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Abstract
A novel fed-batch strategy based on carbon/nitrogen (C/N) ratio in a microbial co-culture production medium broth was carried
out in a biocalorimeter for improved production of poly (3-hydroxybutyrate) (PHB). Shake flask study suggested that the C/N
ratio of 10 increased the yield of PHB by 2.8 times. Online parameters monitored during the C/N ratio of 10 in biocalorimeter
(BioRC1e) indicated that the heat profile was maintained in the fed-batch mode resulting in a PHB yield of 30.3 ± 1.5 g/L. The
oxy-calorific heat yield coefficient during the fed-batch strategy was found to be 394.24 ± 18.71 kJ/O2 due to the oxidative
metabolism of glucose. The reported heat-based model adapted for PHB concentration prediction in the present fed-batch mode.
The heat-based model has a Nash-Sutcliffe efficiency of 0.9758 for PHB prediction. PHB obtained by fed-batch-mode was
characterized using gas chromatography-mass spectrometry (GC-MS) for the monomer-acid analysis, Thermogravimetric anal-
ysis (TGA) for thermal stability of PHB, and Fourier transform infrared spectroscopy (FT-IR) for confirmation of functional
groups. Here, we establish a favorable C/N ratio for achieving optimal PHB yield and a predictive heat-basedmodel tomonitor its
production.
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Introduction

Poly (3-hydroxybutyrate) (PHB), an important member of
polyhydroxyalkanoates (PHAs) family, is a biodegradable

thermoplastic biopolymer synthesized by numerous microor-
ganisms under suitable cultivation conditions. Currently, the
major problem in scaling up of this biopolymer is high sub-
strate cost and the tedious production procedure using indi-
vidual culture (Freches and Lemos 2017). Therefore, large-
scale commercialization of biopolymer manufacture is limited
compared with synthetic polymers. Biopolymers derived from
microbial sources, however, have a favorable advantage due
to their renewable resource sustainable production, biodegrad-
ability, and biocompatible properties. Hence, researchers and
scientists alike have taken particular interest in synthesizing
PHB through microbial fermentation of sugars or lipids (Arias
et al. 2018; Dietrich et al. 2019)

PHB production process by using microbial consortia may
be advantageous in terms of improving the yield within a short
duration of the selected microbes that are mutually synergetic
(Huang et al. 2017). Co-culture fermentation is a process in
which the inoculum has two or more microorganisms. Co-
culture strategy has the potential to carry out complex func-
tions, very robust to the environmental changes, which result
in decreased production costs. Theoretically, the co-culture
strategy by consortia of microbes reduces capital and cost
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for operation due to the use of non-sterile equipment and
adaptability to grow in waste effluents/raw materials (Dias
et al. 2005). Some of the advantages of co-culture strategies
are higher product yield, growth rate, and utilization capacity
of the substrates. Another advantage of consortia is compart-
mentalization, where active/passive transport of the molecules
in broth either substrate or intermediate moves across the cell
membrane could be used to facilitate a decrease in undesired
by-products (Shong et al. 2012)

Batch fermentation is the simplest to operate in the bio-
logical process, where all medium components added in bulk
at the beginning of the fermentation process, and the batch
runs until the carbon source is exhausted. Batch turnaround
downtime for product formation is high. Although batch ex-
periments is advantageous because of the ease of handling
and maximum utilization of substrates, it is inefficient when
the concentrations of substrates change and does not allow
increasing the productivity. Carbon source limitation during
production can lead to intracellular polymer degradation due
to depolymerase activation (Clarke 2013). Fed-batch pro-
cesses are applied in microbial culture fermentation through
the supply of crucial nutrients at certain physiological condi-
tions to drive the cell performance towards desired product
production. In fed-batch mode, the initial batch phase loaded
with bulk nutrients where initial concentrations optimized
from batch conditions. In the fed-batch process, when the
nutrients exhausted, required carbon and nitrogen concentra-
tions were fed into the reactor to increase the growth of
biomass and product, and also for cell maintenance (Clarke
2013). For intracellular polymer accumulation, it is vital to
modulate the nutrients in the media, which triggers PHB
productivity. Other reports, as well as one of our previous
studies, revealed that for obtaining a high yield of PHB,
carbon source should be in excess, and nitrogen source
should be limited (Anusha et al. 2016; Khanna and
Srivastava 2005).

High concentrations of intracellular material improved by
modulating the initial C/N ratio. During the fed-batch period,
optimizing and modulating C/N ratio in the bioreactor could
increase the desired biomass (Tsouko et al. 2016). Many re-
searchers have tried to optimize the feed by approaching either
constant feed method (Mozumder et al. 2014a) or exponential
feeding (Mozumder et al. 2014b). While most C/N ratio opti-
mization was carried out in the feed (Suzuki et al. 1986), its
modulation in the broth has not been attempted. Here we have
optimized the C/N ratio in the culture broth to improve the
PHB yield.

Aerobic bioprocess is highly exothermic. Heat released by
living organisms during fermentation in a biocalorimeter is a
universal phenomenon and throws information on kinetics
and stoichiometry of cell growth and product formation
(von Stockar et al. 2011). Overall, heat generated by a mi-
crobial system is a sum of enthalpy change due to all the

metabolic reactions of the system. Since it indicates the met-
abolic status of cells immediately, it can be considered a
useful control variable. As the volume of the reactor in-
creases, the ratio of heat production to heat exchanging sur-
face increases. Calorimetric methods are, therefore, promis-
ing to be also applied on an industrial scale (Voisard et al.
2002).

Control and monitoring the biological processes are
vital factors for attaining high product yield as well as
reproducibility. The use of process monitoring is excep-
tionally significant for improving the batch/fed-batch
consistency, especially for the consortia of microbial
s t r a in s . Severa l mode l s , such as mechan i s t i c
(Mozumder et al. 2014b), metabolic (Špoljarić et al.
2013), and low structured (Pérez Rivero et al. 2016)
models, were developed for PHB production in both
batch as well as a fed-batch mode of operation for trac-
ing the product yield. In the present study, we have
modified already existing models by incorporating key
parameters of online measurements of biocalorimetric
data and validating the model for a very close predic-
tion of the product concentration. This model predicts
the variation of residual cell concentration and PHB
with time and also predicts how the evolution of meta-
bolic heat varies with these quantities.

In a biocalorimetry study by Schuler et al. (2012),
with crabtree-negative yeast cells, based on heat profile
measurement, growth rate and cell dry mass were esti-
mated in fed-batch. Hrnčiřík et al. (2019) dealt with
biocalorimetry for antibiotics Nystatin production by
Streptomyces noursei, and the model which was devel-
oped by them dealt with the detection of biomass esti-
mation. Most of the laboratory-scale works using
biocalorimetry limited their models to biomass monitor-
ing and did not deal with product formation kinetics.
The main aim of the heat-based model approach is to
optimize the feed parameters and predict the product
(PHB) concentration data inline, which will help us un-
derstand the system better.

The objectives in this work were as follows: (i) first and
foremost, to optimize and increase the yield and productivity
of PHB by applying fed-batch strategy to maintain the C/N
of the fermentation broth in a biocalorimeter (BioRC1e), (ii)
to biochemically analyze the biocalorimetric measurements
and online parameters determined during the fed-batch pro-
cess of PHB production by microbial consortia, (iii) to es-
tablish relationship between the heat, product, and growth
through modified Tessier model, (iv) to develop heat-based
model for prediction of PHB and cell dry mass concentration
through online approach, (v) to characterize the PHB obtain-
ed from fed-batch process by gas chromatography-mass
spectrometry (GC-MS), Fourier transform infrared spectros-
copy (FT-IR), and thermogravimetric analyzer (TGA).
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Materials and methods

Seed medium and inoculum

Consortia of microbes having 2% (v/v) of Ralstonia eutropha
MTCC 2487, 2% (v/v) of Pseudomonas putida MTCC 2475
and 2% (v/v) of Azotobacter vinelandii MTCC 2459 (totally
6% v/v of consortia) inoculated into the autoclaved seed me-
dium (Anusha et al. 2016) consisting of peptone (8.5 g/L),
ammonium sulphate (6 g/L), and meat extract (6 g/L) and
yeast extract (8.5 g/L). The pH of the seed medium was 7.
Each of the cultures in consortia was grown separately in the
seed medium around 16 h in the 250-mL conical flask until it
reaches the optical density (O.D) 1 (exponential stage cells) at
30 °C and 150 rpm and then inoculated into the production
medium.

