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RESUMO

Poli(3-hidroxibutirato) (P3HB) foi produzido por cultura de Ralstonia eutropha DSM 428 ¢
Alcaligenes latus ATCC 29712, em bioreator contendo meio mineral, a partir de diferentes substratos como
sacarose, lactato sddio, acido latico, 6leo de soja e acidos graxos como fontes de carbono. As bactérias foram
capazes de converter os diferentes substratos em P3HB. Os melhores resultados foram obtidos com a cultura
suprida com lactato ou 6leo de soja. As massas molares numéricas médias (Mn) dos polimeros sintetizados,
determinados por Cromatografia de Permeagdo em Gel, variaram de 1.65 x 10°a 0.79 x 10° g mol™. Os
espectros no infravermelho mostraram absorbancias caracteristicas associadas com a estrutura do poliéster. O
grau de cristalinidade, determinado a partir dos difractogramas de raios X, foi de 69 % para todos os
polimeros sintetizados. As propriedades térmicas associadas a estes polimeros semicristalinos indicaram uma
transigdo vitrea em 0.1°C ¢ um ponto de fusdo em torno de 175°C e entalpia de 63-89 J g'. Os espectros de
'H-NMR and “C-RMN dos polimeros estio de acordo com os deslocamentos quimicos associados com a
estrutura do P3HB.

Palavras-chaves: poli(3-hidroxibutirato), polimeros biodegradaveis, caracterizagdo, fontes renovaveis.

Biosynthesis and characterization of biodegradable
Poly(3-hydroxybutyrate) from renewable sources

ABSTRACT

Poly(3-hydroxybutyrate) was produced in fed-batch cultures of Ralstonia eutropha DSM 428 and
Alcaligenes latus ATCC 29712 on a mineral medium with different carbon sources such as sucrose, sodium
lactate, lactic acid, soybean oil and fatty acid. The bacteria converted the different carbon sources supplied
into P3HB. The best results were obtained when lactate or soybean oil were supplied as the sole carbon
source. The range of number average molar mass (Mn) for the polymers, analyzed by Gel Permeation
Chromatography was 1.65 to 0.79 x 10° g mol™'. FTIR spectroscopy revealed a characteristic absorbance
associated with polyester structures. The crystallinity degree, determinate from X-ray diffractograms, was
about 69% in all synthesized polymers. The thermal properties associated to semicrystalline polymers
indicated a glass transition at 0.1°C and a melting point at about 175°C and enthalpy of 63— 89 J g'. The 'H-
NMR and "C-NMR spectra of the polymers were in agreement with the calculated chemical shifts associated
with P3HB structures.

Keywords: poly(3-hydroxybutyrate), biodegradable polymer, characterization and renewable source.

1 INTRODUCTION

The use of renewable resources is a topic under heated discussion in various fields. The reasons for
scientific discussion are concerns about pollution of the environments, carbon dioxide emissions, limited
petrochemical reserves and agricultural production surpluses. The advantages of using naturally occurring
polymers rather than synthetic materials lie mainly in their environmental degradability. Polymers of
bacterial origin, such as polyhydroxyalkanoates (PHAs), are characterized as biocompatible “green”
thermoplastic and are biodegraded in specific treatment systems [1]. The chemical diversity of PHAs
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includes a wide spectrum of physical properties ranging from rigid, brittle plastics to softer plastics,
elastomers, rubbers and glues [2]. Poly (3-hydroxybutyrate), P3HB, is a member of the PHAs more often
used as a model product for the development of bioproduction strategies. It is a source of energy and carbon
storage and is accumulated intracellular by numerous microorganisms under unfavorable growth conditions
in the presence of excessive carbon sources. This polymer is potentially useful in slow drug release
formulations, biodegradable surgical implants and containers. A major drawback in the industrial mass
production of P3HB is the cost of the substrate used for bacterial growth and polymer accumulation. One
approach to reduce the cost of PHA production is the use of inexpensive carbon sources as feedstocks for
bacteria [3-4]. The use of agricultural products or co-products may help to reduce the cost of PHA
production, while simultaneously creating new markets for surplus and renewable agricultural commodities.
Soybean oil and sodium lactate are renewable and highly available carbon sources in Brazil and can be used
as substrates for PHA production to reduce the high production cost of P3HB. Sodium lactate is obtained
through a sucrose bioprocess in a regional industry. The current research aimed to evaluate the capacity of
bacteria to convert different natural carbon sources into P3HB and their impact on polymer properties.

