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into Polyhydroxybutyrate Biopolymer via Ralstonia Eutropha
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Abstract—Currently, a rampant cultural shift is occurring in
the modern world to progressively substitute fossil-derived
plastics and shift to novel biomaterials that are benign to the
environment owing to increased awareness of environmental
sustainability along with the implementation of strict
regulations worldwide. Polyhydroxyalkanoates (PHAs) are
promising intracellular biodegradable polymers that have
attracted considerable focus owing to their biocompatibility,
biodegradability, non-toxicity and environment-friendly nature
to function in diverse applications notably in the pharmaceutical,
medical, textile, materials, fuel, agricultural industries.
Nonetheless, despite its huge market potential, the commercial
growth of PHA is achieved on a small extent only, since the cost-
effectiveness of this product is highly debatable owing to the
high production cost of processing the carbon substrate. The
goal behind this research study is to explore the possibility of
exploiting low-cost carbon substrates from low-value
lignocellulosic materials that would have otherwise been
discarded as waste and add stress to the landfill to manufacture
biopolymer compounds that are used in everyday lives as well as
to enhance the functionality and yields of glucose from PHA
substrates that can undergo industrial upscaling. One of the
major challenges of transforming lignocellulosic biomass into
fermentable sugars is the recalcitrant nature of the fibre which
renders it very resistant to the release of sugars for fermentation.
Since lignocellulosic biomass has a specific attribute such as an
extremely coordinated matrix which renders it very resistant to
the release of sugars for fermentation owing to biological
degradation, a pre-treatment phase is necessary prior to the
hydrolysis stage for the transformation of the fermentable
sugars. This study focuses on the biosynthesis of biopolymers
from lignocellulosic biomass through sustainable approaches
such as enzyme and microbial activities in order to examine its
viability as a replacement for traditional polymers. Cupriavidus
Necator H16 (Ralstonia Eutropha) having 8108 CFU/ml viable
colonies were cultured at 30 °C and was inoculated in submerged
fermentation of M9 minimal salt medium using 1% reducing
sugar from Furcraea Foetida as carbon source. Batch
fermentation of PHB in submerged cultivation conducted for a
residence time from 0 to 48h resulted in a dry cell weight from
0.3240.05% to 1.6240.05%. The nitrogen limiting phase was
achieved after 48h and 17.0540.35% of PHB was extracted from
3ml of the fermentation broth. The PHB yield was dramatically
lower than reported optimal yields of 37.55 to 97.80% from
works of literature. Nonetheless, Fourier-transform infrared
spectroscopy (FTIR) spectroscopy revealed characteristics
bands for carbonyl, methine and ester groups along with
intermolecular hydrogen bonds in the biopolymer. Sudan Black
B and FTIR spectrum demonstrate that PHB biosynthesis
successfully bioaccumulates inside the cells of Ralstonia
Eutropha using cellulose from Lignocellulosic biomass (LCB) as
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carbon source. Hence, the process needs to be optimized in terms
of variables such as inoculum size, inoculum concentration,
incubation time and salt medium conditions in order to
maximise the production of PHB from Furcraea Foetida in
Ralstonia Eutropha cultivation.

Index Terms—Sustainability, lignocellulosic  biomass,
polyhydroxyalkanoates, sustainable waste management,
biocompatibility, biodegradability

I. INTRODUCTION

Plastics are becoming widely prevalent in a broad array of
applications, both in the household and in industry. About
368 million metric tonnes of plastics were produced
worldwide in 2019, of which 98 percent were fossil fuel-
based polymers derived from petroleum [1]. Humanity has
benefited from the advancement of contemporary science,
technology, and markets, which has resulted in increased
economic success and comfort as a result of the employment
of fossil-derived materials to make a wide range of useful
fuels, chemical compounds, and polymers [2, 3]. There are,
nonetheless, several drawbacks and downsides to using
petroleum as a fuel source. The overuse of petroleum has
resulted in a crisis in energy, natural resources, and the
environment. When confronted with these circumstances,
environmental sustainability becomes an imperative
requirement. The non-biodegradability of petroleum-based
plastics poses a serious threat to the environment in terms of
disposal and recycling, culminating in health and
environmental system concerns such as soil infertility,
greenhouse gas emissions, and carcinogenic compounds
generated during the disposal process, landfilling and
incineration. Non-biodegradable plastics presently account
for 25 million tonnes of waste each year, making them a
major source of pollution. Additionally, when fossil fuel
reserves diminish, this predicament will only get worse. Now
that climate crisis and depleting fossil carbon resources are in
the spotlight, researchers from across the globe are exploring
environmentally  benign substitutes to fossil-derived
polymers. Biopolymers are a feasible alternate, and one class
getting loads of attention is the polyhydroxyalkanoates, or
PHAs [4]. Industrial biotechnology is currently facilitating
the development of bio-based chemicals and polymers
sustainably. Biomass is a renewable, environmentally
friendly, and sustainable substrate that may be utilized to
manufacture items made entirely of recyclable, ecologically
responsible, and sustainable materials [5].