Initial production medium and culture conditions

The initial medium composition for fed-batch experiments
consisted of glucose (carbon source), 25 g/L; ammonium sul-
phate (nitrogen source), 3 g/L; potassium dihydrogen ortho-
phosphate, 12 g/L; citric acid, 2 g/L; magnesium sulphate,
1.5 g/L; and the trace element solution (TES) of 15 mL/L
concentration (Anusha et al. 2016). The primary medium tak-
en was reported in one of our previous works (Anusha et al.
2016). The magnesium sulphate and glucose were autoclaved
in separate flasks. Before inoculation, the production medium
was cooled down to room temperature. The initial pH of 7 was
maintained in the production medium.

Preliminary fed-batch experiments

The preliminary experiments for fed-batch were performed in
a shake flask (working volume of 1 L) at 30 °C at 150 rpm
using an orbital shaker (model: Scigenics LE). Experiments
were performed to understand the behavior of the feed meth-
od. Three fed-batch strategies (nitrogen feeding (N), carbon
feeding (C), and carbon-nitrogen feeding (C & N) were de-
signed to understand which strategy gives optimal PHB. The
initial production medium condition for fed-batch remains the
same. These study facilities to understand which feeding
method is best suitable for the high yield of PHB. Feeding
strategy started from 10 to 26 h of fermentation to maintain
uniform consistency of the experiments, and the 10th h was
the period where the substrate was exhausted to half of its
initial concentration. Nitrogen source feeding method
consisted of 0.2 g/(L.h) of ammonium sulphate (concentra-
tion, 0.66 g/mL), carbon source feed consisted of 2 g/(L h)
(concentration of glucose feed, 0.9 g/mL), and carbon and
nitrogen source feeding consisted of feeding of both glucose
and ammonium sulphate in the rate 2 g/(L h) of glucose and
0.2 g/(L h) of ammonium sulphate (glucose, 0.9 g/mL and

ammonium sulphate, 0.66 g/mL). Seed culture of 6% v/v hav-
ing microbes (R. eutropha, P. putida, and A. vinelandii in ratio
of 1:1:1 each of 2%) used as inoculum for fed-batch studies.
The absorbance of the seed medium was constituted to be
0.2 g/L (1.2 optical densities) of cell dry mass (CDM). The
initial pH of the medium was at 7, for all the fed-batch exper-
iments. At regular time intervals, samples were taken for anal-
ysis. Experiments were performed twice, and the average of
two runs was reported in this study.

Fed-batch shake flask experiments

Fed-batch strategies in shake flasks were performed to analyze
the C/N ratio effects for improving the productivity and yield
of PHB. Initial conditions of production medium and the in-
oculum percentage remain the same as mentioned above. C/N
ratios were optimized in the production medium from the 10th
to 26th h of bioprocess through feeding of glucose and am-
monium sulphate. It was understood from the BioRC1e batch
experiments (data not shown) that 1.2 g/L of ammonium con-
centration is crucial concentration in the medium for yield
improvement. Hence, the concentration to be there in the pro-
duction medium broth in fed-batch phase is fixed as 1.2 g/L.
The details of the feed strategies are given in Table 1. Carbon
source (glucose) plays absolutely necessary for feeding; it is
the one getting converted into product. Ammonium sulphate
role in the production medium is to synthesis the DNA mate-
rial and protein synthesis, thereby increasing the cell turnover
rate. The C/N ratio here represented in the form of (moles) of
glucose/(moles) of ammonium sulphate. For converting glu-
cose in moles: g of glucose taken/180, ammonium sulphate
moles: g of ammonium sulphate/132.13. The ammonium sul-
phate and glucose were added as per the requirements of the
cells to maintain the ratio inside the production medium broth
during fed-batch phase.

Analytical methods

The cell dry mass (CDM) was determined for the samples
withdrawn at a regular interval of time. CDM was measured
after centrifugation of the sample at 8000 rpm at 4 °C for
10 min. The pellet was washed with distilled water and again
centrifuged, and the pellet dried for 4 h at 85 °C using an oven.

The glucose concentration was estimated by di-nitro-
salicylic acid (DNS) for the supernatant and was analyzed
using a spectrometer (model: Shimadzu UV-2600) at
510 nm (Miller 1959). The nitrogen source—ammonium sul-
phate—was estimated by the Solórzano method (Solórzano
1969).

PHB concentration was estimated for the samples collected
at regular interval of time; the harvested cells were centrifuged
at 8000 rpm at 4 °C for 10min. The pellet obtainedwas treated
with an equal proportion of 6% sodium hypochlorite at
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ambient temperature for 1 h. Centrifugation was performed at
8000 rpm for 12 min (model: Sigma 3-18 K refrigerated cen-
trifuges). The pellet washed twice with methanol and water,
and centrifuged at 10,000 rpm at 4 °C for 5 min, and the pellet
obtained was dried and further purified by the addition of
boiling chloroform. The chloroform in excess was removed
through evaporation. For estimation of PHB concentration,
10 mL of sulfuric acid was added to the purified PHB powder,
and the sample was heated at 100 °C for 10min in a water bath
for the conversion of PHB polymer into its monomer—
crotonic acid (Law and Slepecky 1961). Crotonic acid was
measured at 235 nm using a UV spectrometer (model:
Shimadzu UV-2600) and compared with a standard graph.

Biocalorimeter experiments for fed-batch

Biocalorimeter (BioRC1e) experiments (make: BioRC1e,
Mettler-Toledo, Switzerland) performed by maintaining the
isothermal condition throughout the process by the tempera-
ture maintenance circulation system (models: Julabo FL601
and Julabo FP51). BioRC1e is a 2.2-L double jacketed reactor
vessel with a working volume of 1.5 L. Online probes such as
turbidity, dissolved oxygen (DO) (model: Mettler–Toledo
M700), and pH sensors have installed for monitoring the
bioprocess. The software iControl RC1e measures the heat
generated from the experiment. The inside reactant tempera-
ture (Tr) was maintained continuously by controlling the jack-
et temperature (Tj), which indeed aids in maintaining isother-
mal condition by circulating silicone oil in the jacket region. A
four-bladed Rushton turbine impeller acts as an agitator for
proper mixing. Through a sparger, oxygen was supplied and
the flow rate was adjusted using a rotameter. A 0.2-μm mem-
brane filter was used to sterilize the oxygen bubbles, and it is
sparged exactly below the impeller. The measurement and
principle of biocalorimeter were reported previously in one
of our papers (Anusha et al. 2016). The heat is measured by
Eq. 1.

qr ¼ UA T r−T j

� � ð1Þ

where qr is the heat evolved during the process (W) and Tr
and Tj represent the temperature of reactor content and jacket
(°C).U is the overall heat transfer coefficient (W/m2 K), and A
is area of heat exchange (m2).

