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A B S T R A C T

Poly(3-hydroxybutyrate) (PHB) belongs to the family of polyhydroxyalkanoates, biopolymers used for agricul-
tural, industrial, or even medical applications. However, scaling up the production is still an issue due to the
myriad of parameters involved in the fermentation processes. The present work seeks, firstly, to scale up poly(3-
hydroxybutyrate) (PHB) production by wild type C. necator ATCC 17697 from shaken flasks to a stirred-tank
bioreactor with the optimized media and fructose as carbon source. The second purpose is to improve the pro-
duction of PHB by applying both the batch and fed-batch fermentation strategies in comparison with previous
works of wild type C. necator with fructose. Furthermore, thinking of biomedical applications, physicochemical,
and cytotoxicity analyses of the produced biopolymer, are presented.

Fed-batch fermentation with an exponential feeding strategy enabled us to achieve the highest values of PHB
concentration and productivity, 25.7 g/l and 0.43 g/(l h), respectively. The PHB productivity was 3.3 and 7.2
times higher than the one in batch strategy and shaken flask cultures, respectively. DSC, FTIR, 1H, and 13C NMR
analysis led to determine that the biopolymer produced by C. necator ATCC 17697 has a molecular structure and
characteristics in agreement with the commercial PHB. Additionally, the biopolymer does not induce cytotoxic
effects on the NIH/3T3 cell culture.

Due to the improved fermentation strategies, PHB concentration resulted in 40 % higher of the already reported
one for wild type C. necator using other fed-batch modes and fructose as a carbon source. Thus the produced PHB
could be attractive for biomedical applications, which generate a rising interest in polyhydroxyalkanoates during
recent years.
1. Introduction

Currently, polyhydroxyalkanoates (PHAs) are one of the most
researched bioplastics because they are biodegradable, renewable,
biocompatible and environmentally friendly [1]. They have similar
physical characteristics (including molecular mass, brittleness, melting
point, and glass transition temperature) to that of synthetic petrochem-
ical polymers such as polypropylene [2]. These characteristics, together
with the worldwide problem of the depletion of fossil fuels, place PHAs as
potential substitutes for conventional plastics, the petroleum-based
polymers, especially in short-lived industrial applications [3]. In
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addition, these polymers have a wide field of use in medicine due to their
innocuousness [4]. Therefore, PHAs have immense industrial potential,
as already shown by applications in tissue engineering, drug delivery,
and packaging [5].

However, one drawback of PHAs is that the production cost is still not
competitive with the conventional polymers. So, the target of the PHAs
production focused on advanced medical applications and products for
tissue engineering. In fact, applications such as polymer-based devices
for controlled drug delivery and hormone release or 3D printed resorb-
able scaffolds for tissue regeneration [6] require biodegradable poly-
mers, so that degradation products are not harmful to the body. Several
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PHAs fulfill these issues [7, 8] since their monomeric and oligomeric in
vivo degradation products have no deleterious effect on living cells or
tissues [9, 10].

Poly(3-hydroxybutyrate) (PHB) is the only homopolymer of this large
family, produced on an industrial scale and also the most studied [11].
More than 300 different microorganisms including Eubacteria (Pseudo-
monas sp., Ralstonia sp., Bacillus sp., Vibrio sp., Azotobacter sp., Methyl-
obacterium sp., Burkholderia sp.) and archaea (e.g. Haloarchaea),
intracellularly produce PHA granules [12, 13, 14, 15, 16, 17, 18, 19], as
storage of carbon and energy under limiting conditions of essential nu-
trients such as nitrogen or phosphate and in the presence of an excess of
carbon source [13, 15, 20].

Cupriavidus necator (formerly known as Wautersia eutropha, Ralstonia
eutropha, and Alcaligenes eutrophus) is the most promising producer of
PHB due a remarkable capacity for accumulating PHB up to 90 % of the
cellular dry weight using a wide range of substrates in a heterotrophic or
autotrophic pathway [21, 22]. Several carbon sources have been tested as
substrate for the PHB production by wild type C. necator: fructose,
glucose, lactic acid, xylose, sucrose, molasses, sorbose, acetic acid, starch,
sodium acetate, glycerol, lactose, propionic acid and different lignocel-
lulosic biomass hydrolysates; fructose is the one that allows the highest
PHB productivity [23, 24]. Recently the advantage of using fructose has
been demonstrated in certain bacteria: Halomonas sp. and Bacillus sp,
prefers fructose over other sources; in some cases increasing its size by
using this carbon source [14, 25].