In recent decades, there has been an increase in interest in
developing products with properties and uses similar to those
of fossil-derived synthetic polymers. Polyhydroxybutyrate
(PHB), a member of the Polyhydroxyalkanoate (PHA) family,
is a material with thermomechanical properties comparable to
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polypropylene that may be used instead of conventional
polymers. Bioplastics are manufactured from renewable
biomass, which may be first-generation feedstocks such as
maize or sugar beet or second-generation feedstocks such as
lignocellulosic biomass. Third-generation feedstocks, on the
other hand, such as microorganisms that do not compete with
feedstuffs or animal feed, farmed land, or waterways, have
recently gained more focus. Insoluble inclusion bodies
produce polymers in the cytoplasm of some cells, which are
utilized to make microbial biopolymers. These inclusion
bodies, according to scientists, are both natural and
biodegradable. They operate as carbon storage for the cells
during times of stress. The fact that they are storage materials
does not alter the concept that they aid microbial cells in
maintaining their integrity by protecting them from abrupt
osmatic shifts. The most investigated polymer in the PHA
family is Poly-3-hydroxybutyrate (P3HB). PHA is an evolved
version of naturally occurring polymers. Due to their
similarity to traditional plastics, microbial polymers possess
material properties that make them suitable for a wide variety
of industrial applications [6]. For example, their superior
barrier properties have enabled their use in food packaging in
the industry. It has a melting point of 175 °C and a glass
transition temperature of 15 °C. Additionally, it has a
molecular mass of 5 x10° Daltons and a density of 1.25 g/cm?
(3.5 GPa) [6].

The manufacturing costs of PHB are projected to be four
to nine times more than traditional polymers such as
polyethylene. Compounding the issue of high production
costs are factors such as a demand for pure culture
fermentation, substrate needs and different culture conditions.
To maximize yields, culture variables like temperature, pH,
light requirements, nutrients, and cycle duration must be
optimised whilst keeping in mind the critical function carbon
sources present in the bioprocess. When it comes to the
organic substrates used in traditional PHB manufacturing, the
vast majority are derived from raw materials that are
exclusively composed of carbohydrates like sucrose and
maltose. Other common raw materials include glucose, starch,
and other carbohydrate derivatives. The current focus of the
study has been on integrating the usage of lignocellulosic
materials with PHB synthesis in order to solve the difficulty
of obtaining adequate non-competitive carbon sources for
PHB synthesis.

Cupriavidus necator is remarkable among biopolymer-
producing microorganisms since it can accumulate up to 90%
of its cellular mass in PHB and utilize carbon from a variety
of substrates. C. necator produces PHB in two stages: the first,
which is distinguished by balanced culture conditions, and the
second, which is produced by limiting one constituent, such
as nitrogen or phosphorus. It developed the ability to
metabolize glucose through spontaneous mutation, and it can
also consume fructose, glycerol, and organic fatty acids [7].
Nevertheless, as compared to traditional plastics, the price of
PHB remains high. Using low-cost feedstocks such as
municipal waste (food waste, waste cooking oil, sewage and
plastics), animal waste (fats, manure, and lard), forestry waste
(bark, sawdust, leaves, straws), agricultural waste (crop waste,
wood chips, rice straw) and industrial waste (spent coffee
beans, olive pulp) as substrate is one approach to minimize
manufacturing costs.
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This study aims to do a critical review to assess the
different pretreatment techniques for lignocellulosic biomass
to be used as carbon source during microbial fermentation of
polyhydroxybutyrate which is a medium-chained-length (mcl)
PHA. The objectives are to identify potential microorganisms
and enzymes capable of synthesizing PHB and to highlight
the different challenges during PHB bioprocessing.

