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Synopsis

Introduction

Surfactants are one of the most widely used bulk chemicals. Their amphiphilic nature decreases
the interfacial tension between two phases like, liquid-liquid, liquid-air, solid-liquid. Surfactants
are therefore used in various sectors: textile, paper, food, agriculture, pharmaceuticals and
cosmetics. Nearly half of the produced volume is used in households and as laundry detergent. The
tremendous usage of surfactant presents several environmental and health concerns regarding their
production and use. Complete degradation of the surfactants from the surface is an unlikely event.
The ecotoxicity, low biodegradability and bio accumulation of chemical surfactants have led to

the advent of greener molecules or greener methods of synthesis.

Owing to this, there has been a significant advancement towards synthesis and characterization of
biosurfactants. Biosurfactants from microbes are emerging as an exciting class of biomolecules
with potential applicability in various sectors like detergents, biomedical, nanotechnology and
pharmaceutics. As they are biodegradable, non-toxic and cost-effective, they have emerged as
promising substitutes for petroleum-derived conventional surfactants. Biosurfactants are divided
into two categories: low molecular weight, consisting of glycolipids and lipopolysaccharides and
high molecular weight biosurfactants, including polysaccharides, and proteins. Glycolipids are the
most studied biosurfactants, synthesized from biological units. They are further divided into
different categories, of which sophorolipids are of prime importance as they are synthesized by
non-pathogenic yeast and have better production yields.

Sophorolipids (SL) are produced extracellularly by non-pathogenic yeast, Starmerella bombicola
(ATCC2214). Structurally they are amphiphilic, possessing a hydrophilic head and a hydrophobic
tail. Sophorolipids exists in 2 forms mainly acidic and lactonic. Both the components impart
different properties to the molecule. Acidic sophorolipids are water soluble and aid in surfactant
ability and solubility, whereas lactonic SL impart biological properties. Sophorolipids are known
to possess various natural properties like anti-bacterial, anti-cancerous, anti-viral and anti-fungal
agent. In addition to these, they are also finding application in the food industry, cosmetics and

petroleum industry.




The preferred range of chain length of fatty acid for SL synthesis is C16-18. This limitation is
attributed to (i) the substrate specificity of the enzymes cytochrome P450 monooxygenases
(CYP52M1) and uridine diphosphate glucosyltransferase (UGTAL) and (ii) high preponderance
of C18 in the de novo product. Therefore, SLs are commonly synthesized using fatty acids with
16-18 carbon atom chains. Nevertheless, SLs can also be produced using fatty acids with from
shorter chain lengths. The influence of fatty acid chain length on SL biosynthesis and product
formation is only partially understood. Deeper understanding of the mechanism of short chain
derived sophorolipids and their chemical, physical and biological properties will further increase

the avenues where biosurfactants can bring a significant impact.

Statement of Problem

Sophorolipids (SL) consists of a carbohydrate moiety linked to long fatty acid chain. The
bioconversion is facilitated by different enzymes like cytochrome P450 monooxygenase, glucosyl
transferase and acetyl esterase. These enzymes are inherent part of the yeast metabolism. On
external supply of lipophilic sources, the enzymatic system of yeast converts fatty acids into a
highly viscous product: sophorolipid which is secreted extracellularly. The crude product is then
obtained by solvent extraction. By varying the fatty acid substrates, different sophorolipids could
be synthesized. This property of sophorolipids, increases the applicability of the molecules in

various sectors.

The use of pure medium/short-chain fatty acid as a sole lipophilic source for synthesizing SL is
yet to be explored. As the structure of the synthesized SL substantially depends on the producing

organism and the fermentation condition, appropriate process optimization is necessary.

Further, the synthesized SL is generally a mixture of molecules varying in the degree of
acetylation, internal esterification between the carboxylic group of fatty acid and 4" position of the
sophorose molecule, hydroxylation of fatty acid, and chain length of fatty acid. For a deeper

understanding of functional diversity, purification of the congeners is extremely essential.




Thus, the objective of this thesis is to synthesize sophorolipids using shorter chain fatty acids and
study their physical, chemical and biological properties. Further, the different application of these

short chain derived sophorolipids will be assessed.

Objectives

Objective 1: Deciphering the effect of chain length of substrate on physical and biological

properties of sophorolipid

Objective 1 aims to synthesize sophorolipids using different chain length substrates like C14, C16,
and C18. The synthesized sophorolipids were primarily characterized using High Performance
Liquid Chromatography, Thin Layer Chromatography and oil displacement assay. Further, the
structural characterization was done using High Resolution Mass Spectroscopy (LC-HRMS),
Fourier transform infrared spectroscopy (FTIR). The physical properties of the SLs including
critical micellar concentration were also studied. Moreover, the process parameters and the media
components were also optimized by one factor method. Post characterization, the anti-bacterial
activity of each synthesized sophorolipid was assessed against model gram positive, S.aureus and
gram negative, P,aeruginosa bacterium by contact method at varied concentration and time
intervals. Finally, the cytotoxicity was assessed against normal fibroblast cell line L929 by MTT

(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay.

Objective 2: Underlying mechanism of short chain substrates in sophorolipid production and
its application

To fully understand the mechanism involved in use of short chain fatty acids as substrate for
sophorolipid synthesis, a set of fermentation experiments were performed. These experiments were
conducted to evaluate the effect of new substrate on product yield and yeast cell growth. Further,
the myristic acid derived sophorolipid was purified to obtain individual congeners. The
purification was done by column chromatography. The individual fractions were assessed through
HRMS. Finally, the individual fractions were analyzed for its anti-cancer activity. The anti-cancer
activity of each purified congener was assessed against cervical cancer cell line by MTT assay and

compared with crude sophorolipid.




Objective 3: Nanoparticle synthesis using myristic acid derived sophorolipid

Myristic acid derived sophorolipid was used as capping agent to obtain calcium phosphate
nanoparticles. The synthesized nanoparticles were characterized by SEM, TEM, XRD and FTIR.
Further the presence of sophorolipids on nanoparticles was confirmed by TGA and lectin binding
assay. Later, these nanoparticles were incorporated into silk solution for bone tissue applications.
Different in vitro studies were performed on the obtained scaffolds.

Methodology:

Objective 1: Deciphering the effect of chain length of substrate on physical and biological

properties of sophorolipid

We have synthesized sophorolipids using different substrate (Myristic acid, palmitic acid, stearic
acid). The fermentation process was as follows: briefly, the parent moieties, glucose and fatty acid
are supplemented in the growth media along with 2 % cell loading and kept for 4-5 days at room
temperature. The biotransformation was brought about by the yeast S.bombicola, resulting in
brown viscous extracellular product. This product was then solvent extracted to obtain native /
crude SL (Refer Eigure I). As different unconventional substrates were used, the media parameters

were optimized so as to obtain better yield (Refer Eigure I1).