Baseline experiments nullified heat produced from the pro-
duction medium without inoculum and also due to aeration
and agitation effects. The heat generated in the baseline ex-
periment is represented as qb, heat generated inside the reactor
is qr, and exact heat during metabolic process during fermen-
tation is represented by Eq. 2.

q ¼ qr−qb ð2Þ
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The initial concentrations of glucose and ammonium sul-
phate for fed-batch runs were 25 g/L and 3 g/L. Experiments
were performed for the C/N ratio of 10 and 15 for fed-batch
processes during the interval 10–26 h of growth. For C/N 10
studies, 16.36 g/L of glucose and 1.2 g/L of ammonium sul-
phate concentrations were maintained. For C/N 15 studies,
24.54 g/L glucose and 1.2 g/L ammonium sulphate concen-
trations were maintained. Required feed for maintaining the
ratio in the broth was added accordingly. The initial pH of the
mediumwas at 7. For all fed batch experiments, inoculumwas
6% (v/v) (consisting of co-culture strains: R. eutropha,
P. putida, and A. vinelandii), 150 rotations per minute (rpm)
of agitation, and 1 liter per minute (lpm) of aeration was main-
tained. At regular interval of time, the samples were taken out
and the offline analysis such as cell dry mass (CDM), glucose,
ammonium sulphate, and PHB was measured.

Oxygen uptake rate and carbon dioxide evolution
rate estimation

The exit gas analyzer (model: Siemens—Ultramat 23) moni-
tored the oxygen and carbon dioxide from the reactor. Carbon
dioxide evolution rate (CER) and oxygen uptake rate (OUR)
data were estimated by the gas balance method (Doran 1995).

Yield calculations during the fed-batch process

The bioenergetics studies state the metabolic process under-
way and the effective use of the substrate. Heat yield coeffi-
cient due to glucose consumption estimated as YQ/S (kJ/g of
substrate—glucose), yield coefficient of heat due to CDM
(CDM represented as X) formation: YQ/X (kJ/g), and heat
yield due to oxygen consumption quantified as YQ/O2 (kJ/
mol of O2). These yield coefficients were calculated from
the slope of cumulative heat production during the batch
phase/fed-batch phase with the carbon source—glucose—
consumed, CDM formed, and the amount of oxygen con-
sumed (Battley 1998).

Accumulation of PHB %ð Þ

¼
Highest PHB

g

L

� �
concentration in fed batch

Respective cell dry mass
g
L

� � � 100

ð3Þ

Calculation of productivity (qp) for PHB experimental data
is given in Eq. 4.

Productivity of PHB during fed−batch

¼
Maximum concentration of PHB

g

L

� �
attained in fed batch process

Total fermentation time for reaching highest PHB concentration h−1
� �

ð4Þ

YX/S calculated by considering (highest cell dry mass
(CDM) achieved during fed-batch process) − initial X concen-
tration (g/L)) to the total glucose consumed (Initial glucose +
feed added − unused glucose) (g/L). Product (PHB) yield co-
efficient due to glucose (YP/S) was calculated by considering
the highest PHB concentration obtained (g/L) in fed-batch
phase to the amount of total glucose consumed (initial glu-
cose + feed added − unused glucose) (g/L). Product yield co-
efficient due to CDM (YP/X) is calculated by considering
(highest concentration of PHB formed during fed-batch
(g/L) − initial PHB (g/L)) to total CDM formed (g/L).

Bioprocess models

Here, the modeling of bioprocess for understanding and pre-
diction of the product (PHB) are based on the modified Tessier
model and a heat-based model. The purpose of developing a
model here is to predict product concentration with time and
also to predict how the evolution of metabolic heat varies with
these quantities.

Modified Tessier model

The modeling process starts with expressing the entire system
in terms of differential equations because of the simplicity in
relating the rates of the different quantities. These equations
were integrated and the biokinetic parameters estimated by
fitting the theoretical heat data with the experimental heat data
using non-linear regression techniques available in the python
programming language (SciPy).

Two different stages are having batch and fed-batch pro-
cesses in the same experiment, which have modeled separate-
ly. The initial conditions for the batch are already known, and
that will be used to predict the quantities until the 10th h. After
the 10th h, the feeding of the substrate started, and thus, the
equations used for the batch stage were modified to account
for the change in volume. The same biokinetic parameters
predicted in the batch phase (0th–10th h) were used for
predicting the quantities in the fed-batch stage.

Formulating the batch stage equations for modified Tessier
model

From the experimental data, during the fed-batch stage, the
substrate limitations due to glucose or nitrogen were absent
for optimized C/N ratio of 10. High glucose concentrations
were assumed not to play any inhibitory role in product for-
mation. Various growth models were considered for fitting the
data such as the Monod model (Gerson et al. 1988), Tessier
model (Beyenal et al. 2003), and Mulchandani model
(Mulchandani et al. 1989). Finally, the modified Tessier which
incorporated the Luedeking and Piret model (Luedeking and
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Piret (1959)) and Mou and Cooney (1976) expressions was
chosen as it best described the metabolic process during the
fed-batch stage, which relied on the strategy of maintaining an
optimum concentration of glucose throughout the fed-batch
stage. The chosen model also fitted the experimental data with
higher accuracy when compared with the other models. In the
Tessier equation (Beyenal et al. 2003) (Eq. 5), the residual cell
concentration was taken for consideration.

μ ¼ μR−max 1−e
−Sg
Ks

� �
ð5Þ

dR
dt

¼ μR ð6Þ

dR
dt

¼ μR−max 1−e
−Sg
Ks

� �
R ð7Þ

The consumption of glucose is assumed to be solely de-
pendent on the growth (Eq. 8) of residual cell concentration
and formation of the PHB. Hence, a relation was formed lin-
early relating the rate of consumption of glucose with the rates
of formation of the residual cell and product.

dSg
dt

¼ − k5
dR
dt

þ k6
dP
dt

� �
ð8Þ

Similarly, the consumption of nitrogen (Eq. 9) is assumed
to be dependent only on the growth of the active residual cells
and not due to PHB formation.

dSn
dt

¼ −k7
dR
dt

ð9Þ

The rate of formation of PHB (Eq. 10) was determined by
Luedeking and Piret (1959) which is based on the assumption
of PHB formation being dependent on both the growth and
non-growth phases.

dP
dt

¼ k3Rþ k4
dR
dt

ð10Þ

q ¼ k8Rþ 1

k1

dR
dt

� �
þ 1

k2

dP
dt

� �
ð11Þ

Heat plays a significant role in metabolic processes of the
culture, and it can be used as an indicator of these metabolic
changes described by Mou and Cooney (1976). Even while
observing the trends of both the metabolic heat and biomass, it
was seen that the metabolic heat follows a pattern similar to
the rate of change of biomass growth and product formation
(depicted from Fig. 4)—values of PHB, cell dry mass, and
residual cell concentrations data given (rate of changes can
be derived from Fig. 4). In addition to this, the heat released
or consumed will be due to the maintenance of the cell also.
Hence, the above expression (Eq. 11) stated by Mou and
Cooney (1976) was chosen for the modified Tessier-based

model for understanding the biokinetics of the process. The
expression was differentiated for predicting the parameters.

dμ
dt

¼ μR−max

Ks
e
−Sg
Ks

� �
dSg
dt

ð12Þ

dq
dt

¼ k8
dR
dt

þ 1

k1

dμ
dt

Rþ dR
dt

μ

� �

þ 1

k2
k3

dR
dt

þ k4
dμ
dt

Rþ dR
dt

μ

� �� �
ð13Þ

Equations 12 and 13 are used in the batch model (0–10 h).
The parameters were estimated by fitting the experimental
data of instantaneous metabolic heat values to the system of
equations by using the least-squares fit algorithm available in
the python programming language library (Scipy), which was
optimized by reducing the difference between the squares of
the theoretical and experimental quantities. This model is the
modified form of Tessier model which incorporates valuable
expressions from Leudeking and Piret (1959) and Mou and
Cooney (1976) expressions which describe the biokinetics of
the process.