A. Metabolic Pathways

Catabolization of the carbon sources required to synthesize
PHA is achievable through a variety of metabolic
processes [8]. This section focuses on P(3HB), the most
synthesized PHA in the entire globe, as a concise overview of
the PHA class. There are three distinct enzymes involved in
the ultimate stages of creating this biodegradable polymer:
PhaA, PhaB, and PhaC. The carbon supply is transformed to
acetyl-coenzyme A (CoA), and two molecules of this are
turned into acetoacetic acid by a thiolase (-ketothiolase,
PhaA). The NADPH-dependent acetoacetyl-CoA reductase
(PhaB) generates the synthesis for the PHA, (R)-3-
Hydroxybutyryl-CoA, which is subsequently polymerized by
the PHA synthase (PhaC) [8].

Metabolie pathway for
P(3HB)

[ Precursor generation ] [ Monomer Synthesis ] {

Carbon source

2 acetyl-CoA

Excess carbon and
nutrient limiting
conditions

Polymerization }

EhaC

T

Energy Generation

Fig. 1. Metabolic pathway for the production of P(3HB) (PhaA: B-
ketothiolase, PhaB: NADPH-dependent acetoacetylCoA reductase, PhaC:
PHA synthase and PhaZ: PHA depolymerase).

The metabolic route shown in Fig. 1 is intrinsically
associated with the primary metabolic processes of the
microorganisms. Additionally, glycolysis, Krebs cycle, de
novo fatty acid synthesis, -oxidation, the amino acid
metabolic route, Calvin cycle, and serine pathway are all
involved in the manufacture of P(3HB). Both of these
processes require the use of acetyl-CoA as an intermediary.
Essentially, the production of PHA under certain
environmental circumstances is dependent on the metabolic
flow of acetyl-CoA. When there is an excess of carbon and
no other growth restriction, the Krebs cycle, which is
responsible for CoA synthesis, is a hindrance to PHA
formation. Acetyl-CoA is a metabolite that is integrated into
the Krebs cycle, which is responsible for energy production
and cell development. It is possible to achieve non-inhibitory
CoA concentrations when carbon surplus circumstances are
maintained and an important nutrient is limited. This allows
the delivery of acetyl-CoA to the PHA synthesis pathways.
The metabolic causality framework detailed above is used to
mimic these circumstances in bioreactors in order to generate
PHA for use in pharmaceutical production. The majority of
PHA-generating actions are separated into two phases, in line
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with the traditional technique for the synthesis of secondary
metabolites that are not associated with the stage of cellular
development in which the activity is performed. The main
phase is the phase in which the goal is to increase the number
of viable cells in the reactor’s unrestricted nutrient supply,
which is accomplished via the use of a variety of techniques.
In this case, a limitation is applied (for instance, a lack of a
nitrogen supply), diverting metabolic processes toward the
accumulation of PHA, which inhibits cell growth and
multiplication. After an accumulation of PHA has occurred,
removing these limitations allows the PHA to depolymerize,
re-establishing the normal metabolism of the microbe for
energy production and growth. An enzyme known as PHA
depolymerase (PhaZ) converts PHA to readily absorbed
energy elements that the organism may use when a change
there is an alteration in environmental circumstances [6, 8].

Il. BACKGROUND STUDY

A. Polyhydroxybutyrate (PHB)

PHAs are categorized into short chain length (scl) and
medium chain length (mcl) polyhydroxyalkanoates as per
their respective monomeric components and carbon atoms.
The scl-PHAs are composed of 3 to 5 carbon atoms and can
be synthesized by bacterial strains such as Cupriavidus
Necator while the mcl-PHAs comprising of 6 to 14
carbohydrate atoms can be orchestrated via pseudomonas
species [9, 10]. In addition, the foundation of long-chain
PHAs (Icl-PHAS) consisting of over 14 carbon atoms has
recently been discovered via in vitro processes [11].
Polyhydroxybutyrate (PHB) is the predominant scl-PHA
homopolymer which is identified by its stiffness, brittleness
and the challenge to be transformed owing to its highly
crystalline  framework. Poly (3-hydroxybutyrate-co-3-
hydroxyvalerate) also known as PHBYV is a copolymer which
can be developed via the integration of 3-hydroxyvalerate
(HV) units in PHB. The resulting biogenic polyester is
relatively more durable, resilient, stable as well as easily
processed by escalating the molar mixing ratios of the
different species of the copolymer [9, 12, 13]. Moreover, scl-
PHAS are employed in the manufacture of disposable
polymeric commodities as well as for food packaging
products while mcl-PHAS being more elastic and flexible
(elastomers) are ideal for the production of drug carriers,
medical devices, biocontrol agents, and biodegradable
implants which may include dental prosthesis or any other
structure to aid in medical treatments [9, 13, 14]. Other
medical applications of PHA include tissue engineering, anti-
cancer agents and memory enhancers [15]. Also, in the
cosmetic sector, PHA and starch blends having a high
compatibility to the skin are promising materials to function
as bio-based beauty masks [16]