2 MATERIALS AND METHODS

2.1 Bacterial Culture

The bacterial strains Ralstonia eutropha DSM 428 (Deutsche Sammlung von Mikroorganismen und
Zellkulturen) and Alcaligenes latus ATCC 29712 (American Type Culture Collection) were used in the
present study. Strains were cultured for 24h (30°C, 150 rpm) in nutrient broth (5g L™ peptone and 3 g L™
beef extract) and 10% (v/v) of this culture was then utilized to inoculate the bioreactor containing 2L of a
mineral salts medium [5]: 3.5 g L' Na,HPO,, 1.5 g L' KH,PO4, 1.0 g L' (NH4),SO,4, 0.2 g L™
Mg,S0,4.7H,0, 0.2 g L' Mg,S0,.7H,0, 0.06 g L' Citr.FeNH,, 0.01 g L' CaCl,.2H,0 and ImL L' of
microelement solution. Fed-batch experiments were conducted using a VIRTIS OMNI-CULTURE bioreactor
(initial pH 7.0, 30°C, 300 rpm). Soybean oil (10 g L™), sodium lactate (15 g L"), lactic acid (5 g L"), sucrose
(15 g L") and fatty acids (10 g L") were added to the mineral medium as carbon sources. The medium and
the carbon sources were autoclaved for 20 min at 121°C as separated solutions. In order to obtain higher
concentrations of P3HB, a new feeding of carbon sources (the same initial concentration) was made after 24
hours of culture.

2.2 Biomass concentration

Cellular dry biomass was determined gravimetrically by filtering a known volume of culture
through a membrane with 0.45um pore diameter, followed by drying at 100°C.

2.3 PHA content and composition

The cellular polymer content was analyzed by propanolysis of polymer extracted from freeze-dried
cells to yield propyl esters of the 3-hydroxyalkanoic acids constituents, followed by gas chromatography of
these propyl-esters [6]. The gas chromatograph (HP 6890) was equipped with an HP 5 capillary column (5%
phenyl/ 95% methyl silicone as stationary phase-30 m by 0.25 mm). About 1puL of organic phase containing
the propyl esters was analyzed after split injection (1:100), using a flame-ionization detector. The
temperatures of the injector and the detector were 250°C and 300°C, respectively. To separate the propyl
esters, a column temperature program was applied, consisting of 100°C for 1 min, increasing (8°C min™) to
185°C and then holding 1min at that temperature. Helium (0.8 mL min™") was used as the carrier gas.

24 PHA recovery

Cells were harvested by centrifugation and lyophilized, the PHA was extracted using chloroform in
a Soxhlet extractor. The chloroform solution was concentrated and precipitated in methanol (1:10 v/v) to
obtain the purified polymer.

25 Molar Mass measurements

Average Molar Mass data was obtained using a gel permeation chromatograph (GPC) system
(Merck-Hitachi Lachrom) equipped with a refractive index detector (Merck-Hitachi Lachrom L-7490) with
PSA, PS40, PS400, PS4000 Licrogel-Merck columns placed in series with exclusion limits of 10°, 10°, 10%,
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and 10° Dalton. Chloroform was used as the eluent at a 0.5 mL min™ flow rate, and 100 pL of 1.0 mg mL"
sample were injected as well as high molecular weight polystyrene standards (0.25 mg mL™). Polystyrene
standards (4x10° to 3x10” g mol™) with a low polydispersity were used to draw a calibration curve by the
universal calibration method. The parameters of the Mark-Houwink equation utilized were: K=1.18 x 10*, a =
0.78 valid for P3HB in chloroform and for Polystyrene, a = 0.794 and K= 4.9x 10° at 30°C.