Formulating fed-batch equations for modified Tessier model

As mentioned previously in the modeling approach, the pa-
rameters (Table 2) for residual cell concentration and PHB
prediction remain the same for both the batch and fed-batch
phases of the experiment. However, the heat yield due to
maintenance is different during the batch phase and fed-
batch phase; hence, the model was also split into two stages
to calculate the two different heat yields.

Attempts were also made to include the dilution effects
caused by the changes in volume in the fed-batch stage.
Although the feed rates of the substrates varied at different
stages of the experiment for maintaining the ratio of glucose
to nitrogen, the changes were minor when the volume changes
due to sample collection. Hence, it was assumed that the feed
rates were constant and fixed at 5.893 mL/h for glucose and
0.7935 mL/h for ammonium sulphate. The concentrations of
the feed were known and fixed at 0.9 g/mL for glucose and
0.66 g/mL for ammonium sulphate. The sample collection rate
(Sc) was at 5 mL/h.

To appropriately portray the experimental conditions
during the fed-batch stage, the expressions for substrate
consumption rate were modified to account for the
maintenance of concentrations of glucose and ammoni-
um sulphate. During C/N ratio of 10 maintenance of the
culture broth, the rates of change of glucose and ammo-
nium sulphate in the medium were zero.

The following Eqs. 14–21 are the modified equations used
to predict the various quantities during the fed-batch process.
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dV
dt

¼ F1 þ F2−Sc ð14Þ

dSg
dt

¼ 0 ð15Þ

Since we have maintained glucose and ammonium sul-
phate concentration in the broth from 10 to 26 h, the change
in the glucose concentration during that phase was zero (Eqs.
15 and 16).

dSn
dt

¼ 0 ð16Þ

μ ¼ μR−max 1−e
−Sg
Ks

� �
recalling Eq. 5.

Substituting the μ calculated using Tessier model into the
growth Eq. 17, we get the change of residual cell concentra-
tion.

dR
dt

¼ μR−
dV
dt
=V

� �
R ð17Þ

Change of product concentration was estimated usingmod-
ified Luedeking-Piret equation (Luedeking and Piret 1959)
represented in Eq. 18, which takes into consideration the
changes in volume.

dP
dt

¼ k3Rþ k4
dR
dt

−
dV
dt
=V

� �
P ð18Þ

Differentiating Eq. 5 to estimate the change in μ with time
(t),

dμ
dt

¼ μR−max
Ks

e
−Sg
Ks

� �
dSg
dt

ð19Þ

The evolution of instantaneous heat depends on the growth
of cells (in this case, for Tesssier-based model, residual cell
concentration (R)) and PHB and also due to cell maintenance.

q ¼ k8Rþ 1

k1

dR
dt

� �
þ 1

k2

dP
dt

� �
ð20Þ

Differentiating Eq. 20 and substituting Eq. 17–19, we get
Eq. 21

dq
dt

¼ k8
dR
dt

þ 1

k1

dμ
dt

Rþ dR
dt

μ−

dR
dt

dV
dt

� �
V− dV

dt

� �2R
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0
BB@

1
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0
BB@

1
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þ 1

k2ðk4
dR
dt

þ k5
dμ
dt

Rþ dR
dt

μ−
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dt
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dt
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dt
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−
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� �
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� �2P
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0
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1
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ð21Þ

where R represents residual cell concentration (g/L), μ spe-
cific growth rate of residual cells (h−1), μR-max maximum spe-
cific growth rate of residual cell concentration (h−1), Sg glu-
cose concentration (g/L), Sn ammonium sulphate concentra-
tion (g/L), P PHB product concentration (g/L), Ks half veloc-
ity constant (g/L), q metabolic heat (kJ), V active volume of
the reaction (L), F1 glucose flow rate (L/h), F2 ammonium
sulphate flow rate (L/h), Sc sample collection rate (L/h), k1
residual cell concentration yield on heat (g L−1 W−1), k2 PHB
yield on heat (g L−1 W−1), k3 non-growth-associated constant,
k4 growth-associated constant, k5 glucose utilized per residual
cells formed (g/g), k6 glucose utilized per PHB formed (g/g),
k7 ammonium sulphate utilized per residual cells formed (g/g),
and k8 heat yield during maintenance (W g−1 L−1).

The formulated Eqs. 5–13 represent batch and fed-batch
region expressions. These equations are time derivatives and
describe the product, biomass, glucose, nitrogen source, and
heat as a function of time.

Table 2 Estimated parameters using modified Tessier model for PHB production by microbial co-culture during fed-batch experiment

Estimated parameters Values

Residual cell concentration specific growth rate (μR-max) 0.295 h−1

Residual cell concentration yield on heat (k1) 0.057 g L−1 W−1

PHB yield on heat (k2) 0.9 g L−1 W−1

Non-growth-associated constant (k3) 0.1

Growth-associated constant (k4) 1.55

(Amount of glucose (g)/amount of residual cell concentration (g)) (k5) 2.7

(Amount of glucose (g)/amount of PHB formed (g)) (k6) 2.5

(Amount of ammonium sulphate (g)/residual cell concentration (g) formed) (k7) 1.5

Heat yield during maintenance (k8(Batch)) 0.59 W g−1 L−1

Heat yield during maintenance (k8(Fed-Batch)) −2.85 W g−1 L−1

Half velocity constant (Ks) 25 g/L
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These differential equations are simultaneous and have
been integrated numerically using the 4th-order Runge-Kutta
method and were then curve fitted to the experimental data of
C/N of 10 to get the optimum values of the parameters k1 to k8.
Once the best fit curve was found and the value of these
parameters was computed, these parameters were then put
back into the equations corresponding to the product (PHB),
residual cell concentration (R), glucose, nitrogen source, and
heat and their corresponding values were predicted by feeding
in various time values to the equations. The accuracy of these
predicted values was compared with the independent valida-
tion experimental data to establish the relationship of the
biokinetic parameters.

Heat-based model

Santharam et al. (2017) predicted product through heat data by
incorporating the Luedeking-Piret equation (Eq. 24). The
equations proposed by Santharam et al. (2017) are as follows:

μ estimated;tð Þ ¼
qr

X 0V0Y Q
X
þ Qt−Q0ð Þ ð22Þ

X tVt ¼ X 0V0ð Þ þ Qt−Q0

Y Q
X

 !
ð23Þ

where V0 is the initial working volume of the reactor, Vt is
the instantaneous volume during the fed-batch process which
was assumed to be constant due to the extremely minute vol-
ume changes, qr represents the instantaneous heat generated
during the process, X is the cell dry mass (CDM) (g/L), Qt is
the cumulative heat generated at particular time (kJ/L), andQ0

is the initial heat which is taken to be 0 for the process. YQ/X
for the batch process is the slope of the plot between cumula-
tive heat generated and the biomass formed (g/L), X0 is the
initial biomass concentration, and Xt is CDM at time t.

1

X
dP
dt

¼ αμ estimated;tð Þ þ β ð24Þ

Qp ¼ αμ estimated;tð Þ þ β ð25Þ

where μ(estimated,t) (h
−1) is the growth rate determined based

on heat data. Qp is the specific rate of PHB production (h−1),
and P is the product—PHB concentration (g/L). In this heat-
based model, the growth- and non-growth-associated con-
stants are represented as α and β, for better clarity.
Equations 24 and 25 are modified from the Luedeking-Piret
equation (Luedeking and Piret 1959) (Eq. 10).