To enhance the fermentation process from Cupriavidus necator it is
necessary to increase the cell concentration and the intracellular PHB
accumulation. One way to improve the PHB production is by tuning the
growing medium and the operating conditions [26, 27]. Since the spe-
cific growth rate for the PHB production could be inhibited by the sub-
strate concentration, the fed-batch fermentation is an useful approach to
improve the PHB productivity [28]. Different feeding sources with a
limiting nutrient were used to improve the cell growth and the
PHB-productivity. Furthermore, the aerobic dynamic feeding by pulses of
the carbon source enables the increase of the PHB content [29, 30, 31]. A
successful strategy is the three-stage fermentation: The first stage is a
batch culture for adaptation of the bacteria, the second is a fed-batch
culture where the total biomass further increases and the third stage
under nitrogen limitation in the medium allows to increase the PHB
accumulation [32]. Moreover, different feeding policies were used to
improve PHB production in fed-batch cultivation [26, 33, 34].

Most researchers use the C. necator ATCC 17699 strain for the PHAs
production using various carbon substrates and fermentation strategies
[22, 32, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46], however
C. necator ATCC 17697 have been studied only by one research group
[23, 26, 47, 48, 49], so it is important to extend its research. Regarding
this goal, Khanna and Srivastava have been studied the PHB production
by C. necator using different fructose feeding strategies with limited
nitrogen source [23, 26, 47, 48, 49, 50]. They produced PHB in a batch
system using ATCC 17697 strain, where the dissolved oxygen concen-
tration was maintained at 30 % saturation by manually adjusting the
agitation speed and/or airflow rate [47, 50]. Another model based on
fed-batch fermentation with nitrogen and fructose feeding by applying
different constant rates, at different times, was also successfully per-
formed [26, 48, 49]. Through these fed-batch strategies, the maximum
concentration of PHB in the culture medium was 18.6 g/l. Nevertheless,
in accordance to Blunt et al. [51] it is possible to further increase the
PHB concentration by applying other fermentation strategies, particu-
larly a two-step fermentation: first in batch mode to adapt the micro-
organism to the medium and then a fed-batch to maximize cell density
at a high rate.

In our previous work, full factorial design and response surface
analysis were carried out to optimize media parameters including the
concentration of fructose, ammonium sulfate, potassium dihydrogen
phosphate, microelement solution, and initial pH to increase PHB pro-
duction by shaking cultures of wild type C. necator ATCC 17697 [52,53].
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The present work seeks, firstly, to scale up the PHB production from
shaken flasks to a stirred-tank bioreactor with the optimized media and
fructose. Secondly, the aim is to improve the production of PHB both by
batch and fed-batch fermentation strategies in comparison with previous
works of wild type C. necator with fructose as carbon source. Further-
more, thinking of biomedical applications, physicochemical and cyto-
toxicity analyses of the produced biopolymer are presented.

2. Materials and methods

2.1. Bacterial strain and media

Cupriavidus necator ATCC 17697 was obtained from American Type
Culture Collection (Manassas, USA) and maintained on nutrient agar
plates at 4 �C. Inoculum and bioreactor fermentations were performed in
saline basal medium. It contained 20–40 g/l of fructose as the carbon
source and 1.5–3.0 g/l of ammonium sulfate as the nitrogen source.
These concentrations of carbon and nitrogen were changed depending on
the fermentation strategy. The saline basal medium contained also po-
tassium dihydrogen phosphate 4.35 g/l, sodium monobasic phosphate
4.35 g/l, magnesium sulfate heptahydrate 0.5 g/l and microelement so-
lution 2 ml/l. The microelement solution contained FeSO4 2.0 g/l,
MnCl2∙4 H2O 0.03 g/l, CaCl2∙2H2O 2.0 g/l, CuCl2∙2H2O 0.01 g/l,
ZnSO4∙7 H2O 0.1 g/l, H3BO3 0.3 g/l, CoCl2∙6H2O 0.2 g/l, NiCl2∙6H2O
0.02 g/l and Na2MoO4∙2H2O 0.03 g/l in 0.1 N HCl solution [54]. The pH
of the culture medium was adjusted to 7.0 � 0.2 by the addition of 1 N
HCl and 2 N NaOH.