2.6 Crystallinity study

X-ray diffraction measurements were taken with a Seifert-FPM diffractometer model URD65 X-ray
generator and a Ni filter, in order to produce Cu Ka radiation (A = 0.1542 nm) as the source. The X-ray
diffractogram obtained from polyester pellet samples, which were aged at room temperature to reach
crystallinity equilibrium prior to analysis, was recorded at 27°C in the range 20 = 6-40° at a scan speed of
0.01/10s. The crystallinity degree, Xc, was calculated from normalized diffractogram data recorded from the
relation: Xc=[(total area)-(amorphous area)]/ (total area).

2.7 Infrared spectroscopy

Polyester FTIR spectra were recorded using a FTIR-8300 Shimadzu with a lcm™ resolution,
between 400 to 4000 cm™ and 40 scans accumulated from cast samples of P3HB obtained from 1-2%
chloroform solutions on a KBr pellet.

2.8 Thermal analysis

Differential scanning calorimetry (DSC) was conducted using a DSC 2010 calorimeter from TA
Instruments. The thermal properties of 5-10 mg polyester samples were measured under an atmospheric
nitrogen flow of 30mL min-1 in sealed aluminum pans. Samples were heated to 182°C and maintained under
an isothermal condition for 1 min, followed by quenching at -80°C. The analysis started at 10°C/min heating
rate from -80 to 190°C and cooling to -80°C. The data was processed using Universal Analysis-TA
Instruments software.

2.9 NMR analysis

The distribution sequence of 3HB units was identified by "H and *C NMR spectroscopic analysis.
The spectra were measured with a JEOL ECLIPSET 400 spectrometer. 400 MHz 'H NMR and 100 MHz "*C
NMR spectra were recorded at 25°C in a chloroform-deutered solution. Tetramethylsilane was used as an
internal chemical shift standard.

3 RESULTS AND DISCUSSION

Carbon source cost is a pivotal economic factor in industrial PHA production [7]. Therefore,
development of the PHA process should be based on inexpensive substrates efficiently converted to PHA.

A previous work (data not shown) allowed to select combinations of cheap carbon sources and
bacterial strains to produce P3HB [8]. In that work, Ralstonia eutropha could utilize soybean oil, fatty acids,
sodium lactate and lactic acid and Alcaligenes latus was able to accumulate P3HB from sucrose in shaken
flasks experiments. Neither A. latus or R. eutropha were able to consume lactose.

R. eutropha is recognized as extremely impaired in the use of sucrose [3].

A. latus ATCC 29712 was cultivated on sucrose and only a small amount of P3HB was detected
during an intermediate phase of culture, reaching about 45% of cell dry mass (CDM). P3HB was consumed
and represented less than 5% CDM after 48 hours of cultivation (Figure 1). Although 4. latus was described
originally as a species able to use sucrose as the sole carbon source [9], it was demonstrated a variable
utilization of this carbon source by A. latus strains [10]. Strain DSM 1123 (ATCC 29714) was able to
hydrolyze sucrose and consumed glucose and fructose. Strain DSM 1124 (ATCC 29713) was unable to
hydrolyze sucrose though was able to consume glucose. Strain DSM 1122 (ATCC 29712) hydrolyzed
sucrose but was unable to use fructose [10]. The results showed in Figure 1 are compatible with the
mentioned study. Sucrose was probably hydrolyzed and glucose consumed, leading to P3HB accumulation.
However, since this strain cannot consume fructose, intracellular P3HB was channeled towards biomass
formation, resulting in a low accumulation of P3HB after 48 hours of culture.

Ralstonia eutropha DSM 428 was cultivated using lactate, lactic acid, fatty acids and soybean oil as
carbon sources (Figure 1). Cell dry mass (CDM) and P3HB accumulation increased rapidly over time during
cultivation in soybean oil and lactate.
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Figure 1: Cell dry biomass and P3HB concentration during 48 hours culture. (a) 4. latus ATCC 29712
supplied with sucrose (cell dry mass B and P3HB ©O) as the sole carbon source, R. eutropha DSM 428
supplied with fatty acids (cell dry mass A and P3HB A) or soybean oil (cell dry mass * and P3HB V) as the

sole carbon source; (b) R. eutropha DSM 428 supplied with lactate (cell dry mass ® and P3HB
%) or lactic acid (cell dry mass ¥ and P3HB W) as the sole carbon source.