On the basis of value and quantity, the shorter PHA chain
form, PHB is expected to dominate the PHA sector in the near
future [12, 13]. Greater understanding and knowledge of risks
and hazards relating to environmental disequilibrium
emanating from plastic waste materials has significantly
influenced consumer perceptions and behaviours about bio-
based polymers [17, 18]. This element is fundamental in
boosting the market and supply demand for scl-PHA as well
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as mcl-PHA products. Also, packaging and food services are
expected to take a drastic lead with reference to product value
on the PHA industry [13, 19]. The increasing demand for
biocompostable and biodegradable biopolymers to be used
for diverse uses like carrying bags, disposable wares, cling
films, wrapping materials in the packaging and food market
is provoking an increase in production of such eco-friendly
commodities [20-22].

There is currently a growing industrial concern towards
biotechnological development of polyhydoxybutyrate (PHB)
polyester using sustainable raw materials to produce
polymer-based commodities as a substitution for traditional
petrochemical-based plastics [20, 23, 24]. PHBs may be
categorized as thermoplasts or elastomers based upon their
specific structure. Traditionally, several prokaryotic strains of
sustainable sources of materials such as sugars, lipids,
alcohols and organic acids particularly lactic acid are
generated in growth limiting conditions leading to a
disequilibrium in the availability of nutrient. On a
commercial scale, the shift from controlled microorganism
growth to PHB build-up is generally achieved via a
minimization in phosphates or nitrogen [20, 22, 25]. It is
unequivocal that any cost effective large-scale industrial
production reckons on a number of considerations
particularly the possibility of the microorganisms to make use
of a low-cost carbon resource, price for microbial culture,
development rate of microorganisms, speed of biopolymer
synthesis, cost associated to corresponding methods for the
manufacture of plastics, attributes and volume of PHB
required [22, 26, 27]. In addition, significant measures need
to be being taken to identify safe and affordable raw resources,
to test different transgenic species and to use microbiological
regulatory bodies to enhance the recovery process in the
innovative  production of  genetically  engineered
organisms [25, 27].

Nonetheless, owing to elevated manufacturing costs
associated with biopolymers, the large-scale
commercialisation and widespread industrial growth of PHBs
remain challenging leading to relatively greater costs than
traditional polymeric materials. The price of PHBs are
expected to vary in the range of 2.25 to 2.75 USD per pound
which is around fourfold the price of traditional polymers
such as polypropylene and polyethylene [13, 28, 29]. The
elevated pricing can be attributed to the high purity raw
materials (sugars), enormous quantities of solvents, energy
and the different types of batch processing required [24, 28,
30]. The supply of sustainable raw materials as well as the
growing market demand and usage of bio-based polymers
along with the adoption of Green Public Procurement (GPP)
coupled with circular economy polices are anticipated to
boost the emerging PHA business in the packaging, food,
cosmetic, automobile and biomedical sectors. As per market
research reports, currently the estimated value of the global
PHB market stands at USD 57 million and is expected to
experience a growth of 11.20% by 2024 accounting to a
projected value of USD 98 million. The fast-growing market
is connected to socio-economic and political activism in
opposition to traditional plastic products and government
policies as well as consumer behaviours [19, 28, 31].

B. Potential Sources of Sugar from Biomass
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Sugars can be monosaccharides involving aldehyde groups
(aldose) or monosaccharides involving ketone groups
(ketose). Aldose is further sub-divide into six carbon sugars
such as glucose, fructose, mannose, galactose) and five
carbon sugars notably, xylose, arabinose, xylulose [32].
These simple sugars can be extracted from lignocellulosic
biomass and plant-derived edible biomass via hydrolysis and
each monosaccharide has a variety of applications in the
production of chemicals, biopolymers, pharmaceuticals,
agriculture as well as cosmetics as mentioned in Table I.

galactose, d-mannose), pentoses (such as xylose, arabinose)
and acetylated sugars [53]. Since lignocellulosic biomass are
composed of 75% polysaccharides such as cellulose,
hemicellulose, starch and saccharose, it is more favourable to
use them for direct synthesis of sugars [32].

Table II. gives an idea of the concentration of different
types of sugar in a variety of lignocellulosic material.