2.2. PHB production by bioreactor fermentations

The production of PHB by C. necator ATCC 17697 was carried out by
fermentation in a bioreactor using both batch and fed-batch strategies.
Fermentations were performed in a 6 l stirred-tank bioreactor (BioFlo
110, New Brunswick Scientific; Edison, NJ), interfaced with Bio-
command Bioprocessing software (New Brunswick Scientific) for
parameter control and data acquisition. To obtain the bacterial inoculum,
a volume of 200 ml of culture medium in a 1 l Erlenmeyer flask was
inoculated with single colonies of C. necator ATCC 17697 and incubated
at 30 � 1 �C and 150 rpm for 24 h. This culture was employed to inoc-
ulate 2 l of culture medium contained in the bioreactor. The size of the
inoculum (10%) is twice that used in the Erlenmeyer flask scale. The pH
was measured in situ using a pH electrode (Mettler-Toledo GmbH, Ger-
many). Dissolved oxygen concentration (dO2, % saturation) was
measured with a polarographic probe (InPro6110/320, Mettler-Toledo
GmbH) and modulated by controlling the agitation speed and adding
filter-sterilized air (0.22 μm). Temperature was maintained at 30 � 1 �C
and foam formation was avoided by the addition of 0.3 % (v/v) antifoam
289 (Sigma-Aldrich; St. Louis, MO). Batch and fed-batch procedures are
described below.

2.2.1. Batch strategy
At the beginning of the batch fermentation, the dO2 was set at 100 %

saturation. When the dO2 reached to 20 %, the dO2 regulation was
started using a cascade control strategy consisting of varying the agita-
tion speed (800–1000 rpm) and air flow (1–2 l/min) to maintain dO2
saturation between 20 - 40 %.

The pH value was maintained at 7.0 � 0.2 by the addition of 1 N HCl
and 2 N NaOH. Cultures were withdrawn periodically during incubation
for the quantification of fructose and ammonium concentration, cell
biomass and PHB.

2.2.2. Fed-batch strategy
Two fed-batch fermentations were performed applying a three-stage

procedure:

Stage 1: Batch culture: Cell growth phase.
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Stage 2: Fed-batch culture with carbon and nitrogen supply: Cell
growth and PHB accumulation phase.
Stage 3: Fed-batch culture without nitrogen supply: PHB accumula-
tion phase.

In both fermentations, 1N HCl and 25 % (v/v) NH4OH were used to
regulate the pH at 7.0 � 0.2 from the beginning. The NH4OH solution
also served as a source of nitrogen to avoid its limitation.

However, two fed-batch strategies with different modes of fructose
feeding regulation were employed in Stage 2. In the first case (Fed-batch
1), fructose feeding was regulated by dO2 with a cut-off level of 70 %
saturation. In the second case (Fed-batch 2), an exponential fructose
feeding strategy was performed applying the exponential feeding equa-
tion (Eq. (1))

FðtÞ ¼ μ0X0V0

Yx =

s
Sfeed

eμt (1)

where F(t) is the substrate solution exponential flow rate (l/h); t denotes
the time (h); μ0 is the specific growth rate (h�1); X0 and V0 are the
biomass concentration (g/l) and the volume (l) at the beginning of the
exponential feeding, respectively; YX/S is the biomass yield based on
substrate consumption (gx/gs) and Sfeed is the substrate concentration in
the feeding solution (gs/l) (600 g fructose/l). A series of batch experi-
ments at the bioreactor level were performed with C. necator ATCC
17697 to determine YX/S and μ0, estimated as 0.44 g/g and 0.11 h�1

respectively [53].
The Stage 3, equal for both fermentations, consisted of a fed-batch

culture without nitrogen supply. For this purpose, the fructose feeding
(600 g/l) was controlled by dO2, with a cut-off level of 30–20 % satu-
ration and the NH4OH solution was replaced by 2 N NaOH. Furthermore,
in this stage, the agitation was reduced to 800-650 rpm and the aeration
to 1 l/min, to improve the PHB production.

2.3. Analytical methods

Cell samples from bioreactor fermentations were harvested by
centrifugation for 10 min at 3500 rpm (Presvac INS-DCA-300RTV),
washed twice with distilled water and air-dried at 105 �C until con-
stant weight (Numak DHG-9053A). Weights of the dried samples were
considered as the dry cell weights and denoted as biomass (g/l). The
recovered supernatant was used to determine the fructose and ammo-
nium concentrations. Fructose concentration was determined by total
organic carbon quantification through TOC-L Analyzer (Shimadzu) that
operates in interface with TOC-Control L/V software.