Cells containing higher P3HB content was obtained when R. eutropha DSM 428 was cultured using
lactate as the sole carbon source. Using lactate, P3HB represented 73 % of cell dry mass (CDM) after 48
hours of culture, reaching a concentration of 2.08 g L' and a volumetric productivity of 0.043 g L™ h™". When
lactic acid was supplied as the sole carbon source, the CDM and P3HB concentration were significantly
lower than that obtained from lactate. P3HB reached 50% of cell dry mass after 24 hours of culture but
represented only 33% after 48 hours. The poor P3HB accumulation from lactic acid is probably due the lower
amounts of carbon source supplied (10 g L) when compared to lactate (30 g L™). The feeding of higher
lactic acid amounts an effective pH control will be needed.

The higher cell dry mass (CDM) and P3HB concentration was obtained when R. eutropha DSM 428
was supplied with soybean oil as the sole carbon source. P3HB and cell dry mass concentration reached 5.2
and 3.6 g L', respectively. These results correspond to 68% of CDM and a volumetric productivity of 0.074
g L' h'. It is interesting to highlight that the total concentration of soybean oil supplied was 20 g L™ (10 g L~
"beginning of culture and an additional feeding of 10 g L after 24 hours culture) significantly lower than the
total concentration of lactate supplied (30 g L™). A best yield of P3HB from soybean oil was expected since
fatty acids are converted to acetyl-CoA without a decarboxylation step in the metabolism as occurs in the
conversion of lactate to acetyl-CoA.

When fatty acids were supplied as the sole carbon source a cell dry mass corresponding to 3.2 g L™
and a P3HB concentration of 0.9 g L™ were reached. It corresponds to a P3HB content of 32% of CDM.
These values are significantly lower than that reached by R. eutropha DSM 428 using soybean oil as the sole
carbon source. These poor results could be explained by the pH reduction in the media by fatty acids feeding.

Soybean oil and lactate showed be the best carbon sources to P3HB production by R. eutropha DSM
428. Although further adjustments in culture conditions will be needed to reach higher cell concentration and
volumetric productivities.

Although the molecular weight and molecular weight distribution possibly represent the most
important properties for the commercial suitability of a given polymer [11], the in vivo polymer chain growth
process and molecular weight control are little understood.

P3HB produced by A4. latus ATCC 29712 from sucrose displayed a lower molar mass than that
produced by R. eutropha from any other carbon source (Table 1). This result could be ascribed to differences
in bacterial strains, but since 4 .Jatus ATCC 29712 consumed most of the accumulated P3HB, the low molar
mass may have resulted from the effect of these special conditions (accumulation followed by consumption).
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Table 1: Number average molar mass (Mn), weight average molar mass (Mw) and the
polydispersion index (Mw/Mn) of P3HB samples obtained from different carbon sources.

Carbon Source + strain | Mn x10° (g mol™) | Mw (g mol™) | Mw/Mn
Lactate +tH16 1.2 233125 1.91
Lactic acid +H16 1.2 258 600 2.09
Soybean oil +H16 1.65 351 668 2.12
Fatty acid +H16 1.2 345 595 2.89
Sucrose + ATCC29712 0.79 199 806 2.50

The number average molar mass (Mn) of P3HB produced by R. eutropha (Table 1) varied from
0.79x10° to 1.65x10° g mol'. Weight average molar mass (Mw) higher than these were reported for P3HB
produced by R. eutropha from lactic acid (390.000 g mol™) or from glycerol (380.000 g mol") in fed-batch
cultures under phosphate-limiting conditions [12]. The lower molar masses obtained in this work is probably
due the specific culture conditions applied and probably could be improved.

Since some substrates containing hydroxyl groups, such as glycerol, may act as chain transfer agents
in the chain termination step of polymerization [12], a lower molar mass was expected in the P3HB produced
from soybean oil when compared to that obtained from fatty acids. However, the results obtained in this work
contradicted this hypothesis, since the P3HB with highest molar mass was obtained from soybean oil (Table
1). Triglycerides present in plant oils are first hydrolyzed to glycerol and fatty acids before their uptake by
bacterial cells. Probably glycerol is consumed more efficiently than fatty acids and metabolized by the
bacterial cells. Under these conditions glycerol does not work as a chain termination agent.