TABLE II: CONCENTRATION OF SUGAR IN LIGNOCELLULOSIC BIOMASS

Concentration of sugar (g L%

Substrate Type of hydrolysis glucose xylose  mannose arabinose
Soft wood Enzymatic 61.8 3.6 7.2 0.4
TABLE |: APPLICATIONS OF SIMPLE SUGARS EXTRACTED FROM LCM Bagasse Chemical 4.1 24.4 2.6
Sugar Applications References Oil palm empty Enzymatic 483 296
Energy  source, fruit branch —
Glucose PHB and ethanol  [33-35] SR'Ce straw Chemica 11 226 05
. pent coffee Enzymatic and 39 236 28
production grounds chemical ' :
Biopolymer Wheat bran Enzymatic 12.7 4.1 41 31
production, Elephant grass Chemical 22.2 - - -
Sucrose chemical carrier [36, 37] Acacia Chemical 12.3
for emulsifier and Ca“fe;‘\’/’;ssa”d Chemical 233
detergent " Cane stalk’s peel Chemical 18.2
Lowicalor'e Steam explosion
sweetener, pretreatment
Xylose production of fuel 38, 39] Municipal Forestry combined with other
and chemicals and pretreatments 80.0
Used as dietar Greening Wastes such as dilute
| . hy acid, organosolv, and
supplements In the metal salts
Mannose food, ) [40, 41] Coconut husk hemical 20.8
pharmaceutical, ' Sources: [32, 34, 54, 55]
and poultry .
industries C. Ralstonia Eutropha
Ethanol Cupriavidus Necator (strain ATCC 17699/H16/DSM
Galactose ]E’gf‘;‘r‘]g?o” or used [42] 428/Stanier 337) bearing synonyms Alcaligenes eutrophus,
Low—ca?grie Ralstonia eutropha (most common name) and Wautersia
Fructose products as taste [43, 44] eutropha is a facultatively chemolithoautotrophic and gram-
enhancer negative betaproteobacterium that thrives in the soil/sludge
5 Precursors for and is exploited in the development of biodegradable polymer
hydroxymethylfurufral fuel, resin, plastic, [45, 46] such as PHB. This species has the ability to grow aerobically
and furfural ?_ylon,h F{O');es‘er' ' in the presence of hydrogen and carbon dioxide as the only
Il_r;ivcczrc::(i:: source of energy and carbon [56, 57]. PHA builds up inside
Sugar alcohols (sorbitol,  sweetener cells when there is an imbalance in nutrients in particular, too
mannitol, xyIitoI: adhesive, [47, 48] much carbon and not enough nitrogen, phosphorus or oxygen
arabitol) cosmetics and which are all vital for the bacterial growth. Excess nutrients
energy source are stored intracellularly by microorganisms by the
Sugar acids (gluconic Chelating  agent, generation of insoluble biopolymers from soluble molecules.
. . . cement retardant, The bi I d b I d I h
acid,  xylonic acid, [ [32, 39] e biopolymers stored can be released once normal growt
arabinonic acid) medicine conditions are restored [58, 59]. PHA intracellular
Acid — » biosynthesis in Ralstonia Eutropha cells interacts with a
Acids  (succinic acid, oo ang nolymer limited number of feedstocks having carbon chain lengths of
itanoic acid, formic acid, . [32, 50] . . A
glycolic acid industry C3 to C5. Nonetheless, the microorganism has an inclination
towards C4 substrates. Consequently, PHAs formed through
Alcohols (ethanol, Used as fuels and . i .
butanol) solvents [32,51] this pathway comprise of short-length chain monomers [60].
Alkyl ethers of sugars i When there is a deficiency of oxygen in the medium, the
(alkyl glucoside, alkyl ~USed 2 biomass- [32] microorganism has the capacity to thrive anaerobically while

xyloside derived surfactant

The most prevalent sugars present in lignocellulosic
biomass hydrolysates are glucose and xylose irrespective of
the pretreatment technique employed. Around 60 to 70% of
glucose and 30 to 40% xylose are typically present in
lignocellulosic hydrolysates [52]. Cellulose an unbranched
crystalline structure is composed mainly of glucose units
while hemicellulose being a branched heteropolymer is
composed of hexoses (such as I-fructose d-galactose, I-
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utilizing nitrogen (denitrification) as the source of energy.
The chemolithoautotrophic potential of the bacteria while
being cultivated on hydrogen can evolve as a cell factory for
the development of various materials including value-added
products notably, polymers and metabolites [33, 35, 56]. The
metabolic processes of Cupriavidus Necator is highly
appropriate to microorganisms with transitory absence of
oxygenand todiverse type ofcarbon substrates. The
respiratory cycle therefore adapts to the substrate and the
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concentration of the carbon sources [61]. The molecular
weight of P3HB extracted from Ralstonia Eutropha is in the
range of 939,000 to 1,400,000 g/mol with a polydispersity
varying between 1.9 and 2.25 while the molecular weight of
PHA extracted from other microorganisms such as the gram-
negative Pseudomonas oleovorans ranges between 178,000
and 330,000 g/mol (polydispersity: 1.8-2.4) and gram-
negative Pseudomonas putida fluctuates between 56,000 and
112,000 g/mol along with a polydispersity of 1.6-2.3 [62].
Table Il gives an insight of the characteristics and the
applications of Ralstonia Eutropha in the biomaterial sector.