The determination of ammonium concentration was performed ac-
cording to the method of indophenol blue [55]. Quantitative estimation
of PHB from biomass was carried out by the ultraviolet (UV) spectro-
photometer method [56]. PHB was dissolved in 80 % (v/v) sulfuric acid
solution and exposed at 100 �C for half an hour to be converted into
crotonic acid. The sulfuric 80 % (v/v) acid solution without the polymer
was used as blank. The absorbance of the solution was measured at 234
nm in a PerkinElmer Lambda 35 UV/Vis spectrometer. The commercially
available Biocycle® 1000 - PHB polymer (PHB Industrial S/A, Brazil) was
used as standard.

Biomass is composed of two components: i) the catalytically active
component consists of proteins and nucleic acids (residual biomass), and
ii) the inert component, the product PHB [47]. Henceforth, the residual
biomass was defined as total biomass weight minus PHB weight.

2.4. Biopolymer extraction

Biomass from bioreactor fermentation was centrifuged for 30 min at
3500 rpm, supernatants removed and cell pellets freeze-dried and
lyophilized at -83 �C and 3 � 10�3 mBar for 24 h (Labconco 7670030).
PHB polymer was extracted from the lyophilized biomass with
3

chloroform at 70 �C for 24 h using a Soxhlet extractor. The extract was
then concentrated by rotary evaporation and the biopolymer was then
precipitated in 10 volumes of ice-cold methanol at 4 �C. The precipitated
PHB was filtered under vacuum using a ceramic filter and reprecipitated
in chloroform and hexane to yield pure PHB as a white powder. Finally,
PHB polymer was dried in an oven at 65 �C until reaching constant
weight.
2.5. Biopolymer characterization

2.5.1. Differential scanning calorimetry (DSC)
The thermal properties of the polymer were evaluated by the DSC

method using a DSC-Q 2000 calorimeter (Thermo Analytics). The
conditioned samples (10mg) were sealed in aluminum pans, equilibrated
at -90 �C, kept isothermally for 5 min, heated from -90 �C to 200 �C and
kept at 200 �C for 5 min before cooling to -90 �C. The samples were
maintained at -90 �C for 5 min and reheated to 200 �C. Both heating and
cooling rates were 10 �C/min and this thermal analysis was performed
under N2 flow at 80 ml/min. The first heating cycle was performed to
erase the heat history of the polymer.

The degree of crystallinity of PHB (XC) was calculated by the
following Eq. (2):

XC ¼
�
ΔHm

ΔH0
m

�
:100% (2)

where ΔHm is the apparent melting enthalpy and ΔHo
m is the theoretical

value for the thermodynamic melting enthalpy obtained from a 100 %
crystalline polymer (146.6 J/g) [57].

2.5.2. Fourier transform infrared spectroscopy (FTIR)
FTIR analysis was performed in the Attenuated Total Reflection mode

(ATR) by direct analysis of PHB powder on ZnSe crystal. Infrared spectra
were obtained at 400-4000 cm�1 on an FT-IR Nicolet 8700 spectropho-
tometer with 32 scans, a resolution of 4 cm�1 and an interval of 2 cm�1.
The infrared spectra were analyzed to identify side-chain and functional
groups. The commercial PHB used as the standard was the same as in
Analytical methods.

2.5.3. 1H and 13C Nuclear magnetic resonance spectroscopy (NMR)
The dried biopolymer was suspended in deuterated chloroform (15

mg/ml solvent) to determine the molecular structures of PHB. 1H and 13C
NMR spectra were recorded using a Bruker BioSpin GmbH spectrometer
at 500 MHz (1H) and 126 MHz (13C), respectively.

2.5.4. Indirect cytotoxicity testing
0.2 mg of control and test PHB samples were incubated in 1 ml of

Dulbecco's Modified Eagle Medium (DMEM) medium for 24 h at 37 �C in
a humidified atmosphere containing 5 % CO2, following ISO norms [58].
Latex rubber and polytetrafluoroethylene (PTFE) were used as the posi-
tive and negative controls, respectively. Aliquots of each preparation
obtained after incubation were considered as controls pure extracts and
test pure extracts. Besides, 1/16 dilutions were prepared from these pure
extracts. Simultaneously, NIH/3T3 (ATCC® CRL-1658™) fibroblast cells
were incubated at 37 �C in a 5% CO2 humidified incubator for 24 h in a
24-well plate (Corning Costar, MA) at a concentration of 1� 105 cells per
ml of DMEM. After 24 h of incubation, the NIH/3T3 culture medium was
removed by a slightly vigorous inversion of the plates. Subsequently,
each culture well-received 200 μl of the controls and test pure extracts
and diluted extracts and was incubated for the next 24 h. The cytotoxicity
of PHB was assessed qualitatively, for which cells were examined
microscopically in a Nikon TE2000-U inverted microscope coupled to an
ORCA-ER CCD camera (Hamamatsu). Changes in general morphology,
vacuolization, detachment, and cell lysis were evaluated. All experiments
were performed in triplicate.
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3. Results and discussion