The crude SL was then characterized using different techniques. The preliminary test includes,
TLC and HPLC. These tests were performed to assess the acidic and lactonic ratios of the SL.
Further, the surfactant ability of the product was tested by CMC and oil displacement assay.
Structural characterization was done by HRMS (High resolution mass spectroscopy) to evaluate
the glycosylation and acetylation pattern. Furthermore, the successful incorporation of parent

molecules into SL was assessed by FTIR.
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The anti-bacterial activity was assessed using contact method: briefly, the bacterial cell suspension
was prepared and O.D was adjusted to 0.1, after which it was serially diluted and mixed with
sophorolipid. After specific intervals, the suspension was plated onto agar plates and incubated at
37°C. After incubation the number of colonies were counted and graph was plotted (Refer Eigure
I11). To further assess the cytotoxicity of synthesized sophorolipid, MTT assay against normal
fibroblast cells L929 was performed.
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Objective 2: Underlying mechanism of short chain substrates in sophorolipid production and
its application

The effect of shorter chain substrates on cell growth was monitored using fermentation
experiments. The product conversion was compared with oleic acid derived sophorolipid. Further,
the individual congeners were separated using column chromatography and each fraction was
analyzed by HRMS. The anti-cancer activity of each congener was assessed using MTT assay
against cervical cancer cell line, MG 63. The activities of each congener were compared with crude

sophorolipids.
Objective 3: Nanoparticle synthesis using myristic acid derived sophorolipid

Calcium phosphate nanoparticles were synthesized by bottom-up synthesis using short chain

derived sophorolipid. The synthesized nanoparticles were characterized using XRD and FTIR to
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analyze the composition of nanoparticles. Further, the structural orientation of nanoparticles was
determined using SEM/ TEM. Furthermore, the presence of sophorolipid on nanoparticles was
confirmed by TGA and lectin binding assay. Lastly, in vitro studies like proliferation assay and
ALP assay of the nanoparticles were performed on bone cells MG 63. The experiment was
performed for 14 days.

Summary

The toxicity of short chain fatty acids combined with the C16—C18 chain length specificity of the
yeast enzymes limits the avenues for producing SLs. In this work, we have demonstrated, the
synthesis of a shorter chain SL derived from (C14) myristic acid, palmitic acid and stearic acid.
All the obtained SL have been characterized structurally using spectroscopic techniques. The FTIR
experiments confirmed substitution of sophorose moiety on to the fatty acid chains as well as
acetylation on the glucose in the sophorose moiety. The characterization suggests that
glycosylation occurs preferentially at the methyl end group of the fatty acid chain and leads to the
formation of a mixture of acidic and lactonic SL containing monoacetylated and diacetylated forms
for myristic acid derived sophorolipid; whereas the glycosylation happens at both ends for higher
fatty acids, palmitic and stearic acid derived SL. Further, the HRMS analysis showed formation of
different congeners i.e. acidic, lactonic forms of SLs and their mono or diacetylated variants. All
the SLs showed excellent surface-active properties as determined by their critical micellar
concentration. The results highlight the plausible correlation between the chain length of fatty acid

substrate and their CMC. The lowest CMC was observed for myristic acid derived sophorolipid.

Moreover, the biological properties of SL are greatly dependent on the nature of lipophilic
substrate used. Shorter chain derived SL exhibit excellent anti-bacterial activity against gram
positive and gram-negative bacteria. Furthermore, the short chain derived SL are less lethal to the
normal cells than longer chain substrates. These results are presented through schematic in Eigure
V.

13
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Figure 1V- Schematic depicting the anti-bacterial and cytocompatibility of synthesized SL

Apart from anti-bacterial activity, MASL has good anti-cancer potential and are not lethal to the
normal cells. It was observed that crude MASL exhibited better anti-cancer activity than individual
congeners. The amalgamation of both acidic and lactonic components into the crude SL proves
beneficial in enhancing the applicability of the molecule. Interestingly, the mechanism of action
of SL on bacterial cell and mammalian cell is related to the chain length of substrate, depicted in
Figure V. For mammalian cells, the higher specificity of saturated fatty acids towards membrane

receptors renders it lethal to the cells whereas, the low surface activity of such higher chain derived

SL limits their anti-bacterial potential.
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To further assess its potential, we have synthesized calcium phosphate nanoparticles using MASL.
This happens to be the first report on synthesis of inorganic nanoparticles using short chain derived
sophorolipid. These nanoparticles were obtained by using biological and physical method of

synthesis. The resulting nanoparticles were characterized using different techniques.

Interestingly, by this method of synthesis composite nanoparticles consisting of brushite and TCP
are formed. It was observed that amphiphilic nature of SL acts as catalyst in synthesizing the
nanoparticles. Moreover, it was evident that presence of SL effectively changes the compositional

and morphological properties of the nanoparticles as observed in Figure VI.
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To summarize, this work demonstrates the production of sophorolipids using various fatty acid
substrates and highlights its superior biological properties like anti-bacterial, anti-cancer. Further,
the work also demonstrates the ability of SL to synthesize inorganic nanoparticles, thereby

establishing a promising future for this biosurfactant.

6. Future directions

R/

« In-vitro studies to evaluate the mechanism of anti-cancer activity of sophorolipids

along with its selective permeability.
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Chapter I: Introduction

Chapter |
Introduction

1.1 Introduction

Sophorolipids (SLs) are extracellularly synthesized biosurfactants obtained from yeast
S.bombicola. The fermentation process requires supplementation of hydrophilic and lipophilic
substrates. The viscous product obtained at the end of fermentation cycle is a mixture of molecules.
These include different modifications like; acidic and lactonic, mono acetylation and deacetylation
based on the structural diversity. The structural variations are dependent on the nature of substrates

and fermentation conditions.

SL are important biosurfactants exhibiting varied biological properties. These properties along
with their amphiphilic nature renders these biomolecules worthy for commercial market. Despite
their discovery decades ago, the commercial applicability is still restrictive. The main reason for
this is the chain length of lipophilic substrate and production cost. The biotransformation process
is catalyzed via enzymatic machinery of the yeast. Traditionally, SL are synthesized using oleic
acid (unsaturated fatty acid- C18:1) as primary lipophilic source owing to its involvement in the
fatty acid synthetase system of the yeast. However, this chain length specificity restricts the usage.
Lowering the chain length of substrate might enhance the physical and biological properties of the

biosurfactants.

