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ABSTRACT

Exhaustion of non-renewable resources and increasing concern towards the non-
biodegradability of conventional polymers demands research for alternative, bio-based and
biodegradable polymers having comparable properties. Recently, research in the field of
sustainable polymers is highly focused on the use of renewable wastes generated from
agriculture, food, and the meat industry for the development of biodegradable biomaterials.
The biomaterials prepared from these renewable wastes find their applications in the field of
medicine and help to restore biological functions. Polyhydroxybutyrate (PHB) is a
biodegradable biomaterial of bacterial origin produced intracellularly as an energy reserve in a
stress-induced condition which has a potential application in drug delivery. Poly(latic acid)
(PLA) is another class of bio-based polymer produced by the polymerization of lactide
predominantly used in biomedical applications and packaging. Prodigiosin is a bacterial
pigment used as a remedy for cancer treatment, and nanocellulose is a bionanomaterial suitable
for high-performance applications. In this perspective, the current study extensively deals with
the utilization of waste sorghum stalks consisting of fermentable sugars, cellulose, and
hemicellulose for the production of biomaterials such as PHB and nanocellulose. Prodigiosin
is produced from Serratia nematodiphila isolated from river water, and metal-free PLA is

synthesized using prodigiosin as a metal-free catalyst.

Over the assessment, the juice from agricultural waste sorghum stalks consisting of ~60 g/L of
fermentable sugar is used as an inexpensive carbon source for the production of PHB. The
minimal media supplemented with sorghum juice is used for the optimization and production
of PHB. The optimized conditions yielded the maximum productivity of ~8.2 g/L of PHB
within 24 h of cultivation. The fed-batch operation with dO- controlled strategy maximized the

productivity four-folds in comparison to the batch operation. It was able to obtain PHB with a
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molecular weight of ~400 KDa and recovery of ~94% using solvent extraction. The
characterization of the produced PHB exhibited improved crystallization temperature (T¢) from
101 to 105 °C, glass transition temperature (Tg) from -8 to -10 °C, melting temperature (Tm)
from 162 to 175 °C, maximum degradation temperature (Tmax) of 318 °C, and wettability from
79 to 93 °C which are comparable to commercial PHB. Based on this assessment, the produced
PHB is utilized for the preparation of microspheres using the solvent evaporation method. The
morphology and size of the microsphere could be tuned from 7-300 um by varying the stirring
speed. To check its efficacy as an embolizing agent for minimally invasive treatments, a low-
cost 3D printed PLA-based hepatic phantom costing 221 INR was developed and evaluated for
its suitability as an in vitro model for simulating the right hepatic artery. Further, the unique
setup has been developed to mimic the systolic and diastolic blood pressures with a flow rate
ranging from 60 to 120 mL/min. The inline microscopic setup helps in the tracking of the flow
of the microsphere inside the channels and at the junctions. The study also confirmed the

embolization effect for the 0.9 mm channel based on the microsphere size.

Another objective of this thesis is focused on the production of organic small-molecule
prodigiosin (PG). A detailed study on the production of prodigiosin revealed a maximum yield
of ~0.37 + 0.04 g/g of cell biomass at optimum conditions with a molecular mass of (m/z) 323.6
Da, and a characteristic absorption wavelength Amax 0f 535 nm. Further, the antibacterial test
conducted with prodigiosin against Staphylococcus aureus confirmed its antibacterial ability.
The produced prodigiosin is also utilized as an organocatalyst for ring-opening polymerization
(ROP) of L-lactide to produce a metal-free PLA of molecular weight of ~5000 Da. This range
of molecular weight is more suitable for drug delivery applications. However, commercial PLA
is susceptible for bacterial adhesion which in turn leads to infections. This remains an obstacle
in implementing PLA-based implants. To tackle this issue, prodigiosin incorporated PLA has

been developed, which possesses an improved hydrophobicity with a contact angle of
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111+1.5°. The degradation temperature of the prodigiosin is 215 °C, which is more than the
melting temperature of PLA supports the processability and sterilization of the PLA-based
implants without any toxic gases. Further, the prodigiosin improved the transparency of the
PLA and acted as a nucleation site. The in vitro study on biofilm formation shows excellent
inhibition activity against implant-associated pathogens such as Klebsiella aerogenes and
Staphylococcus aureus. On the other hand, leftover sorghum bagasse after extraction of juice
is utilized for the fabrication of nanocellulose using alkaline hydroxide peroxide treatment. The
current method utilized the high-pressure treatment at 15 Ib and it could remove ~97% of the
lignin. Further, the obtained cellulose was hydrolyzed with sulfuric acid at different time
intervals to produce the nanocellulose of 33 £ 4 nm to 560 + 126 nm in size. This process also
yielded ~50 g/L of xylose and 7 g/L of glucose, indicating the breakdown of hemicellulose as

well as cellulose, respectively.

The cytotoxicity test performed on baby hamster kidney fibroblast cells (BHK-21) confirmed
the non-toxicity of all the developed biomaterials. Overall the developed materials such as
PHB, PLA, and prodigiosin successfully demonstrated their ability as potential drug carriers,
organic catalysts, biocompatible materials, antibiofilm-forming agents, and embolizing agents

for hepatic cancers.
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CHAPTER 1

Introduction and Literature Review

This chapter presents a brief preamble of the fundamentals and terminologies of biomaterials,
their origin, and various process involved in the synthesis or fabrication of biomaterials. The
emphasis has been made on agricultural waste biomass, polyhydroxybutyrate (PHB),
poly(lactic acid) (PLA), prodigiosin, prodigiosin-loaded PLA, nanocellulose, and their
properties. The chapter extensively covers the various processes, carbon sources, and
microorganisms used for the production of biomaterials. Moving on, the chapter enlightens the
industrial production of PHAs. The chapter also covers the current status of biodegradable
plastics in India. Further, the objectives of the thesis are summarized, followed by the

organization of the thesis.
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Chethana Mudenur, Kona Mondal, Urvashi Singh, and Vimal Katiyar, 2019, Production of
polyhydroxybutyrate and its potential applications, Advances in sustainable polymers.,
Springer, pp 131-164
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1.1 Introduction

Plastics are used for various purposes due to their light weight, durability, and flexibility, which
have become an integral part of daily life. There is a family of hundreds of different polymers
with a wide range of properties and applications [1]. These materials are designed to encounter
the needs of every single application cost-effectively. The versatility, along with its
inexpensiveness, has resulted in high production worldwide, exceeding more than 300 million
tons. The single-use plastics are creating more waste in the environment due to their non-
recyclability, and more than 50% of such plastics are thrown away into the environment after
their use [2]. A considerable amount of plastics is also leaked into the environment as litter,
and such single-use products made up of non-degradable plastics constitute a high proportion
of the garbage found in the aquatic and terrestrial environments [3]. The accumulation of non-
degradable plastics in the aquatic environment has been considered a global issue by the United
Nations Environment Assembly [4], leading to the generation of microplastics. A few years
ago, microplastics started turning up in the guts of fish and other aquatic animals, which created
a huge concern about the use and safety of seafood. In 2019 the research reported on the
microplastic contamination in gudgeon fish enlightened that ~9% of the microplastics are
common in an investigated group of fish that ingested seven types of plastics. These include
the ethylene vinyl acetate copolymer used in the food packaging films, polypropylene,
polyethylene terephthalate, polyvinyl chloride used in the water bottles and caps, and
cellophane used in the food packaging films, polyvinyl acetate used in the adhesive

formulations and coatings [5].

The petrochemical sources used in plastic production are non-renewable and are contributing
to the huge leaps of plastic waste in the environment [6]. Non-renewable fossil resources
include oil, natural gas, and coal. Their degradation takes thousands of years in the soil

conditions. Since the 20" century, the world population has been increasing, and there has been
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a huge change in oil supplies. It is time to move forward by promoting more sustainable

technologies to save the integrity of the ecosystem.

_______________________
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Figure 1.1. Classification of polymers based on the origin and biodegradability.

The polymers are classified based on their origin and biodegradability. Figure 1.1 illustrates
the classification of plastics into four categories. The first category includes fossil-based non-
biodegradable plastics such as polyethylene (PE), polypropylene (PP), and polyethylene
terephthalate (PET). The second category is bio-based non-biodegradable plastics which
includes bio-based polyethylene (Bio-PE) polyethylene terephthalate (Bio-PET), polyamide
(Bio-PA), and polypropylene terephthalate (Bio-PPT). The third category is the fossil-based
biodegradable plastics including polybutylene adipate terephthalate (PBAT) and poly(e-
caprolactone) (PCL). The fourth category involves bio-based biodegradable plastics, which

include poly(lactic acid) and polyhydroxyalkanoates (PHAS).
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The fourth category, including PHAs and PLA, is seeking more attention due to their
biocompatibility and biodegradability properties. These polymers are produced using
renewable feedstocks. The PLA is a bio-based polymer produced from lactic acid. Whereas the
PHAs are thermoplastic biocompatible polyesters found as intracellular granules in the
cytoplasm of the cells. Both polymers are derived from renewable bio-based carbon sources
using the different synthetic pathways as shown in Figure 1.2. The process of PHB production

and the microorganisms used is discussed further.

Renewable Feedstock
(Sugars)
Acetyl-CoA Krebs Cycle

3-Ketothiolase

Hydrolysis Acetoacetyl-CoA

. Marine l Reductase
i Biodegradability (R)-3-hydroxybutyryl-CoA Vv

Fermentation % . e
v .

Polyhydroxyalkanoates

Lact!c acid Industrial Biodegradability (PHAs)
Compostability 4 i

v
Polymerization &_

' Solvent Heat
Poly(lactic acid) | °° A

(PLA)

o=
Home Aerobic
Compostable Digestibility

Food Contact

Figure 1.2. The process of PHB and PLA production from renewable feedstocks and their

characteristic properties.
1.2 Biosynthesis of polyhydroxyalkanoates (PHAS)

The PHASs are promising alternatives to various conventional non-degradable plastics. These
are produced by microorganisms and are biocompatible as they do not hamper the biological

system [7]. These are synthesized by ~75 bacterial genera in the presence of excess carbon
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when other nutrients are limiting. Their molecular mass varies from 50,000 to 1,000,000 Da

based on the microbe used [8].

The term PHA describes the class of polyesters synthesized in the form of energy and carbon
storage in bacterial cells. PHB is a member of PHA family. The general structure of the PHAS
and their types based on the functional group is shown in Figure 1.3. The general formula for
homopolyesters is shown in Figure 1.3 (A), where x=1; R=methyl is poly(3-hydroxybutyrate),
R=ethyl is poly(3-hydroxyvalerate), R=propyl is poly(3-hydroxyhexanoates), R=pentyl is
poly(3-hydroxyoctanoate), R=nonyl is poly(3-hydroxydodecanoate); for x=2; R=hydrogen is
poly(4-hydroxybutyrate), R=methyl is poly(3-hydroxyvalerate);for x=3; R=hydrogen is
poly(5-hydroxyvalerate), R=methyl is poly(5-hydroxyhexanoates) for x=4; R=hexyl is poly(6-
hydroxydodecanoate). Figure 1.3 (B) corresponds to the general formula for copolyesters,

where R= (CH2)2 represents PHBV, R= (CH>); represents PHBH.

R
| o CH, 0 R 0

-t o—cH —(CHZ)X—H—— -

(A) (B)

Figure 1.3. The general formula of PHA.

PHAs are further categorized into short chain length and medium chain length based on
structures. The classification is mainly based on the number of carbon atoms in the branching
polymer chain, which ranges from 3-14 carbon atoms [9]. Short chain lengths consist of 3-5
carbon atoms, while medium chain lengths consist of 6-14 or even more carbon atoms.
Examples of short-chain length PHAs (scl-PHA) include poly (3-hydroxybutyrate) (P3HB),

poly (4-hydroxybutyrate), and poly (3-hydroxyvalerate). The medium chain length PHAs (mcl-
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PHA) include poly (3-hydroxyhexanoate) and poly (3-hydroxyacanoates). The scl-PHAs are
stiff, brittle, and highly crystalline, whereas mcl-PHAs are flexible and elastic materials with

low crystallinity.

1.3 Microorganisms and carbon sources used for the biosynthesis of PHB

The hydrocarbon degraders belonging to the genera Pseudomonas, Sphingobacterium,
Acinetobacter, Brochothrix, Caulobacter, Burkholderia, Ralstonia, and Yokenella [10] are
capable of degrading hydrocarbons to produce PHB. Halophile Haloferax mediterranei grows
in high salt conditions and produces 65% PHA of its cell dry weight (CDW) using glucose as
the carbon source [11]. H. boliviensis utilizes starch hydrolysate to produce PHB of ~56% of
CDW [12]. Photosynthetic bacteria such as Synechocystis sp. and Synehcystis sp. accumulate
PHB under nitrogen and phosphate-limiting conditions [13]. The overall class of
microorganisms used for the economical production of PHAs and their copolymers, such as
wild and recombinant strains of Ralstonia eutropha, Wautersia eutropha [14], Azotobacter
sp.[15], bacillus sp.[16], Halomonas sp.[17],[18], Haloferax sp.[19], Aeromonas sp.[20],
Methylobacterium sp.[21], Thermus thermophillus [22], Sacchrophagus degradans [23],

Chromobacterium sp.[24], Recombinant E.coli [25] etc.
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Figure 1.4. The general process of production and extraction of PHB.
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The PHASs producers utilize a variety of substrates, including plant oils, D-glucose, camelina
seeds, CO2, sugar beet, sugar cane, sludge, glucose, carob pod, and acetate and the general

process of PHB production is shown in Figure 1.4.
1.4 Fermentation strategies used for the production of PHAs

The production of PHASs is carried out using various fermentation strategies. The batch, fed-
batch, and continuous operations are prominent in the production of PHB. All the processes

are having its advantages and disadvantages for cell growth and product formation.
1.4.1 Batch fermentation

Batch systems are closed systems in which the substrate and the inoculum are added to the
fermenter in a batch. This process is the most popular and also a simple process with added
advantages such as simple operations, control systems, less cost and, easy to maintain the
sterilized conditions, easy to measure the yield [26]. These are also associated with certain
disadvantages, which include a slower growth rate because of nutrient depletion with time and
less efficient due to the discontinuity in the production process to yield particular products [27],
[28]. The batch culture of the Azotobacter beijerinckii grown on a glucose media free from
ammonia and supply of glucose, oxygen, and molecular nitrogen in limited quantity could yield
poly-beta-hydroxybutyrate accumulation of more than 70% at the end of an exponential phase
[29]. The batch culture of Alcaligenes eutropha can yield 24 g/L of poly-beta-hydroxybutyric
acid with ammonia limitation. It can also produce ~17 g/L of poly(beta-hydroxybutyric-co-
beta-hydroxyvaleric acid) [P(HB-co-HV)] when there is an addition of propionic acid along

with glucose [30].
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1.4.2 Fed-batch fermentation

The fed-batch process is more applicable when the concentration of substrate present in the
fermentation broth is toxic to microbial growth. To reduce such effects, a substrate is added
gradually when it is consumed by the culture. The process is stopped only when the reaction
volume reaches 75% of the fermenter volume [31]. But the major drawback associated with
this type of process is the increase in the fermentation volume due to the repeated addition of
the feeding solution, which further causes the dilution of the fermentation broth [32]. P3HB by
Alcaligenes latus in the fed-batch fermentation can yield the maximum PHB concentration of
more than 4 g/L/h after 16 h of growth with nitrogen limitation [33]. The recombinant E.coli
was developed by harboring the Alcaligenes latus genes responsible for P(3HB-co-3HV)

production by utilizing the chemically defined medium with high production yield [34].

1.4.3 Continuous fermentation

It is an open system where the exponential growth rate is maintained in a reactor for a long
duration by adding fresh media at regular intervals of time. These are having advantages such
as lower installation cost, less fermenter volume, heat exchangers number can be reduced, and
lower cost with automation. The disadvantages such as difficulty in evaluating the yield
because of the variable volumes and more contamination risks [28]. The nitrogen limitation in
the chemostat can yield a very less amount of the poly-beta-hydroxybutyrate, but the oxygen
limitation can yield up to 50% of poly-beta-hydroxybutyrate of the dry cell weight, but the
carbon limitation yields not more than 3% [29]. In Alcaligenes eutrophus, the variation in the
carbon and nitrogen ratio yields ~33% (wt/wt) of PHB [30]. The various carbon sources
reported in the literature for the production of PHA are tabulated in Table 1.1. The
commercially available PHB using various carbon sources and their brand name are mentioned

in Table 1.2.
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1.5 Characteristics of PHAS

PHAs are thermoplastic in nature and vary in their property depending on the chemical
compositions. They are resistant to moisture and possess aroma barrier properties. They are
also brittle and stiff, which are insoluble in water and soluble in chloroform, resistant to
hydrolytic degradation, have good ultraviolet resistance, poor resistance to acid and bases,
comparatively less sticky than traditional polymers, and most importantly they are
biocompatible and non-toxic, therefore used in medical industries. Though the characteristics
of the PHAs produced by the pure cultures are studied widely, there is less data available for
the PHAs produced by the mixed cultures. The homopolymer of PHB has a crystallinity of
~55-80% with low impact strength and high brittleness [35]. These have the glass transition
temperature (Tg), melting temperature (Tm), and cold crystallization temperature (T¢) of -1 to
10 °C[36], [37], 175 °C, 63.4 °C, respectively. The elongation to break is ~5% [38]. In contrast,
industrial copolymers such as poly (3HB-co-3HV) have better properties such as improved
mechanical properties because of the improved toughness, impact strength, and flexibility
changes that occurred due to the incorporation of the hydroxyvalerate units in the
hydroxybutyrate polymeric chain [39]. Similarly, the crystallinity of the poly(3HB-co-3HP)
decreases with increasing the fraction of the 3HP units [40]. The weight average molecular
weight of the PHAs ranges from 253 to 696 kDa, and they are produced using whey and
glycerol, with a polydispersity index (PDI) of 2.2 and 2.7 [37], and the molecular weight can
vary up to ~1000 kDa. The crystallinity of scl-PHAs and mcl-PHAs are 40-80% and 20-40%

[41].

The mechanical properties of the PHAs are determined by monomer components, chain length,
the distance between side groups, and ester linkages [42]. However, P(4HB) is a flexible
material with high elongation at break and low Young’s modulus of 0.1-0.15GPa than P(3HB).

These polymers possess an equal number of carbon atoms. However, their mechanical
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properties are completely different. The key difference between them is the position of the
methyl group in the polymer backbone. This leads to a change in polymer crystallinity, 3D
structure, and mechanical properties of the polymer [43]. Nevertheless, the drawbacks
associated with PHB could be overcome by mixing the PHB with other PHA units leading to
improved material properties with a reduction in process temperature and brittleness. The most
studied copolymer is P(3HB-co-3HV), in which the increase in P(3HV) content decreases the
melting point as a result of a significant increase in flexibility, a low melting point of ~97 °C
could be achieved in the presence of 34 mol% of HV [44]. The increase in HV fraction
increases flexibility. The combination of other polymers including 3HHX, and 4HB leads to
the copolymer composition with improved properties suitable for packaging applications [45].
Fermentation is an efficient process useful in the production of such homopolymers and

copolymers with properties suitable for packaging and other plastic applications.
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Table 1.1. Production of polyhydroxyalkanoates using various carbon sources and the respective properties.

Type of )
Type of . : Yield _
Fermentation/ Microbe used Feedstock used Properties Reference
PHA L (9/L)
Reaction time
Bacillus aryabhattai
PHB Batch Sweet sorghum 4 Tg:1°C, Tm: 167 °C [46]
PKV01
Azohydromonas Sucrose/Ammonium
PHB Fed-batch/38 h _ 22.6 Tg:6 °C [47]
australica sulfate
PHBV Batch/8 days Thauera sp. Sludge 1.4 NA [48]
PHBV Batch/48 h Bacillus sp. Glucose 1.6 NA [49]
_ ~ Microalgal
PHB Batch/72 h Haloferax mediterranei ) 2.2 Tq:241 °C, Tm: 150 °C [50]
biomass/Peptone
) _ Carob pod/Yeast
PHB Batch/72 h Bacillus megaterium 6.6 Tm: 172 °C [51]
extract
PHB Electrosynthesis/72 h Ralstonia eutropha Acetate 0.4 NA [52]
) Tq:-8t0 -10 °C, Tm: 170
] _ Grain sorghum stalk Current
PHB Batch and Fed-Batch Bacillus megaterium . 8 °C
juice study
Tc: 87-105 °C
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Table 1.2. The carbon sources and the microorganisms used for the production of PHAs at a commercial scale.

) Feedstock Production o
PHA producers Microbe used Products Applications
used (MT/Year)
_ o _ _ ! Canola oil, Dental flosser, Food & Beverage
Danimer Scientific, (Georgia), Nodax™  Soil bacteria _ 9000 _ _
Soybean oil barrier coatings, straw Personal care, Toys
Kaneka, (Japan), Green Planet™ Soil bacteria Plant oils 5000 Straw & Bags Food Packaging
TianAn Biologic Materials Co.Ltd, _ Films, Fiber & )
_ Cupravidus necator D-glucose 2000 Packaging & Other
(China), ENMAT™ Nonwovens
] o ] Camelina )
Yield 10 Bioscience, (United States) N/A 50 Resin N/A
seeds
COg, sugar
_ _ _ Chemotherapy
Bio-on (Bologna), MinervPHA™ Cupravidus necator beet, sugar 10 Nanocapsule _ )
Biocosmetics
cane
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1.6 Applications of PHAs

With these production strategies and the characteristic properties, the subsequent section deals

with a detailed description of the applications of the PHAs for various applications.

The property of PHAs that makes them compatible with living cells is their biodegradability.
The studies have demonstrated the biodegradation of P(3HB), poly(3-hydroxybutyrate-co-3-
hydroxyvalerate) P(3HB-co-3HV), poly(3-hydroxybutyrate-co-3-hydroxyhexanoate) P(3HB-
co-3HHXx) with the help of lipase and other hydrolytic enzymes. This degradation will form the
degradation products such as oligomers of hydroxyl acids [53]. The blend of 60 wt.% PHBHHXx
with PHB can induce and improve the cell growth and proliferation of chondrocytes [53], [54].
Some studies demonstrated the biodegradable and biocompatible trileaflet heart valve scaffolds
using porous PHAs with a pore size of 180-240 um. The blending of P(3HHx-co-3HO) with
Polyglycolide (PGA) can result in non-progressive heart valve regurgitation after implanting
the material. Polymer composites can be used that replicates the structure and function of
musculoskeletal tissues [55]. PRP-enriched PGA-hyaluronan scaffolds and commercially
available Hyaff-11 (hyaluronan-based scaffold by Fida Advanced Biopolymers, Italy),
BioSeed-C, a synthetic polymer scaffold made up of fibrin, polyglycolic/PLA and polydioxane
(by BioTissue, Switzerland) can be used for the treatment of the chondral defects [56]. PHAS
are suitable for soft tissue repair, viscosupplementation, and in augmentation [57]. Poly(4-
hydroxybutyrate-co-hydroxyalkanoate) copolymers with a molecular weight of 10-10000 KDa
are used for the development of meniscus regeneration devices, cell encapsulation devices,

controlled release devices, etc.[58].