3.1. Development of the fermentation process to enhance PHB production

3.1.1. Enhanced batch production of PHB through the fermenter
Two batch fermentations of C. necator ATCC 17697 were performed

to determine the time evolution of total and residual biomass, fructose
and ammonium consumption and PHB production. Figure 1A shows the
parameters profile for a basal medium with 20 g/l fructose and 32 h
incubation (Batch 1).

PHB accumulation begins in the initial exponential phase and con-
tinues to increase until culture reaches the stationary phase. Fructose and
ammonium consumptions correlate with bacterial growth and conse-
quent polymer accumulation. Both cell growth and PHB accumulation
are maximum at 31 h, 7.93 g/l, and 3.35 g/l, respectively. At this time,
the PHB volumetric productivity (PPHB) is 0.11 g/(l h), the ammonium
sulfate was already exhausted and fructose was consumed completely.

In this batch fermentation, the biomass concentration and polymer
productivity were significantly higher, compared to the values obtained
in our previous work [52] in shaken flask cultures during 72 h: 6.5 g/l
and 0.06 g/(l h), respectively (Table 1). However, due to the depletion of
the carbon source in the culture medium, the accumulation of PHB was
stopped in the early stage of the stationary phase, without reaching
higher values. The best medium chosen for shaken flask cultures is not
always the best medium for bioreactor fermentations. This result has
already been pointed out by Kennedy and Krouse [59].

By this batch fermentation (Batch 1), higher biomass level was
attained in less than half time compared to results obtained in our pre-
vious work using shaken flasks culture [52]; however, the PHB accu-
mulation process stopped due to fructose depletion. Therefore, to
optimize the production process in a bioreactor, a second batch
fermentation (Batch 2) was carried out in a culture medium, doubling the
concentrations of carbon and nitrogen sources (Figure 1B). In this
fermentation, the exponential cell growth phase began after a lag phase
of around 8 h. At 25 h all the ammonium sulfate in the culture medium
was consumed, triggering PHB synthesis in the last phase of the
fermentation process. The exponential growth finished after 33 h with a
production of 10 g/l of biomass, where 4.13 g/l corresponds to the
amount of accumulated polymer. Then, the residual biomass remained
constant, while the total biomass increased exclusively by the intracel-
lular accumulation of PHB. As a result, after 76 h of this batch fermen-
tation 14.4 g/l of biomass and 9.90 g/l of PHB concentration were
obtained, which represents a PPHB of 0.13 g/(l h) (Table 1). These results
were consistent with those reported by Khanna and Srivastava [23],
showing a slight improvement in PHB production.

Therefore, the second batch fermentation led to an increase of 10 %
the PHB productivity and two and three times the biomass and PHB
concentration, respectively, comparing to our results from shaken flask
cultures. Since PHB productivity and concentration were not very high,
the trial of fed-batch fermentation will be considered in the next section.
Figure 1. Batch fermentation profiles of C. necator ATCC 17697 in culture medium w
(B) 40 g/l fructose and 3 g/l ammonium sulfate for 76 h of incubation.
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3.1.2. Improved fed-batch fermentation to enhance PHB production
Two fed-batch fermentations of C. necator ATCC 17697 were per-

formed: one by fructose feeding regulated with dO2 level (Figure 2A) and
the other by exponential fructose feeding (Figure 2B).

The first fed-batch fermentation (Fed-batch 1) was developed using a
three-stage production system, as shown in Figure 2A. The first stage was a
batch culture for adaptation and biomass production. During 10 h of this
stage corresponding to the lag phase of bacterial growth, the dO2 remained
with a value higher than 90 %. Then, the dO2 began to decrease due to the
exponential bacterial growth as well as the fructose concentration, which
is completely depleted after 20 h. After this batch phase, total biomass and
PHB concentrations were 8.0 and 1.6 g/l, respectively; this means that the
carbon source was used mainly for biomass production.