With this view, the thesis focuses on synthesizing SL using unconventional substrates and thereby
understanding the effect of short chain fatty acids on physical and biological attributes. This
understanding will assist in exploring the substrate range for synthesis of SL along with their

plausible use for commercial application.
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1.2 Motivation and objective:

SL are magic molecules which find application in all sectors due to its multifaceted properties.
Such valuable properties prompted researcher to push the boundaries and synthesize numerous
forms of SL with a view to expand its use. With combined efforts SL have been commercialized
by various companies and used in detergent products. Despite the commercialization, the main
hinderances like; production cost, downstream processing and product variability hinders its
application. To bridge the cost gap, several novel renewable and sustainable substrate alternatives
have been tried for synthesizing SL, but not yet commercialized. Moreover, efforts have been
made to modify the yeast strain so as to obtain enhanced production, however, this process is
highly cumbersome and expensive.

Apart from the process requirement, the physical properties of SL are equally important. Industrial
application requires fulfilment of certain criteria’s like; hydrophilic/ hydrophobic balance,
viscosity, good solubility and low CMC. These properties are often overlooked while synthesizing
SL. The research emphasizes more on the developing alternate substrates for SL synthesis.
Ironically, majority of the substrates used fall in the range of C16-C18 fatty acid. This substrate
specificity has been constant.

With this view, the aim of this work is to synthesize SL using shorter chain length substrate. The
SL will be synthesized using glucose as hydrophilic source and C14 myristic acid as lipophilic
source. The interaction of short chain substrate with yeast was studied in depth to unravel the
mechanism of successful synthesis. Further, the short chain derived sophorolipid was structurally
characterized and purified. Moreover, the effect of chain length of substrate on chemical, physical
and biological properties of SL been assessed. We have also extensively explored the anti-bacterial
and anti-cancer activity of short chain derived SL and its mechanism of action. These properties
of the newly synthesized SL prove their potential for biomedical application.
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SLs have been widely used for synthesizing different metallic nanoparticles. SL act as capping and
reducing agent for the process. Owing to the exemplary properties of shorter chain SL, we for the
first time evaluate the use of these for synthesizing calcium nanoparticles. The underlying
mechanism of the use of sophorolipid in synthesis of nanoparticles were studied in depth. Also,
the effect of different parameters driving the formation of nanoparticles was studied. Further, the

potential of these synthesized nanoparticles for bone tissue engineering application were explored.

1.3 Thesis Outline:

The thesis has been divided into following chapters:

Chapter I: Introduction

The thesis outline along with the scope of work is discussed in the introduction chapter.

Chapter Il: Literature review

The chapter begins with introduction to the field of biosurfactant, its types and classification. SL,
the main focus of the work has been discussed in detail with respect to synthesis, global scenario
and applications. The need for alternate substrate for SL synthesis has been emphasized. Based on
this, the scope and objective of the thesis have been outlined.

Chapter I11: Deciphering the effect of chain length of substrates on sophorolipid
production through physio-chemical characterization

The third chapter focuses on synthesizing SL using saturated fatty acids as substrates. The fatty
acids C14 myristic acid, C16 Palmitic acid, C18 Stearic acid were chosen for the study. The work
includes physical and detailed chemical characterization to optimize the production of SL and
understand the acetylation pattern.
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Chapter 1V: Deciphering the effect of chain length on sophorolipid: Emphasizing
biological properties

The fourth chapter focuses on understanding the effect of substrate on different biological
properties. Anti-bacterial and anti-cancer activity of synthesized SL were extensively studied.

Further, the cytotoxicity of each synthesized SL was assessed against normal fibroblast cell line.

Chapter V: Myristic acid derived sophorolipid: production, purification and biomedical

application

The fifth chapter focuses on understanding the mechanism for successful incorporation of short
chain substrate into SL. Further, the individual congeners were purified by column
chromatography. The anti-cancer activity of each congener was analyzed and

the mechanism of action was deduced.

Chapter VI: Synthesis of calcium phosphate nanoparticles using short chain derived
sophorolipid

The sixth chapter reports the synthesis of calcium phosphate nanoparticles using SLs. The
nanoparticles are thoroughly characterized for the chemical and morphological properties. Further,
the involvement of SL into nanoparticle synthesis has been deduced followed by the application
of these nanoparticles for bone tissue engineering.

Chapter VII: Conclusion and future work
The last chapter summarizes the work of the thesis and emphasizes on the potential uses of the

short chain SL especially for biomedical applications. Short chain SLs could be further explored

for commercial market.
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Chapter II

Literature Review

This thesis focuses on synthesizing glycolipid named sophorolipid using different unconventional
substrates. This chapter focuses on understanding the biomolecules; sophorolipids, including its
synthesis, importance in nature and application. The biosynthetic pathway along with the structural
diversity of the molecules has been discussed. Moreover, the wide variety of substrates used, its
advantages, disadvantages have been thoroughly discussed. Furthermore, the different unique
properties of SL like anti-bacterial, anti-fungal, anti-viral and anti- inflammatory have been
mentioned. Based on the structural and functional properties, the probable application of SL in

different commercial domains have been explored.

o Pty
Anti bacterial ’C\’:‘

Nanoparticle synthesis Cytotoxicity
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2.1 Surfactants:

Surfactants are one of the most widely used bulk chemicals. The annual global production amounts
to more than 17 million tons 1 . Their amphiphilic nature decreases the interfacial tension between
two phases like, liquid-liquid, liquid-air, solid-liquid. Due to these surfactants are used in various
sectors: textile, paper, food, agriculture, pharmaceuticals and cosmetics. Nearly half of the
produced volume is used in households and as laundry detergent 2. The tremendous usage of
surfactant presents several environmental and health concerns regarding their production and use®
5. Also, the major drawback associated with the use of synthetic surfactants is its degradation
process. Under aerobic conditions, majority of the surfactants, form homologous monomers
catalyzed by bacterial species. However, under anaerobic conditions, the degradation process is
complicated and time-consuming. Complete degradation of the surfactants from the surface is an
unlikely event ®. The ecotoxicity, low biodegradability and bio accumulation of chemical
surfactants propelled the development of greener molecules. Owing to this, there has been a
significant advancement towards synthesis and characterization of biosurfactants which are eco-
friendly, non-toxic and biodegradable molecules. These properties are highly desirable to

overcome the current environmental issues of chemical surfactant.