Nevertheless, commercialization is still facing difficulty due to the unavailability of huge

quantities of raw materials for production scale. Proceeding further, there is a need to explore
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inexpensive and waste resources for the production of PHAs, and hence, agricultural wastes

are promising alternatives due to their availability and no cost.
1.7 Agricultural waste and its utilization

India is known for its agro-based economy, with more than 70% of the population still
dependent primarily on agriculture for their livelihood. However, agriculture generates a huge
amount of waste; part of it is used as fodder, and the rest is burnt. This lead to the emission of
greenhouse gases into the environment. The current scenario associated with plastic waste
generation and agro-waste is a major concern, and suitable alternatives are needed to solve
such global issues [59]. India alone generates 500 million tons/year of agricultural waste, out
of which 360 million tons are used for fodder and the rest 140 million tons are burnt [60],
leading to the emission of toxic greenhouse gases such as CO2, CO, NHz, NOX, SOX, VOCs.
Sorghum (Figure 1.5) is an energy crop produced in 107 countries [61][62]; the gross
production is shown in Figure 1.6, in which the USA, Nigeria, and India are the major
producers contributing to the gross production value of 38%, 40%, and 22%. The United States
is the leading exporter of sorghum, contributing to ~75% of the trade worldwide. Besides food,
sorghum is also used for animal feed and ethanol production. In India, the major producers are
Karnataka (KA), Maharashtra (MH), Andhra Pradesh (AP), Gujarat (GJ), Madhya Pradesh
(MP), and Rajasthan (RJ).

This crop yields 10-25% of sugars based on the breeds [63], with 1/3™ of the water required to
grow corn and sugarcane. The competitive sugar content and the presence of cellulose and
hemicellulose make sorghum waste an ideal candidate for producing bio-based and
biodegradable polymers. Sorghum is a bioenergy crop and helps to mitigate greenhouse gas

emissions to the environment.
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Figure 1.5. (A) The crop sorghum with grain and stalks and (B) Heap of agricultural waste

after crop harvest.
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Figure 1.6. Gross production value of sorghum production in major sorghum producers.
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1.8 Poly(lactic acid) and its applications

PLA is another class of bio-based polymer that exhibits excellent properties compared to fossil-
based polymers. It is a bio-based aliphatic polymer produced by the condensation
polymerization of lactic acid [64] and the ring-opening polymerization (ROP) of cyclic lactide
[65]. These lactone-based polymers polymerize on heating in the presence of catalysts or
initiators. A wide range of metallic and organometallic catalysts are explored to date for the
ROP of lactide and are tabulated in Table 1.3. These catalysts are alkoxides, oxides,
carboxylates, tin, zinc, aluminum, etc. Tin(ll) 2-ethyl hexanoate is the most widely used
catalyst in the ROP of lactide. Despite its high activity, removing a tin component from the
produced product is practically impossible, which leads to toxic end products [66]. This is the
foremost concern that limits its applications in the field of medicine and implant fixation
devices. Therefore, there is a need to develop environment-friendly processes and products to

tackle such challenging issues. There are some inves

Furthermore, the commercially available PLA used in the production of internal fixation
devices is prone to bacterial attack [67] and biofilm formation, which accounts for a greater
portion of hospital-acquired infections. These infections are caused by various opportunistic
pathogens, depending on the implant site, material composition, and properties. The main
reason behind the infection is the surface interactions between the biomaterial and the pathogen
in the presence of the immune response of the host [68]. Bacterial adhesion on the internal
fixation devices is the first and most critical period of bacterial colonization [69], leading to

infection at the site of implants.
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Table 1.3. The ring-opening polymerization of the L-lactide using organic and metal-based catalysts.

Synthetic o o
Polymer e Catalyst Characteristics Cytotoxicity Applications Reference
2-methyl-pyridine Mn=880 Da Carrier drug
PLA ROP of L-lactide  Pyridine M»=280 Da NA complex for drug  [70]
Pyrrole Mn=780 Da delivery
_ Nicotine Mn=6900 Da Drug delivery
PLA ROP of L-lactide ) J NA [71]
Nicorandil Mn=4800 Da
_ Tin(11) Octoate, )
PLA ROP of L-lactide - ) o Mn=50 KDa Allergic NA [72]
Zirconium, Titanium
| Bismuth B Biomedical
PLA ROP of L-lactide . Mx=2500 Da Low toxicity applications [73]
subsalicylate
PLA ROP of L-lactide  Prodigiosin Mn=5000 Da Non-cytotoxic  prug delivery Current study
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1.9 Synthetic colorants

There is a growing concern about the toxicity and safety of the synthetic colorants used
internally to color the polymer resin [74]. However, the leaching of toxic heavy metals and
cyanine compounds from consumer products penetrates deep inside the body leading to
gastrointestinal problems, skin allergies, neurotoxicity [75], and psychotoxicity (Allura red

AC) [76].

Antioxidant

Figure 1.7. Properties of the bacterial pigments.

Considering all the adverse effects of colors, the U.S Food and Drug Administration (U.S FDA)
[77], World Health Organization (WHO) [78], and European Food Standard Authority (EFSA)
[79] excluded the use of synthetic dyes and pigment in food ingredients, medicine, and
packaging applications. Emphasis has been made on natural colors of plant and microbial
origin because they not only add color but also have anticancer, antioxidant, and better anti-
inflammatory properties [80]. The various bacterial pigments and their characteristic properties
are tabulated in Table 1.4. The current research details the production of bio-based
biodegradable polymers such as PHB, PLA, and nanocellulose and an organic small molecule

prodigiosin and their effective utilization as biomaterials for various applications.
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Table 1.4. The methods of production of bacterial pigments and their characteristic properties.

Type of Production _ o ) o
) Microbe used Characteristics  Yield Applications Reference
Pigment method
Prodigiosin Chemical i ) - o )
) NA Antimalarial 65% P. Yoelii Murin infection  [81]
analogues synthesis
o ) Pseudomonas putida _ )
Prodigiosin Fermentation Antibacterial NA Breast cancer [82]
KT2440
) ) ) Janthinobacterium o _ ) _
Violacein Fermentation " | Antiviral 3.5¢/L Dyeing polyamide fabric  [83]
ividum
o Solid-state Serratia marcescens _ ) )
Prodigiosin ) Anticancer 1.5¢g/L Lung carcinoma cell lines  [84]
Fermentation FZSF02
) Serratia
o Solid-state - _ ) Metal-Free Catalyst
Prodigiosin nematodiphila CoE-  Antibacterial 0.37 g/g of CDW Current study

Fermentation

SusPol1

Biofilm Inhibition
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1.10 Action on the development of alternatives for conventional plastics:

Global v/s India

Various agencies and governments across the world have worked and come up with policies to
alleviate the threat of plastics on the environment. Globally, various governments have started
replacing conventional plastics with biodegradable plastics since 2004. The government of
Luxemburg and Valorlux has enforced the usage of eco-sac reusable bags, which impacted the
reduction in plastic usage by 85%. Costa Rica has selected renewable materials such as cassava
bags, and wooden coffee stirrers. The government of California and Mexico have passed the
law to reduce conventional plastics and encourage the usage of cutlery made of corn starch,
cups made from plants, and bamboo fiber coated with PLA. Indonesian company Evoware
produced biodegradable cups made up of seaweed in 2016 [85], and Edinburgh-based firm
CHOOSE has invented completely paper-based bottles [86]. London-based startup Notpla
makes sustainable packaging from seaweed [87].

The Indian government has taken steps to ban the manufacture, import, and creation of stock,
sale, and distribution of single-use plastics from 1% July 2022. This major step helps in reducing
the adverse effects of single-use plastics on the environment, including aquatic and terrestrial
ecosystems. The list of banned items includes plastic plates, cups, glasses, cutlery, banners,
etc. The Ministry of Environment, Forest and Climate Change formulated the plastic waste
management amendment rule on 16 February 2022. These guidelines outline the circular
economy and plastic waste. Further, the government of India is promoting the inventions and
providing platforms for accelerated implementation of the alternatives [88]. Defense Research
and Development Organization (DRDO), DFRL has developed natural fiber-reinforced

biodegradable cutlery using injection or compression molding.

TH-3077_166107103 20



1.11 Research gap

The major drawback associated with the production of biodegradable polymers such as PHB
is the cost of raw materials used to develop an efficient aerobic fermentation process. Further,
to tackle the problem associated with raw materials, there is a need to explore an inexpensive
and bio-based renewable material rejected from agricultural activity and to optimize the
process for maximum yield. The second drawback associated with another biodegradable
polymer PLA is the use of the metal catalyst for the polymerization of lactide, which retains in
the synthesized polymer, and removal of such component is impossible. Moreover, the PLA
available in the market is prone to bacterial adhesion leading to biofilm formation on the
surface. This poses a high risk for the products used for intended implant applications.
Therefore, this research attempts to synthesize and fabricate the biomaterials in an

environmentally friendly manner.
1.12 Aim and objectives

The main aim of the current work is to produce bio-based and biodegradable polymers such as
polyhydroxybutyrate using a renewable agricultural feedstock and poly(lactic acid) using non-
toxic metal-free catalyst prodigiosin. Here the sorghum juice from the stalks is used as a carbon
source for the production of PHB, and the rest bagasse is utilized for the production of
nanocellulose without producing any residues. The production of PHB is performed by Bacillus
megaterium. Further, the products have been explored for their applicability as biomaterials for

embolizing and antibacterial applications.
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Figure 1.8. The overall scheme of production of biomaterials in a sustainable route.
1. Development of a strategy for PHB production involving the upstream and
downstream processing
= Extraction of juice rich in fermentable sugars from sorghum stalks
= Screening of process parameters using central composite design for PHB
production using Bacillus megaterium.
= Extraction of PHB from bacterial cell biomass using solvent extraction
2. Development of PHB microspheres and low-cost PLA-based 3D printed vascular
phantom for in vitro embolization studies
= Preparation of PHB microspheres using solvent evaporation technique
= Development of hepatic vascular phantom using 3D printing and post-

processing using epoxy resin
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= Study of embolization effect of the PHB microspheres by using a developed
vascular model
3. Biosynthesis of prodigiosin using Serratia nematodiphila isolated from river
water
= |solation of Serratia nematodiphila from Brahmaputra river water
= Study on the effect of nitrogen sources on the production of prodigiosin
= Extraction of prodigiosin from cell biomass using ethanol as a solvent and its
characterization
= Application of prodigiosin as an antibacterial agent against Staphylococcus
aureus
4. Application of prodigiosin as a metal-free organic catalyst for the synthesis of
bio-based PLA
= Study on the effect of prodigiosin concentration on the molecular weight of PLA
= End group analysis using the MALDI-TOF analysis
= |n vitro cytotoxicity study on the developed polymer on BHK-21 cells
5. Development of prodigiosin-loaded PLA and its application as an antibiofilm-
forming agent
= Preparation of the prodigiosin-loaded PLA using a solvent casting method
= |nvitro study on the inhibition effect of prodigiosin-loaded PLA films
= Inhibition activity against implant-associated pathogens such as Klebsiella
aerogenes and Staphylococcus aureus
6. Production of nanocellulose from waste sorghum biomass
= Compositional analysis and chemical pretreatment of waste sorghum biomass

left over after the extraction of juice
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= Effect of alkaline hydrogen peroxide treatment on the removal of lignin and
defibrillation

= Fabrication of nanocellulose using acid hydrolysis and morphological analysis
1.13 Organization of thesis

The present work is divided into nine chapters. The outline of the information discussed in each

chapter is given below.
Chapter 1: Introduction and Literature Review

This chapter explains the role and importance of waste agricultural biomass and its utilization
for the production of bio-based and biodegradable polymers such as polyhydroxyalkanoates
through various types of fermentation strategies. Also, the types of bacterial pigments and their
applications are discussed along with the different methodologies used for the fabrication of

nanocellulose.
Chapter 2: Materials and Methods

This chapter explains the methodologies involved in the production of the PHB, PLA,
prodigiosin, synthesis of microspheres, development of 3D printed vascular phantom,
fabrication of nanocellulose, development of prodigiosin-loaded PLA films, and their

applications.

Chapter 3: Production of Polyhydroxybutyrate [PHB] from Waste Sorghum Stalks as Raw

Material

The basic requirement for the synthesis of PHB is a carbon source. In this chapter, emphasis
has been made on the utilization of sorghum juice from waste sorghum stalks using Bacillus

megaterium. The optimization of the media and process parameters are discussed along with
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the extraction and purification of PHB. The analysis of characteristic properties of the

synthesized PHB is also discussed.

Chapter 4: Preparation of PHB Microspheres for Embolization: In vitro Study Using PLA-

Based 3D-Printed Hepatic Vascular Phantom

PHB is known for its biocompatible and biodegradable properties, and PLA is biodegradable.
In this chapter, it has been emphasized on the fabrication of microspheres from the obtained
PHB. The development of a low-cost PLA-based hepatic phantom to study the distribution of

the PHB microspheres in the hepatic vasculature.

Chapter 5: Biosynthesis of Prodigiosin from Serratia nematodiphila for the Synthesis of
Poly(lactic acid)

Prodigiosin is a small organic molecule produced by bacteria having inherent anticancer
properties. This chapter discusses the isolation of the Serratia nematodiphila from the river

water, biosynthesis, and extraction of prodigiosin and its application as a pH indicator.

Chapter 6: Synthesis of Metal-Free Poly(lactic acid) (PLA) using Prodigiosin as a Catalyst

The metallic and organometallic catalysts used in the synthesis of the PLA are unable to remove
from the synthesized polymers, which poses a toxic side effect. In this chapter, the prodigiosin
synthesized by Serratia nematodiphila is used as an organic metal-free catalyst with varying

[lactide]/[prodigiosin] concentrations resulting in variable molecular weight.

Chapter 7: Prodigiosin-Loaded Poly(lactic acid) to Combat the Biofilm-Associated Infections
The biofilm-associated infections are the major reasons for implant failure posing life-
threatening events. This chapter enlightens the loading of prodigiosin into the PLA to get
surface functionalized PLA with all the inherent properties in addition to an anti-biofilm

forming capability.
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Chapter 8: Fabrication of Nanocellulose from Waste Sorghum Bagasse

The juice from the sorghum stalks has been utilized for the synthesis of PHB, whereas the
bagasse is of waste. This chapter describes the utilization of waste sorghum bagasse for the
synthesis of nanocellulose by using alkaline hydrogen peroxide pretreatment followed by
hydrolysis.

Chapter 9: Conclusions and Future Perspectives

This chapter summarizes the research work which has been carried out and briefly presents

possible future studies.
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Materials and Methods
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This chapter aims to present the materials used, methods of preparation of materials, process

conditions, methodologies, and characterization techniques.

Waste sorghum stalks were collected from the Vijayanagara district of the state of Karnataka,
India. The juice was extracted and supplemented with a nitrogen source and other media
components. Further, it was used for the production of PHB using fermentation by Bacillus
megaterium. Media screening was performed using a central composite design. Fed-batch
operations were performed using dissolved oxygen (DO, 30-60%) control strategy to reduce
the production time from 72 h to 24 h. Further, PHB was extracted using the reflux method.

Leftover sorghum bagasse was used for the preparation of nanocellulose by following the
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alkaline hydrogen peroxide (AHP) pretreatment. Further, the cellulose obtained from AHP
pretreatment (pH 11.5) was used for the acid hydrolysis at different time intervals between 5-
60 min to get different morphologies. The same cellulose was subjected to enzyme hydrolysis
using cellulase enzyme blend Cellic CTec2 with enzyme loading from 0.2-1.0 g/g of biomass
to get fermentable sugars. The produced PHB (20 mg/mL of dichloromethane) from the above
process is used for the preparation of microspheres using oil in water emulsion with 1% w/v of
polyvinyl alcohol (PVA) solution followed by solvent evaporation with stirring speed from
500-1000 rpm to get different sizes. These microspheres were further utilized for embolization
of the right hepatic artery using PLA-based 3D printed hepatic phantom developed at a feed
rate of 30 mm/s with 0.1 mm layer height for precision. The nozzle temperature and bed
temperature were set to 200 °C and 45 °C, respectively. Furthermore, the prodigiosin was
biosynthesized at 30 °C for 48 h with 1-4 g/L peptone using Serratia nematodiphila.
Prodigiosin was extracted using ethanol, purified using column chromatography, and used as
a metal-free organic catalyst for ring-opening polymerization of L-lactide with a
[Lactide]/[Prodigiosin]=100-10000 in the presence of benzyl alcohol at 180 °C. In addition,
the prodigiosin was studied for its application as a colorant, and antibiofilm forming agent for
PLA (Nature Works PLA 2003D) films developed using the solvent casting technique. The
produced samples were characterized using analytical techniques such as X-ray diffraction,
Fourier transform infrared spectroscopy, gel permeation chromatography, thermogravimetry,
differential scanning calorimetry, field emission scanning electron microscopy, wettability,
UV-vis spectroscopy, high-performance liquid chromatography, viscometry, color
spectrophotometry, polarizing optical microscopy, density, matrix-assisted laser desorption

ionization-time of flight mass spectrometry, nuclear magnetic resonance spectroscopy.
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2.1 Production of polyhydroxybutyrate (PHB) from waste sorghum stalks

2.1.1 Materials

Sorghum stalks were obtained from the Vijayanagara district of the state of Karnataka, Bacillus
megaterium (NCIM-5472) was obtained from CSIR-NCIM, ammonium sodium phosphate
dibasic tetrahydrate (NaNH4HPO4.4H,0), potassium dihydrogen phosphate (KH2POs),
dipotassium hydrogen phosphate (K:HPOs), magnesium sulfate (MgSOa), ferric chloride
(FeCls), calcium chloride (CaClz), Manganese(ll) sulfate (MnSQOs), cobalt(ll) chloride
hexahydrate (CoCl2.6H20), copper(ll) chloride (CuClz), zinc sulfate heptahydrate
(ZnS04.7H20), nutrient agar, Luria Bertani agar, hydrochloric acid (HCI) and sodium
hydroxide (NaOH) were procured from HiMedia Laboratories, India. Chloroform (CHCI3) was
from Spectrochem Pvt Ltd, India, acetone (CH3COCHz3), methanol (CH3OH) were procured
from Merck Specialties Pvt. Ltd. Chloroform-d (99.8%), and 2,5-Dihydroxybenzoic acid
(>99.0%) matrix purchased from Sigma Aldrich, India. 96-well plates (Nunclon Delta Surface)
were procured from Thermo Fisher Scientific, India. Baby hamster kidney fibroblast cells
(BHK-21) were obtained from National Centre for Cell Science (Pune, India). Dimethyl
sulfoxide (DMSO, >99.9%) was from Sigma Aldrich, India, Dulbecco’s modified Eagle’s
medium (DMEM, Gibco™), trypan blue stain (0.4%, Gibco™), 96-well cell culture plates
(Nunclon™ Delta Surface), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
reagent (MTT, Invitrogen™) were procured from ThermoFisher Scientific, India. Commercial

PHB was purchased from Sigma Aldrich, India

2.1.2 Extraction of sorghum juice and its characterization

Sorghum stalks devoid of grains and leaves were collected and washed thrice with water to
remove soil or residual material present on the surface. The stalks were then crushed using a

crusher to extract the juice. The complete process of extraction is shown in Figure 2.1. Then
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pH of the obtained juice was adjusted to 7 using 2 N NaOH and 1 N HCI, sterilized in an
autoclave at 121 °C for 20 min, and used as a carbon source in a subsequent process. The sugar
content of juice was quantified by UHPLC using glucose and fructose as standards. The
residual bagasse was dried at 60 °C for 48 h to remove the moisture completely and stored in

an air-tight container, and used for the production of nanocellulose later.

Waste Crushing
Sorghum Stalks

Bagasse [
Powder

Bagasse Bagasse

Biomass Processing

Bagasse

Crude Products

Figure 2.1. Schematic representation of the collection and extraction of the sorghum juice from
waste stalks and leftover bagasse for further utilization in nanocellulose
production.

2.1.3 Optimization of PHB production using the central composite design (CCD)

Screening and optimization of media components were performed for PHB production using

sorghum juice as a carbon source by employing the central composite design. The experimental

design matrix comprising of 16 experimental runs with the following parameters: concentration

of carbon source (sorghum juice, 10, 30, and 50 g/L), the concentration of nitrogen source (2,
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6, and 10 g/L), and Inoculum size (5, 7.5, and 10%). All the mentioned parameters were tested
at three different levels, which are shown in Table 2.1. Lower and upper parameters were
chosen based on the initial experimental runs. The design was developed using the JMP® Pro
v.14 by SAS. All the experiments were carried out in a 500 mL conical flask consisting of 200
mL media.

Bacillus megaterium cultures were grown and maintained on nutrient agar plates at 4 °C and
subcultured at regular intervals of time. PHB biosynthesis using sorghum juice extract was
studied in the shake flasks by adding the raw sorghum juice to the minimal media with the
following composition: 2-10 g/L of ammonium sodium phosphate dibasic tetrahydrate
(NaNH4HPO4.4H,0) as nitrogen source, sorghum juice consisting of 10-50 g/L of sugars as
carbon source, KH2PO4 3.7 g/L, KoHPO4 7.5 g/L, MgSO4 250 g/L (1 mL/L), and 1 mL/L of
trace element solution consisting of FeClz 2.78 g/L, CaCl> 1.47 g/L, MnSO4 1.98 ¢/L,
CoCl,.6H,0 2.38 g/L, CuCl> 0.17 g/L, ZnSO4.7H20 0.29 g/L. The initial pH was adjusted to 7
by the addition of HCI and NaOH. Then it was incubated at 120 rpm for 72 h for the

accumulation of PHB granules.
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Table 2.1. Statistical optimization of PHB production using sorghum juice as a carbon source.

Run Pattern Sorghum Nitrogen Inoculum Response
No. Juice (g/L) (%)
(9/L) Dry cell PHB
weight (g/L) concentration
(g/L)

1 +++ 50 10 10 1.72 0.49
2 A00 50 6 5 1.47 0.48
3 0AO0 30 10 7.5 1.614 0.78
4 +— 50 2 5) 1.8 1.09
5 00a 30 6 5 1.52 0.45
6 +—F 50 2 10 1.728 0.63
7 00A 30 6 10 1.64 0.41
8 000 30 6 7.5 1.54 0.58
9 — 10 2 10 1.686 0.61
10  0a0 30 2 7.5 1.784 1.20
11 —++ 10 10 10 1.84 0.52
12 — 10 2 5 1.52 0.59
13— 10 10 5 1.474 0.37
14 000 30 6 7.5 1.54 0.58
15  ++ 50 10 5 1.56 0.66
16  a00 10 6 7.5 1.454 0.36
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The batch and fed-batch experiments were performed using a 3.5 L bottom-driven in-situ
sterilizable bioreactor (Biojenik Engineering, Chennai, India), shown in Figure 2.2. The
operating variables such as pH, temperature, dissolved oxygen (dO.), and agitation rates were
controlled using supervisory control and data acquisition (SCADA) (SIMATIC S7-1200
controller and SIMATIC WinCC explorer software, Siemens). The reactor was sterilized in
situ for 20 min at 121 °C and cooled before every batch started. pH was measured using
electrode InPro® 3030, and dO, was measured using InPro® 6000 probe (Mettler Toledo,
Switzerland). The temperature was maintained at 37 + 1 °C, and the foam was controlled by
the addition of non-ionic silicon antifoaming agent (Loba Chemie, India).