The second stage was a fed-batch culture with fructose feeding
regulated with dO2 level, in which the total biomass increased along with
the PHB accumulation. The ammonium concentration, used to regulate
pH and as a source of nitrogen remained relatively constant; thus, their
supply and consumption rates were equal. Biomass and PHB concentra-
tions increased to 30 g/l and 13.7 g/l, respectively, while the residual
biomass reached a value of 16.3 g/l.

The third stage consisted of fed-batch culture with fructose feeding
and without nitrogen supply, where only PHB production occurred.
During the first 6 h, the ammonium concentration remained almost
constant and then decreased from 1.4 g/l to 0.1 g/l; this condition of
excess carbon is ideal to produce PHA [32, 47]. Throughout this stage,
the residual biomass remained constant. At the end of this stage, 35.5 g/l
of biomass and 17.5 g/l of PHB were achieved, with PHB productivity of
0.25 g/(l h) (Table 1). These results are slightly higher than those ob-
tained by Khanna and Srivastava with the same strain but with a constant
flow feeding strategy of 100 ml/h of 360 g/l fructose [26]. Therefore,
using this fed-batch fermentation strategy it was possible to increase the
PHB production in more than 3.5 and 1.5 fold, in comparison with
shaken flask cultures and Batch 2 fermentation, respectively (Table 1).

The second fed-batch fermentation strategy (Fed-batch 2) was
developed using exponential feeding to allow cells to grow at a constant
specific growth rate to achieve high cell density in a short period [60, 61]
and thus increase the amount of catalytic biomass.

After 17 h of the first batch stage, a biomass concentration of 8.17 g/l
and PHB production of 0.30 g/l have been reached. In the second stage
with exponential feeding from 17 h to 28 h, the bioreactor software
determined the feeding flow rate according to Eq. (1), with V0¼ 2.2 l and
X0 ¼ 7.5 g/l. Thus, the biomass raised to 32.2 g/l with a PHB content of
6.64 g/l (Figure 2B).

The main difference between the two fed-batch strategies in Stage 2 is
the residual biomass concentration: 25.7 g/l with exponential fructose
feeding, and only 16.4 g/l for fructose feeding with dO2 regulation. Also,
due to the reduction of the second stage to less than half the time, the
productivity of this phase highly improved. Therefore, the third stage of
this fed-batch started earlier with more catalytic biomass for the
biopolymer accumulation.
ith (A) 20 g/l fructose and 1.5 g/l ammonium sulfate for 32 h of incubation and



Table 1. Summary of PHB production and yield and its comparison with previous fermentation from fructose reported for C. necator ATCC 17697.

Fermentation strategy Biomass PHB PHB PPHB Reference

g/l g/l % g/(l h)

Shaken flasks 6.5 4.6 71 0.06 [52]

Batch 1 7.9 3.4 42 0.11 This work

Batch 2 14.4 9.9 69 0.13

Fed-batch 1 35.5 17.5 48 0.25

Fed-batch 2 50.8 25.7 51 0.43

Batch 19.7–20.7 9.3–10.9 45–55 0.16–0.18 [23, 47]

Fed-batch 32–36 14–18.6 44–53 0.28–0.48 [26, 48, 49]

Figure 2. Fed-batch fermentation profiles of C. necator ATCC 17697 using fructose feeding regulated with dO2 level (A) and exponential fructose feeding (B). The
arrows indicate the beginning of each stage.
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In the third stage —where only PHB accumulation takes place— the
residual biomass remained constant and the total biomass reached its
maximum value of 50.8 g/l with a PHB content of 25.7 g/l. The
maximum volumetric productivity of this fed-batch process was 0.43 g/(l
h) after 60 h of fermentation (Table 1).

By using the fed-batch fermentation with an exponential feeding
strategy, we attained a PHB level (in g/l) 40% higher than that obtained
by Khanna and Srivastava, who performed fed-batch fermentations using
constant fructose feeding strategies [26, 48, 49].

Specific growth rates were computed by linear regression of natural
log biomass concentration versus time; the slope of this line estimated the
specific growth rates in the exponential phase (μ1) and the stationary
phase (μ2) (Table 2).

Cupriavidus necator is a model organism which has a strong ability to
produce PHB in a non-growth-associated manner [62]. μ1 was deter-
mined in the growth-associated PHB production phase; its value is mainly
due to the growth of biomass. μ2 was determined in
non-growth-associated PHB production phase; this second rate is due
exclusively to PHB production since the residual biomass remains con-
stant. The occurrence of some growth-associated PHB production besides
non growth-associated PHB production was demonstrated, although it is
inhibited in the presence of nitrogen [63].
Table 2. Comparison of specific growth rates in the exponential phase (μ1) and
the stationary phase (μ2) for the indicated fermentation strategies using
C. necator ATCC 17697.

