mol%) % (mol %)

BHG-1 2673 1000 44.3 (33.8) 44.3 (66.2) 11.4 (110) 95590 2.92

BHG-2 2673 1000 29.1 (20.4) 58.1 (79.6) 12.8 (110) 132568 2.52

BHG-3 2673 1000 17.2 (11.3) 68.9 (88.7) 13.9 (110) 146780 2.43

# Measured by gel permeation chromatography (GPC).

3.2. Structure characterization

The molecular structures and chemical compositions of
copolymers were determined by FTIR and '*C NMR. Fig. 1
shows the typical IR spectrum of PEG/PHB multiblock
copolymer. A CH stretching band, belonging to the PEG
block appeares at 2869 cm ™~ '. The absorbances at 3340 and
1530 cm ! are assigned to the stretch and deformation of
NH. This indicates that isocyanates did react with diols
through chain-extension polymerization. The '*C NMR
(CDCl3, ppm) shown in Fig. 2 ascertained the chemical
composition of the copolymer. The peaks at 67.7 ppm (CH),
40.9 ppm (CH2), 19.9 ppm (CH3), 169.3 ppm(CO) belong
to PHB blocks and the peak at 70.67 ppm is characteristic of
main chain methylene units in the PEG blocks. It is clearly
seen that the copolymer exhibits peaks characteristic of both
PEG and PHB blocks.

3.3. Thermal properties

Thermal properties of copolymers were investigated by
DSC. Figs. 3 and 4 are the typical DSC thermograms of the
second and third scan, respectively. It can be seen that
the copolymers passed through five typical transitions in the
second heating scan. The low temperature inflection point is
related to the glass transition; the next peak corresponds to

(b)

(a)

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers(cm™)

Fig. 1. Infrared spectra of natural-origin PHB (a); PHB-diol (b); PHB/PEG
multiblock polymer (c).

the crystallization of soft PEG segments. The endothermic
peak in the middle is the melting of PEG phase. The last two
peaks are related to the exothermic crystallization and
endothermic melting of PHB hard segments, respectively.

The correlative data are shown in Table 3. It appears that
the Tgs of copolymers lie between those of two prepolymers
employed, and it is much lower than that of homopolymer
PHB.

In the DSC thermogram of the third run, no cold
crystallization peaks of PHB and PEG segments were
observed. The reason for this phenomenon is that the
process of crystallization is time-dependent. Slow cooling
promotes the nucleation and crystallization to take place.
When quenched from the melt, there is no adequate time for
the PHB and PEG segments to crystallize, so they are still in
amorphous phases [27].

According to the heat of fusion obtained from the areas
under peaks, the crystallinity, X, of PHB or PEG phase can
be calculated from the following formula:

X. (%) = ( AHn ) X 100%

AHLW
Where AHY, is the heat of fusion of 100% crystalline PHB or
PEG; AH,, is the heat of fusion of the PHB or PEG phase in
the copolymers, and W represents the weight fraction of
PHB or PEG component in the copolymer. The data are also
shown in Table 3. The results show that the crystallinities of
PHB and PEG phase are apparently lower in the copolymer
than in their respective homopolymers, and they all
moderately decrease with the increase of the second
component content.

It is of interest to note that the melting of PHB hard
segments in the third scan showed bimodal peak. It has been
found that a melt-recrystallization process was responsible
for this behavior. The lower peak corresponds to the crystals
formed from the slow cooling, while the other one is
attributed to the more perfect crystals produced by
recrystallization in the heating scan [19,28].

3.4. Mechanical properties

To improve the mechanical properties, especially to over
come the brittleness is one of the important aspects in the
modification of PHB. The tensile properties of copolymers
were determined at ambient temperature by stress—strain
curves (Fig. 5). In comparison with homopolymer PHB, this
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Fig. 2. '*C NMR spectrum of PHB/PEG multiblock copolymer.
Table 3
Fusional transitions of PHB/PEG multiblock copolymers, determined from DSC
Sample Scan® T,/°C PHB-segment PEG-segment
T/°C AH,/1Ig Xc/% Tw/°C AH/)g X/ %

1 —47.1 138.7 - - 12.1 - -
BHG-1 2 —333 135.9 43.46 29.8 20.0 17.80 8.2

3 —415 1359 39.64 27.1 19.6 29.87 13.8

1 —47.8 133.9 - - 17.9 - -
BHG-2 2 —39.7 134.1 27.05 18.5 25.0 25.89 12.0

3 —39.3 134.6 22.14 15.2 26.3 26.07 12.1

1 —44.7 1333 - - 21.7 - -
BHG-3 2 —45.6 134.1 25.54 17.5 23.8 27.34 12.7

3 —38.2 134.1 14.85 10.2 25.2 29.12 13.5

# Number indicates the heating scan recorded.

kind of copolymers exhibit good toughness and moderate
strength. No obvious yield point was observed in stress—
strain curve. In Table 4, the results are listed for a series of
copolymers with different PHB/PEG ratios. It appears that
the mechanical properties of the copolymer can be adjusted

BHG-3
[e]
x
(0]

BHG-2

BHG-1

T T T T T T T
-100 -50 0 50 100 150 200
Temperature(°C)

Fig. 3. DSC thermograms of PHB/PEG multiblock copolymers, during the
second run (10 °C/min).

in a wide range by changing the block composition. The
hard segments (PHB) act as physical cross-links and
polymer reinforcement in the copolymer, and when
increasing the PHB content, tensile strength and Young’s
modulus increase, but the elongation at break decreases.