Batch Strategy: The dissolved oxygen (dO) concentration was set at 100% saturation at the
beginning of the batch fermentation process. When the dO; reached 20%, the regulation of dO;
was started using a cascade control strategy with varying agitation speeds from 200 to 1200
rpm and airflow from 1 to 2 L/min to maintain the final set dO, concentration. The pH was
maintained at 7.0 + 0.2 by the addition of 1 N HCI and 2 N NaOH. The culture was withdrawn
periodically during the fermentation for the quantification of the sugars, cell biomass, and PHB.
Fed-batch Strategy: Fed-batch fermentations were performed by applying a three-stage
procedure

Stage 1: Batch culture: A cell growth phase

Stage 2: Fed-batch culture with carbon and nitrogen supply: Cell growth and PHB
accumulation phase.

Stage 3: Fed-batch culture without nitrogen supply: PHB accumulation phase.

The fed-batch strategy was employed by feeding sorghum juice regulated by dO with a cut-

off level of 20%, 40%, and 60% saturation.
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Figure 2.2. Fed-batch process for the production of polyhydroxybutyrate regulated by
dissolved oxygen.

2.1.4 Cell harvest, extraction, and purification of PHB

Bacterial cells after fermentation were harvested using Heraeus Megafuge 16 R centrifuge
(Thermo Scientific) at 5500 rpm for 10 min at 25 °C. The cell pellets obtained after
centrifugation were washed twice with distilled water to remove impurities, followed by freeze-
drying in a lyophilizer at -80 °C for 6 h to remove the moisture completely. Cell dry weight
obtained after lyophilization was noted for yield calculation. The cell-free supernatant was
analyzed for residual sugar content.

The PHB was extracted from lyophilized cells (Figure 2.3) using the reported method with
slight modification [89] as follows: First method: 5%, wi/v of cells were extracted in chloroform
under reflux at 70 °C for 12 h, second method: 5%, w/v of cells were stirred with acetone for
10 min at 100 rpm to remove moisture content and remove the residual antifoaming agent.
Then it was extracted using chloroform under reflux at 70 °C for 12 h. The obtained solution
was filtered using a 0.2 um filter to remove the cell debris. Then the solution was concentrated

by a rotary evaporator and precipitated by the dropwise addition of polymer solution into five
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volumes of chilled methanol (99.8%) with stirring. The white precipitate of the PHB polymer
was collected and dried at 65 °C in a vacuum oven for evaporation of any residual solvent. The
dried PHB polymer in powder form was used for further characterization.

The concentration of the PHB was determined using the crotonic acid assay [90], by dissolving
5 mg of PHB-enriched cell biomass in 1 mL of concentrated H2SO4 at elevated temperature

and analyzed at 208 nm. The commercial PHB was used for making the calibration curve.

Harvested cells Precipitation

— Extraction
Lyophilized cells Pure PHB

Figure 2.3. Schematic representation of cell harvesting after fermentation and the process of
extraction of PHB granules from the dry cell biomass.
Characterization techniques used: Cytotoxicity assay, FESEM, EDX, 'H, and *C NMR,

FTIR, FETEM, TGA, DSC, XRD, Wettability, GPC, POM, MALDI-TOF-MS
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2.2 Preparation of PHB microspheres for embolization: in vitro study using

PLA-based 3d printed hepatic vascular phantom

2.2.1 Materials

Polyhydroxybutyrate (PHB, 99%) was synthesized in the lab using Bacillus megaterium NCIM
5472, having a density of 1.24 g/cm®. Sodium phosphate monobasic dihydrate
(NaH2P0O4.2H20, 99%) and poly(vinyl alcohol) (PVA, 99% hydrolyzed) with a density of 1.31
g/cm?® were procured from Sigma Aldrich, India. Dichloromethane (DCM, 99.5%) was from
Finar, India. PLA filament was purchased from Tessaract PLA, India, Glycerol (99%) and
Sodium chloride (NaCl) were procured from Himedia Laboratories, India, Cathy 1.V cannula
(22Gx1x0.8%25 mm, 38 mL/min capacity) was from Hindustan Syringes & Medical Devices

Ltd, India.
2.2.2 Preparation of PHB microspheres

The PHB microspheres were prepared by oil-in-water emulsion technique using a solvent
evaporation approach according to the reported literature with slight modifications [91], as
shown in Figure 2.4. Briefly, 20 mg/mL of PHB solution was prepared in DCM with gentle
heating. 1% w/v of PVA solution was prepared in water at 95 °C for 30 min for complete
dissolution and allowed to attain room temperature. Further, 10 mL of PHB solution was added
to the PVA solution with stirring at 500 and 300 rpm and allowed to evaporate DCM. Then the
obtained solution containing microspheres was centrifuged at 5000 rpm for 5 min to obtain the
microspheres at the bottom. The supernatant solution was discarded, and the remaining
microspheres were washed thrice with distilled water to remove the adsorbed PVA. The
obtained microspheres were dried in an oven at 40 °C for 24 h and stored at an ambient

temperature in a desiccator.
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The yield of the PHB microspheres was calculated by dividing the weight of the obtained

microspheres by the weight of the initial PHB.

) ) Weight of microspheres
PHB microsphere yield (%) = Weight of initial PHB x 100

PHB+DCM

_PHB+DCM

Method Il
Method |

PHB Microspheres

PHB Microspheres

Figure 2.4. Schematic representation of the preparation of PHB microspheres, Method I: PHB
in DCM added to PVA solution and Method II: PHB in DCM added to PVA
solution followed by second addition to PVVA solution.

2.2.3 Three-dimensional (3D) printing of PLA-based hepatic model

The one-dimensional model of the hepatic blood vessels was developed into a 3D model using
Computer-Aided Design (CAD) software (Autodesk® Fusion 360). The developed 3D CAD
model was exported as a stereolithography (STL) mesh file type and then converted into a
machine code (gcode) using open-source slicing software (Ultimaker Cura 4.3). Commercially
available PLA filament was used to print the hepatic model with a low-cost Fused Deposition

Modeling (FDM) based Printer (Creality CR 10, Shenzhen Creality 3D Technology Co., Ltd).
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3D printing was performed at a feed rate of 30 mm/s with 0.1 mm layer height for precision.
The nozzle temperature and bed temperature were set to 200 °C and 45 °C, respectively. All
the 3D printing parameters were optimized previously for PLA filament of 1.75 mm dia. The
printed part was removed from the printer and applied a thin layer of epoxy was on the surface
and allowed to dry for 6 h. Then a polyester film was placed on it and allowed to dry for 24 h.
Followed by a layer of epoxy poured on the surface of the polyester film. Further, the obtained
phantom was allowed to dry for 24 h. Finally, the inlet and outlet pipes were connected to allow

the fluid to flow through the hepatic phantom. The 3D printing and the post-processing are

depicted in Figure 2.5.

Angiogram

3D printing i
mercus Caine et al., 2017 1

3D printing

Inlet and outlet
connection

30cminlet @& e p—

—
10 cm Outlet
3D printed vascular phantom (95 g)

Figure 2.5. The process of 3D printing and post-processing method used in the development

of PLA-based hepatic phantom.
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2.2.4 Experimental setup

The PLA-based 3D printed hepatic vascular flow model (3D-HVFM) was used in the current
study with an inlet channel diameter of 4 mm, first bifurcation channel of 3 mm, second
bifurcation channel of 2 mm, and outlet channel diameter of 0.9 mm according to the reported
sizes of the right hepatic artery of an angiogram [92]. The experimental setup designed to
perform the in vitro studies is shown in Figure 2.6. The experimental setup is divided into four
sections; the first is the reservoir unit consists of the simulated body fluid and a peristaltic pump
to maintain the blood flow similar to that of the right hepatic artery (RHA). The dispensing
unit is the second section consisting of the syringe pump along with a syringe filled with carried
fluid and microspheres. The third is an experimental unit consisting of a 3D-printed vascular
phantom with fluid-collecting tubes at the outlet of each channel and a USB-portable
microscope for inline visualization of the microsphere flow. The fourth portion is the data
analysis unit which is a computer attached to a USB microscope to record video of simulated

body fluid and a flow of microspheres and their embolization effect in the channels.
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Figure 2.6. Schematic representation of the experimental setup for microsphere delivery.
2.2.5 The viscosity of simulated body fluid (SBF)

The simulated body fluid was formulated to maintain the viscosity ideally matching the
dynamic viscosity of the blood (4.40 + 0.5 cP) [93] at room temperature (25 = 0.3 °C). An
optimally matched SBF was selected further to study the effects in a 3D-printed vascular
phantom with a composition of 40% of glycerol, 10% of sodium phosphate, and 0.9% of

sodium chloride to get a viscosity equal to 4.5 cP.

Experimental parameters
The viscosity of the SBF: 4.5 cP
The flow rate of injection solution: 20 mL/min

The flow rate of SBF: 60-120 mL/min
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Characterization techniques used: FESEM, EDX, TGA, DSC, XRD, Wettability.

2.3 Biosynthesis of prodigiosin from serratia nematodiphila for the synthesis

of poly(lactic acid)

2.3.1 Materials

Sodium chloride (NaCl), yeast extract, peptone, agar, Luria-Bertani broth, methanol, and spin-
column kit were procured from (HiMedia Laboratories, India). Ethanol and chloroform-d
(CDCl3,> 99% CP), hydrochloric acid (HCI), chloroform, and silica gel (60-120 mesh size)
were from Merck Specialties Pvt Ltd, India. n-hexane (Loba Chemie, India) and ethyl acetate
were obtained from Merck Life Sciences Pvt Ltd, India. 2,5-dihydroxybenzoic acid (DHB,
HPLC grade) and a-cyano-4-hydroxycinnamic acid (CHCA, HPLC grade) were obtained from
Sigma Aldrich, India. All the reagents are analytical grade unless otherwise stated.

2.3.2 Isolation and molecular identification of prodigiosin-producing bacteria

The bacterial strain was isolated from the Brahmaputra river water, Guwahati, Assam, India,
by plating the serially diluted samples on nutrient agar consisting of 10 g/L of NaCl, 5 g/L
yeast extract, and 10 g/L of peptone with a pH range of 6.5-7.0 [94]. The culture was incubated
at 30 °C for 48 h to obtain the red-colored colonies. The obtained colonies were then
subcultured to obtain the pure culture. Further, it was distinguished using Grams-staining
according to the existing protocol [95]. The 16S ribosomal RNA (rRNA) sequencing was
performed by extracting the chromosomal DNA using a spin column kit, and the 16S rRNA
gene (1500 bp) was amplified in a thermal cycler. The PCR cleanup was performed using
Exonuclease | Shrimp Alkaline Phosphatase (Exo-SAP) [96]. Further, the amplicons were
sequenced in a genetic analyzer (ABI 3500XI, Life Technologies, USA) by the Sanger method.
The obtained sequence files were analyzed for the closest sequence using National Centre for

Biotechnology Information (NCBI) database. Further, the evolutionary relationship was
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predicted by multiple sequence alignment and phylogenetic analysis with the closest similarity
index [97]. The analysis involved 14 nucleotide sequences. A total of 1232 positions were
obtained in the final data by eliminating the gaps. MEGA6 was used for the evolutionary
analyses [98].

2.3.3 Antibiotic susceptibility test

Antibiotic susceptibility of an isolated strain was analyzed using disc diffusion assay for
various reference standard antibiotics such as gentamicin (GEN 10 mcg), tetracycline (TE 30
mcg), cephalothin (CEP 30 mcg), amikacin (AK 30 mcg), and chloramphenicol (C 10 mcg)
with a disc diameter of 6 mm, and the zone of inhibition was measured after 24 h of incubation
[99]. Further, the multiple antibiotic resistance (MAR) was calculated using the existing
method (MAR index is a ratio of the number of antibiotics to which the organism is resistant
to the total number of antibiotics tested) [100], [101].

2.3.4 Effect of media components on the biosynthesis of prodigiosin

The effect of media components such as peptone, agar, yeast extract, sodium chloride, and
glucose (0-10 g/L) was evaluated individually and in combination with the production of
prodigiosin. All the experiments were performed on solid-state media with a 1.8 g/L agar
concentration. Further, the culture was incubated at a temperature of 30 °C for 48 h for
complete biosynthesis and pigment accumulation.

2.3.5 Extraction and purification of prodigiosin

The extraction of the prodigiosin was performed according to the literature [102] with some
modifications. Briefly, the cell biomass was scraped out from agar plates and mixed with
acidified ethanol (1:10). Then the flask contents were kept on an incubator shaker ORBITEK
(Scigenics Biotech Pvt Ltd, India) at 200 rpm at 30 °C for 12 h until the complete discoloration
of the cell biomass. The obtained solution, along with biomass, was centrifuged using the

cooling centrifuge Heraeus Megafuge 16 R (Thermo Scientific) at 25 °C at 5000 rpm for 15
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min to obtain the cell-free prodigiosin solution [103]. The used ethanol was separated by
evaporating the pigment solution in a rotary evaporator at 45 °C, 77 mbar pressure (Rotavapor
R-3, Buchi®) to obtain the concentrate. Further, it was passed through a silica gel column
(hexane, mesh size 60-120) and eluted with n-hexane and ethyl acetate (ratio of mixture 2:1
v/v). Later the elutes were collected and dried at 45 °C in a vacuum [104] to obtain the purified
prodigiosin.

The ethanol recovered from the process is calculated by using the following formula:

Volume of ethanol recovered
Recovery (%) = Initial volume elg

2.3.6 Antibacterial activity

The antibacterial activity of prodigiosin was determined against Staphylococcus aureus
(2.4x107 CFU/mL) by measuring the zone of inhibition (mm) using antibiotics cephalothin,
gentamicin, and amikacin as reference antibiotics for comparison.

Characterization techniques used: MALDI-TOF MS, FTIR, UV-Vis spectrophotometry, H

NMR, cytotoxicity assay, color spectrophotometry, and cytotoxicity assay.

2.4 Synthesis of metal-free poly(lactic acid) (PLA) using prodigiosin as a

catalyst

2.4.1 Materials

Prodigiosin was synthesized and extracted previously in the lab from Serratia nematodiphila
CoE-SusPoll with a GenBank accession number MK968767. Yeast extract, peptone, agar, and
methanol were procured from HiMedia Laboratories, India. Benzyl alcohol was procured from
Merck Specialties Pvt Ltd, India. Chloroform-d (>99%, with 0.03% v/v TMS) and 2,5-
dihydroxybenzoic acid (DHB, >99.0%) were from Sigma Aldrich, India. 96-well plates
(Nunclon Delta Surface) were procured from Thermo Fisher Scientific, India. Pure crystal L-

lactide was synthesized in the laboratory from L-lactic acid (99%, PF 90, Purac, India) and
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dried under a vacuum for 24 h. Baby hamster kidney fibroblast cells (BHK-21) were obtained
from National Centre for Cell Science (Pune, India). Dimethyl sulfoxide (DMSO, >99.9%) was
from Sigma Aldrich, India, Dulbecco’s modified Eagle’s medium (DMEM, Gibco™), trypan
blue stain (0.4%, Gibco™), 96-well cell culture plates (Nunclon™ Delta Surface), 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide reagent (MTT, Invitrogen™) were

procured from ThermoFisher Scientific, India.

2.4.2 Organocatalytic ring-opening polymerization of L-lactide using bacterial
prodigiosin

The L-lactide used in the polymerization experiment was synthesized in the laboratory and has

a purity [a]," of -244.69, moisture content of 0.6 ppm, and an acid value of 13 meg/kg. The

prodigiosin was extracted from the Serratia nematodiphila CoE-SusPoll from the existing

protocol [105].

The bulk polymerization reaction was performed in a vacuum-sealed glass ampule. The
complete process of PLA synthesis in the presence of prodigiosin is depicted (Figure 2.7). The
purified crystal L-lactide is loaded into the ampules, and a varying amount of PG is added to
maintain the molar ratio [L]/[PG] from 100-10000. The polymerization reactions were carried
out using benzyl alcohol (BnOH) as a chain transfer agent, where the composition of the PG
and BnOH are maintained equimolar. Further, the ampules were vacuum dried at 60 °C in an
oil bath for 2h and were further sealed under vacuum. This mixture is further polymerized by
maintaining the temperature of 180 °C in an oil bath for 12 h to get the polymerized poly(lactic
acid). After the reaction time, the ampules were cooled immediately by immersing the ampule
in ice-cold water. Finally, the sealed ampules were broken to obtain the polymer and were

analyzed for their characteristic properties.
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Prodigiosin+
L-Lactide
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Serratia nematodiphila

Metal Free
CoE-SusPol1 Bulk Polymerization PLA

Figure 2.7. Schematic representation of the synthesis of metal-free PLA using prodigiosin as

a catalyst.

Characterization techniques used: GPC, MALDI-TOF MS, $3C NMR, FESEM, EDX, FTIR,
TGA, cytotoxicity assay

2.5 Prodigiosin-loaded poly(lactic acid) to combat the biofilm-associated

infections

2.5.1 Materials

Prodigiosin is synthesized in the lab from Serratia nematodiphila CoE-SusPoll previously
isolated from the water sample. Chloroform (Merck Specialties Pvt Ltd, India), 2,5-
dihydroxybenzoic acid (DHB) (Sigma Aldrich, HPLC grade, Germany), poly(lactic acid)
(PLA) (grade-2003D, NatureWorks, United States), Staphylococcus aureus (NCIM-2079), and

Klebsiella aerogenes (NCIM-2281) were obtained from National Collection of Industrial
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Microorganisms (NCIM, Pune), nutrient broth, agar, crystal violet, phosphate buffer
(Analytical grade, HiMedia Laboratories, India). The 96 well culture plates Nunclon™ Delta
Surface (ThermoFisher Scientific, Denmark) were procured and used in the current study.
2.5.2 Preparation of prodigiosin-loaded poly(lactic acid) films

The current study accessed the suitability of crude and purified prodigiosin. Crude prodigiosin
(PG-C) is an ethanol extract obtained after dissolving the Serratia nematodiphila CoE-SusPol
cells in ethanol, followed by centrifugation at 5500 rpm to remove cell debris and evaporation
to get dry prodigiosin powder. Purified prodigiosin (PG-P) involves the additional purification
by column chromatography using n-hexane and ethyl acetate (ratio of mixture 2:1 v/v) as eluent
followed by drying at 45 °C in a vacuum to get purified powder [106]. Further, the neat PLA
(nPLA), PLA with crude prodigiosin (PLA-PG-C), and PLA with purified prodigiosin (PLA-
PG-P) polymer films were prepared by adding 0.5 wt.% of crude and purified prodigiosin into
the PLA using chloroform as solvent. The solution was mixed at 500 rpm for 12 h to dissolve
the components completely. Further, the solution casting method was followed to obtain the
films. These films were dried at 60 °C for 24 h to evaporate the solvent completely [107]. The
lower concentration of prodigiosin is used in the study by considering the permissible limit of
the pyrrole-containing pigments (not exceeding 1% w/w of polymers: according to the code of
federal regulations) [108].

2.5.3 In Vitro study on biofilm formation using crystal violet staining

The biofilm inhibition [109] by the developed neat PLA, PLA-PG-C, and PLA-PG-P were
evaluated in triplicates by immersing the 0.5x0.4 mm films into 2 mL of media consisting of
6x10’ CFU of Staphylococcus aureus and Klebsiella aerogenes. The inoculated samples were
incubated at 37 °C for 48 h. Further, the films were removed and gently rinsed with phosphate-
buffered saline (PBS, pH 7.4) to remove the extracellular metabolites produced by the bacteria

along with the planktonic cells. Bacteria attached to the surface of the films were stained with
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crystal violet for 5 min. Further, the stained biofilm was washed by soaking it in PBS. The
obtained stained biofilm is then treated with ethanol for 15 min. The resulting solution was
collected and measured absorbance at 590 nm with a microplate reader.

2.5.4 Influence of the developed films on the pH of synthetic physiological saline

(phosphate buffered saline)

The developed polymer samples nPLA, PLA-PG-C, and PLA-PG-P with a weight of 0.1 g
were added separately in triplicates to the closed glass container and incubated with 5 mL of
phosphate-buffered saline (PBS of pH 7.4) at 37 °C to mimic the physiological conditions
[110]. The samples were collected in a particular interval of time and analyzed for the
prodigiosin release and change in the pH of the solution. Here the PBS without a sample is

used as a control.

2.5.5 In vitro biocompatibility study

The biocompatibility study was performed according to the existing protocol [111]. Briefly,
the Baby Hamster Kidney Fibroblast (BHK-21) cell lines cultured in Dulbecco’s modified
Eagles medium (DMEM, Gibco) consisting of fetal bovine serum (10%) and antibiotic-
antimycotic cocktail (1%) at 37 °C with 5% CO- in a humidified atmosphere for 24 h. The
circular polymer samples were placed in the 96-well plate (Nunc) and seeded with DMEM
consisting of BHK-21 cells. While 96 well plate without polymer samples was taken as control.
After 24, 48, and 72 h of incubation, samples were treated with 100 pL of 3.7% formaldehyde
for 10 min to fix the cells. Then it was treated with 100 pL of diamidino-2-phenylindole (DAPI)
working solution (1 pg/mL). Further, the plate was incubated in the dark for 15 min. Samples
were rinsed with PBS buffer thrice between each step. Finally, the cells were observed under

the fluorescent microscope (Nikon H600L) using blue/cyan filter.
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Characterization techniques used: UV-Vis spectrophotometry, color spectrophotometry,

FTIR, EDX, TGA, TGA hyphenated with FTIR, POM, DSC, and Wettability analysis.

2.6 Fabrication of nanocellulose from waste sorghum bagasse

2.6.1 Materials

Waste sorghum bagasse obtained after juice extraction, sodium hydroxide (NaOH), sulfuric
acid (H2S0a), hydrogen peroxide (H20., 30% wi/v), lactic acid, sodium acetate, acetic acid,
hydrochloric acid, and ethanol were obtained from Merck, India. Cellulase enzyme blend Cellic
CTec2 (SAE0020, density ~1.15 g/mL) was obtained from Sigma Aldrich, India.

2.6.2 Sorghum bagasse selection, pretreatment, and characterization

The bagasse obtained after juice extraction was subjected to convection oven drying at 45+5
°C (NREL/TP-510-42620) until the constant weight to remove moisture completely. Further,
the obtained biomass was ground and sieved by stacking the sieves in the following order,
starting from the bottom: solid catch pan, 80 mesh sieve, and 20 mesh sieve. Then the ground
biomass was subjected to sieving in a sieve shaker for 15+1 min. The fraction retained on the
80-mesh sieve (-20/+80 mesh fraction) was selected for compositional analysis. The material
in the solid catch pan was the fines (-80 mesh) fraction and was retained for ash analysis. All
the -20/+80 mesh batches were combined and weighed the fractions to ~0.1 g. This weight was
recorded as Wtaosg0. The sieved samples were stored in sealable polyethylene bags and kept at
-20 °C until further use.

To calculate the fraction percent of -20/80 mesh fraction, the following equation is used:

Fractionzo /0% = (Wtao ) x100. ... (1)
(Wt20/80+Wt20/80)

where; Wtaog0=Weight of -20/+80 mesh fraction (g), Wtso=Weight of fines fraction (g)

To calculate the fraction percent of -80 mesh fraction, the following equation is used:
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Fractionso% = (Wteo) x100 ... 2)
(Wit20/80 +Wtso)

where; Wtaog0=Weight of -20/+80 mesh fraction (g); Wtso=Weight of fines fraction (g)

The ash content in the sorghum biomass was determined using the method NREL/TP-510-
42622 in a muffle furnace with the following program:

Furnace Temperature Ramp Program: Ramped from room temperature to 105 °C, held at 105
°C for 12 minutes, ramped to 250 °C at 10 °C / minute, held at 250 °C for 30 minutes, ramped
to 575 °C at 20 °C / minute, held at 575 °C for 180 minutes, allowed the temperature to drop
to 105 °C, held at 105 °C until samples are removed.