Qp ¼
αqr þ βX 0V0Y Q

X
þ β Qt−Q0ð Þ

X 0V0Y Q
X
þ Qt−Q0ð Þ

( )
ð26Þ

dP
dT

¼
αqr þ βX 0V0Y Q

X
þ β Qt−Q0ð Þ

X 0V0Y Q
X
þ Qt−Q0ð Þ

( )
� X t ð27Þ

The process was divided into three different phases: batch,
fed-batch, and decline, and each phase modeled separately. The
data, too, were split into three parts according to the cumulative
values of heat, which corresponding to the batch phase (0–
10 h), fed-batch (10–32 h), and decline (32–36 h) phases of
the process. For each part of process, the slope of the graph
plotted between biomass (g/L) and cumulative heat (kJ) was
calculated using linear regression to find YQ/X. The values of
YQ/X for batch phase were 17.17 kJ/g, fed-batch phase 6.16 kJ/
g, and decline phase − 14.22 kJ/g, respectively. The YQ/X found
for each stagewas put into Eq. 23, alongwith the corresponding
instantaneous heat and cumulative heat data, to compute the
cell dry mass values. The predicted CDM values were used in
Eq. (27), along with the instantaneous heat and cumulative heat
to forecast the values of α and β. These parameters were esti-
mated by first solving the differential equation and then curve
fitting the non-linear equation to the experimental PHB data.
The estimated heat-based α and β values were 1.699 and 0.07
for the batch stage, 1.7 and 0.02 for the fed-batch stage, and
1.69967 and 0.02 for the decline process. The instantaneous
heat and the offline collected data (biomass) from the process
of production of PHB were used as input for the model. These
computations were achieved by using functions available in the
numerical computing library of python called SciPy.

These predicted values of α and β were substituted back
into Eq. (27) and were used to predict the PHB production
values, which compared with the experimental values obtain-
ed in the C/N of 10 validation experiment.

Model calibration and model validation

Y Eð Þ ¼ min∑m
i¼0 yi− f xi;Eð Þ½ �2 ð28Þ

Here the function yi refers to experimental values and the
function f(xi, E) refers to the predicted values from the model
using the parameter E. This function is also known as the loss
function used as part of the Levenberg-Marquardt algorithm
(Kanzow et al. 2004) (Eq. 28) used in the least-squares opti-
mization module of the SciPy library in python. When using
the least-squares optimization technique, the value of the
above function is minimized by varying the parameter value
E for successive iterations. In reality, however, the amounts of
parameters to be varied and determined are too many. A trust
region method was used by introducing boundary conditions
for the parameters. The boundary conditions for the parame-
ters chosen from its known ranges were observed and calcu-
lated in previous experiments.
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For model validation purposes the experimental values
were compared with the predicted values from the model.
For comparison purposes, Nash-Sutcliffe model (Eq. 29) effi-
ciency coefficient was used to evaluate the accuracy of the
model predictions (Moriasi et al. 2007). As the coefficient is
close to 1, it points to the fact that the prediction is accurate for
the validation experiments.

E ¼ 1−
∑ yi−yi;sim
� �2
∑ yi−yð Þ2 ð29Þ

Characterization of PHB

Fourier transform infrared spectroscopy and gas
chromatograph-mass spectrometry

For Fourier transform infrared spectroscopy (FT-IR) analysis,
the PHB powder extracted from fed-batch experiment was
characterized using FT-IR spectroscopy. Spectral readings
(model: PerkinElmer) were taken in the range of 400–
4000 cm−1 for functional groups’ confirmation of the PHB.

Gas chromatograph-mass spectrometry (GC-MS) analysis
was carried out using 5 mg of PHB extracted from fed-batch
experiment into a glass tube; 1 mL of chloroform, 0.15 mL of
sulfuric acid, and 0.85 mL of methanol were added. The mix-
ture was heated at 100 °C for 2 h. The mixture undergoes
methanolysis. Mixture was allowed to cool and equal amount
of water added for the separation of aqueous and organic
phases. Organic layer was carefully removed and the resulted
methyl esters analyzed by GC-MS (model: Agilent). This
method characterizes the monomeric composition of PHB
(Braunegg et al. 1978).

Thermogravimetric analysis

The PHB obtained from the fed-batch process was character-
ized for thermal stability by thermal gravimetric analysis
(TGA) (model: TA Instrument). The thermal degradation
study of PHB was characterized from 30 to 400 °C.

Results

Preliminary studies for C & N feeding

The results for carbon and nitrogen mixed feeding for prelim-
inary fed-batch experiments are shown in Fig. 1. Among the
feeding strategies adopted, the maximum PHB productivity
was seen for mixed feeding (C & N feeding together) at
28 h of fed-batch process with maximum PHB concentration
of 17.13 ± 0.84 g/L inside 27.88 ± 1.39 g/L CDM.
Ammonium sulphate (nitrogen source) feeding alone did not

improve the productivity and yield of PHB. Nitrogen source
only aids in DNA synthesis and protein production in the cells
(Kampen 2014). In the case of carbon source feeding, it di-
rectly involves in PHB formation and improves the yield of
PHB. Approximately 2.3 times increase in concentration of
PHB was obtained with carbon feeding alone.

The productivity of PHB obtained for ammonium sulphate,
glucose, and glucose-ammonium sulphate feeding was 0.22 ±
0.011, 0.53 ± 0.02, and 0.61 ± 0.03 g L−1 h−1. Approximately
2.8 times increase in productivity was observed inmixed feed-
ing (C and N feeding).

For studying the influence of the concentration of C/N in
the production broth, one has to optimize the ratios. Further
experiments were performed to choose the C (mole)/N (mole)
maintenance in the fed-batch for improving the yield thereon.

Effect of C/N ratio feeding strategy in shake flask

In the shake flask experiment, C (moles) of glucose/N (moles)
of ammonium sulphate optimized varied from 5 to 20. To
maintain the ratio, feed glucose and ammonium sulphate were
supplied according to the requirements represented in Table 1.
The supernatant was analyzed offline for glucose and ammo-
nium sulphate. A comparison of cell dry mass (CDM), PHB,
and residual cell concentration during the fed-batch process in
shake flask is represented in Fig. 2. It was observed from the
fed-batch studies that for C/N ratio of 10, maximum CDM of
43.26 ± 2.16 g/L was achieved with PHB concentration of
28.5 ± 1.42 g/L. Thus from Table 1, the ratio C/N of 10 main-
tenance in the culture broth resulted in maximum PHB
productivity.

For maintaining the appropriate ratio, glucose and nitrogen
feeding has to be supplied throughout the fed-batch stage and
the details are given in Table 1 and feed added for C/N main-
tenance in the shake flask is given as (supplementary material
Fig. S1 and Fig. S2). The repression of the product in the C/N
ratio of 20 is due to glucose concentration above the threshold
limit. This repression leads to the carbon source being diverted
to the by-product production.

According to Verlinden et al.’s (2007) studies, single fed-
batch fermentation that is limited nitrogen leads to a low
amount of PHB due to declining biomass. Therefore, in this
present fed-batch design of PHB production, an attempt has
been made to maintain certain threshold concentration of car-
bon and nitrogen such that the growth metabolism, biomass
turnover, and PHB accumulation were sustained without any
disruption in these distinct metabolic pathways.

The bacterial consortia require optimal carbon and nitro-
gen availability in the media to support all three aspects of
PHB biosynthesis growth, biomass, and carbon/energy re-
serve biopolymer. We focussed on verifying the relative “C
& N” levels that will result in maximal PHB accumulation.
After optimization, we found the C/N ratio of 10 to be
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favorable for better yield of PHB accumulation. Therefore,
further experiments were performed using an optimum C/N
ratio of 10.

Fed-batch analysis in BioRC1e

Although BioRC1e results for C/N 10 and 15 were carried out
here, the result of C/N 10 alone was discussed here.
Interestingly, PHB and biomass yield for C/N 10 and 15 were
similar. However, for C/N 15, the glucose added was more
(Table 1), i.e., 107 g/L required for achieving 50 ± 1.5 g/L of
CDM and 30.2 ± 1.5 g/L of PHB, while the C/N of 10 used
only 87.8 g/L glucose for producing 30.3 ± 1.4 g/L of PHB.
Hence, further experimental discussion is based on C/N 10
fed-batch observations. The result of C/N of 15 is given in
the supplementary material Fig. S3.