The polydispersities of P3HB produced by one-step batch cultivation of Ralstonia eutropha in the
mineral medium containing 20 g L™ of fructose and 1 g L of (NHj), SO, remained almost constant at 2.0 +
0.2 during the bioprocess [13]. The polydispersion index (Mw/Mn) of P3HB produced by R. eutropha from
lactate, lactic acid and soybean oil are in the same range. A higher polydispersion index was observed to
P3HB produced from fatty acids which could be explained by inhibitory effects by pH reduction after fatty
acid feeding.

The FTIR spectrum (Figure 2) showed a characteristic absorbance associated with the polyester
structure. The FTIR spectrum of all the synthesized P3HB showed the same characteristics. A transmission
band at 1732 cm™ characteristic of C=0 stretching of carbonyl groups was attributed to the P3HB structure in
the crystalline state and the transmission bands at 1279, 1228 and 1185 cm™ were ascribed to C-O-C groups
[14].
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Figure 2: FTIR spectra of P3HB homopolymer samples from soybean and lactate
representative of P3HB samples from different substrates.
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Figure 3 depicts the 400 MHz 'H-NMR spectrum representative of P3HB obtained from different
carbon sources in chloroform-d solution. The 'H-NMR spectrum of all the synthesized P3HB showed the
same characteristics. Methine proton attached to the asymmetric carbon is a multiplet at 5.26 ppm, methylene
is a multiplet at 2.61-2.47 ppm and the CHj signal is a simple doublet at 1.27 ppm. Figure 4 shows 100 MHz
C NMR of P3HB in chloroform-d. Assignment of the chemical shifts to carbon is explained by the
inductive effect: carboxyl group, 169.19 ppm; methane group, 67.64 ppm; methylene group, 40.79 ppm; and
CHj; group, 19.79 ppm; which is in agreement with the calculated chemical shifts to the polyester structure
[15].

4 10 70 79 70 70 €0 10 50 30 WOITNTOIT IT0 RO IRV 0 ST MOS0 00

A

I S N . s o e —

a8 pEEEmEsR Eam | e ;

AR : emolIIARY] o m¥Eac @ ¥

Figure 3: 400 MHz 1H-NMR representative spectrum of P3HB obtained from different substrates.
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Figure 4: 100 MHz 13C-NMR representative spectrum of P3HB obtained from different substrates .

The higher relative crystallinity of the P3HB samples (Table 2) may be consequence of a highly
stereo-regular structure, which could be deduced from the configurational dyads.

The study of P3HB dyads from methylene groups was based on the multiplicity of methylene
groups in the P3HB backbone structure of the "H-NMR spectrum (Figure 5).
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Figure 5: Expansion of the CH, region in the "H-NMR spectrum.

The protons of CH, group in isotactic form (Figure 6) are not equivalent; they are an A-B system in
the '"H-NMR spectrum. The signal multiplicity of each proton is four and eight signals and results from
proton coupling. On the other hand, in the syndiotactic form (Figure 6), they are equivalent because they
have equivalent chemical environments. Because they are an A, system, the signal multiplicity is one, and
coupling with the proton of the CH group shows two signals.
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Figure 6: Configurational dyads of P3HB, (a) isotactic and (b) syndiotactic.

The single signal of the "H-NMR spectrum (Figure 5) is indicative of an isotactic polymer structure
and this was confirmed in the expanded carbonyl region in >*C-NMR spectrum (Figure 4), which showed a
single signal. The X-ray diffractograms of all the synthesized P3HB showed the characteristic reflection
plane of the crystal lattice of this octahedral structure [14] (Figure 7). The X-ray diffractograms of all the
synthesized P3HB showed the same characteristics. Table 2 shows the contribution of P3HB crystallinity. All
the synthesized polymers showed slight differences in the degree of crystallinity (%). These differences may
have resulted from the difference in molar mass and the method employed to calculate the crystalline
fraction. The degree of X-ray crystallinity of P3HB produced by Ralstonia eutrophus from butyric acid with
different stereoregularities, decreased from 62 to 40%. In the presence of some additives the X-ray
crystallinity of P3HB produced by Ralstonia eutrophus from 4-hydroxybutyric acid was 59% [16].
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Figure 7: X-ray diffractograms (DRX) of P3HB obtained with R. eutropha from soybean oil and sodium
lactate, representative of P3HB samples from different substrates.