Calculation of percentage ash on an oven dry weight (ODW) basis

Weight (crucible + ash) —\WWeight ccrucibie) 5
ODW (sample)

%Ash = 100w eeceeeeeieee, 3)

2.6.3 Pretreatment of sorghum bagasse

The processed biomass was pretreated using sodium hydroxide (0.5-2.0 wt.%), followed by
hydrogen peroxide (1-4%) treatment, lactic acid (0.5-2% wi/v), sulfuric acid (0.5-2% v/v) at
121 °C, 15 Ib for 10 min. The obtained mixture was filtered to separate the lignin from the
cellulose. Figure 2.8 depicts images of the samples after each step in the alkaline hydrogen

peroxide pretreatment (pH 11.5) process.

AHP Washing Dried

Figure 2.8. Preparation of sorghum powder and pretreatment of bagasse using alkaline

hydrogen peroxide treatment.
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2.6.4 Acid hydrolysis using sulfuric acid

The pretreated cellulose from the above process is mixed with 1:20 (w/v) of 50% H2SOa4. Then
the hydrolysis was carried out for 15, 30, 45, and 60 min at room temperature. Later the samples
were centrifuged at 5000 rpm for 15 min and washed several times to bring the solution pH to
~5. Further, the obtained samples were subjected to dialysis using the cellulose acetate
membrane of molecular weight ~14 KDa (Sigma Aldrich) to neutralize the pH. The complete

process is shown in Figure 2.9.
2.6.5 Enzyme hydrolysis using cellulase

The enzyme hydrolysis was performed in 50 mL sample containers at 50 °C for 5 days. The
experiment was performed by incubating the samples at 50 °C with a stirring speed of 100 rpm.
0.1 M sodium acetate buffer at pH 5 was used throughout the experiment. Different (0.1-1 g/g

of cellulose) enzyme loadings were used in the experiment to optimize the enzyme loading.

(o]

0-8-OH
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Cellulose
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Glucose+Xylose

N

Endoglucanase -] o

oS

MCC+Glucose+Xylose

Exoglucanase

Feed-back inhibition

Figure 2.9. The process of sulfuric acid hydrolysis yielding the nanocellulose, and the
enzymatic hydrolysis yielding the fermentable sugars glucose and xylose from

AHP treated sorghum biomass.
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2.6.6 In vitro cell cytotoxicity study

Samples analyzed: Prodigiosin, PHB, and metal-free PLA synthesized using prodigiosin as a
catalyst.

Dulbecco’s modified Eagle’s medium (DMEM, Gibco™) was used to culture the Baby
Hamster Kidney Fibroblast cells (BHK-21) in T25 flasks. The DMEM is supplemented with
fetal bovine serum (10%, FBS) and a 1% antibiotic-antimycotic cocktail. The cells were
incubated in a CO: incubator at 37 °C with 5% carbon dioxide in a humidified atmosphere.
Further, the cells were counted using Countless® Il FL cell counter (Thermo Fisher Scientific)
after staining with trypan blue. The cells were diluted to the desired concentration and seeded
100 pL (10 x 10%well) into a 96-well plate containing a growth medium. Further, it was
incubated for 24 h at the desired growth conditions.

Mitochondrial activity of BHK-21 cells was performed by seeding the cells into 0.25, 0.50,
1.00, and 2.00 mg/mL of prodigiosin samples dissolved in 20% dimethyl sulfoxide (DMSO)
and subsequent incubation for 48 h to check the cytotoxicity. 20% DMSO diluted in DMEM
was used as solvent control. The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium
bromide (MTT) (5 mg/mL in PBS) was added to the plate-containing cells and incubated in a
COg2 incubator at 37 °C for 3 h. Further, the MTT reagent was replaced with DMSO (100 uL),
and the resulting cell viability was measured using a 96-well plate reader (Thermo Fisher

Scientific) at 570 nm. This optical density was used for the calculation of cell viability.

2.7 Analytical instrumentation and characterization

2.7.1 Ultra-high-performance liquid chromatography (UHPLC)

The sugar content in sorghum juice, residual sugar of the fermentation broth, and hydrolysate
after enzyme saccharification was analyzed using a UHPLC system (Dionex Ultimate™ 3000)
(ThermoFisher Scientific) equipped with quaternary pump (LPG-3400SDN) and a column

oven (HCO-02, PCI Analytics Pvt. Ltd.). Separation was performed using Aminex® HPX-87H
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(300 mm x 7.8 mm) (Bio-Rad Laboratories) column with 0.005 N sulfuric acid as eluent. The
samples were detected using a refractive index detector (RefractoMax521) supplied with
Chromeleon data system (6.80 DU13a). Glucose, fructose, and xylose (500-3000 ppm) were
used as standards.

2.7.2 UV-Vis spectroscopy

The concentration of the prodigiosin, crotonic acid, and simulated body fluid containing congo
red was determined using a UV-visible spectrometer (PerkinElmer, Lambda 25) at a
wavelength of 535 nm, 208 nm, and 498 nm, respectively. The effect of pH on prodigiosin and
the transparency of the prodigiosin-loaded films (dimensions 50x20 mm, the average thickness
of ~110 um) were analyzed in the wavelength range of 700-200 nm.

2.7.3 Field emission scanning electron microscopy (FESEM)

The surface morphology of PHB Microspheres, Bacillus megaterium with intracellular PHB
granules, nanocellulose, and prodigiosin-loaded PLA films were investigated using FESEM.
The sample preparation was performed by fixing the samples onto the surface of the aluminum
sample holder using carbon tape. Then the samples were sputter-coated in a sputtering unit
(Quorum Sc7620, sputtering condition: 10 mA for 180 s at 10"t mbar) with a thin layer of gold
and observed under FESEM (Zeiss, Sigma 300). The prodigiosin-loaded PLA films (nPLA,
PLA-PG-C and PLA-PG-P), after 48 h of incubation were taken out, washed with PBS buffer
and dried at 60 °C to remove the moisture completely, and subjected to imaging.

2.7.4 Field emission scanning electron microscopy-energy dispersive Xx-ray
spectroscopy (FESEM-EDX)

The morphological characterization and compositional analysis of the sorghum juice and
prodigiosin-loaded PLA films were performed using FESEM (Zeiss, Sigma) coupled with an

energy-dispersive X-ray spectroscopy system (EDX) (Oxford Instruments, UK) at an
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accelerating voltage of 20 kV. The sorghum juice was drop casted on aluminum foil and dried
in a hot air oven at 60 °C for 24 h to remove moisture completely and analyzed.

2.7.5 Fourier transform infrared spectroscopy (FTIR)

The Fourier transform infrared spectra (FTIR) (PerkinElmer, Frontier spectrometer) of the
powdered samples (pelletized with KBr) were analyzed in diffusive reflectance spectroscopy
(DRS mode) using neat KBr pellet as background. Whereas the polymer films were analyzed
in an attenuated total reflectance (ATR mode) in the spectral range of 4000-500 cm™ at a scan
rate of 4 scans/sec.

2.7.6 Thermogravimetric analysis (TGA)

Thermal stability and the degradation behaviors of the obtained prodigiosin, PLA, PHB,
prodigiosin-loaded PLA, PHB microspheres, and nanocellulose (7-10 mg) were studied under
the nitrogen atmosphere using a thermogravimetric analyzer (TGA 4000, PerkinElmer) with a
temperature ramp from 30-700 °C at a heating rate of 10 °C/min. The inert atmosphere was
maintained by passing the high-purity nitrogen at 20 mL/min.

2.7.7 Wettability analysis

The surface wettability of the PHB films, prodigiosin-loaded PLA films, and the 3D-printed
hepatic vascular phantom was analyzed using a drop shape analyzer (DSA 25, Kruss) equipped
with a CCD camera. The hepatic phantom was placed on the stage and dropped with 4 pL of
SBF; further, the images were recorded at different time intervals for the determination of
wetting behavior/contact angle. For all other samples, water (Millipore®) was used as a wetting
agent, and analysis was performed at room temperature. The film samples were prepared by
cutting into small pieces (1 cm x 1 cm), pasted onto the glass slide using double-sided tape,

and dropped with 4 pL of deionized water
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2.7.8 Microscopy

The obtained microspheres were analyzed using polarizing optical microscopy, and the

fluorescent microspheres were analyzed using Nikon H600L equipped with fluorescent source

Nikon Intenslight C-HGFI using blue/cyan filter.

2.7.9 Viscosity measurement

The viscosity of the SBF was measured using a capillary viscometer having a transparent

viscosity thermostat (CT 72/2, SI Analytics) equipped with Pt 100-PID heater connected to a

chiller (Siskin profichill) to maintain the temperature of the SBF at 25 + 0.3 °C.

2.7.10 Antibacterial activity

The antibacterial activity of prodigiosin was determined against Staphylococcus aureus

(2.4x10” CFU/mL) by measuring the zone of inhibition (mm) using antibiotics cephalothin,

gentamicin, and amikacin as reference antibiotics for comparison.

2.7.11 Matrix-assisted laser desorption ionization-time-of-flight mass
spectrometry (MALDI-TOF-MS)

The extracellular AHL was identified by extracting Serratia nematodiphila culture broth twice

with acidified ethyl acetate (0.5% acetic acid), and further, it was allowed to dry at 45 °C to

remove the solvent completely. The molecular mass of the prodigiosin, gluconic acid, AHL,

and metal-free PLA was determined by matrix-assisted laser desorption ionization time-of-

flight mass spectrometer (MALDI-TOF-MS) (Bruker, AUTOFLEX SPEED) at an accelerating

voltage of 19 Kv with 500 spectrum scans. The samples were prepared by mixing 5 mg/mL of

the sample in methanol with 2,5-dihydroxybenzoic acid (10 mg/mL, DHB, methanol). Then

the sample solution and matrix were mixed in a ratio of 2:1, and 2 pL of the sample was loaded

onto a stainless-steel sample plate, allowed to dry, and analyzed.
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2.7.12 Color properties

The characteristic color coordinates (L*, a* and b*) of the prodigiosin solution at different pH
and prodigiosin-loaded PLA films were recorded using Datacolor-550 spectrophotometer
(Datacolor Technology Co., Ltd.), where L* indicates lightness (+ve is lighter, -ve is darker),
a* is red/green coordinate (+ve is reddish, -ve is greener), and b* is yellow/blue co-ordinate
(+ve is more yellow, -ve is bluish). AL*, Aa*, and Ab* might be either positive (+) or negative
(-), but the total difference AE is always positive (+), ¢* is chroma, and h is hue.

2.7.13 Nuclear magnetic resonance (NMR) spectroscopy

The synthesized polymer samples and prodigiosin were analyzed using *C and *H nuclear
magnetic resonance spectroscopy (NMR). The samples were prepared by dissolving the
polymer in the deuterated chloroform (CDCIs) and then filtered through a 0.2 pm syringe filter
to remove any undissolved particles. The obtained samples were placed in an NMR tube and
analyzed using a 600 MHz nuclear magnetic resonance (NMR) spectrometer (Bruker,

Ascend™ 600, Germany).

2.7.14 Gel permeation chromatography (GPC)

Number average [Mn], weight average [Mw] molecular weights, and polydispersity index
(PDI) of the synthesized polymers were analyzed using Shimadzu’s Prominence GPC
(Prominence GPC RID-10A detector). Separation was performed using the PL gel 5 um (300
x 7.5 mm) columns, and the polystyrene standards in chloroform were used for calibration to
get relative molecular weight.

2.7.15 Differential scanning calorimetry (DSC)

The thermal properties of polymers were studied using differential scanning calorimetry (DSC
204 Phoenix®, Netzsch). The following conditions were maintained during the analysis of

PLA: temperature ramp from 30-200 °C at a rate of 10 °C/min, isothermal state for 2 min at
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200 °C. Further, cooling from 200-30 °C at a rate of 10 °C/min, isothermal state for 2 min at

30 °C, and finally, the second heating from 30-200 °C at a heating rate of 10 °C/min.

The following conditions were used during the analysis of PHB: temperature ramp from 30-

190 °C at a rate of 10 °C/min, isothermal state for 2 min at 190 °C. Further, cooling from 190-

-20 °C at arate of 10 °C/min, isothermal state for 2 min at -20 °C, and finally the second heating

from -20-190 °C at a heating rate of 10 °C/min.

2.7.16 Thermogravimetric analysis hyphenated with Fourier transform infrared
spectroscopy (TG-FTIR)

TGA-FTIR analysis was performed for prodigiosin-loaded PLA film to determine the gases

released during the thermal degradation process. The thermogravimetric analyzer (TGA 4000,

PerkinElmer) coupled with an FTIR spectrophotometer (Frontier, Perkin Elmer) was used for

the analysis. The spectrum was collected in the range of 4000-450 cm™ with a temperature from

30-700 °C at a heating rate of 10 °C min™.

2.7.17 Polarizing optical microscopy (POM)

The POM (Nikon H600L, Japan) was used to study the nucleation behavior and spherulite

growth of the developed prodigiosin-loaded films. The samples were mounted on the stage and

heated to 200 °C at a rate of 50 °C/min, and thermal history was erased by holding them for 3

min. Further, the samples were cooled to 120 °C at a rate of 50 °C/min and recorded the

micrographs for 40 min at 10 min intervals.

Olympus BX 51 polarizing optical microscope equipped with Linkam hot stage was used for

the analysis of PHB samples. The films were heated to 190 °C at a heating rate of 10 °C/min

held isothermally for 3 min and cooled to 110 °C at 10 °C/min and images were recorded at

110 °C.

The obtained micrographs were used to analyze the morphology and growth rates of the

crystals. The number of spherulites per area resulted in the crystal density. The slope obtained
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by plotting the spherulite radius (R) v/s time of crystallization (t) resulted in the growth rate of
the spherulite (G).

2.7.18 Field emission transmission electron microscopy (FETEM)

The morphological investigations and accumulation of PHB granules in Bacillus megaterium
during fermentation were confirmed using FETEM (JEOL, JEM 2100F, Japan) at an
accelerating voltage of 200 kV. The sample preparation was performed by drop casting of cells
onto the carbon-coated grids (Tedpell, USA), followed by drying at 60 °C in a vacuum for 24h.
2.7.19 X-ray diffraction (XRD)

PHB samples were analyzed using a D8 Advance diffractometer (Bruker, Germany), equipped
with Cu-Ka radiation (A=0.1541 nm) X-ray source with an operating voltage of 40 kV. The

samples were scanned at a rate of 0.05°/0.5 sec with a 26 range from 10-80°.
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CHAPTER 3

Production of Polyhydroxybutyrate (PHB) from Waste Sorghum

Stalks as Raw Material

Graphical Overview
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Polyhydroxybutyrate (PHB) is a biodegradable polymer obtained from bacteria as an energy
reserve of excess carbon. In the current work, the agricultural waste sorghum stalks were used
for the extraction of juice consisting of ~60 g/L of fermentable sugars. Media optimization was
performed using JMP statistical software with a sugar concentration of 10-50 g/L, a nitrogen

concentration of 2-10 g/L, and 5-10% inoculum of Bacillus megaterium.

Patent:

e Vimal Katiyar, Chethana Mudenur, and Amit Kumar. Process of production of
polyhydroxybutyrate [PHB] from wild grasses. Indian Patent Application Number:
202131031003
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Further, the optimized condition was selected for the scale-up of fed-batch operation using the
dissolved oxygen (DO) control strategy. This process yielded up to 8 g/L of PHB within 24 h
of cultivation. DO controlled strategy was helpful in the process improvement. Further, the
solvent extraction using acetone followed by chloroform yielded 94% recovery. The produced
PHB from sorghum biomass exhibited crystallization temperature T, from 101 to 105 °C, glass
transition temperature T4 from -8 to -10 °C, melting temperature from 162-175 °C, maximum
degradation temperature (Tmax) of 318 °C, and wettability from 79-93 °C which are comparable
to commercial PHB. Additionally, the produced PHB was subjected to in vitro cytotoxicity

assay, and the results revealed it does not induce any cytotoxic effects on BHK-21 cells.

3.1 Introduction

Plastics and their products are of global importance, and the quality of life has been improved
because of their easy availability and weightlessness with added mechanical properties.
However, their residual nature in the environment is preventing its usage due to environmental
concerns. These concerns and challenges are the driving forces for the selection of the
alternatives such as biodegradable plastics to meet the zero-carbon target. Reducing the carbon
emission level is the topmost concern in reducing global warming. Biodegradable plastics,
without any impact on the environment, have increased attention as an alternative to
conventional plastics [112].

The most investigated plastics in the development of biocompatible plastics are
polyhydroxyalkanoates (PHAS). These are polyesters of microbial origin; their elasticity,
stiffness, and crystallinity are easily tunable by changing the composition of the monomer
[113]. PHAs are such bioplastics regarded as intracellular energy storage material synthesized
by bacteria [114]. The major homopolymer of the PHA family is the PHB which is also a
widely studied polymer for biomedical applications and is degraded enzymatically by PHB

depolymerase. However, the drawback associated with PHB production is the high cost of the
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carbon sources used in the production. The cost of PHAS is not competitive enough to the
fossil-based plastics. There are wide varieties of carbon sources explored till now at the lab
scale, with limited scope for commercialization due to their least availability and cost. The
carbon sources which are commercialized include pure glucose, plant oils, camelina seeds,
COo, sugar beet and sugar cane. Thus, there is a need to explore alternative inexpensive carbon
sources which are abundantly available in nature. One such major carbon source that falls under
this category is waste sorghum stalks with competitive sugar content in comparison to
sugarcane.

The current work is focussed on the utilization of widely available inexpensive waste sorghum
biomass for the production of PHB with competitive production yield and product properties.
Sorghum is a major crop in many parts of India, and there are two varieties, namely, sweet and
grain sorghum. Sweet sorghum is primarily grown for syrup production, whereas grain
sorghum is cultivated for grains, and the stems are discarded after harvesting the grains. The
main aim here is to efficiently use the stalks of the grain sorghum for the production of PHB.
More than 300 microorganisms are capable of producing PHB [115] as intracellular PHB
granules as storage of carbon and energy under stress with limited nitrogen and an excess of

carbon source [116].

3.2 Results and discussion

3.2.1 Composition of sorghum juice

The HPLC results of sorghum juice indicate the total fermentable sugar content of ~60-70 g/L
consisting of fructose and glucose. The FESEM-EDX spectra in Figure 3.1 shows the presence
of oxygen (46.8 At%), carbon (46.7 At%), potassium (2.4 At%), nitrogen (2.2 At%), chlorine
(1.3 At%), calcium (0.2 At%), magnesium (0.2 At%), manganese (0.1 At%). Trace elements

are essential for growth and metabolism that are co-ordinated by a complex metal management
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system. The sorghum juice provides all the essential minerals required for Bacillus megaterium

to grow and produce PHB.
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Figure 3.1. FESEM-EDX analysis of the sorghum juice depicting the presence of minerals.
The sorghum juice provides all the essential minerals required for Bacillus megaterium to grow
and produce PHB.

3.2.2 Screening and optimization of the media components using one-factor at a
time (OFAT)

The various nitrogen sources affecting cell growth and PHB production were investigated using
a one-factor-at-a-time method. The experiments were performed using the shake flask at

optimum temperature of 37 °C yielded the PHB in the order of NaNH, HPO,.4H, O (0.98 + 0.24

g/L) > tryptone (0.73 = 0.01 g/L) > peptone (0.72 £+ 0.04 g/L) > meat extract (0.68 £0.11 g/L)

> yeast extract (0.55 + 0.18 g/L). The results indicate that the NaNH HPO,.4H,O is the most

preferred nitrogen source, and it has further opted for the optimization experimental runs.
The central composite design was used to optimize the concentration of carbon, nitrogen, and
inoculum by JMP statistical tool. The prediction profiler shown in Figure 3.2 is an interactive

profiler, and the red lines in the vertical position correspond to the current values of the factors.
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Whereas the horizontal lines refer to the resulting responses. The profiler interactively
generates the predictions through a variety of factors at various levels concerning the responses.
It finds the optimal settings of carbon, nitrogen, and inoculum concentration for the set
response variables such as cell dry weight and the PHB production. Maximizing desirability
means the maximization of product formation. The desirability function can be seen for each
response. The overall desirability of ~0.745 is a geometric mean of the desirability functions

for CDW and PHB. The plot shows the desirability trace for each factor.
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Figure 3.2. The prediction profiler indicates the response against the tested factors.

The product PHB is the main response in the experiment. The prediction against the actual plot
shown in Figure 3.3 depicts the effect of the model and its comparison against the null
hypothesis. The predicted root mean square error from the model was found to be 0.063, the
value of R2was found to be 0.97, and the p of 0.0006. The actual values close to the predicted

model values show a good fit with a narrow confidence band.
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Figure 3.3. The actual by the predicted plot for PHB production.

3.2.3 Enhancement of PHB production by improved fermentation strategies

The batch fermentation of Bacillus megaterium was performed to determine the time evolution,
cell biomass, consumption of carbon, and formation of PHB granules. Figure 3.4 shows the
profile for a minimal medium supplemented with 30 g/L of sorghum juice as a carbon source.
The DO was controlled at 60% without additional carbon and nitrogen sources. Here as the
cells enters into exponential phase, the PHB started to increase gradually, whereas, the DO and
sugar concentration started to fall due to the exponential utilization for cell growth and product
formation. When DO fall to 60%, it was controlled throughout the batch to check the effect of
DO on product formation. The PHB production in Bacillus megaterium is growth associated.
PHA production by bacteria is completely dependent on carbon, nitrogen, and other nutrients
provided in limited quantities to induce stress, which leads to the formation of intracellular
PHA granules. During cell growth, oxygen consumption exceeds the maximum oxygen
transfer capacity, which limits cell growth. Thus, a solution to pass an adequate amount of
oxygen is by decreasing the specific growth rate. Usually, the DO control strategy helps to

control the dissolved oxygen at a constant value using a substrate fed at a specific rate. Once
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the carbon source is exhausted in a logarithmic growth phase, the value of O rapidly increases
due to hypoxia and cell death. If the carbon and nitrogen sources fed timely, the O, value
decreases as the cell starts reutilizing the carbon source and restoring its growth. Subsequently,
a constant DO level can be maintained by continuous feeding and keeping a balance between
oxygen consumption and supply. The DO control strategy experiment has been conducted to
increase the yield. This strategy is based on the inline monitoring of DO value, which tends to
increase when the substrate was depleted completely. Thus, signals for feeding of sugars into

the fermenter.
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Figure 3.4. Batch fermentation profile of Bacillus megaterium in a culture medium
supplemented with 30 g/L of sorghum juice with maximum production at 18 h of

incubation.

Fed-batch fermentation was performed with different DO strategies. The fed-batch

fermentation yielded the higher biomass in which in less than half the time required for the
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production of PHB. Figure 3.5 indicates the response obtained for cell biomass and PHB vyield

using the dissolved oxygen control strategy.
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Figure 3.5. Fed-Batch fermentation profile of Bacillus megaterium in a culture medium
supplemented with sorghum juice with applied DO strategy (i) 100-60% without

control (ii) 60-30% after 36 h of incubation.