2.2 Biosurfactants:

Biosurfactants are surface active molecules naturally derived from bacteria, yeast and fungi. The
intrinsic properties of biosurfactants; biodegradability, low toxicity and cost effectiveness render
them beneficial for the commercial market. They are emerging as an exciting class of biomolecules
with potential applicability in various sectors like detergents, biomedical, nanotechnology and
pharmaceutics’® . The vast range of substrates and microbes available for synthesizing
biosurfactants allows acquisition of varied molecules with distinct structural characteristics and
properties. Owing to these properties, they have now emerged as promising substitutes for

petroleum-derived conventional surfactants.
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2.2.1 Types of biosurfactants:

Based on the ionic charge on the polar head, the chemical surfactants are classified as cationic,
anionic and non-ionic. However, biosurfactants are classified into different types depending on the
nature of hydrophilic head, chemical composition and microbial producer strain. Based on this the
domain of biosurfactants is broadly divided into two categories: low molecular weight
biosurfactants, consisting of glycolipids and lipopeptides and high molecular weight
biosurfactants, including polysaccharides and neutral lipids®. Table 1 summarizes the classes and
application of all biosurfactants.

2.2.2 Glycolipids:

Glycolipids are the most studied biosurfactants, synthesized from biological units. It consists of
carbohydrate moiety (one or many) attached to fatty acid by glycosidic bond. Depending upon the
type of carbohydrate attached, they are further divided into 5 types namely: Rhamnolipids,

trehalose lipids, mannosylertythritol, cellobiose and SL *°.

Rhamnolipids are glycolipids generally synthesized by bacteria, Pseudomonas aeruginosa.
Structurally it consists of rhamnose sugar (s) linked to hydroxy fatty acid via glycosidic bond**.
Quite recently efforts have been made to synthesize rhamnolipids by Burkholderia sp.
Rhamnolipids possesses good anti-bacterial, anti-biofilm activity and are also used for heavy metal
removal. Even though rhamnolipids have been used commercially their usage in industries is
restricted. This is mainly due to the use of opportunistic pathogen as the producer strain. It is
regarded as group Il pathogen and pose high risk of infection at higher production levels. This
limits the applicability of the rhamnolipids into sectors involving human intervention (Biomedical,
cosmetic). Apart from this, the cost of production of rhamnolipids is extremely high; thereby
reducing the upscaling?.

Trehalose lipids or trehalolipids are surface active biomolecules synthesized by Rhodococcus,
Nocardia sp. It consists of trehalose i.e non reducing disaccharide, linked by a-1,1- glycosidic
linkage, linked to lipid moiety at C6 position. The chain length of fatty acids attached is smaller

as compared to other glycolipids'®. Trehalolipids possess good lipophilicity and are therefore

ISHA ABHYANKAR 10BB19J26011 35



Chapter II: Literature Review

efficient in decontamination, dispersion and removal of oil spills. They also have good anti-
microbial activity against gram- positive and gram-negative bacteria. Trehalolipids are generally
synthesized intracellularly (Bound to the cell envelope). This type of synthesis imparts a negative
consequence on the product yield and on downstream processing®.

Cellobiose lipids are secondary metabolites synthesized by organisms of Ustilaginaceae family.
They are extracellular produced as a mixture consisting of D-glucose linked to hydroxy fatty acids
preferably C16 fatty acid. They are reported for their anti-bacterial, anti-fungal and gelling
properties. While cellobiose exhibit good biological properties, fundamental studies pertaining to

its synthesis pathway and gene cluster of organisms is yet to be fully understood>1°.

Mannosyl erythritol are amphiphilic molecules consisting of mannopyranose/erythritol as
hydrophilic head group and fatty acid or acetyl group as hydrophobic moiety. Based on the position
of acetyl group they are divided in 4 types. They have gained interest due to its emulsifying
property and anti-microbial activity. However, the low product yield followed by tough

downstream processing limits its application'”8,

Sophorolipids (SL) are produced extracellularly by non-pathogenic yeast. SL have gained
tremendous interest as it is produced in large quantities by yeast, Starmerella bombicola. They are
known to possess various natural properties like anti-bacterial, anti-cancerous, anti-viral and anti-
fungal agent 19202122 |n addition to these, they are also finding application in the food, cosmetic
and petroleum industry 22. Nevertheless, high cost of production and substrate specificity limits
the application of SL.

Apart from glycolipids, the other class of low molecular weight biosurfactants include
lipopeptides. These are extracellular secondary metabolites secreted by bacteria Bacillus,
Pseudomonas and Arthrobacter sp. Lipopetides are composed of several amino acids bonded to
fatty acid chain. Lipopeptides are used for cosmetic application as they have anti-wrinkle and anti-
bacterial properties. Due to the low product yield, upscaling is difficult. Moreover, the

bioavailability of lipopeptides is low as they are degraded due to the action of peptidases®*-2°.
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Neutral lipids are synthesized by different organisms; Corynebacterium, Thiobacillus and
Nocardia sp. Structurally it consists of a mixture of fatty acids linked to carbohydrate moieties.

Owing to its low yield capabilities, they are not yet explored?’.

Polymeric surfactants are high molecular weight compounds exhibiting good mechanical
properties along with biological properties. Classic example of this is emulsan secreted by

Acinetobater sp. They find application in cosmetic and food industry?,
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Category | Groups | Class Organism Yield | CMC | Uses Disadvantages | Ref
(9/L) | (mg/L)
Rhamnolipid | Pseudomomas 60- Anti- Synthesized | 2%
sp,Burkholderia 110 microbial, | by Pathogenic
sp Anti strain, High
biofilm cost of
production
Trehalose Rhodococcus 40 0.14 | Anti- Cost 81
lipid sp,Nocardia sp, microbial | incurring
Arthrobacter sp, down stream
Gordonia sp processing
Batch
- variation in
=
= product
c_i Cellobiose Ustilago sp, | Upto | - Anti- Tedious 32
E 3 Cryptococcus sp | 30 microbial, | downstream
g %— Anti- processing
§ % fungal,
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Gelling
property
Mannosyl Pseudozyma sp, | <60 |33 Anti- Tedious 3318
erythritol Ustilago sp bacterial, | downstream
Anti- processing
cancer
SL S.bombicola 422 100 | Anti- Cost of | 343
bacterial, | production
Anti
fungal,
Anti-
cancer,
Anti-viral
Surfactin, Bacillus sp, | Upto | 100 Chelation | Expensive 36,37
viscosin, Pseudomonas sp, | 4 of heavy | downstream
é Licheniformin | Arthrobacter sp metals, processing,
gZ Anti- Low vyield
'5' microbial
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High Molecular weight

Phospholipid, | Corynebacterium | 2-3 Anti- Low yield 27
[%2]
E fatty acids sp, Nocardia sp, bacterial
s Thiobacillus sp
5
(5]
pd
. Emulsam Acinetobacter sp | 2-3 Anti- Low yield 38
é bacterial
>
o
o

Table 1 Description of different classes of biosurfactants along with their proposed applications
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Amongst the different classes of glycolipids, sophorolipids are widely studied due to its high yield
and good physical properties. Sophorolipids (SL) display unique biological properties like anti-
bacterial, anti-fungal, anti-viral, anti-cancer and cyto-compatible; thereby making them worthy for
commercial market. Moreover, the robustness of yeast and their tailor-made synthesis allows
incorporation of varied substrates into SL synthesis. To further explore their potential, the thesis

work is focused on SL synthesis.