Fermentation strategy μ1 μ2

h�1 h�1

Shaken flasks 0.115 0.006

Batch 1 0.118 0.004

Batch 2 0.114 0.011

Fed-batch 1 0.101 0.013

Fed-batch 2 0.119 0.011

Error �10 %
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μ1 calculated for batch and fed-batch fermentations coincide with the
value measured in shaken flask cultures, 0.115 h�1 (Table 2) and is
similar to those obtained in fed-batch feeding of C. necator DSM 545 with
glucose [64]. μ2 values calculated for shaken flasks were 0.006 h�1 which
represents about 5 % of the maximum specific growth rate of this
microorganism and could increase in large-scale fermentation where
PHB production is higher. This feature, confirmed by comparing the μ2
values obtained at different fermentation scales, as shown in Table 1.
Therefore, the residual biomass remains constant but the total biomass
increased with the amount of accumulated biopolymer. In the case of
batch 1 fermentation, the μ2 value was lower than that calculated in
shaken flask cultures, since PHB accumulation stopped due to the
depletion of the substrate in the culture medium.
3.2. Biopolymer characterization

Biopolymer samples produced by fermentation of C. necator ATCC
17697 were analyzed by differential scanning calorimetry, ATR-FTIR,
13C and 1H NMR spectroscopy, and indirect cytotoxicity testing.

Figure 3 shows the polymer physicochemical characterization. The
main properties of the produced PHB and their comparison with values
from the literature are presented in Table 3.

The thermal properties of PHB were determined using the DSC
method (Figure 3A). The melting temperature (Tm), glass transition
temperature (Tg) and crystallinity (XC) are key parameters to polymer
processing and applications. Figure 3A shows the curve obtained from
the second heating from which Tm was found at 165.4 �C and the crys-
tallization temperature (Tc) at 54.3 �C. From these data, it was deter-
mined that the melting enthalpy and crystallinity were 81.3 J/g and 56
%, respectively. Tg was determined at 3.5 �C. Results obtained for the
PHB produced by C. necator ATCC 17697 are similar to those reported in
the literature for this biopolymer [64, 65, 66, 67]. ATR-FTIR spectra of
the PHB samples from C. necator ATCC 17697 and the commercially
available PHB are shown Figure 3B. The IR spectra revealed an intense
band at 1720 cm�1 associated with the C¼O bond stretching, which
corresponds to the characteristic ester carbonyl group of



Figure 3. Polymer physicochemical characterization. DSC thermogram for PHB produced by C. necator ATCC 17697 (A). FTIR-ATR spectra of PHB produced by
C. necator ATCC 17697 a) and commercially available b) (B). 13C NMR spectrum (C) and 1H NMR spectrum (D) of PHB produced by C. necator ATCC 17697.
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polyhydroxyalkanoates [22, 68]. At 1181 cm�1 there is a band that is
well known in the FTIR spectra of PHB due to the asymmetric stretching
vibration of the C–O–C group. The C–H stretching from methyl and ethyl
groups was assigned to the bands located in the spectral region around
2900 cm�1. The obtained ATR-FTIR spectrum of the polymer produced
by fermentation was in agreement with the corresponding spectrum to
the commercial PHB.
Table 3. NMR and DSC characterization of PHB produced by C. necator ATCC 17697

This work Ref. [64] Ref. [66]

Bacterial strain Cupriavidus necator Cupriavidus necator Cyanobacteria

ATCC 17697 DSM 545 spp.

Carbon source fructose glucose glucose

Extraction method solvent solvent solvent

DSC analysis

Tg (�C) 3.5 6 6

Tm (�C) 165.4 180 171

Tc (�C) 54.3 - 78.8

Xc (%) 56.0 64.6 56.8

NMR spectra (chemical shift in ppm)
13C NMR spectrum -CH3 19.9 - -

-CH2- 40.1 - -

-CH- 67.7 - -

-CO- 169.3 - -
1H NMR spectrum -CH- (m) 5.26 - 5.22–5.28

-CH2- (dq) 2.45–2.63 - 2.43–2.64

-CH3 (d) 1.27 - 1.27–1.29

m: multiplet, dq:double quadruplet, d: doublet.