Table 3.1 depicts an overall summary of the batch and fed-batch operation using the Bacillus
megaterium as a PHB producer and sorghum juice as a carbon source. The data is compared
with Bacillus aryabhattai and Alcaligenes latus instead of Bacillus megaterium, and the carbon
source is compared with sweet sorghum juice instead of grain sorghum juice due to the limited

data availability.

DCW (g/L) = Weight of dry cell biomass (g)

Reaction volume (L)
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Weight of PHB (g)
Reaction volume (L)

PHB (g/L) =

Dry weight of extracted PHB L
PHB accumulation (%) = y ey DfCW /D) (/L) X 100

Table 3.1. Summary of the PHB production and its comparison with some previous

fermentation strategies.

PHB
SI  Fermentation Bacteria/carbon Biomass PHB )
Accumulation Reference
no Strategy source (g/L) (g/L)
(%)

Bacillus aryabhattai

1 Shake flask PKVO01 /Sweet 2.8 1.1 39.3 [8]
sorghum juice
Bacillus megaterium _

2 Shake flask ) o 1.7 1.2 70.6 This study
/grain sorghum juice
Alcaligenes latus

3 Batch ATCC 29714/ Sweet 1.73 0.68 393 [117]
sorghum juice
Bacillus megaterium _

4 Batch ) B 3.0 1.7 56.7 This study
/grain sorghum juice
Cupriavidus

5 Fed-batch 355 17 47.8 [118]
necator/fructose
Bacillus megaterium

6 Fed-batch y . 17 8.4 49.5 This study
/grain sorghum juice

Table 3.2 indicates the overall result for the maximum PHB production of 8.2 g/L using the
fed-batch fermentation strategy. The determination of the yield coefficient is important to
decide the efficiency of the process, which depicts the conversion of sorghum juice to PHB. It
also decides the cost viability of the medium used in the production of PHB, particularly the

carbon source. The fed-batch strategy converts used in the current work convert 21% of the
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fermentable sugars of the sorghum juice into PHB. The rest is utilized for cell growth and

cellular maintenance.

Table 3.2. Summary of the PHB production, yield, and productivity obtained for Bacillus

megaterium using sorghum as a carbon source.

1 Bacteria used for PHB synthesis Bacillus megaterium
2 Carbon source Sorghum juice

3 PHB (g/L) 8.4

4 Yris (9/9) 0.21

5 Productivity (g/L.h) 0.33

3.2.4 Purification and characterization of PHB

PHB granules are important storage materials of carbon and energy in many bacteria, which
permit the cells to survive in the absence of suitable carbon sources [119]. Figure 3.6 represents
the various phases involved in PHB biosynthesis. The first phase involves the growth phase,
where the cell utilizes the carbon source for cell growth. The second phase involves an
exponential phase where the bacteria utilizes the carbon source for cell growth and PHB
accumulation. The third phase is only an accumulation phase where the bacteria utilizes the

nutrients only for the biosynthesis of PHB, and there is no utilization for its growth.
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0.5 pm

Accumulation Individual PHB granule

Figure 3.6. The stages involved in the accumulation/formation of PHB granules in Bacillus

megaterium.

The extraction of PHB was performed with different solvents, in which the acetone
pretreatment followed by chloroform extraction yielded the maximum recovery of 94%, shown
in Table 3.3. The acetone is considered less toxic and acts as a degreasing agent, and helps in
cell permeability by partitioning into the water-free region of the lipid bilayer located near the
carbonyl groups of the phospholipids [120]. Thereby increasing the extraction efficiency.
Whereas the chloroform yielded less recovery due to less penetration inside the Bacillus
megaterium. The cell biomass and the effect of solvent on the release of PHB are analyzed

through FESEM imaging and are depicted in Figure 3.7.
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Table 3.3. Effect of extraction solvents on the recovery of PHB.

Extraction PHB/CDW Recovery
Extraction method )

Time (h) (9/9) (%)
Chloroform (Reflux at -70 °C) 24 0.28 46
Acetone/Chloroform (Reflux at -70 °C) 24 0.56 94
Methanol/Acetone (60 °C) 24 0 0

Methanol/Acetone (60 °C) Methanol/Acetone/Chloroform
(Reflux)

Figure 3.7. Disruption of cells after the treatment with organic solvents.

'H NMR was then carried out. The spectrum given in Figure 3.8 shows the presence of three

groups of signals characteristic of the homopolymer PHB. A doublet at 1.29 ppm is attributed

to the methyl group coupled to one proton, a doublet of quadruplet at 2.57 ppm is attributed to

a methylene group adjacent to an asymmetric carbon atom bearing a single proton, and a

multiplet at 5.27 ppm characteristic of the methyne group. 3C NMR spectrum depicts the
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chemical shifts at 169 ppm depicts the presence of -CO-, 67.8 ppm for -CH-, 40.2 for -CH>-,

and 19.9 was assigned to -CHa. Triplet at 77 ppm is due to the solvent CDCls.
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Figure 3.8. 'H NMR and *C NMR of polyhydroxybutyrate.

The IR spectra shown in Figure 3.9 revealed an intense band at 1720 cm™ associated with the

C=0 stretching, which corresponds to the characteristic ester carbonyl group of
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polyhydroxyalkanoates. At 1181 cm™ is due to asymmetric stretching vibration of the C-O-C
group. The C-H stretching at 2900 cm™ is due to the methyl and ethyl groups. The obtained
FTIR spectrum of the polymer produced by Bacillus megaterium is in good agreement with the

corresponding spectrum to the commercial PHB.

Pure

Commercial PHB

—— Choloform
Acetone/Chloroform

Biomass C=0

T T T T T T T T T T T
3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)
Figure 3.9. FT-IR spectra of Bacillus megaterium, extracted PHB, and the commercial PHB.
The microstructure, surface morphology, and chemical composition of PHB samples were
studied using field emission scanning electron microscopy coupled with energy dispersive
spectroscopy. Figure 3.10 shows the microstructure of the PHB produced from Bacillus
megaterium. Compositional analysis results in the presence of 81.2% carbon and 18.8%
oxygen. The microstructure depicts a fairly porous material with a strong tendency to form

aggregates.
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Figure 3.10. FESEM/EDX image of the PHB indicating the elemental composition.

The thermal degradation behavior of the PHB under a nitrogen atmosphere is shown in Figure
3.11. It is apparent from the curve that the PHB exhibits one-step degradation at a temperature
with a maximum degradation temperature of 253 °C. Whereas, the PHB-rich Bacillus

megaterium biomass degraded faster than pure PHB with two-step degradation due to the

presence of peptidoglycan layer [121].
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Figure 3.11. TGA and DTG curves of Bacillus megaterium and obtained PHB.
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The thermal properties of PHB were determined using differential scanning calorimetry. The

obtained DSC thermograms are shown in Figure 3.12. The melting temperature (Tm), and glass

transition temperature (Tg) decide the conditions suitable for polymer processing. The curve

obtained from the second heating depicts a melting temperature (Tm)of ~170 °C.

Crystallization temperature was observed at (Tc) at 105 °C. The glass transition temperature

(Tg) was determined at -8 °C.
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Figure 3.12. DSC thermograms of produced PHB.
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Figure 3.13. X-ray diffraction profiles of PHB extracted using different solvents and

commercial PHB.
The X-ray diffraction profiles shown in Figure 3.13 indicates the azimuthal scan of (110)
diffraction of the B-form. It shows the repeated intensity change at every 60°. The 020
diffraction of a-form indicates twin structures. Table 3.4 highlights the important properties of
the produced PHB.

Table 3.4. Characteristic properties of PHB produced from Bacillus megaterium using

sorghum juice as carbon source.

Properties PHB
Number Average Molecular Weight M, (KDa) 400

Density (g/cm?®) 1.25 to 1.45
Melting Point Tr, (°C) 170 to180
Glass Transition Temperature T4 (°C) -8t0 -10
Crystallization Temperature T¢ (°C) 87-105
Degradation Temperature (Tonset) (°C) 253
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Wettability analysis of the obtained PHB was performed against the DI water and the images
are shown in Figure 3.14. Contact angle (6) was found to be 98 + 1.5° for Pure PHB, 93 + 2°
for PHB extracted using acetone/chloroform, 84 + 1° for commercial PHB and 79 + 1.5° for
PHB extracted using chloroform. Hydrophobic property has increased due to surface
modification by solvents. The water contact angle increased for pure PHB in comparison to

PHB extracted using other solvents.

PHB/Chloroform PHB/Acetone/Chloroform

Commercial PHB PHB/Pure

Figure 3.14. The water contact angle of PHB extracted through different solvents.

The formation of spherulite is associated with the crystallization from the melt. The process is
controlled by the structure of the polymer molecule and nucleation sites. The time-lapse images
of spherulite growth for PHB were captured, and images are shown in Figure 3.15. The
formation of spherulite growth and nucleation behavior is compared with commercial PHB.
The initial image was taken at to= 0 min and then the image after every 1 min was captured to

analyze the spherulite growth. Where, nucleation was not observed at 0 min except for purified
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PHB, in which it started at 0 min. The size of the spherulites increased gradually with time in
all samples.

0 min 1min 2 min 3 min
PHB/Acetone/Chlorofogm

4 min

PHB/Chloroform

PHB/Commercial

Figure 3.15. Polarizing optical microscopy images of PHB at different time intervals (0-4 min).

3.2.5 End group analysis of PHB using MALDI-TOF-MS

The biosynthesis of PHB is well established in Bacillus megaterium. Figure 3.16 shows a
typical MALDI-TOF-MS spectrum in a positive reflector mode of PHB polymer. The
extended-spectrum from 800 to 1400 in m/z, shows a distribution of ions in singly charged
sodium adduct form. There are four sets of peaks showing a peak-to-peak mass increment of
86 m/z, which corresponds to the molecular weight of the 3HB repeating unit. Each peak of the
higher molecular ion set is larger than the corresponding peak of the lower molecular ion set
by 16 m/z. Fragments derived from the OH side of PHB are capped with an end group having
a mass number of 100 or 118 in addition 100 m/z for H20. The mass number analysis indicates
that the OH group of PHB is succinate for which one carboxyl group is bonded with the PHB

hydroxyl terminal, leaving the other carboxyl free.
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Figure 3.16. MALDI-TOF-MS spectra of PHB depicting the end group analysis.
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3.2.6 Cytotoxicity assay of PHB against BHK-21 cell lines

The PHB samples with a concentration of 0.1 g/mL were tested for their cytotoxic effects. The
results obtained for the cytotoxicity test of PHB against BHK-21 cells are shown in Figure
3.17. The results of relative cell viability (%) with respect to control show the cell adhesion
onto the surface of PHB are similar to that of the control sample, indicating the non-cytotoxic
behavior of the PHB produced using sorghum juice as a carbon source. The results show a
~30% reduction in the relative cell viability in the tested sample in comparison to the control
even after 48 h of incubation. The results with the least cytotoxicity indicate its promising

applications in the field of medicine as a drug carrier for a variety of applications.
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Figure 3.17. Cytotoxicity assay depicting the non-toxic behavior of PHB on BHK-21 cells.
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3.3 Conclusions

This work presents the PHB production by fermentation of wild-type Bacillus megaterium in
a stirred-tank bioreactor. Different fermentation strategies were tested and the experimental
results were compared with previously achieved results using shake flask cultures. Variation
in fermentation conditions has increased the production of PHB. The PHB productivity
obtained by this fed-batch fermentation strategy was 4 and 6 fold higher than in batch strategy
and shaken flask cultures. The effect of several parameters such as aeration, agitation mode,
and concentrations of carbon and nitrogen sources yield variable productivity. The
characterization of the purified PHB by DSC, FTIR, H, and *3C NMR techniques confirmed
the structure and characteristics of the biopolymer produced by Bacillus megaterium. Finally,
it was confirmed that the polymer does not induce cytotoxic effects on the BHK-21 cell culture
which is one of the features to be fulfilled for biomedical applications. Thus, the following
steps of this work will intend to scale up the production of this biopolymer to produce

microspheres for drug delivery applications.
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CHAPTER 4

Preparation of PHB Microspheres for Embolization: In vitro Study
Using PLA-Based 3D-Printed Hepatic Vascular Phantom

Graphical Overview
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The PHB microspheres were prepared by oil-in-water emulsion technique using 20 mg/mL of
PHB solution prepared in DCM with gentle heating. 1% w/v of PVA solution was prepared in
water at 95 °C for 30 min. The PHB solution was injected using a syringe into the PV A solution,
and solvent evaporation was performed with different stirring speeds resulting in microspheres
of 7-300 um in size. To check its efficacy as an embolizing agent for minimally invasive
treatments, a low-cost 3D printed PLA-based hepatic phantom costing 221 INR was developed
and evaluated for its suitability as an in vitro model for simulating the right hepatic artery.
Further, the delivery of the microspheres was tracked inline by a camera. The volume
distribution in six-channel outlets was measured with flow rates from 60 to 120 mL/min. The
delivery of the microspheres was performed with an injection rate of 20 mL/min. The
microscopic tracking revealed the embolization effect in the 0.9 mm channel and the

microsphere distribution dependent on the volume distribution.
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4.1 Introduction

Liver cancer is the sixth most common cancer and one of the leading health challenges
experienced globally, with more than one million estimated cases annually by 2025. The main
causes are obesity, radiation, alcohol, and infection [122]. Hepatocellular carcinoma (HCC) is
the common form of liver cancer caused by the Hepatitis B virus (HBV), which contributes to
~60% of the cases; other causes include the Hepatitis C virus, long-term heavy alcohol use,
and non-alcohol steatohepatitis [123]. Figure 4.1 shows the worldwide statistics of various

types of cancers and their values to the total cases

WORLD WIDE STATISTICS IN 2020

Other cancers
46%

Stomach
6%

Cervix uteri Liver
3% 5%

Figure 4.1. Worldwide statistics on various types of cancer.

The possible and available treatments are surgical interventions, including hepatic resection
and liver transplantation, image-guided ablation, radiotherapy, trans arterial therapies, and
systemic therapies. The treatment is also dependent on the tumor size, location of the tumor,
number of tumors, degree of liver function, the extent of the tumor outside the liver, and other
medical problems. The most commonly used minimally invasive treatment is embolization
therapy. Arterial embolization is a deliberate occlusion of vessels by the injection of substances
directly into an artery that blocks or reduces the blood flow to the tumor. Arterial embolization

is of two types, namely, chemoembolization and radioembolization [124]. Trans-arterial
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chemoembolization is intended for large tumors which cannot be treated with surgery or
ablation. It is a combination therapy that includes embolization and chemotherapy. Whereas
radioembolization is a combination of embolization and radiation therapy [125]. The
commonly used embolizing agents are microspheres. Commercially there are some
microspheres available which include SIR spheres (Sirtex Medical, Australia), Embospheres
(Merit Medical Systems Inc, USA), and TheraSphere™ (Boston Scientific Corporation,
Canada). However, they possess some disadvantages, such as non-degradability and side
effects from radioactive elements. To tackle the issue, there is a need to investigate alternative
materials which are bioresorbable and biocompatible without any toxic side effects.
Polyhydroxybutyrate is a biocompatible and bioresorbable material, also a key player in
biomedical applications. It is an intracellular macromolecule receiving scientific attention due
to its biocompatibility, and material intrinsic properties with predictable degradation rates
[126]. The current chapter explores the fabrication of PHB microspheres as embolizing agents
and the fabrication of a 3D-printed PLA-based hepatic model to mimic the dimensions of the
right hepatic artery. The objective of the present study is to investigate the material density,
flow, viscosity effects, and flow of simulated body fluid on the distribution of microspheres
within an in vitro vascular flow model, designed by 3D printing to simulate flow conditions of

hepatic arteries.

4.2 Results and discussion

4.2.1 Effect of stirring speed and preparation methodology on size and morphology
of microspheres

PHB microspheres prepared by solvent evaporation technique using method I at a stirring speed
of 300, and 600 rpm yielded microspheres with an average diameter (D) 305 £+ 62 um and 44

+ 32 um, respectively. The surface morphology of these microspheres was evaluated using
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field emission scanning electron microscopy. The obtained microspheres are spherical without
any distortion/defective surfaces. The surface of microspheres obtained at 300 rpm possess
small particles on the surface, whereas the microspheres obtained at 600 rpm possess a clear
surface without any aggregated particles on the surface. The preparation method Il yielded
microspheres with an average diameter of ~7.6 £ 2.5 um consisting of millions of aggregated
nanospheres. Hence the method of preparation and the stirring speed are key parameters to be

considered while preparing the microspheres with tunable sizes. FESEM images of the

obtained microspheres are depicted in Figure 4.2.
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Figure 4.2. FESEM images of produced microspheres and size distribution.
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4.2.2. Comparison of properties with commercially available microspheres

To evaluate the applicability of the prepared microspheres, it is compared with the properties
of commercially available microspheres and is tabulated in table 4.1. The SIR microspheres
produced by Sirtex Medicals are currently used for the treatment of hepatic tumors. However,
it exhibits side effects such as radiation hepatitis, and chills due to the radioactive element Y.

TheraSpheres™ is glass microspheres produced by Boston scientific, and are primarily used
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for the treatment of unresectable primary and secondary tumors. In addition to its uses, it poses
serious side effects including the radiation effects and its retention at the target delivery site
after the treatment [127]. Thus the produced PHB microspheres could be possible alternatives
for cancer treatments. PHB microspheres produced in the current study are having a diameter
of 44 um and a density of 1.2 g/cm?®which is preferable to avoid retention in the catheter while

delivery.

4.2.3. Distribution of microspheres in the hepatic model

The delivery of microspheres was carried out using the developed laboratory setup. The
developed hepatic vasculature was subjected to the pulsing blood mimicking body fluid and
mixing conditions of the right hepatic artery. However, the investigations on drug release

kinetics and drug efficacy with PHB as carrier will be of future scope.

i

Neat PHB microspheres Fluorescent microspheres

Microspheres distribution Embolization in channel
at junction

Figure 4.3. Distribution of microspheres in 3D printed PLA-based hepatic vascular phantom,

images showing the distribution in channels and junctions.
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The pressure was generated at the inlet of the vasculature with a 4 mm channel. The
microsphere delivery at 20 mL/min [92] yielded an equal volumetric distribution of the
microspheres. The size equal to the diameter of the arteries embolized the channels and it is
shown in Figure 1.3. The figure also provides the microscopic images of the neat and

fluorescent PHB microspheres and their flow.

@) Channel 1
BN Channel 2
- B Channel 3
B= Channel 4 I
Il channel 5
Il Channel 6

Distribution Volume (mL)

60 70 80 90 100 110 120
Flow Rate (mL/min) meantSD, n=5

Figure 4.4. Distribution of volume in six outlet channels of the hepatic phantom.

The experiments were performed to analyze the volumetric flow of the body mimicking fluid
through the channels of the hepatic phantom with a flow rate ranging from 60 to 120 mL/min
to maintain similar to the systolic and diastolic pressure of humans. The flow rate was
mentioned using a peristaltic pump at a nominal rate of 120 mL/min, chosen to be quite

approximately that of the right hepatic artery. Whereas the study at 60 120 mL/min is suitable

for the patient in sedated condition.
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Table 4.1. A comparison study on the various microspheres used in the drug delivery

Microspheres Composition Drug used Properties  Application/tumor size Side effects Reference
SIR spheres )
] Propriatory polymer D=32 um o o
Sirtex ) _ _ _ Radiation hepatitis,
_ cross linked with v, Density=1.6 Hepatic tumor _ [128], [129]
Medical, fever, chills
_ polystyrene glem®
Australia
TheraSphere™ _
. Glass spheres stay in
Boston D=32 pum Unresectable primary and Ye!
the liver
Scientific Glass microspheres 0y Density=3.3 secondary metastatic liver [127]
) ) permanently, and
Corporation, g/cm?® cancer, Tumor size: 1-8 cm —
radiation effects

Canada

Neat, 5-

FU, D=44 pm In vitro delivery through a ]
PHB ) ) ) ) No residue due to Present

_ PHB Fluorescent Density=1.2 right hepatic artery using a ) N

microspheres ) _ biodegradability study

(possible g/cm? PLA-based 3D printed model

drugs)
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4.2.4. Wettability analysis of the 3D printed PLA-based hepatic phantom

The surface roughness and the chemical composition of the model play a key role in
microsphere delivery. Here the efficacy of the in vitro model is also important to decide the
actual flow conditions in the hepatic arteries. The wettability of the developed model is checked
against three different fluids such as water, simulating body fluid, and the carrier fluid shown
in Figure 4.5. It was observed from the study that the contact angle for water was found to be
83 + 3°, whereas it was not 77 £ 2° for SBF and the carrier fluids, which is due to the viscosity
and wetting behavior of the fluids. However, it was observed that after 15 min the wettability
is found to be similar for all the samples, and that is due to the 3D printing design, which creates

nanochannels, through which blood can easily flow.
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Figure 4.5. Channel wettability of the 3D-printed hepatic vascular phantom

Moving forward, the cost of the 3D-printed hepatic phantom was calculated and it was found
to be 221.5 INR when compared to other comparative models. Thus the developed model and

the microspheres are promising candidates with beneficial properties
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Table 4.2. Cost estimation of the developed PLA based 3D printed hepatic vascular phantom.

3D Printed _ ) Material & Cost Print Time Total cost/model

3D-printer Design Software Reference
Phantom (INR) (h) (INR)

_ Vascular Modeling
3D-printed )
) ) Stratasys Eden Toolkit (VMTK) FullCure 930

abdominal aortic ) 13 19, 886

260 printer Autodesk TangoPlus [130]
aneurysm )

MeshMixer
Formfutura PVA
Patient-specific Delta Wasp 2040 ) 1.75 mm=3516.46
] 3D slicer N/A 5039.46 [131]
aortic arch Turbo 2 Ecoflex™ 00-30
silicon=1523
Creality CR 10
_ PLA=96
) ) (Power Autodesk® Fusion

Right hepatic ] Epoxy=12.3 207.75 Current

consumption=350 360 ) 6.25
artery Tubing=96.12 +13.4=221.15 work

W*6.25h)=13.45
INR

Ultimaker Cura 4.3

Polyester film=3.33
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4.3 Conclusions

The PHB obtained from Bacillus megaterium produced using sorghum juice could be used for
the preparation of microspheres of variable sizes. The morphology and size of the microspheres
are tunable for desired applications. The current study demonstrated that the PHB microspheres
obtained using the solvent evaporation technique are suitable for embolization of the hepatic
arteries with a diameter of 0.9 mm. It has also explored the novel method of design and
development of 3D-printed PLA-based hepatic models for in vitro drug delivery studies. PHB
microspheres demonstrated a similar distribution within a range of clinically relevant arterial
flow conditions with a viscosity of 4.40 + 0.5 cP mimicking the viscosity of blood. It was also
important to notice that the density of the microsphere does not have a significant role in the

distribution of the microspheres in the arteries.