2.3 Sophorolipids:

SL are produced extracellularly by nonpathogenic yeast. This section will discuss in detail about
the production of SL’s using various yeast strains, biosynthetic pathways for SL synthesis,
physical, chemical and biological properties of SL’s, different substrates used in SL synthesis

and the current status of commercialization potential of SL’s.

2.3.1 Producer strain:

SL were discovered in 1961 by Gorin et al. as extracellular biosurfactant synthesized by Torulopsis
magnolia®. Later the strain name was declared as Torulopsis, Torulopsis apicola and Torulopsis
bombicola. Further it was changed to Candida bombicola and now known as Starmerella
bombicola. The other species of Candida producing SL are: Candida floricola, Candida batistae,
Candida rugosa Candida kuoi, Candida tropicalis®®**. Apart from Starmerella, the other
organisms capable of producing SL are: Wicherhamiella domericgiae, isolated from contaminated
0il*, Pichia anomala, a thermo- tolerant yeast isolated form Thai food*}, Cyberlindnera

samutprakarnensis isolated from industrial wastes 4.

2.3.2 Physiological role of sophorolipid in nature:
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The yeast strain S.bombicola was inhabitant of foot pads of bumble bees. The honey bee wonders
around and collect pollen from different flowering plants. The collected pollen is stored in the gut
and transferred into the bee hive. The foot pads play active role in pollination process. As there is
abundance of sugar content in the bee hive and foot pads, the strain developed inherent ability to
utilize this and form SL. This process is known as the de novo synthesis i.e SL synthesis in absence

of fatty acid/ lipophilic substrate.
As depicted in Eigure 2.2.1 the plausible reason for SL synthesis are:

a) Anti-bacterial agent - the collected pollen is stored in the form of pot pollen for feeding the bees.
This is generally a mixture of nectar and fatty acids and proteins. SL have anti-bacterial activity,
and hence help to preserve and maintain the pot pollen from contamination and thereby increase

the shelf life of the pot pollen

b) Osmotic pressure reduction- Due to the high amount of sugar content, the osmotic pressure

increases, SL being amphiphilic molecules assist in reducing the osmotic pressure*>46,

Producer strain H
P /, o > | S bombicola ‘
Honey bee _A i O O
S 050
. I
*' & y £ = if’,\ Maintain Osmotic pressure
j *\,, o % Sophorolipid
) ”, A T > X » JECLETTRH > produced
t‘ "% ¢ : —
M 2
Y ‘W‘ < = 5
Nectar e ele
Pot pollen i Y
°\ / J
Anti bacterial activity

Figure 2.2.1 Schematic describing the physiological role of sophorolipid in nature

2.3.3 Structure of sophorolipid:
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The yeast strain S.bombicola produces copious amounts of secondary metabolites i.e sophorolipid.
Sophorolipid synthesis occurs due to the enzymatic machinery of the yeast. With external supply
of secondary carbon source, the product yield is significantly higher. Structurally it consists of
hydrophilic polar disaccharide head group with 3 1-2 linkage, called sophorose, which is linked to
hydrophobic tail chain length C16- C18. Hydroxylated fatty acid is linked to the moiety by ether
linkage. The extracellular product obtained is a mixture of 2 components mainly: acidic and
lactonic. Acidic sophorolipid have an open ring structure as the carboxylic end of fatty acid
remains free, whereas the lactonic components are closed ring structure formed by internal
esterification of carboxylic end of fatty acid to C4 of glucose molecule (Refer Eigure 2.2.2). The
ratio of acidic: lactonic depends on factors like: the fermentation conditions, substrate used and
type of strain. Prolonged incubation often leads to higher lactonic percentage. The physical
appearance of SL is dependent on the percentage of acidic : lactonic. Higher lactonic content yields
crystalline product whereas high acidic produces viscous product. The other variation in SL
involves acetylation of sugar at 6° &/or 6’’leading to mixture of different forms. The different

structural types lead to variation in the physical properties of the molecule’.

R = COCH , and/or H

Acidic form Lactonic form

Figure 2.2.2 Structural representation of different forms of SL; acidic and lactonic*’

2.3.4 Biosynthetic pathway:
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The yeast S.bombicola catalyzes the biotransformation of fatty acids into SL by inherent enzymatic
machinery. The fermentation pathway adapted from Van Bogeart et al is represented below
(Eigure 2.2.3). The primary components needed for sophorolipid formation are glucose and fatty
acid. These are supplemented directly through media or indirectly by supplementing alkanes;
which are then converted into fatty acids and then utilized for biosynthesis. First step of
biosynthesis begins by activation (Hydroxylation) of the fatty acids. In yeast the hydroxylation
(terminal[®] or sub terminal [®-1]) is carried by cytochrome P450 monooxygenase. This enzyme
mediates hydroxylation of alkanes and/or fatty acids with the help of NADPH. The resulting fatty
acids are utilized by the cell*® . If no hydrophobic substrate is provided through the media, the
yeast will synthesize its own fatty acids and then produce sophorolipid. This process is known as
de novo synthesis. Upon conversion of fatty acids into hydroxy fatty acids, two UDP activated
glucose molecules are added serially. Glucose molecule is glycosidically (C1 position) linked to
o or ®-1 hydroxyl group of fatty acid by enzyme glycosyltransferase I. Similarly, second glucose
molecule is glycosidically coupled to the C2 position of first glucose moiety by action of
glycosyltransferase Il. These transferases utilize nucleotide activated glucose (UDP- glucose) as
glucosyl donor. The hydrophobic fatty acid tail binds to the sophorose moiety by ether bond
thereby forming a rigid backbone structure of SL. After glucosylation, acidic non acetylated
molecules are obtained. There are other certain modification or variations caused by acetylation
and lactonization. Acetylation at 6 ° and /or 6’ is governed by acetyl coA dependent acetyl
transferase. Lactonization happens between the carboxylic end group of fatty acid and C4 of

glucose. This reaction is mediated by lactone esterase?®.
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de novo fatty acid synthesis
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Figure 2.2.3 : Step wise biosynthetic pathway of SL. Different enzymes involved are: 1.Cytochrome P450
monooxygenase, 2.Alcohol dehydrogenase, 3.Aldehyde dehydrogenase, 4.Lipase, 5.Cytochrome P450
monooxygenase, 6.Glucosyltransferase 1, 7.Glucosyltransferase I, 8. Lactone esterases, 9. Acetyl
transferase

2.3.5 Market scenario:

The unprecedented and staggering impact of COVID -19 led to tremendous increase in the demand
for surfactant. The annual demand for surfactants is now expected to reach more than 45 million

tons by 2025. To meet the growing needs, the market for biosurfactants is highly rising. Amongst
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the different biosurfactants produced SL contribute significantly to the global usage of
biosurfactants. More than 100 patents have been filed and numerous papers are published on
sophorolipid synthesis and fermentation °°.Refer Figure 2.2.4. The potential of these products to
be safe and biodegradable significantly triggered to capacity expansion, resulting into launch in
commercial market. Not only in the academic sector, SL have now paved their way into the
commercial market and are commercially produced by certain companies like Ecover (Belgium),
Soliance (France), Kaneka (Japan) and Saraya (Japan) for applications in detergents and

cosmetics®L.