TABLE IlI: ATTRIBUTES OF RALSTONIA EUTROPHA
Functions in
biomaterials
Exploitation of CO,
for manufacture of
biomaterials

Cheap substrates
from lignocellulosic
materials, crop
residues, low-quality
waste animal fats or
agricultural residues
can be employed as
carbon sources
-Applications
pharmaceutical,
surgical, therapeutic
and tissue
engineering
functions
-Production of
medical equipment
and implants

Ability to generate
biopolymers  from
toxic mixtures such
as syngas and from
phenol

Stores PHB
intracellularly  and
result in high PHB
yields with good
purity

Construction of
Ralstonia Eutropha
strains to develop
bio-based materials
Synthesis  pathway
can be improved by
substituting the PHA
synthase gene to
develop diverse
biopolymers  with
medium or long
length chains

Attributes References

Autotrophic growth [63, 64]

Use of a variety of

carbon substrates [64-66]

in

Biocompatibility  and

non-pathogenic [63, 67]

Resistivity to  toxic

compounds [64, 68]

Intracellular
compound

storage [69, 70]

Genetically modifiable [64, 65, 71]

Modifiable biopolymer

properties [64, 71]

I1l. MATERIALS AND METHODS

A. Cultivation Media

R. Eutropha was initially cultivated in shake flask in
minimal salt of composition in Table IV. A loop inoculated
with cells from a 24-hour old agar slant was transferred to
50ml of M9 minimal salt in a 250 ml Erlenmeyer flask. The
flask was initially incubated on a rotary shaker at 30 °C and
200 rpm for 18 h following which, 1ml of the culture was
transferred in a glass vial and vortexed. Serial dilution and
plating were performed on the microbial culture to determine
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the mean number of viable colonies in the inoculum
following which shake flasks were inoculated with 8108
CFU/ml inoculum (2%). Table IV presents the composition
of the seed culture medium, which is a vital component in the
bioprocess for cultivating microorganisms before initiating
the main fermentation. This medium contains a precisely
balanced blend of nutrients and substrates that provide an
ideal environment for the growth and multiplication of the
selected microbial strain.

TABLE IVV: COMPOSITION OF THE SEED CULTURE MEDIUM
Concentration

Component

@™
Disodium Phosphate (anhydrous), Na,HPO, 33.9
Monopotassium Phosphate, KH,PO, 15.0
Sodium Chloride, NaCl 25
Ammonium Chloride, NH,CI 5.0
Glucose 4.0
Magnesium sulphate heptahydrate, MgSO4+7H,0 0.492
Calcium chloride, CaCl,*2H,0 0.0147

B. Overall Operation Procedure for PHB Production

Fig. 2 illustrates the overall operation procedure for PHB
production. This comprehensive process involves several key
steps, including substrate preparation, seed culture
inoculation, fermentation, biomass harvesting, and PHB
extraction. Each step plays a crucial role in achieving
efficient PHB production and is carefully designed to
optimize the yield and quality of the biopolymer.

Inoculum

development

stock culture
and
multiplication in
lab

Inoculation

Imereey Final culture

for24 h at broth
30°C

I

PHB
separation purification
I I

Molecular

J

Cell PHB

Extraction

[
FTIR

weight

determination

Fig. 2. Overall operation protocol.

C. Quantitative and Qualitative Analysis—Cell Biomass
determination of Ralstonia Eutropha Culture

The Cell growth monitoring was achieved via turbidity

measurement and the dry cell weight of the biomass pellet.
1) Turbidity measurement

During the course of the fermentation, the Optical Density
(OD) of the culture media at 546 nm was measured every 30
mins via a DR 3900 spectrophotometer. OD was plotted
against the cultivation time to determine and control proper
bacterial growth. Fig. 3 illustrates a schematic diagram for
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optical density reading, essential for turbidity measurement
during fermentation. Sufficient growth was observed when
the desired ODsg6 value [72] was obtained and hence, the
inoculum was transferred to the next phase. OD being the
logarithm of the transmitted and received light can be
calculated as follows:

OD =—log10 — o)

Io

where, | is the transmitted light intensity and I, is the incident
light intensity.