TH-3077_166107103 89



CHAPTER 5

Biosynthesis of Prodigiosin from Serratia nematodiphila for the

Synthesis of Poly(lactic acid)

Graphical Overview

River wa“ ' ' ﬂ{

Prodigiosin indicator

*
-IIIIIIIIIIIIIII-"

=  MALDI-TOF-MS ‘3 Prodigiosin
.IIIIIIIIIIIIIIIII.‘

. OH OH O
T Y OH
OH OH

Downregulation

s 0.
ARt sllgnalllng . . Antibacterial
molecuie D-gluconic acid activity

Serratia nematodiphila CoE-SusPol1

The production of a secondary metabolite prodigiosin is explored in red-pigmented bacteria
Serratia nematodiphila CoE-SusPoll isolated from river water. The characterization of
bacteria reveals the swarming behavior, cephalothin resistance, and prodigiosin synthesis. The
biosynthesis of prodigiosin is found to be substrate-specific, which upregulates in the presence
of peptone to yield the prodigiosin and downregulates in the presence of glucose to yield D-
gluconic acid. The role of AHL in the synthesis of prodigiosin is proposed based on metabolite

identification using MALDI-TOF-MS.

Publication:

e Chethana Mudenur, Amit Kumar and Vimal Katiyar, Acyl-homoserine lactone
mediated prodigiosin produced from Serratia nematodiphila as an antibacterial wound

healing indicator, Advanced Biomaterials (Under review)
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The strain yielded a prodigiosin of ~0.37 £ 0.04 g/g of cell biomass at optimum conditions with
a molecular mass of (m/z) 323.6 Da, and a characteristic absorption wavelength Amax of 535
nm. Further, the antibacterial activity of prodigiosin against Staphylococcus aureus and its non-
cytotoxicity results on baby hamster kidney fibroblast cells (BHK-21) support its
biocompatibility without any side effects. These properties in addition to the pH-sensitive

color-changing behavior are the key elements to exploring prodigiosin as a promising indicator.

5.1 Introduction

Rivers are the reservoirs of various microorganisms, and these microbes produce various
primary and secondary metabolites, including antibiotics, pigments, etc. Natural pigments are
obtained from various sources such as plants, fungi, and bacteria. Prodigiosin is a tripyrrole
and a small organic molecule synthesized by some genera of Serratia marcescens [132],
Pseudomonas rubra [133], Streptomyces griseoviridis [134], Serratia liquefaciens, etc. [135].
Serratia sp. is a Gram-negative and widely studied organism for the production of prodigiosin
and the removal of nitrogen [136]. Prodigiosin is an excellent candidate with exceptional
medicinal properties such as antiviral, antibacterial, antimalarial, and anticancer properties
[137], with negligible or no cytotoxic effects on normal cells [138]. Some studies have
suggested that solid-state fermentation yield more prodigiosin in Serratia marcescens due to
its high nutrient concentrations and easy availability of substrates [139].

The gene expression, synthesis of signaling molecules (auto-inducers), and metabolite
production in these bacteria is dependent on cell density. The Gram-negative bacteria use N-
acyl-homoserine lactone (AHL) as a communication system [140]. These are the quorum-
sensing molecules responsible for intracellular and intercellular bacterial communication

[141]. The quorum sensing in this bacteria is regulated by an autoinducer synthase (LuxI) that
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is accountable for the generation of AHL signaling molecules with the help of acyl carrier
protein [142].

The current investigation aims to isolate, identify, and evaluate the properties exhibited by
Serratia nematodiphila, and the mechanism of surface motility behavior associated with
antibiotic resistance. Further, a systematic assessment has been made on the effect of media
components and possible intermediate biochemicals responsible for the regulation of
prodigiosin synthesis in bacteria. Here the metabolic products and byproducts have been
identified by MALDI-TOF-MS to understand the regulatory mechanism of prodigiosin

biosynthesis. Further, the produced prodigiosin is explored for its application as a pH Indicator

5.2 Results and discussion

5.2.1 Isolation of prodigiosin producing bacteria from river water and its

characterization

The complete process from strain isolation to extraction of the prodigiosin is depicted in Figure
5.1. The Gram-negative pigment-producing bacterium was isolated from the river water,
cultured, and maintained on the nutrient agar media. The detailed method is explained in the
methods section. The result obtained from 16S rRNA partial sequencing and phylogenetic
analysis shown in Figure 5.2 confirmed that the strain is 99% homology with Serratia
nematodiphila. The partial genome sequence of the strain is submitted to GenBank and is
available from the National Center for Biotechnology Information (NCBI) with GenBank
accession number MK968767. The obtained strain has been assigned as the Serratia
nematodiphila CoE-SusPoll throughout.

Further, to evaluate such behavior, the antibiotic susceptibility test was performed to check its
sensitivity to antibiotics. Bacterial response against five antibiotics Figure. 5.2 (B) and the

inhibition pattern and the zone of inhibition of S. nematodiphila showed susceptibility to
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gentamicin, tetracycline, and amikacin. In contrast, it is resistant to cephalothin without any
zone of inhibition. However, cephalothin is a first-generation cephalosporin that consists of a
B-lactam ring, reported to be least effective on Gram-negative bacteria capable of producing

the B-lactamase that degrades B-lactam ring of cephalothin to make it ineffective [143], [144].

(A) Isolation and prodigiosin production from Serratia nematodiphila CoE-SusPol1

Serratia nematodiphila
Isolation from river water Mixed culture Solid state fermentation CoE-SusPol1

Ethanol
recovery
95%

Column - B
Ethanol extraction Evaporation chromatography Prodigiosin
(B) Extraction and purification of prodigiosin >

Figure 5.1. (A) Pictorial representation of the process of isolation to prodigiosin production on
a solid-state media and (B) Extraction of prodigiosin using ethanol, followed by

concentration and purification using column chromatography.

It is observed that no morphological changes in the case of antibiotic resistance, which might
be due to the less affinity of penicillin-binding proteins. Whereas bacteriostatic effect and cell
damage are observed in case of susceptibility due to the disruption in the synthesis of the
peptidoglycan layer leading to cell death at the center. Further, based on the studied antibiotics,
the multiple antibiotic resistance (MAR) index obtained is 0.2. MAR greater than 0.2 indicates
an increase in the risk factor of pathogenicity [145]. However, results indicated that S.

nematodiphila is less antibiotic-resistant compared to Serratia marcescens, which exhibits
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resistance to various antibiotics, including ampicillin, tetracycline, and cephalothin, posing a
high risk of pathogenicity [146]. This characteristic susceptibility of S. nematodiphila is
pragmatic to be considered as a low-risk strain for subsequent work for the production of
prodigiosin.
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Figure 5.2. (A) Evolutionary relationship of taxa (Neighbor-joining method and (B) Antibiotic
susceptibility and inhibition pattern of Serratia nematodiphila CoE-SusPoll
against gentamicin (GEN), tetracycline (TE), amikacin (AK) chloramphenicol (C),

and cephalothin (CEP) (mean £ SD, n=3).
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5.2.2 Effect of media components on the prodigiosin synthesis from Serratia

nematodiphila CoE-SusPoll

Bacteria need specific nutrient composition for their growth, maintenance, and product
formation. Here peptone, glucose, yeast extract, and sodium chloride have been evaluated in
different combinations for efficient growth and prodigiosin biosynthesis on solid-state
fermentation with agar as a solidifying agent (Figure. 5.3). The maximum prodigiosin obtained
is found to be ~0.37 £ 0.04 g/g of cell biomass (DCW) using peptone with a pH value from 7-
7.5 at 30 °C, and 48 h of the incubation period. The results obtained are relatively higher than
Serratia marcescens, yielding ~1.2 + 0.3 mg/g DWC [147], 8 g/L using brown sugar [148] and
S. nematodiphila yielding 0.46 mg/mL of broth with lactose as a nutrient [149]. It is observed
that the strain is capable of converting peptone to prodigiosin with a high titer of 4 g/L of
peptone alone, yielding the prodigiosin of ~0.37 g/g of biomass which may be due to the
presence of inherent protease activity. Further, to check the effect of other nutrients, the
individual components were studied with optimum concentration of peptone. It was found from
the study that glucose concentration beyond 2 g/L inhibited the prodigiosin, whereas the
sodium chloride did not show any effect. The response obtained for yeast extract was
increasing; however, it has a negative effect on the yield in comparison to peptone alone. Such
an interesting behavior triggered to explore more on the mechanism of synthesis of byproducts
and their interference in the process of upregulation and downregulation of the prodigiosin

synthesis.
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Figure 5.3. Effect of media components peptone, peptone+glucose, and peptone+sodium

chloride on the production of prodigiosin (mean + SD, n=3).

5.2.3 Determination of inducer molecules responsible for prodigiosin synthesis
using MALDI-TOF-MS

There is an increasing trend observed in the absence of glucose and decreasing trend (Figure.
5.4) observed in the presence of glucose, and at 8 g/L of glucose, strain lost capacity to produce
prodigiosin. Further, this behavior is investigated to determine the molecule responsible for it.
The molecules responsible for such a behavior is N-Acyl homoserine lactones (AHLS). These
are chemical signaling molecules or autoinducers produced in the presence of AHL synthase
and used by the bacteria as a secret ballot to show their numerical strength for the production
of secondary metabolite prodigiosin. Various bacterial strains produce AHLs with variable acyl

chains having a length of C4-C14 with a C3 position as an oxidation point. The type of AHL
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responsible for the synthesis of prodigiosin in Serratia nematodiphila is assessed by the mass

spectra obtained by MALDI-TOF-MS analysis. Some intracellular reactions lead to the

formation of homoserine lactone (C4H7NO2), N-butyryl-L-homoserine lactone (CgH13NO3)

(C4-AHL), and the peak can be seen at m/z of 171 [M], and the peak at 201.3 [M+H"]

represents the N-hexanoyl-.-homoserine lactone (CioH17NO3) (C4-AHL). When these

autoinducer molecules reach the minimal threshold concentration, bacteria detect these signals

to alter their gene expression to initiate the synthetic process for prodigiosin production.

5.2.4 AHL-mediated prodigiosin synthesis in Serratia nematodiphila CoE-SusPol1l

The role of AHL in the synthesis of prodigiosin is significant in the current study. Some studies

have shown that the synthesis of prodigiosin, formation of the bacterial biofilm, and their

swarming motility are regulated by the AHL-mediated signaling in Serratia marcescens [150].

4.0x10°

Intensity (a.u)

0.0

102
84.2

C4-AHL
o
)k [\
A N"_-meo C6-AHL
HA | 0o o
Homoserine 171 L
lactone )
\ 201.3
e
HoN~ \n/
o]

2 Upregulation
137.1

40 60 80 100

R

,
Peptone g

Glucose ~

~
~

Sa

HO 0._.0

HO™ "0
OH

D-glucose

70.2
L

123.2 L
J “ALL:. nlml i ".”‘L LL](I li :

f 1
120 140 160 180 200 220

m/z

H INOAHL Ho~O~°
—HO" OH == === ==
H Downregulation -

OH

D-glucono-1,5-lactone

6.0x10° 4

_____________ o o

310

320

330 340
miz

350

5.0x10°

Intensity (a.u)

- -

D-gluconic acid
OH OH O
Ho A _~ Mgy,
OH OH
[C,H 0 +H]'
197.3

F|

T
180

T
185

T T T
190 195 200
miz

Figure 5.4. Upregulation and downregulation of prodigiosin in the presence and absence of

AHL.
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In the current study, the presence of signaling molecules such as C4-AHL, and C6-AHL
upregulated the synthesis of prodigiosin in Serratia nematodiphila CoE-SusPoll (Figure. 5.4)
when peptone is present as a substrate in the production media. The bacteria sense these signal

molecules and trigger the prodigiosin synthesis as a secondary metabolite.

5.2.5 Downregulation of prodigiosin in the presence of glucose

The process of the downregulation of the bioactive prodigiosin takes place with glucose
enrichment. Previous studies have suggested that the quinoprotein glucose dehydrogenase is
responsible for the downregulation of prodigiosin synthesis [151]. In the current study, the
absence of AHLs induces the formation of an inhibitory product D-gluconic acid in the medium
and is identified by MALDI-TOF-MS (Figure. 5.4) with a prominent monotonic peak at m/z
of 197.3 corresponding to C¢H1207 [M+H*]. This downregulation effect leads to the inhibition

of prodigiosin in the growth medium.

5.2.6 Characterization of the prodigiosin

The produced prodigiosin is characterized using the FTIR and is shown in Figure. 5.5 (A). The
spectra at 2925 cm™ and 1254 cm™ correspond to the methylene (-CH,) and aromatic (-CH)
functionality, the peal at 1566 cm™ is due to conjugated aromatic C=C bonds. The pyrrole ring
is confirmed by the presence of the amine N-H stretch at 3448 cm™. The peaks corresponding
to 2925 cm™* and 2852 cm™ are due to the methyl groups (C-O-CHs) of prodigiosin. The bands
between 1133-1020 cm™ confirmed the attachment of (-C-O-C-)-O-CHs to the aromatic
pyrrole. The peaks at 1410 cm™ and 1125 cm™ correspond to (C-O) and (C-N), respectively
[152]. The structure of prodigiosin is further confirmed by *H NMR spectroscopy as shown in
Figure. 5.5 (B) (600 MHz, CDClz3); the peaks at 6 ppm 0.09 (s, 9 H) 0.04 - 0.12 (m, 3 H) 0.84
-0.92(m,2H)1.27 (br.s.,4H) 1.25-1.33 (m, 3H) 1.68 - 1.76 (m, 2 H), and the characteristic

N-H peak was found at 4.68 (s, 1 H) and 4.90 (s, 1 H), this data along with the resultant
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monoisotopic peak of MALDI-TOF mass spectra (Figure. 5.4) with a molecular weight of
323.6 Da [M+H], (C20H25N30) confirmed the prodigiosin molecule.

Further, Figure 5.5 depicts the UV-Vis spectral analysis of prodigiosin with a characteristic
absorption peak in the visible region at 535 nm; however, the variation in pH (1-14) leads to
the peak shifting towards the UV region, which can be seen along with a gradual change in
color from dark pink to dark yellow, while retaining the orange color at neutral pH. Such an
effect is mainly due to the protonation effect of prodigiosin (Table 5.1). A similar trend is

observed with the bacteria (pink to pale yellow) by changing ion concentration.
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Figure 5.5. (A) FTIR spectrum of the prodigiosin; (B) *H NMR (CDCls, 600 MHz) spectrum
of prodigiosin; (C) UV-Vis spectra showing the effect of pH on prodigiosin and

(D) The characteristic absorption peak of prodigiosin at 535 nm.

5.2.7 Prodigiosin-loaded gel as a pH indicator
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The antimicrobial property of the prodigiosin (5 pg/mL) against Staphylococcus aureus is
depicted in Figure. 5. 6 (A). This indicates that the prodigiosin is antibacterial, exhibiting a
diameter of the zone of inhibition of ~20.7 £ 1.2 mm, it showed slightly less activity compared
to cephalothin and gentamicin, though it is comparable to amikacin of ~20 = 0.06 mm. Such
an antibacterial property is due to the intracellular leakage of the cellular materials such as
amino acids and potassium ions of pathogenic strains [153].
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Figure 5.6. (A) Antibacterial activity of prodigiosin represented as the zone of inhibition

against Staphylococcus aureus; (B) Graph of % cell viability after 48 h of
incubation with various concentrations of prodigiosin (mean + SD) indicating the
non-toxic nature of prodigiosin and (C) Pictorial representation of the application

of prodigiosin as an antibacterial, non-toxic pH indicator.

Further, the prodigiosin is evaluated for its cytotoxic effects on the BHK-21 cells with

concentrations ranging from 0.25-2 mg/mL (Figure. 5. 6 (B)). Fibroblasts like BHK-21
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adherent cell lines, and are widely used to study the cytotoxicity and cell adhesion on polymer
products. Also play an important role in an immune response to a tissue injury. It was found
that the prodigiosin is non-cytotoxic, in which the cell viability is directly proportional to the
prodigiosin concentration in healthy cell lines. At 1 mg/mL the cell viability is the same as that
of the control, above which the prodigiosin promotes the cell growth, and it has been increased
to ~120%. This effect is supported by some previous studies, where the prodigiosin showed a
cytotoxic effect against the malignant cells, while it is relatively less toxic on non-cancerous
cells [154].

Table 5.1. Color properties of prodigiosin at acidic, alkaline, and neutral pH.

pH L* a* b* AE c* H
Alkaline 89.4 13.9 92.7 56.1 54.5 75.2
Neutral 77.9 46.4 13.2 53.9 48.3 15.8
Acidic 76.6 50.7 -1.8 56.7 50.8 357.8

The healing process of the acute or chronic wound progresses in an order of alkaline to neutral
state when healing begins and proceeds towards the acidic state on complete healing. Here the
prodigiosin exhibits yellow color in chronic wound conditions, an orange color in neutral pH,
indicating the onset of the wound healing process, and pink color in the acidic pH indicating
the healed skin. Thus it could be an effective wound-healing indicator with antibacterial and
non-cytotoxic properties Figure. 5. 6 (C).

Prodigiosin is also compatible with various cellulosic materials as well as gels. The
prodigiosin-containing gel was evaluated for its indicator effect with phosphate buffer with
alkaline, neutral and acidic pH to mimic the biological fluid. The results obtained are shown in
Figure. 5. 6. This characteristic color property of prodigiosin in ethanol solution is quantified
at different pH. Indicating the dark colors with rose, orange, and yellow color coordinates with
pH acidic, neutral, and alkaline, respectively. The color change was observed with a change in

pH. Indicating the applicability of prodigiosin in various other biomedical applications.
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5.3 Conclusions

The isolated strain Serratia nematodiphila CoE-SusPoll exhibited swarming motility along
with a capacity to initiate the C4-AHL and C6-AHL autoinducer-mediated prodigiosin
synthesis. However, the absence of such molecules downregulated the prodigiosin synthesis in
the presence of glucose by the formation of inhibitory products. The MALDI-TOF-MS is a
potential tool used in the identification of products and byproducts. The obtained prodigiosin,
after extraction and purification, possesses excellent antibacterial and non-cytotoxic properties

with pH-sensitive color-changing behavior.
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CHAPTER 6

Synthesis of Metal-Free Poly(lactic acid) (PLA) using Prodigiosin

as a Catalyst

Graphical Overview
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The present study demonstrates the use of prodigiosin (PG) extracted from Serratia
nematodiphila CoE-SusPol1 isolated from wastewater as a metal-free organic catalyst for ring-
opening polymerization (ROP) of L-lactide to produce a metal-free poly(lactic acid) (PLA).
Prodigiosin is a tripyrrole small organic molecule synthesized by bacteria with a molecular
mass (m/z) of 323.6. The ROP of L-lactide was performed in the presence of benzyl alcohol as
a nucleophile and PG as a catalyst. The effect of catalyst concentration in polymerization was
evaluated to produce the PLA with a targeted molecular weight (My) of 5000 Da at the lactide

to PG molar ratio of 2500, which will be useful for drug delivery applications.

Patent:

e Vimal Katiyar, Chethana Mudenur, and Amit Kumar. Metal-free prodigiosin catalyst

for lactide polymerization. Indian Patent No (Granted): 419571
Publication:

e Chethana Mudenur, Doli Hazarika, Amit Kumar, and Vimal Katiyar, Ring-opening
Polymerization of L-lactide using Metal-free Bacterial Prodigiosin, ACS Organic

Letters (Under Review)
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Further, the synthesized polymer was analyzed by MALDI-TOF-MS, IR, and NMR to access
the reacting species involved in the polymerization. Accordingly, the mechanism of PG-based
polymerization has been proposed. Further, the synthesized PLA has been assessed for its
thermal properties and elemental composition. The cytotoxicity test performed on baby
hamster kidney fibroblast cells (BHK-21) confirmed the non-toxicity of the developed PLA,

which renders it a potential biomaterial for drug carrier applications.

6.1 Introduction

Wide varieties of biodegradable polymers are currently in use for applications including
medicine, pharma, drug delivery, and internal fixation devices, out of which the poly(lactic
acid) PLA has received keen attention for its use in bioresorbable products and controlled drug
delivery systems due to its biocompatibility and bioresorbable property [155], [66]. PLA is a
bio-based aliphatic polymer produced by the condensation polymerization of lactic acid [64]
and the ring-opening polymerization (ROP) of cyclic lactide [65]. These are the lactone-based
polymers, which polymerize on heating in the presence of catalysts or initiators, and a wide
range of metallic and organometallic catalysts have been explored to date for the ROP of
lactide. These comprise the compounds of alkoxides, oxides, carboxylates, tin, zinc aluminum,
etc. Tin(Il) 2-ethyl hexanoate is the most widely used catalyst in the ROP of lactide. Despite
its high activity with less reaction time, removing a tin component from the produced product
is practically impossible, which leads to a toxic end product [66]. This is the foremost concern
that limits its applications in the field of medicine and implant fixation devices. Therefore,
there is a need to develop environment-friendly processes and products to tackle such
challenging issues. In the current scenario, extensive research has been focused on finding
alternative catalysts devoid of heavy metal compounds. Organic catalysts are such promising

candidates which could substitute the existing catalysts in an eco-friendly approach.
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Organocatalysis is an emerging and environmentally friendly process, and organic catalysts are
the potent alternatives for many transition metal catalysts and organometallic catalysts [156]
[157]. The organocatalysts are the powerful small organic molecules used to accelerate the
chemical transformations in substoichiometric quantities in addition to controlling the
selectivity of the reaction of interest [158]. Organic catalysis involves the development of
chemical reactions under metal-free conditions with high catalyst stability and robustness
without any toxic metals in the produced products [159]. The first investigation on the use of
4-dimethylaminopyridine (DMAP) for ROP of lactide and lactones in the presence of alcohol
initiators [160], [161] has encouraged the exploration of more organic catalysts for lactone-
based monomers. Indeed, the progress in this field of research has many advantages for metal-
based catalysts. Following the DMAP, other organic catalysts were investigated to catalyze the
ROP, out of which the N-heterocyclic molecules such as 4-pyrrolidono-pyridine (PDP), 2-
methyl-pyridine,  pyridine,  pyrrole, and imidazole [162], 1-isopropyl-3(4-
methoxyphenyl)imidazole-2-carbene [163], acyclic guanidines [164], amino-oxazoline,
amino-thiazoline [165] are prominent molecules capable of catalyzing the polymerization
reactions. MacMillan catalysts and proline are some other organocatalysts known as universal
organic catalysts because of their effectiveness to catalyze a wide range of practical
explorations [166]. These are enantioselective, asymmetric imidazolidinone-based
organocatalysts used in the fluorination, chlorination, and aldol reactions [167]. The
advantages of catalyzing the reaction in metal-free conditions include the insensitive nature to
oxygen and moisture, dealing with robust and stable catalysts, and obtaining the final products

free of toxic metal leachates [168].

Here the alternative organic molecule from bacteria, such as prodigiosin, is investigated for the
synthesis of PLA. Prodigiosin is a red pigment primarily characterized by its tripyrrole

structure [169]. Prodigiosin is the class of N-heterocyclic organic molecules and a bioactive
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secondary metabolite that exhibit numerous biological activities such as antimalarial [170],
antibiotic [171], double-stranded DNA cleavage [172], anticancer [173], and
immunosuppressive property [174]. The microorganisms produce assorted pigments and are
promising sources of organic pigments. The key microorganisms which produce prodigiosin
are Serratia marcescens [175], Vibrio psychroerythrus [176], Streptomyces coelicolor [177],
Alteromonas rubra [178] Pseudomonas putida [179], etc. It demonstrates potent cytotoxic
activity against human cancer cell lines with negligible or no cytotoxic effects on normal cells
[180]. It consists of tripyrrole rings with a molecular formula of C2oH2sN3O [181]. This
tripyrrole species is a parent compound for synthetic analogs such as prodigiosenes having
diverse biological activity profiles [182]. It has an architype scaffold with tripyrrole moiety

which is bridged by the methylene group similar to the heme-group of the blood [183].