Although the commercial market for SL seems promising, certain drawbacks associated with it
need to be addressed. The main disadvantage is the price of commercial sophorolipid. The price
of common chemical surfactant (SDS) in bulk falls in the range of 100-140 Rs /kg whereas the
cost of sophorolipid is in between 2000-2500 Rs/kg [**]. This major difference in the price isn’t
economically viable. Of the total cost, 60-70 % refer to raw material/ feedstock and rest 30-40%
includes the fermentation process and downstream processing. Thus, research in this field aims is
focused on reducing the production cost of SL by investigating renewable and low-cost substrates,

optimizing the process and improving the strain for enhanced production.
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Figure 2.2.4 Graph depicting the number of patents being filed each year up to 2020 on SL*

2.3.6 Substrates used for sophorolipid synthesis:

As mentioned earlier, the bioprocess for SL synthesis requires hydrophilic and lipophilic
substrates. An interesting property of SL is the tailor-made synthesis i.e by varying the substrate,
SLs with varied physiochemical properties can be synthesized. Changing either the lipophilic or

hydrophilic substrate results in different sophorolipid.

Up till now various substrates from different sectors have been identified for synthesizing SL.
Low-cost substrates from different sectors namely agriculture, dairy, vegetable oil, industrial and
food have been discussed. Sectors like agricultural, dairy and food waste contribute for hydrophilic
substrates and vegetable oil and industrial wastes contribute as lipophilic components for
sophorolipid synthesis (Eigure 2.2.5). Each sector has been individually discussed below:
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Figure 2.2.5 Schematic representation of renewable substrates identified from different commercial
sectors

2.3.7 Hydrophilic substrate:

Mentioned below are the different sectors that generate significant wastes which could possibly be
used as hydrophilic sources for sophorolipid production.

2.3.7.1 Agricultural Sector:

Agricultural products like wheat bran, rice bran, molasses, bagasse, corn fiber, cassava and beet
molasses are some of the relatively cheaper substrates available as carbon sources for the
sophorolipid production. Such wastes are rich in carbohydrates and lipids and thus could be used
for microbial growth and sophorolipid production 2.

Molasses, byproducts of sugar production obtained from sugarcane, soy and beet. Molasses
consists of water, sugar, lipids, non-sugar content and minerals. Sophorolipid production was

carried out using sugarcane molasses and soybean oil in fermenter, the yield obtained was 63.7

ISHA ABHYANKAR 10BB19J26011 48



Chapter II: Literature Review

gm/L after 60h of fermentation. The fermentation cycle was continued up to 120h but maximum
yield was obtained at 60h 3. Sophorolipid synthesis using sugarcane molasses and coconut oil was
carried out by Houng et al, the yield obtained was 12 gm/L. The low yield is attributed to the
chemical composition of coconut oil **. Another study on molasses was performed by Takahashi
et al, in this molasses was used as the only source of substrate. No external lipophilic substrate
was added. The yield thus obtained was 23 gm/L. As molasses itself possesses lipid and sugar
content, it was used as the only source. C.bombicola was able to utilize this substrate and convert
it into sophorolipid successfully *.

Apart from sugarcane molasses, soy molasses has also been tried as substrates for sophorolipid
synthesis. Soy molasses along with oleic acid as lipophilic source have been studied by Soliaman
et al, the product yield obtained was 75 gm/L and 53 gm/L %', Soy molasses are byproducts of
soybean processing. It contains 30% carbohydrates and small amount of lipid content. Similarly,
rice bran and wheat bran have also been used as hydrophilic substrate along with jatropha oil 8.
The yield obtained was 122 gm/L after 9 days of fermentation. Despite higher yield, the lipophilic
source used here (Jatropha oil) contains toxin like curcin and phorbol esters (PE). These toxins
were present in the final product and complete elimination is possible by subjecting the

sophorolipid to alkaline hydrolysis which thereby increases the cost of production *°.

Efforts are being made to synthesis sophorolipid using lignocellulosic waste like corn caob,
sorghum baggase, corn stover hydrolysate along with lipophilic substrate. Abundant
lignocellulosic wastes are generated, which are renewable and rich source of cellulose,
hemicellulose and lignin. The composition of hydrolysate is complex, consisting of sugar and non-
sugar moieties. Sorghum bagasse hydrolysate contains sugars like glucose, xylose and arabinose
and non-sugar components like acetic acid, luvelenic acid, and formic acid. These components
might hinder with the fermentation process of SL. Interestingly, bioprocess performed using sweet
sorghum bagasse and corn fibers as carbon sources and soybean oil as lipophilic sources resulted
inayield of 84 and 15 gm/L respectively. These results confirm that S.bombicola (formerly known
as C.bombicola) is able to successfully convert mixed lignocellulosic waste supplemented with 5

and 6 C sugars into SL. Similarly, only corn cob hydrolysate along with glucose and olive oil
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yielded 33 gm/L of SL **.Among the lignocellulosic waste, sorghum baggase provides better yield
of sophorolipid. However, despite good yield of sophorolipid production, lignocellulosic wastes
are not that preferred substrates as it requires pretreatments which are time consuming and cost

incurring 061,

2.3.7.2 Dairy wastes:

Dairy industries produce large quantities of whey that includes, curd whey, whey waste, cheese
whey and lactic whey, all of these are readily available as raw substrates for metabolites
production. Whey is composed of lactose, vitamins, proteins and organic acids. It is a waste
product obtained from cheese production that represents a major pollution problem for countries

depending on dairy economics and is otherwise used as an animal feed.