Table 2: Crystalline degree (%) obtained from X-ray diffractograms and glass transition temperature (T,),
crystallization temperature (T.), melting temperature (T,,) and melting enthalpy change (AH,,) by DSC
technique of P3HB samples syntheses from different carbon sources and strain.

T, | T¢ |Crystallinity degree| T, | AH,

Carbon Source + strain | ("C) | (°C) (%) °C) |dgh
Lactate + H16 - 11073 68.1 172.1| 78.5
Lactic acid + H16 - 1 99.1 69.7 175.5| 82.3
Soybean oil + H16 - |111.0 69.0 173.6| 89.2
Fatty acid + H16 0.1 | 484 68.7 1723 | 89.3
Sucrose + ATCC29712 | -- ]105.7 67.6 169.9| 63.4

*second heating process.

The thermal properties (Figures 8, 9) of these P3HB obtained from different substrates showed
differences in phase transition.



PEREIRA, S.M.F.; SANCHEZ, R.R.; GOMEZ, J.G.C.; Revista Matéria, v. 13, n. 1, pp. 01 — 11, 2008.

*———  PHB-LacticAcid
#—— - PHB-5B.0Il
134 B—-- PHB-Lactate
Q— — PHB-Sucrose
5
=
% 08+
i
w
[T
T
034
*-O—— - OF Q="
-02 I 1 I T T 1 L
30 50 70 Q0 110 130 150 170
Exo up Temperature ("C)

Figure 8: Non isotherm cooling thermograms (DSC) of P3HB obtained from different substrates.

The crystallization behaviour of P3HB samples (Figure 8) showed slight differences, except to
P3HB obtained from fatty acid which it could not detected e defined crystallization process during cooling
process. On the other hand during the cooling scan of P3HB-fatty acid was detected a low crystallization
temperature (Table 2) associated to non-isothermal crystallization.

This behaviour could be associated to relative high average molar mass and large molar mass
distribution of this sample. Luo et al. [17] studied the effect of molar mass on the lamellar structure and
thermal properties of poly (hydroxybutyrate-co-hydroxyvalerate) polymer.

An expected difference could be observed to crystalization temperature from cooling process and
second heating process due to difference in crystalization condition.
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Figure 9: DSC second heating thermograms of P3HB obtained from different substrates.



PEREIRA, S.M.F.; SANCHEZ, R.R.; GOMEZ, J.G.C.; Revista Matéria, v. 13, n. 1, pp. 01 — 11, 2008.

The thermal behaviour observed from second heating process (Figure 9) show not significant
differences in the melting points (170-176°C) to different P3HB samples and associated enthalpies (63-89
J/g) presents a good agreement to crystallization measurements from x-ray. The glass transition observed
(Tg) to P3HB obtained from fatty acid its due to this sample, different to the others, could not present an
extensive crystallization during cooling process and it was possible to appreciate the transition associated to
amorphous phase. As could be expected it was observed, at more high temperature (48°C), a crystallization
peak in this second heating run.

4 CONCLUSIONS

PHAs are gaining serious consideration as substitutes for non-biodegradable polymers specially
because they could be produced from renewable materials like that coming from agricultural feedstocks.
Many opportunities exist for providing novel routes based on renewable resources to produce useful
materials integrated into the national industry and to evaluate the effect of P3HB accumulation in
incorporated systems on agronomic performance. However, this involves considerable challenges. The work
reported here evaluated the ability of two bacterial strains to produce P3HB from carbon sources available in
Brazil. The best results were obtained with the R. eutropha DSM 428 strain using soybean oil or lactate,
considering the biomass formed, the P3HB content, and P3HB molecular weight. As expected, the P3HB
presented properties congruent with the P3HB synthesized from others carbon sources.
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