The biocalorimeteric (BioRC1e) online measured parame-
ters such as heat (Q), turbidity, pH, and dissolved oxygen are
presented in Fig. 3. The heat curve indicates three separate
stages of the microbial culture, i.e., log, stationary, and stage
of death. The lack of the lag phase shows a robust approach
for optimizing and adapting the culture to the setting of the
medium and reactor. In the fed-batch period, cells avoid car-
bon source waste and maximize PHB accumulation. This was
achieved by applying a composition and rate of feed that
keeps a desired concentration of glucose in the reactor, i.e.,
16.36 g/L glucose concentration in the production medium (C
feed concentration) (glucose concentration of 0.9 g/mL).
Ammonium sulphate was maintained at 1.2 g/L throughout
the fed-batch stage in the production medium.

Heat peak value attains to 3.98 ± 0.2 W during the growth
phase (0th–14th h, this is the phase where accelerated growth
of the microbial cells takes place). Until 10 h, the experiment
was run as a batch process; from the 10th to 26th h, feeding of
both carbon and nitrogen substrates was began. Cumulative

heat in the batch stage (0th–10th h) was 70 ± 2.5 kJ/L. During
the fed-batch phase (10–26 h), the cumulative heat production
was 410 kJ/L ± 18.5. In fed-batch, the rate of cell growth dur-
ing the initial period was maximized in a rich nutrient medi-
um; once an acceptable concentration of cells reached (until
batch stage), the change to optimum product formation was
initiated by feeding required carbon and nitrogen source for
proper threshold maintenance C/N ratio of 10.

A drop in pH was observed from 7 to 6 during the initial
0th–10th h, due to utilization of glucose. In the fed-batch
process, feed glucose and ammonium sulphate were buffered
to pH 7. The addition of feed increased pH of the reaction
(12th–14th h) due to feed pH interference. Again pH dropped
from 7 to 5.6 due to the possible production of organic acids.
Glucose utilization by the Entner-Doudoroff pathway releases
organic acids during pyruvate production (Richhardt et al.
2013).

The dissolved oxygen (DO) trend depicted in Fig. 3 reveals
that from the 0th to 6th h, it decreases because the cells start to
consume oxygen in the dissolved state and contribute to over-
all growth; this phase is called an accelerated growth phase.
From 6 to 36 h, demand for oxygen is more by the growing
cells, and hence, DO concentration decreases. Both heat and
DO portrait the same information about the state of culture
growth. It was seen that at 36 h, deceleration in the growth
takes place. Hence, the dissolved oxygen is not required by the
cells and DO peaks up.

The turbidity profile from the initial stage starts to increase
from 0 h and reaches a maximum at 28 h, where it touches the
highest turbidity value of 3000 ± 150 nephelometric turbidity
units (NTU); at the period of decline growth phase, the turbid-
ity remains same. Turbidity is the marker of the cell density of
the fermentation process.

The offline analysis during fed-batch production in BioRC1e
for PHB biosynthesis is depicted in Fig. 4. Until the batch

Fig. 1 Effect of substrate feeding
on cell dry mass (CDM) and poly
(3-hydroxybutyrate) at time 18,
22, and 28 h (N, ammonium sul-
phate feeding; C glucose feeding;
C & N, glucose and ammonium
sulphate feeding)
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experiment mode (0th–10th h), before feed addition about 6.2 ±
0.31 g/L of CDM formed with a PHB concentration of 4.3 ±
0.21 g/L, glucose was well utilized by the culture during batch
phase, and at the end of batch, 11.4 ± 0.57 g/L of glucose and
0.9 g/L ± 0.045 of ammonium sulphate were found until the 10th
h (batch stage). From the 10th–28th h, the highest PHB concen-
tration of 30.3 ± 1.5 g was obtained for a CDM of 45.5 ± 1.8 g/L
(Fig. 4). Glucose and ammonium sulphate addition profiles dur-
ing fed-batch mode by the co-culture are depicted in Fig. 5. After
28 h, PHB starts to decline as the cells begin to lyse which is well
portrayed in the heat data (Fig. 3). In the famine phase, PHB
decrease was observed probably due to its depolymerization for
sustaining the energetics of the culture.

At the end of the experiment, about 6 g/L ± 0.3 of glucose
and 0.5 ± 0.02 g/l of ammonium sulphate remained unutilized
in the culture broth. The post 26 h is like the famine phase
where “carbon” addition stopped (Fig. 5). In the intermediate
fed-batch phase, we included this novel C/N optimization
strategy. By this, we were able to achieve the favorable met-
abolic milieu for enhanced PHB production.

The maximum height and duration of the exothermic peak
indicated the overall biomass activity, whereas the kinetics of
the initial thermal response to the addition of substrates may

be related to the degree of biomass adaptation to the substrates
added (Redl and Tiefenbrunner 1981).

Oxygen uptake rate and carbon dioxide evolution
rate during fed-batch

Calorimetric and respirometric measurements have been suc-
cessfully applied to monitor the aerobic process of the co-
culture during a fed-batch stage and due to the addition of feed
and to evaluate and compare biomass activities. Oxygen up-
take rate (OUR) and carbon dioxide evolution rate (CER)
profiles during fed-batch process are represented in Fig. 6.
In the batch stage tenure (0–10 h), 2.8 ± 0.14 g L−1 h−1 of
CER and 26 ± 0.9 g L−1 h−1 of OUR were observed. In the
fed-batch stage, 3.4 ± 0.17 g L−1 h−1 CER and 32 ±
1.4 g L−1 h−1 OURwere maintained throughout in the feeding
stage, which reiterates the respiratory metabolism of culture.

Yield coefficients for C/N ratio of 10
during the fed-batch process in BioRC1e

Heat yield due to cell dry mass (CDM): YQ/X relates the energy
dissipation in microbial growth and has direct influence on the

Fig. 2 Comparison of cell dry mass, poly (3-hydroxybutyrate), and residual cell concentration during fed-batch experiment for the different C/N ratio of
a 5, b10, c 15, and d 20 in a shake flask experiment
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expected biomass yield. Heat yield due to CDM formed was
11.96 ± 0.45 kJ/g until the batch phase (0th–10th h). The yield
of heat due to CDM formation in the period 10th–26th h (fed-
batch phase) was 5.76 ± 0.22 kJ/g. In the fed-batch stage, less
energy dissipation occurred, and more biomass building took
place. The more the energy dissipation occurs, the less the
energy will cling to biomass growth (von Stockar et al. 2011).

Heat generated due to the total amount of oxygen con-
sumed (YQ/O2) was calculated from the slope of total cumula-
tive heat dissipated in the total period (0–28 h) to the total
oxygen consumed in moles. YQ/O2 was found to be 394.24 ±
18.71 kJ/O2 consumed. Biokinetic parameters for the C/N
ratio of 10 from BioRC1e run are represented in Table 1.
YP/X was calculated as 0.67 attributes to the accumulation
capacity of PHB of co-culture during fed-batch mode.
Substrate utilization capacity during the fed-batch stage
(10th–20th h), the biomass yield coefficient due to substrate
(YX/S) was found to be 0.42. It links the glucose utilization
capacity for total biomass formation.

Bioprocess modeling

Here, we have carried out two types of modeling: (i) modified
Tessier model for evaluation of product concentration in
offline mode, basically to correlate heat with product and cell
growth; (ii) the second approach is on the prediction of PHB
based on instantaneous heat signals online.

Modified Tessier model for prediction of PHB
and residual cell concentration and establishment
of biokinetic relationship

The model development focuses on the prediction of intracel-
lular PHB and the use of metabolic yield of heat as measured
by BioRC1e as the nodal parameter around which the produc-
tion estimate was made.