In order to utilize whey as substrate material, the chosen organism must be able to consume lactose
and its breakdown products, glucose and galactose ®2. Interesting studies have been reported
regarding use of whey as hydrophilic substrates for sophorolipid production. A study by Zhou et
al reports that sophorolipid is synthesized successfully by using lactose and olive oil. The inbuilt
lactose transport system and lactase enzyme present in the yeast, facilitates sophorolipid synthesis.
Similarly, SL have been produced by a 2 step process using deproteinized whey as carbon source
and rapeseed oil as the lipophilic source. In initial studies it was found that C.bombicola was
ineffective in utilizing lactose component completely. The same research group then used another
yeast, C.curvatus. The yeast was grown on whey substrate, wherein of lactose was consumed
completely and biomass as well as intracellular triglycerides were produced. These cells were the
harvested and disrupted. The crude contents were then used as feed for C.bombicola along with
lipophilic substrate. This method yielded 422 gm/L of SL %%4%°_ Similarly, deproteinized whey
with oleic acid was also studied by Davarey et al, in 1 step process. The yield thus obtained was
33 gm/L ©8.

S
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These reports confirm that SL can be synthesized using lactose and other sugars. The extracellular
supply of sugars activates RAS/PKA pathway in yeast. This pathway allows incorporation of
several sugars like glucose, sucrose, lactose, and fructose which thereby facilitate SL synthesis.
Though the yield obtained is high, the pretreatment of whey and the fermentation processes are

cumbersome.

2.3.7.3 Food waste:

Another abundantly available hydrophilic feedstock are food wastes. This includes the left-over
food and spoilt food which are generally biodegradable but amount in which they are generated is
a matter of concern. Food waste accounts for 30-50 % of total solid waste globally. Food wastes
are rich in nutrients which could be used for production of different metabolites and industrially

important compounds. It contains bakery wastes, restaurant waste over and liquid based wastes.

As these wastes are complex in nature, enzymatic pretreatment is needed prior to fermentation
process. The yield obtained by using hydrolyzed food waste with oleic acid is 115 gm/L. A
comparative study conducted by Wang et al, concluded that bakery wastes (bread,pastry,cake)

have higher potential to produce sophorolipid than restaurant waste (chicken, egg, noodles, rice)
67,68

2.3.8 Lipophilic Substrates

2.3.8.1 Oils

The yeast S.bombicola is robust enough to incorporate varied lipophilic substrates. SL produced
by de novo synthesis comprises of oleic acid and therefore it is the most preferred substrates.
However, refined fatty acids or oils are expensive. Upscaling of similar condition is practically not
possible. To cut down the cost, low-cost lipophilic substrates could be used. Various vegetable oils
and oil residues from industries and waste water represent as renewable substrates for production
of microbial surface-active agents. Efforts have been made to synthesize SL using non edible and

different vegetable oils like: Non edible castor oil was used as lipophilic substrate with glycerol as
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hydrophilic substrate to yield 40 gm/L of sophorolipid. The castor oil gets hydroxylated at - 1
position and result in SL production ®°. Similarly, coconut oil supplemented with molasses and
glucose as carbon source resulted in 2-3 gm/L of SL°. Use of meadowfoam oil along with glucose
yielded 16 gm/L of SL *. The low yield thus obtained are mainly due to the composition of oil,

which proves to be toxic to the yeast cells thereby hampering the SL production.

Corn oil which is a byproduct of corn processing units contains mainly linoleic acid. The yield
obtained by using corn oil and glucose is 3 gm/L"2. Similarly, sunflower oil when utilized as the
sole lipophilic source yield, 12 gm/L of SL, whereas when it is added along with soybean oil the
yield increases to 49 gm/L. Supplementation of additional lipophilic components (Soybean oil)
helps to increasing the biomass thereby the conversion is higher’®". Safflower oil when utilized
as the sole lipophilic source yield, 48 gm/L of SL™.

Oil spills a major problem on global level and these oils are difficult to dispose due to
environmental concerns like persistence and resistance to biodegradation. Utilization of these oil
spills into useful products is extremely beneficial. Various other crude oils like tapis, melita and
ratawi which are associated with oil spills were used as lipophilic substrates with glucose for SL

synthesis. The yield obtained from respective oils are 26, 21 and 19 gm/L .

Amongst the different sole lipophilic sources used, highest production of SL is obtained by using
rapeseed oil. Rapeseed oil used in automotive and chemical industries is rich in linoleic acid. The
yield obtained on supplementation of glucose is 600 gm/L whereas with molasses as carbon source
the yield obtained is 280 gm/L .

2.3.8.2 Industrial wastes:

Meat processing industries like food, leather produce significant quantity of animal fat. Compared
to vegetable oil, the demand for animal fat is considerably less and much of it becomes a problem
as it is difficult to dispose "®. An alternate option for such product is utilization as raw material for

commercial metabolites compounds. Animal fat has been reported to act as stimulator for
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sophorolipid production. The yeast S.bombicola is able to grow on the mixture of glucose and

animal fat and stimulate SL synthesis. The yield obtained by this is 120 gm/L °.

Waste water generated from dairy industries are rich in carbohydrates and oils which to some
extents are difficult to degrade. Dairy waste water supplemented with soybean oil yielded 62 gm/L
of sophorolipid &. The deciding factor for alternative sources is that the substrates should promote
growth of the organism and product accumulation. Cassava waste water generated from cassava
plantations contains sugar and mineral essential for growth of yeast. Cassava water supplemented
with soybean oil yielded 200 gm/L of SL 8.

Majority of the edible oils, vegetable oils, saturated and unsaturated fats are routinely used by food
processing industries. Once the oils are processed for food production, the residues become
harmful pollutants for the environment. Waste from food industries contain high amount of
carbohydrates and fats which act as base material for fermentation process 2. Restaurants utilize
gallons of oil each week for various purposes. With this huge amount available, fermentation
process can be carried out using this as substrates. Restaurant oil waste supplemented glucose was
used to synthesize sophorolipid. The yield thus obtained was 34 gm/L 8. Similarly, waste frying
oil extracted from the grills and deep fryers were used as raw materials. The fermentation media
was supplemented with glucose and yielded 49 and 55 gm/L SL 8%, Qil refinery waste along with
glucose yielded 50 gm/L of SL 8.

Similarly, oil cakes are semisolid gummy products produced from oil processes by chemical
extraction. The oil cakes are rich sources of fats and oils. Oil cakes have no potential application
apart form being used as raw materials. VVarious oil cakes are generated like: sunflower, soybean,
corn oil, olive oil and rapseed oil. Of these some of them are used for SL production. A byproduct
of soybean oil processing is a black colored oil known as soybean dark oil (SDO) which is inedible
in nature. In a study by Wadekar et al, SDO was evaluated for synthesizing SL by supplementation
of glucose. The product synthesized by these substrates was 90 gm/L 8. Similarly, sunflower oil
along with glycerol as the hydrophilic substrate was used to obtain a yield of 7 gm/L . Also, beet

molasses along with residual oil cake generated a yield of 8.5 gm/L 8.
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2.3.9 Properties of SL.:

2.3.9.1 Self-assemblies of SL:

Amphiphiles have the inherent ability to self-assemble into variety of structures including micelles,
vesicles, nanotubes, nanofibers and lamella. These assemblies resemble with the biological
systems of cells like the lipid membrane, protein coat etc. and hence are studied widely®®. Self-
assemblies of SL have been well reported. Self-assembly can be defined as the ability of surfactants
to form specific arrangements driven by self-interactions between themselves beyond a certain

concentration (Critical micellar concentration)*®.