6

Figure 3C shows the 13C NMR spectrum of the polymer synthesized by
C. necator ATCC 17697. Signals at chemical shifts (ppm): 169.3, 67.7,
40.1, 19.9 were assigned to –CO–, –CH–, –CH2- and –CH3, respectively.
The signal at ca. 77 ppm is a triplet that corresponds to the solvent,
CDCl3. 13C RMN analysis is in agreement with the expected values for the
PHB chemical structure [65, 67]. Figure 3D shows the 1H-RMN of the
polymer synthesized by C. necator ATCC 17697. The peaks observed
and comparison with PHB produced by other microorganisms.

Ref. [65] Ref. [67]

Bacillus
cereus

Cupriavidus necator Bacillus megaterium Standard PHB

SPV MTCC 8320 MTCC 453

glucose fructose fructose

solvent solvent and ultrasonication solvent and ultrasonication

2 6 6 –8

169.7 175 176 176

- 84 104 90

57.7 44 23 -

21.2 19.95 19.95 19.95

42.7 40.99
31.09

40.99
31.09

40.99
31.09

68.5 67.81 67.80 67.81

169.7 169.32 169.32 169.32

- 5.26 5.26 5.26

- 2.17–2.60 2.17–2.62 2.17–2.60

- 1.28–1.60 1.26 1.28



Figure 4. Indirect cytotoxicity test of PHB polymer synthesized by C. necator ATCC 17697. “Null control” (DMEM medium without polymer), “negative control”
(PTFE), “positive control” (latex rubber) and “PHB” (PHB produced by C. necator ATCC 17697). Magnification 100x.

D. Nygaard et al. Heliyon 7 (2021) e05979
correspond to those previously reported for the PHB structure [66, 67].
The doublet resonance signal at 1.27 ppm is attributed to the methyl
–CH3 protons of the pendant chain in the PHB molecule. The doublet of
quadruplet resonance signal at 2.45–2.63 ppm and the multiplet reso-
nance signal at 5.26 ppm, corresponding to the methylene –CH2- and the
methine –OCH– protons of the backbone chain, respectively.

The results obtained employing ATR-FTIR and NMR spectroscopy
confirmed that the biopolymer produced by fermentation of C. necator
ATCC17697 is the homopolyester PHB. The physico-chemical charac-
terization is in the range expected for PHB obtained with the same
extraction method but produced by different strains grown with different
carbon sources (Table 3).

Indirect cytotoxicity assessment was carried out to establish the
cytotoxic effect of PHB polymer produced by C. necator ATCC 17697.
Microscopic photographs obtained from the NIH/3T3 fibroblast cells in
the control and PHB extract assays are presented in Figure 4.

No cytotoxic effect of PHB polymer was observed on the NIH/3T3
fibroblast cells. There was neither alteration in cell morphology nor
fibroblast monolayer detaching, both in PHB pure extract assay and
diluted. The same results were observed in the negative and null control
tests. Only in the positive control test, the fibroblast monolayer was not
formed.

4. Conclusions

This work presents the PHB production by fermentation of wild type
C. necator ATCC 17697 in a stirred-tank bioreactor. Different fermenta-
tion strategies were tested and the experimental results were compared
to our previously achieved using shaken flask cultures. Variation in
fermentation conditions has been explored to increase the parameters
production of PHB. The sequential presentation allows assessing the ef-
fects of improvements in the batch and fed-batch fermentation strategies.

Firstly, it was necessary to increase the scale from 250 ml Erlenmeyer
to a 5 l bioreactor with the culture medium previously optimized in
shaken flasks. For that purpose, in batch mode fermentations several
parameters were adjusted, such as aeration, agitation mode, and con-
centrations of carbon and nitrogen sources. In batch mode, a slight
improvement on biomass, PHB productivity, and PHB concentration was
achieved.

Secondly, fed-batch fermentation with an exponential feeding strat-
egy enabled us to achieve the highest values of PHB concentration and
productivity. The PHB productivity obtained by this fed-batch fermen-
tation strategy was 3.3 and 7.2 fold higher than in batch strategy and
shaken flask cultures and 40% higher than reported for wild type
C. necator strains. Furthermore, the purified polymer was characterized
by DSC, FTIR, H1 and C13 NMR techniques; the structure and charac-
teristics of the biopolymer produced by C. necator ATCC 17697
7

correspond to the PHB. Finally, it was confirmed that the polymer does
not induce cytotoxic effects on the NIH/3T3 cell culture which is one of
the features to be fulfilled for biomedical application. Thus, the following
steps of this work will intend to scale up the production of this
biopolymer to produce filaments for 3D printing of resorbable scaffolds
tailored to the patient.
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