The current work demonstrates the development of the nontoxic and metal-free PLA by
utilizing the bacterial secondary metabolite prodigiosin as a catalyst. The investigation focused
on the development of prodigiosin incorporated PLA. Subsequently characterizing the obtained
PLA having a wide range of molecular weights using various characterization techniques such
as MALDI-TOF-MS, NMR, and IR to determine the reactive species responsible for the
polymerization reaction and determination of the molecular weight of the polymer using gel
permeation chromatography. To establish a synthetic approach, the current work adopted the
process of ring-opening polymerization, which is used ubiquitously for the development of
poly(lactic acid). It is also expected that the lactide monomers could be converted to polymers,
which bear various end groups depending on the catalysts used in the process. It also
demonstrated the synthetic applicability of bacterial metabolites in the field of sustainable

polymers.
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6.2 Results and discussion

6.2.1 Effect of PG concentration on the ROP of L-lactide

The variation in Mn, My, and PDI with the variation in the [L]/[PG] ratio is shown (Figure 6.1).
The behavior of the PG was examined during the bulk ROP of L-lactide in the presence of
BnOH as a chain transfer agent. The number average molecular weight increased with an
increase in the [L]/[PG] ratio up to the optimum dose. Further, a decreasing trend is observed.
The same trend could be observed with the ROP of lactone-based monomer using N-
heterocyclic carbene (NHC)-adducts with SnClz, Sn(OAc)2, AlICI3 as catalysts [184]. With an
increase in the ratio, the molecular weight increased and reached to maximum M, of 5000 Da
at a molar ratio of [L]/[PG]=2500, indicating the optimized performance of the PG as an
organocatalyst. Beyond this ratio, the molecular weight gradually decreased. The behavior of
the PG was examined during the bulk ROP of L-lactide in the presence of benzyl alcohol as a
chain transfer agent. Low molecular weight polymers <10000 Da are used in cancer treatment
which helps in the plasma clearance to penetrate the drug deeper at the targeted tumor site

[185].
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Figure 6.1 Graphical representation of the effect of [L]/[PG] concentration on Mn, My, and
PDI at 180 °C for 12 h.

6.2.2 Determination of the reacting species involved in the ring-opening

polymerization of L-lactide

The MALDI-TOF-MS analysis was performed for prodigiosin, and the obtained mass spectra
are depicted (Figure 6.2A). The intense peak at m/z of 323.6 confirmed the molecular mass of
prodigiosin bearing a molecular formula of C20H2sN3O. The prodigiosin is from Serratia

nematodiphila. This exhibits a maximum absorbance wavelength of 535 nm.
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Figure 6.2. (A) MALDI-TOF mass spectra of the bacterial prodigiosin and (B) MALDI-TOF-
MS analysis of PLA obtained at a ratio of [L]/[1]=2500 at 180 °C for 12 h. The

peaks A, B, C, and D satisfy the equations I, 11, 11, IV.

The MALDI-TOF mass spectra of the PLA synthesized by PG+BnOH initiated bulk ring-
opening polymerization are depicted by the mass spectra (Figure 6.2B), and the portion of the
spectra is enlarged and represented below to calculate the mass of each repeating unit. The
MALDI-TOF-MS data is corroborated by NMR to find the reacting species involved during
the ROP. The plausible end groups of the PLA samples obtained in the current study are

indicated by the equations below.
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MA=72X4+M _(23) oo, ()

M® = 72X+ Mg (108) + M| (D) oo, (ID)
M = 72X +Mpg (323) + M (23) covveerinnnn. (1)
MP =72X+M [ (D) ceeeermnneeeeeiiiieee, (Iv)

Where, MB and M are the masses of linear PLA, bearing BnOH and PG as end groups with
hydrogen and sodium adduct ions. M” and MP are the masses of the ring or cyclic form of PLA
with sodium and hydrogen adduct ions, and x is the number of lactyl repeat units, each having

a molecular weight of 72.

The spectra showed four series of peaks exhibiting an interval with a mass-to-charge ratio m/z
of 72 corresponding to the lactyl repeating units. The four distinct peaks molecular weights are
assigned as A, B, C, and D. The peaks A and D indicate the formation of the macrocyclic chain
with even and odd values of x, respectively, bearing the Na* and H* adduct ions without PG or
BnOH. This effect may be due to the backbiting of the propagating ions; the same effect was
reported in a reaction catalyzed by the 4-pyrrolidino-pyridine [70], or due to the intramolecular
trans-esterification reactions occurring during the polymerization reactions [186]. Indicating
the function of benzyl alcohol as a chain transfer agent during the polymerization reaction.
PLA synthesized by PG+BnOH contains diverse types of PLA chains. The masses of which
are represented by equations I, 11, and Il1. These equations are validated with four distinct peak
envelopes, A, B, C, and D. Where C confirms the growth of the PLA chain with one prodigiosin

terminal group and B with BnOH as a terminal group.
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6.2.3 Determination of the functional groups of PLA synthesized using prodigiosin

The 3C NMR spectra of the produced PLA (Figure 6.3) are represented, and the peak at ~68
ppm corresponds to the -CH> of BnOH attaching to PLA. Methyl carbon at 16.7 ppm, methyne
carbon at 69.1 ppm, and carbonyl carbon at 170 ppm. This indicates the chain transfer to the
BnOH by the growing chain occurs efficiently, which leads to the formation of a linear chain
of PLA with alcohol terminated and a PG terminated chain. Such structures are correlated with

the results obtained by the MALDI-TOF mass spectra.
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Figure 6.3. 13C NMR spectrum of PLA in chloroform-d synthesized using PG+BnOH with

[L)/[PG] ratio of 2500 at 180 °C with a reaction time of 12 h.
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6.2.4 Plausible polymerization mechanism

The stability of the prodigiosin has been analyzed first to determine the possibility of the direct
participation of the prodigiosin molecule in the polymerization reaction. The degradation
temperature of the prodigiosin indicated that it does not undergo a significant mass change at
the temperature suitable for polymerization. Further, the reaction was carried out in the
presence of PG+BnOH, and the individual reactions involving the BnOH and PG were
unsuccessful, which yields the PLA with very few repeating units. Therefore, the presence of
both the PG and BnOH is necessary for the polymerization reaction to produce the PLA with

a considerable chain length.

The proposed ROP reaction is depicted (Figure 6.4). The L-lactide first reacts with PG to form

product A shown in the reaction mechanism.

Benzyl Alcohol

)O\IJ;K Prodigiosin

Figure 6.4. The plausible polymerization mechanism for ROP of L-lactide by PG in the

presence of BnOH.
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Figure 6.5. (A) FESEM/EDX indicating the insertion of prodigiosin in the PLA chain

synthesized using PG+BnOH (B) FTIR spectrum indicating the characteristic

functional groups representing the PLA and (C) TGA thermograms of PLA

synthesized using PG+BnOH with [L]/[I] from 100 to 10000 at 180 °C for 12 h.

In IR spectra (Figure 6.5B) revealed the characteristic stretching frequency at 2962 cm™
indicates the presence of aromatic -CH stretch of the benzyl group, 1743 cm indicates the

C=0, 1450 cm is due to the -CH3 bend, bending frequencies for -CHs, C=0 were identified
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at 1359 cm™ and 792 cm, 1257 cm™ indicates the formation of C-N bond between PG and
lactide, which is also supported by the 3C NMR, peaks between 1078 cm™ and 1014 cm™ are
due to the -CH in-plane deformations and 865 cm™ are due to the presence of N-H. The peak
at 792 cm™ is due to the presence of C=C of benzyl-terminated PLA chains. The FESEM/EDX
spectra (Figure 6.5A) depict the elemental composition of the synthesized PLA. The presence

of carbon and oxygen nitrogen groups of the lactide and prodigiosin.
6.2.5 Thermal stability of the synthesized PLA

The thermal stability of the developed PLA is evaluated, and the thermograms (Figure 6.5C)
of the weight (%) vs temperature and differential thermogravimetry (DTG) were obtained. It is
found that the increase in the [L]/[PG] ratio leads to the increase in the thermal stability of the
PLA and reaches a maximum onset degradation temperature of 340 °C for [L]/[PG]=2000 and
2500, whereas the offset degradation temperature of ~390 °C. The maximum degradation was
found to be almost the same for [L]/[PG]=2000 and 2500, which is 379 and 377, respectively.
Some of the previous studies have reported the degradation temperature of the PLA. Whereas
the two-step degradation was observed for the sample[L]/[PG]=5000 and 10000, its effect is
due to the inefficient conversion of the L-lactide to PLA, the lower degradation temperature is
due to the L-lactide, and the higher degradation temperature is due to the PLA with prodigiosin
as an end group. The lower degradation temperature is due to the amorphous form of polymer

with very low molecular weight.
6.2.6 Cytotoxicity test against BHK-21 cells

The cytotoxicity test against the BHK-21 cells was performed. The results of relative cell
viability (%) with respect to control are depicted (Figure 6.6). The PLA samples with a
concentration of 0.25-2.0 mg/mL were tested for their cytotoxic effects. It was found that the

PLA supported the cell growth with an increase in the sample concentration. [L]/[PG]=2000
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sample was found to be more suitable for cell growth with a 2-fold surge in the cell viability

compared to the control experiment. Above this concentration, the cell viability decreased,

though cell viability is more than 100% in comparison to control for all the samples. After 48

h of exposure, the PLA samples were demonstrated as supporting materials for cell growth and

development without any cytotoxic effects. It is noteworthy that with an increase in the

concentration of PLA, the cell viability has increased 2 folds. It is the most promising approach

for safer polymeric materials. It is a safer candidate applicable as a carrier for drug delivery

applications.
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Figure 6.6. The relative cell viability (%) data after 48 h of incubation with synthesized PLA

samples.

TH-3077_166107103

115



6.3 Conclusions

The present work demonstrates the utilization of bacterial secondary metabolite prodigiosin as
an effective organic catalyst for the ROP of L-lactide. Understanding the mechanism of action
of bacterial secondary metabolites as eco-friendly catalysts to create biocompatible polymers.
The current investigation also represents the possible side reactions during the ROP to form
macrocyclic chains and the possible end groups confirmed from the MALDI-TOF-MS and
NMR correlations. Further, the cytotoxicity test indicates the least to no cytotoxic effect on the
BHK-21 cell lines, which is an advantage to being used as a drug carrier system without

cytotoxic effects.
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CHAPTER 7

Prodigiosin-Loaded Poly(lactic acid) to Combat the Biofilm-

Associated Infections

Graphical Overview

Poly(lactic acid) §

Poly(lactic acid) (PLA) is an emerging bio-based implant material. Despite its biocompatibility
and the aseptic procedures followed during orthopedic surgery, bacterial infection remains an
obstacle in implementing PLA-based implants. To tackle this issue, prodigiosin incorporated
PLA has been developed, which possesses an improved hydrophobicity with a contact angle

of 111£1.5°.

Publication:
e Chethana Mudenur, Pankaj Boruah, Amit Kumar, and Vimal Katiyar, 2022,
Prodigiosin-loaded poly(lactic acid) to combat the biofilm-associated infections, ACS

Applied biomaterials, 2022 April 25, 5 (5), 2143-2151.
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The degradation temperature of the prodigiosin is 215 °C, which is more than the melting
temperature of PLA supports the processability and sterilization of the PLA-based implants
without any toxic gases. Further, the prodigiosin improved the transparency of the PLA and
acted as a nucleation site. The spherulite density increases three times compared to the neat
PLA. The inherent methoxy group of the prodigiosin is an active site responsible for the
inhibition of bacterial attack and biofilm formation. The in vitro study on biofilm formation
shows excellent inhibition activity against implant-associated pathogens such as Klebsiella

aerogenes and Staphylococcus aureus.

7.1 Introduction

The advancements in the field of biodegradable internal fixation devices have contributed to
the field of medicine due to their biocompatibility and non-toxic nature. The most commonly
used bio-based and biocompatible polymers in the manufacturing of implants are poly(lactic
acid) (PLA) [187], collagen [188], [189], silk [190], [191], keratin [192], [193], etc. The
application of biocompatible polymers in the field of biomedical engineering is growing
rapidly due to their effectiveness in substituting defective parts of the body or biological
function. These materials are chemically inert and possess properties comparable to the
inherent anatomical structures [67]. Despite the advantages, these implant materials are
susceptible to bacterial attack and biofilm formation, which account for a greater portion of
hospital-acquired infections. These infections are caused by various opportunistic pathogens,
depending on the implant site, material composition, and properties. The main reason behind
the infection is the surface interactions between the biomaterial and the pathogen in the
presence of the immune response of the host [68]. Bacterial adhesion on the polymer surface
is the first and most critical period of bacterial colonization on the surface of medical devices

[69].
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Gram-negative Klebsiella aerogenes (Enterobacter aerogenes) [194] and, Gram-positive
Staphylococcus aureus [195] are opportunistic pathogens responsible for nosocomial, and
implant-associated infections. These are the key bacteria responsible for up to 60% of implant-
associated infections capable of spreading rapidly and initiating the process of biofilm
formation. These bacteria invade via intraoperative procedures through direct contact or spread
from a wound through the circulatory system [196]. Patients in healthcare settings are
susceptible to bacterial infections and biofilm formation at the site of internal fixation devices
after orthopedic surgery. Unfortunately, the composition of the implant material, medical tools,
and hospital conditions allow pathogenic bacteria to enter the body and develop infections at
the site of implants. The prevalence of implant-associated infections is increasing due to the
use of extended antibiotic therapy [197], which leads to the development of pan-drug resistance
in bacteria. Such infections are further associated with perpetual hospitalization and mortality
[198].

Implant-associated infections that develop from microbial contamination are regarded as
postoperative infections. The treatment of serious infections associated with surgical implants
involves a highly expensive procedure and is associated with uncertainties. Therefore, the
prevention of such infections precedes the administration of antibiotics in systemic circulation
in post-operative procedures [199]. Gamma radiation and alcohol disinfection are the
commonly used sterilization methods to get rid of bacteria adhered to the surface [200]. Some
methods also involve the surface coating of the implant using platinum, palladium, gold,
titanium, nickel, silver, etc. However, some of the metals are toxic, which affects the various
organs of the human body [201].

The main focus of the current study is to develop the prodigiosin-loaded PLA with inherent
antibacterial activity and improved material properties. The adhesion and biofilm formation

results are correlated with the material functionalization, surface wettability, and bacterial
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interaction with the developed surface. The study also verifies the extent of inhibition of

implant-associated pathogens such as Staphylococcus aureus and Klebsiella aerogenes.
7.2 Results and discussion

7.2.1 Effect of prodigiosin on optical transparency and color characteristics

The anatomical structure of each body part and the organ system consists of different tissue
layers. The slight variation in these physiological responses leads to the alteration in absorption,
refractive index, and spectral features of the light reflected. The conventional cranial prosthesis,
such as titanium and acrylic materials, do not provide the desired transparency, which is a
major drawback [202]. Pictorial representation indicates (Figure 7.1 A) the process of
preparation of the prodigiosin-loaded films by solvent casting method, the film thickness of
~0.12 mm was maintained for all the samples.

The obtained nPLA, PLA-PG-C, and PLA-PG-P films and the respective digital photographs
are presented for the visual effect of transparency (Figure 7.1 B). Further, the prodigiosin
loading enhanced the optical transparency of the PLA films up to 70% in both ultraviolet and
visible regions in comparison to the nPLA films (Figure 7.1 C). A slight dip at 535 nm in
prodigiosin-loaded films indicates the presence of a characteristic absorption peak of
prodigiosin molecules in polymer films. This unique property could be helpful in wavelength-

specific sensing applications in the field of biomedical engineering.

TH-3077_166107103 120



PLA-Proigiosin Solution Prodigiosin Loaded PLA

80

(B) nPLA (C)

-+~ PLA-PG-C W

~
o
1

-]
(=1
1

o
=3
1

PLA-PG-C

w
o
1

Transmittance (%)
o
o
1

PLA-PG-P b7 o 1% T & ¢ 1
200 300 400 500 600 700
Wavelength (nm)

Figure 7.1. (A) Schematic representation of the method of preparation of prodigiosin-loaded
PLA films (B) Digital photographs of the developed films and (C) Transparency

of the developed neat PLA and prodigiosin-loaded PLA films.

The color characteristics (Table 7.1) indicate the extent of the color change of prodigiosin-
loaded PLA in comparison to nPLA. The developed material is light pink in color due to the

addition of prodigiosin with a color strength value increasing from 100 to 146 indicating the

depth of the colored polymer.
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Table 7.1. The color characteristics of the developed nPLA, PLA-PG-C, PLA-PG-P.

Sample L* a* b* AE*  C* H Color Strength
nPLA 90.9 1.2 5.1 0.2 52 76.5 (K/S420 nm =100)
PLA-PG-C 893 45 5.6 3.7 7.2 51.6 (K/S420 nm =131)
PLA-PG-P 88.8 4.7 6.0 4.3 7.6 51.6 (K/S420 nm =146)

7.2.2 Determination of functional groups of the developed polymer

The FTIR spectral data of the PLA-PG-C and PLA-PG-P films (Figure 7.2A) are almost similar
to those of nPLA showing the characteristic major peaks at 1748 cm™ is due to the C=O stretch,
1452 cm™ due to -CH3 bend, 2920 cm'! represents asymmetric C-H stretch, and this has shifted
to 2994 in case of PLA-PG-P, and 2852 cm™ due to symmetric C-H stretch. In addition, the
characteristic peaks of prodigiosin were found in the prodigiosin-loaded films with a slight
shift towards the higher wavenumber region from 3443 to 3505 cm™ due to N-H stretch and
peaks in the range of 1133-1020 cm™!' are due to the aromatic pyrrole group. The energy-
dispersive X-ray spectroscopy (Figure 7.2 B-D) confirmed the presence of nitrogen (N), a
characteristic component of the pyrrole ring of prodigiosin which is loaded in PLA along with
carbon and oxygen of nPLA. Whereas only carbon and nitrogen peaks are seen in nPLA films

lacking nitrogen
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Figure 7.2. (A) FT-IR spectra of the prodigiosin, nPLA, prodigiosin-loaded films (B)

FESEM/EDX images of the nPLA (C) PLA-PG-C and (D) PLA-PG-P.

7.2.3 Thermal degradation

The thermal decomposition of the prodigiosin, nPLA, and prodigiosin-loaded films was
analyzed in a nitrogen atmosphere (Figure 7.3 A). The decomposition of the prodigiosin started
with an onset degradation temperature of (Tonset) 170 °C with a weight loss of 5%. The
maximum degradation occurs in two steps, the first step at a temperature of 215 °C, and the
second degradation step at 296 °C. Further, the complete degradation process continued, and
~45% weight loss is observed between 170-500 °C due to the destabilization of the N-H bonds
present in prodigiosin. In contrast, the thermograms obtained for the nPLA and the prodigiosin-
loaded PLA reflect a weight loss of ~7% at 150 °C due to the elimination of the moisture

content captured in the films. Further, the incorporation of the prodigiosin in PLA did not affect
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the degradation temperature of the PLA films. It retains all the unique properties of PLA.
Though it has a lower degradation temperature, it did not affect the prodigiosin-loaded films
because of its high stability at higher temperatures. However, a slight improvement in the onset
degradation temperature of 326 °C, 342 °C, and 358 °C for nPLA, PLA-PG-C, and PLA-PG-
P, respectively. Similar results were obtained for the nPLA by the previous studies [203], [201].
This property indicates that the developed PLA can be implemented as an implant material,
which can be sterilized to avoid the chances of contamination. It can also be noted that the

property of prodigiosin remains the same after the sterilization of the implant materials.

7.2.4 Analysis of the evolved gas components during decomposition

The 3-dimensional graph of TGA-coupled with FTIR indicates (Figure 7.3B) the thermal
stability of the prodigiosin-loaded PLA and the release of volatile constituents during the
thermal degradation process at different temperatures. It is a very useful technique in which
the evolved volatiles help to determine the unique characteristic properties of the samples,
which are difficult to identify by TGA alone. Determination of the volatile compounds is
important to understand the material properties during sterilization in the case of implant
materials. The peak length in this analysis indicates the concentration of the volatile group
present in the materials. The stacked IR spectra (Figure 7.3C) obtained for the prodigiosin-

loaded PLA exhibit thermal degradation in the temperature range of 30-700 °C.
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Figure 7.3. (A) TGA and DTG of prodigiosin, nPLA, and prodigiosin loaded films (B) 3-
dimensional graph of TGA-FTIR of the prodigiosin-loaded PLA and (C) Stack plot

for the characteristic spectra of the degradation products recorded at different

temperatures.

The major decomposition starts at 400 °C. The characteristic components evolved at 400 °C
are identified, and the bands observed at 824 cm™ are due to the CO», 1412 cm™ is due to CHs,
1512 cm™ is due to N-H, 1766 cm™ is due to C=0, 2384 cm™' is due to CO, 2360 cm™' is due to
CO», 2752 cm! is due to N-CH3, 3004 cm! is due to CHa, the peak between 1650-1580 cm’!

is due to the N-H stretch, the peak between 3250-3400 cm™' depicts the N-H of prodigiosin
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bonded to the water molecule. The peak at 768 cm™ at 100 °C is due to the moisture content

captured in the polymer films.

7.2.5 Influence of prodigiosin on spherulite growth rate

Crystallinity refers to the degree of order of the molecules in the polymer. A time-lapse image
ofthe nPLA, PLA-PG-C, and PLA-PG-P was captured to observe the spherulite growth (Figure
7.4C). The comparison of the spherulite growth and the nucleation behavior helps in
understanding the bulk crystalline property.

The size of the spherulite was measured in four different time intervals (Figure 7.4A). The
initial image was taken at to= 0 min, and then the image after every 10 secs was considered for
the study. At 't = to no nucleation was observed for all the samples. However, after 10 min few
distinct nucleation points were observed for all the samples. The size of the spherulites
increased gradually with time. In comparison to nPLA, the prodigiosin-loaded PLA has more
nucleation sites, which originate in the vicinity of the prodigiosin. Therefore, the number of
spherulites increased for PLA-PG-P and PLA-PG-C. Distinct-shaped spherulites are observed
until t=30 min for all the samples, but at t=40 min the spherulite growth was obstructed by
another spherulite for PLA-PG-P and PLA-PG-C. The average diameter of the spherulite is
lower for the PLA loaded with prodigiosin compared to nPLA. The growth rate is calculated

from the slope obtained by plotting the spherulite radius (um) vs time (min).
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Figure 7.4. (A) Radius and growth rate of spherulite of nPLA, PLA-PG-C, PLA-PG-P; (B)
DSC thermograms of the developed films and (C) Polarizing optical microscopy

images of nPLA, PLA-PG-C, PLA-PG-P.

The growth rate decreased in the presence of prodigiosin due to the hindering effect. However,
the number of spherulites increased due to the action of prodigiosin as a nucleation agent for
spherulite formation. The size of the spherulite for nPLA was large relative to the prodigiosin-
loaded samples. The growth rate is found to be 1.79, 1.25, and 1.17 for nPLA, PLA-PG-C, and
PLA-PG-P, respectively, and the spherulite density increased by 3 times with an appreciable
decrease in the size of spherulites with the addition of prodigiosin.