In addition to biomass growth, the production of metab-
olites must also be monitored and controlled if
biocalorimetry is to be applied successfully as a process
analytical technology (PAT) tool. In its attempt to quantify
a metabolite (PHB) by linking it to metabolic heat data, the
work is therefore significant.

The estimated parameters generated from the modified
Tessier model are listed in Table 2. These parameters as
mentioned previously was determined by non-linear re-
gression techniques available in the python library
(Scipy. Optimize), which use the Runge-Kutta 4th-order
methods. This was achieved by identifying the model pa-
rameters using Eqs. 5–13, and the initial experimental
data sets. The estimated parameter values (Table 2) were
determined in this way, and the simulated data for PHB,
residual cell concentration, heat obtained from the valida-
tion experiment, and the model simulated values were
compared. The growth-associated constant (k4) was much
greater than the non-growth-associated constant (k3)
(Table 2) which describes that the bioprocess behind

Fig. 3 Metabolic heat profiles during fed-batch experiment in BioRC1e for C/N ratio of 10. Heat (blackline), turbidity (blue line), pH (green line),
dissolved oxygen (DO) (red line)
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PHB mostly relies on the growth-associated factor. Using
estimated parameters and the time derivatives of Eqs. 5–
13 results in model-predicted values. It was observed
from the biokinetic studies from Table 2 that, for 1 g of
PHB production, 2.5 g of glucose was used. The indepen-
dent validation experimental results and the model simu-
lated data for C/N of 10 are compared in Fig. 7. There is a
good match between the experimental and predicted
trends of metabolic heat (Fig. 7a), which reiterates the
validity of the established model equations in this work.
This link describes that heat linked to growth, product,
and cell maintenance and thus gives us insight about the
efficiency of instantaneous experimental heat data to pre-
dict product concentration online. To further, the model
equations generated in this work were used to predict the
concentration of PHB and the residual cell concentration
for validation experiments (Fig. 7b, c) at any stage of the
bioprocess. The goodness of the model is well established
by looking at the Nash-Sutcliffe efficiency. The Nash-
Sutcliffe efficiency for PHB prediction was found to be
0.94, stating the very closer correlation between model
and the experimental data from which we can infer the
high accuracy of the modified Tessier model (Eq. 21) for

understanding the biokinetic behavior behind the
bioprocess of PHB production by offline approach.

Heat model-based prediction of PHB

The modified equations put forward by Santharam et al.
(2017) were used in the model, with online parameter heat
as the input, to predict the biomass values and to compute
the optimized values of the growth- and non-growth-
associated factors. The calculated growth (α) and non-
growth (β) parameters for the C/N 10 experiment were
as follows: α (1.699) and β (0.07) for the batch stage, α
(1.7) and β (0.02) for the fed-batch stage, and α (1.69967)
and β (0.02) for the decline process. The parameters α
and β for the C/N 15 experiment were found to be 1.7
and 0.0817 for the batch process, 1.7 and 0.018 for the
fed-batch process, and 1.699 and 0.011 for the decline
phase respectively. An independent experiment for vali-
dation of the model was carried using C/N 10 α and β for
predicting the PHB concentration. For the prediction of
CDM, the fol lowing parameters in Eq. 23 were
substituted; the initial biomass concentration (for all ex-
periments, initial biomass was fixed, i.e., 0.2 g/L,

Fig. 4 Variation of cell dry mass, poly (3-hydroxybutyrate), residual cell concentration, glucose concentration, and ammonium sulphate concentration
during C/N ratio maintenance of 10 in a BioRC1e experiment
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cumulative heat data (Qt), and the slope values (YQ/X).
Using the computed parameters:α and β and the instanta-
neous heat data (qr), cumulative heat data (Qt) and the
slope prefixed values (YQ/X) were substituted in Eq. 27,
and then, Eq. 27 integrated values resulted in model-
predicted PHB data. Further, the values predicted by the
model are in good agreement with the C/N 10 validation
experimental values, which affirms the accuracy of the
model. The model assumed that the physiological condi-
tions like aeration, agitation, inoculum size, temperature,

and production medium are maintained constant across all
experiments. As the volume change during the fed-batch
process was minimal, it was assumed to be constant.

Finally, the efficiency of CDM and PHB prediction was
evaluated using the Nash-Sutcliffe model efficiency coeffi-
cient. The model predicted the CDM and PHB production
values with a Nash-Sutcliffe efficiency coefficient of 0.9630
and 0.9758 on validating it on a new set of experimental data,
which reaffirms the accuracy of the model (Fig. 8) for predic-
tion of CDM and PHB.

Fig. 5 Glucose and ammonium sulphate feed profiles for maintenance of the C/N ratio of 10 in BioRC1e. aGlucose feed profile. bAmmonium sulphate
feed profile
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Characterization of PHB obtained from fed-batch
process

Fourier transform infrared spectroscopy for PHB
from fed-batch experiment

The Fourier transform infrared spectroscopy (FT-IR) spectra
of the PHB sample extracted fromBioRC1e experiment of the
fed-batch process for a C/N ratio of 10 are given as supple-
mentary material Fig. S4. The peaks at 1727 and 1288 cm−1

depict the specific rotation around the carbon atom. The peak
at 1727 cm−1 represents the ester group C=O stretching exhib-
ited by the crystalline nature of PHB. The 1288 cm−1 corre-
sponds to the C–O stretching. The peak at 3440 cm−1 is due to
the group -OH, because of moisture in the sample. The spectra
were compared with the standard graph of the PHB
(Supplementary material Fig. S4).

Gas chromatography-mass spectrometry of PHB monomer

PHB is a biopolymer; exact m/z in the gas chromatography-
mass spectrometry (GC-MS) is not possible. Nevertheless, the
characterization of monomers can be characterized using GC-
MS (methods for analysis of poly (3-hydroxy alkanoates)
(PHA) monomer composition). Methanolyzed PHB
(Supplementary material Fig. S5) revealed the retention time
and m/z fragmentation pattern using GC-MS. Prominent peaks
with retention time values of 3.993, 4.419, and 7.653 using GC
and corresponding derivatized products having m/z signals at
base peak 86 when compared with NIST library show the pres-
ence of butenoic acid (another name—crotonic acid) confirming
the presence of monomers of poly (3-hydroxybutyrate).

Thermogravimetric analysis of PHB obtained from fed-batch
process

Thermogravimetric analysis (TGA) plot (Supplementary
material Fig. S4) shows thermal degradation onset at
228 °C. TGA plots also reveal that the absence of weight loss
in TGA up to 270 °C. From initial weight % of 2.42 mg,
residue formed is 0.34 mg (14.41% residual weight) which
corresponds to ash content in the sample. The extracted
PHB is thermally stable till 270 °C. TGA presented here cor-
roborates well with the study of Kunasundari et al. (2017).

Discussion

The carbon and nitrogen sources feeding together signify the
importance of regulation of glucose and ammonium sulphate
role in either biomass turnover or productivity. There are also
interactions between the regulation of carbon and nitrogen
inside the microbial cells. The Entner-Doudoroff pathway
was induced by glucose, but full induction occurs if amino
acids are also available (Richhardt et al. 2013). Thus, from the
preliminary shake flask studies, it can be concluded that the
carbon and nitrogen feeding together has a more significant
influence on product formation.