I~

Spectrophotometer
Reading

Fig. 3. Schematic diagram for optical density reading.

2) Cell Dry Weight (CDW)

The Ralstonia Eutropha cell biomass concentration was
determined by its dry cell weight based and adapted on [73]
as follows:

i 3 x3ml of culture broth was centrifuged at 3000 xg
for 15 mins in pre-weighed glass sterile Eppendorf
tubes.

The supernatant was discarded and the biomass
pellet was carefully recovered.

The pellet was re-suspended in distilled water and
centrifuged again at 3000 xg for 15 mins.

i The pellets were then washed in NaCl concentration
of 0.98% (w/w) followed by lyophilization for 24
hours.

The cell dry weight was determined as follows:

ii.
g
CDW (Z) = (meppendorf+pellet - meppendorf) »1000 (2)

where, Meppendorf+peliet i the combined mass of the

Eppendorf and the biomass pellet
3) Cell mass calibration curve
A standard calibration curve was prepared for the
estimation of cell mass via spectrophotometry to relate the
Ralstonia Eutropha cell concentration to its optical density as
follows:

i six solutions of known concentrations were
prepared with cell biomass from a fresh seed
culture of Ralstonia Eutropha.

The optical densities of each solution were
measured by a UV spectrophotometer at the end
of 48 h.

The solutions were then centrifugated at 3000 %
g for 15 minutes.

iv. The pellets were then washed in NaCl
concentration of 0.98% (w/w) followed by
lyophilization for 24 hours and their cell dry
weights (CDW) were measured.

V. The calibration curve was established by

plotting the optical density against the cell
concentration.
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IV. RESULTS AND DISCUSSION

A. Colony Characteristics

The colonial characteristics of the bacterial strain was
assessed as per Table V:

TABLE V: CHARACTERISTICS OF RALSTONIA EUTROPHA

Colony Ralstonia Eutropha
Colou_r of bacterial White

colonies

Regctlon to gram- Pink stain: Gram-Negative
stain

Shape Rod-shaped

Motility Yes

Opacity Opaque

Aerobes and anaerobes at an

Growth conditions optimal temperature of 30°C

Spore formation No
Beef  extract M9 minimal
salt
and  peptone (containin
Flagellation medium: nitro en)'g
Flagellation Lossg " in
observed i
flagellation

B. Biopolymer Characterization

1) Cell Dry Weight (CDW)

Fig. 4 shows the linear correlation, with R2 of 99.5%
between the cell dry weight of Ralstonia Eutropha over
period of 48 h. It can be observed that the CDW of the cell
biomass increased linearly with an increase in residence time.
After the 48 h period, a constant CDW was observed.

Cell Dry Weight of Biomass

CDW (g/L) = 0.3602 + 0.02636 Time (h)
8 s 00308113
99.5%

R-Sq
R-Sq(adj) 99.5%

0 10 20

Time (h)

30 40 50

Fig. 4. Chart of cell dry weight of biomass vs time.

2) Cell mass calibration curve

Turbidity measurement by spectrophotometry is a quick
and very helpful way to estimate cell counts. A suspension of
bacterial cells appears turbid to the naked eye since cells
disperse light crossing through the solution. The higher the
quantity of cells in the solution, the higher is the extent of cell
scattering in the solution resulting in a cloudier suspension.
In view of the fact that bacterial cells are fundamentally of
uniform size in a population, the extent of dispersion is
directly related to the cell biomass and indirectly
proportionate to the cell number. Nevertheless, light
dispersed from a photocell in a high cell biomass density
solution has a high probability of dispersing back to another
cell. Thus, the light transmitted back gets unregistered by the
photocell. The correlation between the cell number and the
turbidity does not follow a linear relationship at high cell
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biomass concentrations. Fig. 5 confirms a linear relationship
(R? of 99.4%) between the six known solutions of cell
concentration and their turbidity measured by the optical
density at 546nm. Higher cell concentration solutions were
revealed out of the linearity range and hence, all subsequent
measures were conducted within this range.