BHG-3

exo

BHG-2

BHG-1

T
-50 0 50 100
Temperature(°C)

T T
-100 150 200

Fig. 4. DSC thermograms of PHB/PEG multiblock copolymers, during the
third run (10 °C/min).
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Fig. 5. Stress—strain diagrams of PHB/PEG multiblock copolymers.

3.5. Hydrophilic behavior

The hydrophilicity of copolymers was investigated by
measuring the water content within the matrix. The
equilibrium water content (EWC) was calculated from the
following formula:

Ws _Wd

EWC (%) = ( ) X 100%

S

Where W, and Wy donate the weight of swollen and dry
copolymers, respectively. The hydrophilicity of materials is
apparently improved due to the introduction of water-
soluble PEG segments (Fig. 6). As a general rule, as the
PEG content is increased, the EWC increases, and the
desired hydrophilic properties can be further optimized
depending on specific applications.

3.6. Degradation in vitro

The degradability of these PHB/PEG multiblock copo-
lymers were investigated in our study. The samples were
incubated in PBS buffer solution at 37 °C. The changes in
molecular weight were monitored weekly to reflect the
profile of the degradation, and the correlative data were
plotted in Fig. 7. It can be seen that the degradation rates of
copolymers are much higher than that of homopolymer
PHB. After 10 weeks, they were approximately 35% of the
original product. This phenomenon is attributed to two

Table 4
Mechanical properties of the copolymers, determined from stress—strain
diagrams

Sample PHB BHG-1 BHG-2 BHG-3
E (MPa) 1472.4 55.0 21.0 4.6
Omax (MPa) 27.0 75 4.6 2.7
emax (%) 3.0 743 129.4 114.8
o (MPa) 24.5 1.0 0.9 1.6
eg (%) 34 75.8 132.6 119.0

70
60—-
50-
40—- .\
30—-

20

EWC (%)

10

0 -

T T
20 40 60 80 100
PHB content (wt%)

Fig. 6. Equilibrium water content (EWC) of copolymers as a function of
compositions.

factors. First, PEG is a water-soluble polymer; the
introduction of it can increase the availability of water
within the matrix [29]. Meanwhile, the crystallinity of the
copolymer has a significant effect on the hydrolysis, and the
rate of the degradation decreases as the crystallinity
increases. Because the degradation begins at chains in the
amorphous region and crystalline domains remain almost
untouched at first. The incorporation of PEG segments into
the main-chain disturbs the regularity of molecular chains to
some degree, so the crystallinity of PHB phase in
copolymers apparently decreases. All these factors accel-
erate the hydrolysis process of copolymers.

4. Conclusions

A series of multiblock copolymers composed of PHB and
PEG segments were synthesized through one-step conden-
sation copolymerization with HDI as a coupling agent. The

105 4 —=— PHB

100 —— BHG-1
95 —A— BHG-2
90 4 —¥— BHG-3
85
80
75
70
65
60
55
50
45
40
35
30

Molecular Weight Retention (%)

. . — . .
0 2 4 6 8 10 12
Time (week)

Fig. 7. Molecular weight retention of PHB/PEG multiblock copolymers as a
function of incubation time at 37 °C in phosphate buffered saline.
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GPC analysis was used in combination with IR and NMR to
confirm that we did form these new PHB/PEG multiblock
copolymers. DSC results showed that both two phases (PHB
and PEG) are able to crystallize. The T,s of copolymers are
much lower than that of homopolymer PHB and lied
between those of the two prepolymers employed. The
tensile properties of copolymers were determined at
ambient temperature by stress—strain experiments. In
comparison with homopolymer PHB, this kind of copoly-
mers exhibit good toughness and moderate strength.
Because the introduction of PEG segments can increase
the availability of water within the matrix, the hydro-
philicity and degradability of the materials are apparently
improved. The EWC and degradation rate both increase
with the increase of PEG content. Furthermore, depending
on specific applications, a wide range of controllable
properties can also be obtained by changing the composition
of the copolymers.

Theoretically, the disparity in hydrophobicity between
the blocks and the crystallinity of the hydrophobic segments
are two important parameters that dictate the phase behavior
of amphiphilic block copolymers. When the temperature is
raised, the melting of PHB crystalline domains and the
hydrophobic interaction along polymer chains may intro-
duce phase transitions. The potential applications of these
block copolymers based on phase behavior may lie in
controlled drug delivery system and degradable shape-
memory polymers [30-33]. The detailed content will be
discussed in a different paper.
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