Fed-batch operation may also be useful if the concentration
of the substrate is so high that the microorganism is affected
by detrimental osmotic effects. Many researchers developed
control strategies for fed-batch culture to optimize the feed
rate of specified nutrient concentrations either by constant
feed (Mozumder et al. 2014a) or by exponential feeding meth-
od (Mozumder et al. 2014b), also with C/N feeding (Suzuki

Fig. 6 Carbon dioxide evolution
rate (CER) and oxygen uptake
rate (OUR) during BioRC1e fed-
batch experiment for poly (3-
hydroxybutyrate) synthesis
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et al. 1986). However, they tried to optimize the feed concen-
tration, not the concentration of C/N in the production broth
during the fed-batch stage. Why optimization of the C/N ra-
tio? The right proportion of carbon source to sustain energy
metabolism for growth and product formation enabled higher
productivity of PHB. However, carbon input should be ade-
quate to maintain the PHB accumulation and not allow the
PHB to be broken down (PHB depolymerase) to sustain en-
ergy metabolism.

Generally speaking, fed-batch culture is useful if
prolonging a particular phase of batch culture favors optimal
product formation. The threshold limit of substrate concentra-
tions above or below which the formation of a product is
inhibited or repressed. From this study, both the C/N ratio of
5 and C/N of 20 are not suitable for high PHB productivity.
The highest concentration of PHBwas obtained for C/N of 10.
Hence, through shake flask studies, it was observed that lower
threshold glucose concentration and higher glucose

concentration did not favor increase in PHB concentration.
Also, nitrogen source (1.2 g/L for ratio maintenance) (ammo-
nium sulphate) was required for biomass. And nitrogen deple-
tion at the cost of biomass turnover is not favorable for PHB
production. This appears like a paradox, wherein it is well
known that nitrogen depletion leads to PHB accumulation.

Experimental results for PHB production using feeding
strategy in BioRC1e portrayed that C/N ratio 10 was crucial
for the maximum productivity of PHB. The heat (Q) too clear-
ly depicts the metabolic growth state of the culture during the
fed-batch mode. In the growth phase, BioRC1e depicted an
increase in instantaneous heat values exponentially.
Instantaneous heat values were constant over the period in
the fed-batch stage which described the energetics of the co-
culture during fed-batch mode which was highly energy con-
serving and directly related to the energy storage product
PHB. Heat depleted from 28 h of growth indicated that the
growth stage follows decline phase. This actual metabolic

Fig. 7 Validation of model for fed-batch (modified Tessier model developed) for prediction for PHB synthesis. a Predicted vs experimental heat. b
Predicted vs experimental residual cell concentration. c Predicted PHB vs experimental PHB
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state fingerprinting through heat using a biocalorimeter makes
them useful for high-throughput monitoring and control of the
bioprocesses. Thus, heat measurements can be used as an
effective tool for in situ monitoring of the biological process
and make them inevitable even at the industrial level. OUR
and CER data reiterates the microbial viability of co-culture
aerobic behavior during fed-batch process.

Recent researches using co-culture suggested that the yield
of PHB improved when the fed-batch strategy was adapted.
Colombo et al. (2017) researched polyhydroxyalkanoates
(PHA) accumulation using consortia of microbial strains in a
100-L anaerobic percolated bio-cell reactor with organic frac-
tion of municipal solid waste (OFMSW) as substrate. PHA
product yield is 114.4 ± 14.5 g/kg of OFMSW (PHB yield,
60.63 g/kg since PHB/PHV were in the ratio 53/47). Pepè
Sciarria et al. (2018) obtained polyhydroxyalkanoates (PHA)
yield of 0.77 ± 0.18 mmol CPHA mmol−1 Cfed using mixed
population of microbes by aerobic feeding process of recalci-
trant of CO2. The CO2 in the process of microbial electro-
synthesis was converted to acetate and butyrate by microbial
sources; finally, the feed CO2 was converted into bio-plastic
PHB. When compared with reported literature, Dias et al.
(2005) found PHB productivity to be 1.29 g L−1 h−1. In our
study, we achieved 1.89 ± 0.09 g L−1 h−1 PHB productivity
during fed-batch stage (10th–26th h) and overall productivity
for entire period (0–28 h) achieved was 1.1 ± 0.05 g L−1 h−1.
Ahn et al. (2001) achieved the highest fed-batch productivity
of 4.6 g L−1 h−1 by using whey as the substrate. Industrially it
is not a cost-effective process to use whey as the carbon
source. The drawback in their study is that natural carbon
sources cannot be reliably replicated.

In the modified Tessier model, the experimental PHB con-
centration matches close to the model-predicted PHB concen-
tration. We can arrive at further insights into the changes oc-
curring in the metabolic processes. The estimated growth-
associated kinetic constant (k4) indicates that the product for-
mation was predominantly influenced by the rate of increase
of cell concentration (Table 2). It was also observed that the
heat yield coefficient for the maintenance of active residual
cells during the fed-batch stage is negative. The modified
Tessier equations incorporating the Luedeking-Piret equation
(Luedeking and Piret 1959) and Mou and Cooney (1976)
expressions and a better understanding of the relationship be-
tween the heat to the growth, PHB, and the cell maintenance
were established. Thus, it established the fact that heat signals
provide greater insight into the bioprocess happening of the
system during PHB production when monitored through a
biocalorimeter.

Türker (2004) tried to estimate biomass concentration
using elemental, electron, and heat balances, and he found
that heat balance gave a good accuracy in determining
biomass concentration compared with elemental and
electron balances. Santharam et al. (2017) predicted the
product—inulinase (extracellular enzyme)—through heat da-
ta by incorporating the Luedeking-Piret equation (Luedeking
and Piret 1959). The advantages of using a heat-based model
over other conventional models like Tessier are that the heat-
based model derives data from instantaneous heat measure-
ments and through non-invasive methods.

In the heat-based model, from the instantaneous metabolic
heat signals of the experiment along with the known parame-
ters (α, β, YQ/X), online PHB prediction was established in this

Fig. 8 Heat-based model prediction. a Comparison of experimental and predicted cell dry mass (CDM) for validation experiment. b Comparison of
experimental and predicted poly (3-hydroxybutyrate) concentration for validation experiment
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study. This method does not alter the reaction environment
and hence leads to greater accuracy. Heat-based model pre-
vents human error. The iControl software did the online data
collection, thereby decreasing the human intervention in data
collection. Also, heat-based model provides computational
simplicity. Other models require the solving of several com-
plex simultaneous differential equations, and these equations
have to be curve fitted to experimental data to find α and β
(heat-based), whereas in the case of the heat-based model, it is
required only to solve a single differential equation, thus
retaining the accuracy.

The mathematical modeling approach dealt with in this
study could successfully predict the PHB concentrations both
in offline and online modes. The offline mode employs a
modified Tessier model. The heat-based model describes the
PHB prediction online. The heat-based model prediction of
PHB online using Eq. 27, suggested that the PHB formation in
the culture is the growth-associated process. This model val-
idated with new experimental data. Through the modeling
exercise, our studies have demonstrated the use of the online
instantaneous metabolic heat alone to monitor the bioprocess
and control the reaction. Metabolic heat is the net result of
biomass growth, product formation, and cell maintenance, as
described in our model Eq. 20. The model Eq. 27 can be used
to predict the PHB concentration online. Based on the instan-
taneous calorimetric response, it is possible to feed the re-
quired nutrients for a constant C/N. If we do not maintain
the C/N, we have observed a drop in heat and the PHB con-
centration. Thus, the reactor controlled for optimal production
of PHB.

To improve the yield of a PHB, which is sensitive to nutri-
ent factors (excess or deficiency), it is necessary to optimize
the concentration of the most critical nutrients. Here, we opti-
mized the carbon and nitrogen ratio in the broth and achieved
high PHB yield by the specific microbial consortia. Further,
the model developed in this study could help predict PHB
product concentration. The Nash-Sutcliffe efficiency de-
scribed the goodness of the model. Here, we have compared
our experimental results with the model-predicted concentra-
tion of PHB and cell dry mass to prove that heat-based corre-
lations is a feasible one. The heat-based model demonstrated a
significantly shorter execution time and better conformity be-
cause of the consideration of the online parameter heat.
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