Ralstonia Eutropha cell mass calibration curve
Optical Density = 0.03098 + 0.8638 Cell Concentration, g/L
we S 0.0202050
R-Sq 99.4%

08 R-Sq(adj) 99.3%

Optical Density

e o o o

[ S
CJ

o
N

o

0.1 0.2 0.3 0.4

Cell Concentration, g/L

0.5 0.6 0.7 0.8 0.9

Fig. 5. Ralstonia Eutropha cell mass calibration curve.

3) PHB yield

A mean PHB yield of 17.0140.35% was observed when
biomass and PHB were extracted from 3 ml of inoculum of
age, 48h as shown in Table VI. When compared to previous
studies conducted on R.Eutropha from other LCM, the PHB
yield is significantly lower than reported optimal yields of
37.55 to 97.80%. However, the observed yield was higher
than that observed by microorganism hosts such as Bacillus
Megaterium and Saccharomyces cerevisiae which resulted in
a maximum PHB yield of 4.06-19.51% and 2.4-16.4%
correspondingly. In view of maximising the yields of PHB
recovered from R.Eutropha, experiments with varying factors
need to be run to determine optimal conditions.

TABLE VI: PHB YIELD

SN [CDW (g/L)| PHB weight (g) | % PHB [Mean PHB Yield (%)| Error
1 152 0.26221 17.25
2 1.60 0.27485 17.18 17.01 0.35
3 173 0.28740 16.61

4) Fourier transfer infrared spectroscopy
The characterization of the PHB was achieved through
FTIR analysis. Fig. 6 displays the IR spectrum of the
extracted PHB sample with the characteristic peaks produced.

bending of -CH2

Transmittance [%]

C-O stretch at 1078
C-O stretchat 1026

CH; scissoring and
CH; asymmetric
deformation

694
Split CH; rock

= —

2

@ma
26

845

2500 2000 15
Wavenumber cm-1

Fig. 6. Transmittance spectrum of PHB sample from 1% reducing sugar.

T T
3500 3000 1000

IR spectrum of the different functional groups in the PHB
sample was registered in the range of 400 to 4000 cm™.
Characteristics bands for carbonyl, methine and ester groups
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could be observed along with intermolecular hydrogen bonds.
Bands were detected at 1450.88 and 2922.31 which
corresponds to methine grouping such as CH scissoring and
CHs; asymmetric deformation. These values were slightly
higher than usual which may be attributed to polymerization.
Also, the frequency of carbonyl group at 1625 was lower than
the 1673 usually obtained from standard PHB which again,
might be due to polymerization. The C-O group revealed a
band at 1078 which is more or less close to the frequency
value of 1076 observed with standard PHB. Hence, the peaks
confirm the presence of PHB in the extracted sample.

V. CONCLUSION

The aim behind this project was to investigate the potential
of extracting reducing sugar from locally available
lignocellulosic biomass to determine their viability to be used
as a substitute bioresource for the production of biopolymers.
The main technique involved the hydrolysis of cellulose and
hemicellulose into smaller monomer untis that could be
employed by microorganisms as carbon source for
biosynthesis of polymers. Ralstonia Eutropha determined to
be gram-negative and rod shaped under the microscope was
successfully cultured at 30 °C in different mediums notably,
M9 minimal salt, nutrient agar along with beef and yeast
extract broth. The number of viable colonies in 1ml culture
was determined to be 8 <108 CFU/ml by serial dilution and
plating. Batch fermentation of PHB in submerged cultivation
conducted for a residence time of 48h resulted in a dry cell
weight growing from 0.3240.05% to 1.6240.05%. Also, a
correlation was found between the turbidity and the quantity
of cell biomass where the extent of dispersion was directly
related to the cell biomass and indirectly proportionate to the
cell number. After 48 hours, the cells appeared to have
attained the nitrogen limiting phase and 17.05+0.35% of PHB
was extracted when 1% of hydrolysate containing the
reducing sugar was fed to the microorganisms as carbon
source. The PHB yield was dramatically lower than reported
optimal vyields of 3755 to 97.80% from literatures.
Nonetheless, FTIR spectroscopy revealed characteristics
bands for carbonyl, methine and ester groups along with
interamolecular hydrogen bonds in the biopolymer. Sudan
Black B and FTIR spectrum demonstrates that PHB
biosynthesis successfully bioaccumulates inside the cells of
Ralstonia Eutropha using cellulose from LCB as carbon
source. Hence, the process needs to be optimized in terms of
variables such as inoculum size, inoculum concentration,
incubation time and salt medium conditions in order to
maximise the production of PHB from Furcraea Foetida in
Ralstonia Eutropha cultivation.
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