Further, differential scanning calorimetry was performed to check its effect on the

crystallization, melting, and thermal behavior of PLA. The obtained data is represented by
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thermograms (Figure 7.4B), showing that there is no effect on glass transition, crystallization,
and melting temperature (T ~60 °C, Tc ~120 °C, Ty ~152 with 30% crystallinity) of PLA with
crude prodigiosin. In contrast, slight changes (T. ~125 °C, ~18% crystallinity) were observed

for PLA with purified prodigiosin.

7.2.6 Inhibition of biofilm formation on prodigiosin-loaded PLA

An enormous proportion of healthcare and impact-associated infections are caused due to the
presence of Staphylococcus aureus [205] and Klebsiella aerogenes [206]. These are the
common bacteria found in hospital-acquired infections, particularly in surgical site infections.
In the current study, the formation of bacterial biofilm is assayed In vitro by growing the
bacterial cells in the presence of the PLA samples with and without prodigiosin. It is observed
that (Figure 7.5A-D) the biofilm formation on the PLA without prodigiosin is more and
completely covered the surface of the polymer film, which could be corroborated with the
change in the pH of the medium from neutral to acidic in the presence of the nPLA, whereas
there was insignificant change in case of prodigiosin loaded PLA films (Figure 7.5) also
indicating there is no release of prodigiosin from the developed polymer films. However, the
prodigiosin loaded with crude prodigiosin exhibits inhibition activity, but it is less effective
than the PLA consisting of pure prodigiosin. The highly effective antibacterial activity was
found with the PLA loaded with purified prodigiosin. The effect was similar to both
Staphylococcus aureus and Klebsiella aerogenes. The methoxy group present in the
prodigiosin is responsible for the antimicrobial property of the prodigiosin. The methoxy group
(~OCHa3) is an electron-withdrawing group, and the oxygen here is more electronegative than
the carbon. This group will lose the electrons by delocalization of pi electrons due to the lone
pairs of electrons on the oxygen atom. In addition, the C-pyrrole ring and the bipyrrole AB-

ring of the prodigiosin are responsible for the double-stranded DNA damage, though their
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mode of action has not been completely established [207]. However, the developed films are

biocompatible without any cytotoxic effects
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Figure 7.5. (A) Crystal violet staining of the biofilm formed by Klebsiella aerogenes; (B)
Crystal violet staining of the biofilm formed by Staphylococcus aureus; (C) The
absorbance of the biofilm formed by Klebsiella aerogenes on polymer samples
after 48 h and (D) The absorbance of the biofilm formed by Staphylococcus aureus

on polymer samples after 48 h.

7.2.7 Wettability analysis and morphological study of the biofilm formation

Furthermore, to understand the surface property of the film, the wettability analysis was
performed with water. Obtained data represents that the water contact angle (Figure 7.6A) of
the prodigiosin-loaded polymers is slightly increased in comparison to neat films. Here the
wettability (contact angle 0) of the neat PLA was found to be 68.5° whereas it is elevated to

101° for PLA loaded with crude prodigiosin and 111.55° for PLA loaded with purified

TH-3077_166107103 129



prodigiosin. Such a hydrophobic effect is due to the presence of a long hydrophobic
hydrocarbon chain of prodigiosin that makes the polymer more hydrophobic, resisting the

water on its surface and bacterial adhesion onto the polymer surface.
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Figure 7.6. (A) Contact angle of water on the nPLA, PLA-PGC, and PLA-PG-P (B) FESEM
images of nPLA, PLA-PGC, and PLA-PG-P films before contact with bacteria (C)
FESEM images of nPLA, PLA-PGC, and PLA-PG-P films with biofilms of
Klebsiella aerogenes after 48 h and (D) FESEM images of nPLA, PLA-PGC, and

PLA-PG-P films with biofilms of Staphylococcus aureus after 48 h.
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In addition, the terminal -CH3 and -OCH3 hydrophobic groups of the prodigiosin incorporated
into the PLA matrix also cause hydrophobicity and oxidative cell damage by attacking the
nucleophilic center of the carbonyl group of the peptide bonds present in the bacteria. The
peptide bonds of the bacteria are cleaved by the methoxy group of prodigiosin, resulting in the
formation of primary amine and carboxylic.

As a result, there is an inhibition in cell multiplication and biofilm formation on the polymer
surface. From the morphological analysis using FESEM (Figure 7.6 B-D), it is observed that
the prodigiosin is more effective on the Klebsiella aerogenes compared to the Staphylococcus
aureus. It has been observed that there is a formation of a thick layer of biofilm with
extracellular matrix material produced by the metabolism of the bacteria in the case of nPLA.
However, individual bacterial cells without colonization are observed in the case of the
prodigiosin-loaded PLA with few cells on the surfaces. This antibacterial property of the

developed PLA is helpful to combat the infections associated with any implants made up of

PLA.
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Figure 7.7. Change in the pH of the phosphate-buffered saline solution (PBS) incubated with

nPLA, PLA-PG-C, and PLA-PG-P for 15 days.
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The change in the pH of the phosphate buffer is observed in Figure 7.7. The solution pH was
gradually changed to acidic from 7.4 to ~6.72 after 15 days of incubation. This effect could be
due to the hydrolytic degradation of the polymer chains and the release of lactic acid monomers
into the solution. However, the change in solution pH is insignificant in the case of the PLA-
PG-C, and PLA-PG-P. It indicates that there is no material degradation and there is no release

of prodigiosin from the polymer films.

Control nPLA PLA-PG-C PLA-PG-P

24 h

48 h

72h

Figure 7.8. BHK-21 cell proliferation on control, without sample, nPLA, PLA-PG-C, and
PLA-PG-P at 24, 48, and 72 h of incubation at 37 °C and staining with DAPL

The nuclei-stained cells indicate that they are intact, and cell adherence to the sample surfaces

and cell proliferation (Figure 7.8). The results suggest that developed films are safe to use

without any cytotoxic effects.
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7.3 Conclusions

PLA-based implants are promising alternatives to many conventional medical implants with
proven biocompatibility and non-toxicity. However, PLA-based implants are prone to bacterial
adhesion and biofilm formation. Antibiotic therapy has been a widely used method to treat such
conditions since its inception. However, there is a risk of bacterial resistance, which leads to
severe infections. To combat such a situation, the prodigiosin-loaded PLA with inherent -OCHj3
functionalization can be used as an implant material to inhibit biofilm formation. This method
takes advantage of the improved hydrophobicity, thermal stability, and antimicrobial properties
of the developed PLA films, with the ability to disrupt the interaction between the surface of
the polymer and the bacterial cells. The developed material is effective against both Gram-

positive and Gram-negative bacteria to combat biofilm-associated infections.
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CHAPTER 8

Fabrication of Nanocellulose from Waste Sorghum Bagasse

Graphical Overview

Sorghum

| bagasse

Powder

Pre-treated cellulose

Nanocellulose was fabricated from leftover sorghum bagasse after the extraction of juice. The
alkaline hydroxide peroxide is an eco-friendly method effective with alkaline pH of 11.5. The
current method utilized the high-pressure treatment at 15 Ib. This process could remove ~97%
of the lignin. Further, the obtained cellulose hydrolyzed with sulfuric acid at different time
intervals was found to be 33 £ 4 nm to 560 + 126 nm in size. This process also yielded ~50 g/L
of xylose and 7 g/L of glucose, indicating the breakdown of hemicellulose and cellulose,
respectively. Though the sugar yield is high, the acidity of the medium limits its usage as a
fermentable sugar for PHB production. However, the enzymatic hydrolysis yielded
microcellulose due to the high saccharification of the cellulose to fermentable sugars with 33
g/L of glucose and 12 g/L of xylose at an optimum dose of Cellic CTec 2. The produced sugars

from enzymatic hydrolysis are suitable for the production of PHB.
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8.1 Introduction

Cellulose is abundantly available in nature and is a renewable polymer, it is well known for its
uses in many fields in the form of fibers or as derivatives in a wide variety of products and
materials. Cellulose is the structural parts formed through the manufacturing of the cellular
components and biogenesis of cellulose. cellulose fibrils consist of both the amorphous and
crystalline regions, which can be easily separated by mechanical, chemical, or enzymatic
methods to yield cellulose nanofibers and cellulose nanocrystals [208]. Nanocellulose is
derived from renewable resources such as oil-palm biomass [209], wheat straw lignocellulosic
hydrolysates [210], paddy straw [211], paper waste, wood chips, and most agricultural biomass.
The pretreatment methods include physical, mechanical, chemical, high temperature, and
enzymatic methods [212]. Other methods include the steam explosion, in which the
lignocellulosic materials are subjected to high-pressure saturated steam to ~160-260 °C
temperature with a pressure of 5-50 atm for a very short time duration, followed by rapid
system depressurization. The gradual release of pressure will expand the steam through the
lignocellulosic matrix. It is a common pretreatment method that uses both chemical and
physical techniques for the better breakdown of the lignin materials [213]. Organosolv is
another method of extracting lignin from lignocellulosic biomass using organic solvents such
as acetone, ethanol, methanol or its aqueous solutions The temperature of the treatment depends
on the type of lignocellulosic biomass, which can vary from ~130 °C to ~200 °C [214]. Alkali
pretreatment makes easy access of cellulosic surface to the enzymes by intermolecular ester
bond saponification. The acid pre-hydrolysis is an alternative method that can achieve high
reaction rates within a short interval of time which improves the hydrolysis of the cellulose
[215]. The biological process includes the enzymatic saccharification of lignocellulosic
biomass. The conversion of cellulose present in lignocellulosic biomass to simple fermentable

sugars can be done by using chemical, physical and enzymatic processes. The microbial and
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enzymatic pretreatment are considered to be economically viable only if the biomass
components can be converted into valuable products [216]. The supercritical CO- pretreatment,
followed by the enzymatic hydrolysis of the bagasse obtained from the cane sugar, yields a
sugar concentration up to 72% [217]. Cellulases obtained from the Trichoderma viride from
solid-state fermentation show the maximum enzymatic activity of 10 U/g at ~40 °C with a pH
sensitivity of 5.2 [218]. The investigation of the treated and untreated cellulosic waste from a
date palm tree (4%) under the optimum concentration of the cellulases (30 FPU/g) obtained
from the Geobacter stearothermophilus at a pH (5) and temperature (50 °C) can yield ~32
mg/mL of glucose with the degree of saccharification of up to 71% with 24 h of incubation
[219]. But there are some intermediates produced during the reaction of the enzymes with the
lignocellulosic biomass, which include tannic acid, trimesic acid, and gallic acid [220]. Use of
roller bottle reactors is used for the proper mixing of the enzymes with biomass having high

solid concentration [221].

The current study is focused on the utilization of the waste sorghum bagasse after the extraction
of juice from stalks. The juice was previously utilized for the production of PHB by
fermentation. Whereas, the leftover bagasse is a waste. Thus here the main aim of the study is
to utilize the sorghum bagasse for the fabrication of nanocellulose and possible conversion into

fermentable sugars will be explored further.

8.2 Results and discussion

8.2.1 Compositional analysis of sorghum stalks

The sorghum is mainly consisting of cellulose, hemicellulose, and lignin. It was found from
the analysis that, the total solid content with % fraction (20/+80) is 58.5%, % fraction (80) is ~

41.5%, ash content was found to be 4.2% for (—20/80) fraction, and 6% for (-80) fraction.
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Further, the lignin content was quantified and was observed ~13% of acid-soluble lignin and

18% of acid-insoluble lignin.
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Figure 8.1. The composition of the sorghum biomass.

8.2.2 Effect of different solvents on delignification

The obtained sorghum bagasse powder was subjected to different pretreatment methods such
as 2% H»SO4, 2% NaOH, 60% ethanol, 2% lactic acid, and alkaline hydrogen peroxide
treatment at pH 11.5. The FESEM images obtained after pretreatment methods are shown in
Figure 8.2. The raw sorghum biomass is compared with the treated biomass and it was found
that there is less lignin release from the weak acid and ethanol pretreatment, whereas ~97 of
the lignin has been removed from the sorghum biomass using AHP. Alkaline hydrogen
peroxide (AHP) treatment and the 2% NaOH are efficient methods to treat the sorghum
biomass with >90% lignin removal efficiency. However, the concentration of NaOH used for
the pretreatment limits its usage because it is not an environmentally friendly process. Thus the

AHP pretreated biomass is used further for acid hydrolysis to produce nanocellulose.
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Figure 8.2. Pretreatment of sorghum biomass for the production of nanocellulose.
8.2.3 Fabrication of nanocellulose using the leftover sorghum bagasse

The alkaline pretreated biomass was subjected to acid hydrolysis at the conditions mentioned
in the methodology. The FESEM images of the obtained nanocellulose are shown in figure 8.3.
The sulfuric acid hydrolysis was carried out at different time intervals at room temperature.
The morphological analysis of the four different nanocellulose obtained at different time
intervals, which exhibits variations in length, diameter and aspect ratio. The diameters of
nanocellulose i.e., average length distribution was calculated from FESEM analysis. The
sample hydrolyzed for 15 min yielded a sheet-like morphology with a diameter of 560 + 126
nm, which is relatively larger due to the less contact time of biomass with acid. The sample
obtained at 45 min yielded nanocellulose of a diameter (D) of 33 =+ 4 nm, bearing an aspect
ratio of 2.0, which is a perfect material for high-performance applications, where such
nanocellulose helps in the self-assembly of the matter [222]. The aspect ratio is the
length/width. It is an important parameter of nanocellulose or cellulose nanocrystals. The

performance of the nanocellulose reinforced polymers, functional materials and suspensions
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are dependent on the aspect ratio of the filler [223]. These variations in morphologies are due
to the different degree of dissociation. Hence affects the degradation of amorphous part of the
cellulose. Here AHP pretreated sorghum biomass is a promising candidate for all the
applications where the less aspect ratio is a criterion. The comparison of the various
nanocellulose obtained through different fabrication methods and sources is tabulated (Table

8.1). From Table 8.1 it is evident that the nanocellulose obtained in the current work shows

superior dimensions compared to the reported methods.
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Figure 8.3. The nanocellulose produced at different hydrolysis times yields various aspect

ratios.
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8.2.4 Enzymatic hydrolysis of the pretreated sorghum biomass using cellulases

The AHP pretreated biomass was subjected to two types of hydrolysis first is sulfuric acid
hydrolysis and the second is enzyme hydrolysis, and the sugar yield is shown in Figure 8.4.
It was found from the results that sulfuric acid hydrolysis is preferable for the fabrication of
the nanocellulose due to the highly acidic nature of the hydrolysate. Though the sugar
conversion was quantified and is depicted in Figure 8.4. It was found that ~50 g/L of sorghum
cellulose is converted to xylose and ~10 g/L of the cellulose is converted to glucose. The rest
of the part has been converted to nanocellulose. Here the main hydrolysis process occurs on
the hemicellulose leading to the formation of highly crystalline nanocellulose. On the other
hand, the enzyme hydrolysis yielded the maximum glucose concentration of ~32 g/L of
sugars at 0.5 g/g of enzyme loading, however, it yielded ~12 g/L of xylose at 0.5 g/g of
enzyme loading. The yield of glucose with different enzyme loading, as the enzyme loading
increased, the glucose conversion is increased upto 0.5g/g of enzyme loading, this
exponential increasing trend is due to the action of enzyme blend used in the study
CellicCTec2, which consists of cellulases, -glucosidase and hemicellulases, that converts
carbohydrates to simple sugars at different rates. These catalyzes the hydrolysis of B-1,4
glycosidic bonds in cellulose to yield fermentable sugars. The decreasing trend was observed
at an enzyme loading of 0.8 g/g. This could be correlated to slight increase in xylose
concentration was observed at the same concentration. Further in-depth investigation is

needed in this regard.
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Figure 8.4. The HPLC analysis of the sugar yield on enzymatic hydrolysis.

The production cost of nanocellulose depends on the pretreatment method, acid used for

production and feed stock cost. The feed stock material sorghum bagasse used in the

preparation of nanocellulose does not have any economic value and is a waste material. This

could reduce the feedstock cost and also prevents the environmental damage caused by

deforestation for the fabrication of nanocellulose from trees. In case of pretreatment method,

the alkaline hydrogen peroxide treatment used in the current research utilized 50% less NaOH

compared to conventional alkaline pretretment which utilizes ~20% NaOH. The cost of H2SO4

used is almost same as that of other method [6]. The cost related to power consumption and

other factors will vary at larger scales, which needs evaluation of production process at pilot

scale and industrial scales to predict the accurate costs.
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Table 8.1. The fabrication of the nanocellulose using various lignocellulosic biomass and their dimensions.

Feed
. Fabrication method Morphology Dimensions (nm) Applications Reference
stoc
Cotton fibers NaOH (2%)/H2SO4 (65%) Rod D=220 Cross-linking aid for alginate  [224]
NaOH/H2S04 (64%) Filler for PLA to incorporate
bamboo o Rod D=37 £ 8, R=~20 ) [225]
Magnetization magnetic property
NaOH/H2S04 (64%) Rod D=30 + 11, R=~36
) H3sPO4 (11 M) Rice grain D=21+5, R=~44 )
Filter paper Filler for PLA, PHB [226]
HCI (6 M) Small rod D=15+4,R=~14
HNO3 Thin fibrils D=24+12, R=~21
) Endoglucanase Biocompatible material for
Filter paper ) Needle D=3-40, R=<100 ) i [227]
Enzymatic method tissue engineering
Cotton gin NaOH (4%)/NaClO2/H2SO4 L
Cylindrical rod R=~20.4 NA [228]
motes (62%)
Waste paper NaOH/H2SO4 (95-97%) Rod D=18-22, R=~20 Hydrogel for dye removal [229]
Sorghum Rod D:33+4,R=2.0 ) Current
AHP/H2S04 (60%) For drug delivery
bagasse Sphere D:46+9, R=1.0 study
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8.3 Conclusions

The sorghum bagasse is an agricultural waste, in which the juice was utilized for the production
of the PHB, whereas the leftover bagasse is of no use. Sorghum bagasse is rich in cellulose and
hemicellulose more suitable for the fabrication of nanocellulose. However, it consists of lignin,
which hinders the acid hydrolysis process for the conversion of cellulose to nanocellulose. The
current work utilized sorghum bagasse for the fabrication of nanocellulose. The eco-friendly
alkaline hydrogen peroxide at pH of 11.5 employed in the current work could remove ~97% of
lignin from the biomass. Further, the acid hydrolysis yields the nanocellulose with exceptional
dimensions of 33 £ 4 nm with an aspect ratio of 2.0 and 46 £ 9 nm with an aspect ratio of 1.0.
The enzymatic hydrolysis yielded high glucose and xylose concentrations, which are further
promising carbon sources for the production of polyhyroxybutyrate. The acid hydrolysis
mainly occurs on the hemicellulose to yield more xylose and the enzyme saccharification is

more specific on the cellulose region to yield more glucose.
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CHAPTER9

Conclusions and Future Scope

9.1 Conclusions

This chapter presents the major conclusion of the research work carried out in this thesis and
also indicates the future direction of the research work. The overall conclusions can be broadly

classified into two subsections.

The first part is focused on the utilization of waste sorghum stalks for the production of PHB
and nanocellulose. Also, the application of obtained PHB for embolization of the right hepatic

artery using low-cost 3D printed PLA-based hepatic phantom.

Waste sorghum stalks selected for the study consisting of ~60-70 g/L of fermentable

sugars and mineral components such as potassium, nitrogen, chlorine, calcium,

magnesium, manganese suitable for the growth of Bacillus megaterium and PHB

production.

= JMP software used for statistical medium optimization and selected parameters for the
bioreactor experiment are carbon (30 g/L), nitrogen (2 g/L), and initial inoculum
concentration (7.5%), the software helped to get an interactive plot to maximize the
yield.

= The fed-batch process operated using the dissolved oxygen control strategy yielded the
maximum PHB of ~8.2 g/L which is four folds higher than the batch operations.

= The PHB production in Bacillus megaterium is growth associated, thus the fed-batch

operation helped in decreasing 1/3" the time used for batch operations for enhanced

productivity.
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= The characteristic properties of the obtained PHB are confirmed using various
characterization techniques and obtained properties were comparable to commercial
PHB.

= The cytotoxicity test of PHB on Baby Hamster Kidney cell (BHK-21) confirmed its
non-toxicity.

= The produced PHB with number average molecular weight of ~400 KDa is used for the
preparation of microspheres with various tunable sizes.

= The obtained microspheres are demonstrated for their suitability to be used as drug
delivery and embolization agent using a 3D-printed hepatic model.

= A low-cost PLA-based 3D printed hepatic phantom was developed, the cost of which
is ~22 times less compared to other commercially available in vitro 3D printed
phantoms.

= The unique experimental setup is demonstrated for conducting the in vitro studies for
microsphere delivery and tracking the embolizing agents during delivery.

= The sorghum bagasse left over after the extraction of sorghum juice is further utilized
for the fabrication of nanocellulose

= The alkaline hydrogen peroxide pretreatment is the more preferable method for lignin
removal of ~97%at a pH of 11.5.

= The sulfuric acid hydrolysis at room temperature yielded the nanocellulose from 33 +
4 nm to 560 + 126 nm in size based on the reaction time

= The enzymatic hydrolysis using Cellic CTec2 cellulose enzyme blend yielded ~50 g/L

of xylose and 7 g/L of glucose
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The second part is focused on the production of prodigiosin from Serratia nematodiphila
isolated from river water and its application in the synthesis of metal free-PLA, also for

inhibition of biofilm formation in commercial PLA

The prodigiosin isolated from river water demonstrated a relatively higher yield

compared to the literature data, and the mechanism of upregulation and downregulation

of prodigiosin is explored.

= Though the produced pigment has been reported as an anticancer agent, it has not been
explored its use in polymer processing to date.

= The addition of prodigiosin to PLA has improved its surface properties, and hence the
inhibition of biofilm-associated infections.

= Prodigiosin is demonstrated for its applicability as a catalyst for ring-opening
polymerization of L-lactide for the first time.

= The molecular weight of PLA obtained by using prodigiosin as a catalyst is ~ 5000 Da

= The produced PLA is metal-free, and exhibited cell proliferation activity without any

cytotoxic effects. Thus further it could be applied in the field of drug delivery and tissue

engineering applications

TH-3077_166107103 146



9.2 Future scope

Based on the outcomes of this work, some recommendations for future work are presented

pictorially (Figure 9.1) as follows:

= The sugar content in sorghum juice and its huge availability are promising. Thus the
use of sorghum juice for PHB production using other bacteria will be explored to
maximize the yield.

= A preliminary study has been performed on the enzymatic saccharification of
sorghum bagasse. Detailed enzyme optimization and scale-up could be carried out

further to make the process economically viable.

Trial on Pseudomonas aeruginosa

Biofilm

In vitro study with Embolization GELCLHITEEEES «  Parallel reaction system
cancerous cells in model for utilizing in PHB
production

Prodigiosi :
el Use of waste nitrogen

Mixed cultures for yield
Production in broth

Application as drug
delivery vehicle

Scale up
Screening more bacteria
Composite

Figure 9.1. Future perspectives.

= A parallel saccharification and PHB production system could be developed.
= The application of produced PHB will be explored further for its use in packing.
= The waste nitrogen source could be used for the production of prodigiosin to achieve

improved yield.
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= The biofilm inhibition ability of prodigiosin-loaded PLA could be explored for other
biofilm-forming bacteria such as Pseudomonas aeruginosa
= The 3D-printed model could be used for real-time applications by growing the cells in

the channels
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