The asymmetric structure of acidic sophorolipid consisting of bulky carbohydrate head group
linked to lipophilic tail group with pH responsive carboxylic acid renders this particular congener
attractive for self-assemblies. Apart from this the acidic component possess higher solubility than

lactonic form. Thus, there are few reports available on self assemblies of lactonic form.

In aqueous environment, acidic SL are capable of forming different shaped assemblies like
ribbons, rods and spherical micelles. The shape of assemblies depends on various factors like pH,
temperature, concentration, chain length of fatty acid and degree of unsaturation of fatty acid®.
Zhou et al were the first to report the self-assemblies of SL with respect to pH and time®. Later,
the effect of lipophilic substrate on assemblies was reported by Dhasiyan et al. As per the reports;
at similar conditions, stearic acid resulted in flat sheet like structures while eladic acid formed
twisted ribbon and oleic acid resulted in ribbon like structure. The molecular geometry of fatty
acids (m-m stacking and packing structures) influences their assemblies®. Later, the same group
conducted reported the extensive studies on pH dependent self-assemblies of cis and trans form of
C18; i.e stearic acid and eladic acid to deduce the helical structure of the assemblies®®. Apart from
this, self-assemblies of oleic acid derived SL are widely studied including stimuli responsive
assemblies, assemblies at basic pH range, nature of assemblies on dip coated surfaces and as

structure directed agents for nanostructured films.
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2.3.9.2 Anti-microbial activity:

The interesting factor about SL promoting their wide application is the anti-microbial activity.
Various studies over the last decade have validated this fact that SL possess good anti-microbial

activity against bacteria, fungi, algae and viruses.

Various studies report that these glycolipids are capable of inhibiting both gram positive
(Staphalococcus aureus, Bacillus subtilis, Propionobacterium acne) and gram negative bacteria
(Pseudomonas aeruginosa, Slamonella typhimurium, E.coli)!®. Extensive research over the years
established that the activity is more pronounced against gram positive bacteria as compared to
gram negative, owing to the difference in the structural orientation of the two organisms. Here the
amphiphilic nature of SL affects the permeability of the bacterial cell membrane thereby leading
to leakage of intracellular components. Due to the presence of rich peptidoglycan layer in the
gram-positive bacteria, they are more susceptible to inhibition than gram- negative bacteria®®. The
methods for assessing the anti-bacterial activity are also well documented, these include: Well
diffusion assay, disc diffusion assay, contact method, malate dehydrogenase assay and ethidium

monoxide staining®9%.

Efforts are now being made to understand the relationship between the nature of substrate
(lipophilic substrate, hydrophilic substrate) and their biological properties. Abhyankar et al,
reported that altering the head or tail groups, affect the physical and biological properties of the
synthesized SL. Along with nature of substrate, ratio of lactonic to acidic drives the anti-bacterial

property®®.

Apart from this, SL’s synthesized by using essential oils as substrates possess ability to disrupt the
biofilm formation by hampering the quorum sensing activity of bacteria indicating their potential
use to tackle multidrug resistance in bacteria. Similar studies have been reported wherein the anti-

biofilm activity, anti-adhesive property of SL have been assessed?’.
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Anti-fungal activity of SL’s has also been studied. As reported by Hipolito, SL are effective in
inhibiting different fungi like: Aspergillus sp, Fusarium, Rhizopus sp and Botrytis sp®. SL are also
efficient in killing different phyto pathogens like: Phytopthora sp, Pythium sp, Trichophyton sp
and Fusarium sp. The mechanism involved in inhibition of fungal cell wall is yet to fully

understood®®.

Moreover, effect of SL on algal bloom mitigation has been reported by Sun et al %, Anti-viral
activity of SL has also been documented by Shah, 2005 wherein they evaluated anti-viral activities
of different congener of SL. It concluded that, surfactant property of SL hampers the sorption of
viruses on the surfaces, thereby inhibiting the viruses!®. Similar reports by Mukherjee et al,
highlights the effects of SL on viral protein coat?. Quite recently, Daverey et al proposed the use

of SL against the novel corona virus. However, there are no concrete results to verify this fact'%2.

2.3.9.3 Anti-cancer activity:

Anti-cancer activity of SL from varied substrates has been reported against different cancer cells.
Fu et al demonstrated the anti-cancer activity of different derivatives of SL against pancreatic
carcinoma. The study revealed dose and structure dependent anti-cancer property. Ethyl diacetate
ester proves better than lactonic and acidic forms of SL%, Another study demonstrated the effect
of degree of unsaturation of fatty acids and acetylation pattern on esophageal cancer by Shoan et
al wherein, lactonic diacetylated congener was reported to be most cytotoxic'®. Apart from this,
the effects of diacetylated lactonic congeners obtained from different substrates (C16, C18, C18:0,
C18:1) have been studied against cervical cancer. Chain length of substrates influences their
cytotoxicity!®*. Similar studies were conducted by Rebeiro et al, to understand the effect of
diacetylated congeners synthesized by substrates with varying degree of unsaturation on breast
cancer cell line. These reports suggest that the lactonic congeners with (C18:1) substrate prove
more lethal to the cancer cells!®. Comparative studies involving two SL synthesized by different
substrates against different cancer cells has been reported by Dubey et al. Herein, the cetyl derived

SL proves better for breast cancer and Oleic acid derived sophorolipid was more potent on cervical
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cancer'®, These findings suggest that the specificity of SL towards cancer cells, largely depends

on of nature of substrate used.

The underlying mechanism of anti-cancer activity of SL have been deduced by various studies.
Study by Chen et al on-liver cancer cell line (H7402) revealed that SL induce apoptosis into the
cancerous cells #2. Rebeiro et al reported the apoptosis in cancer cells by other apoptotic markers
like reduction in nitric oxide content and reduction in cell migration of MCF -7 (breast cancer) on
treatment with SL1%. Apart from inducing apoptosis, SL promote cell differentiation in glioma
cells, as reported by Joshi et al. Cancer cells have uncontrolled cell division, therefore
differentiation of these cells reverses the primary action. This unique property of sophorolipid has

only been reported against brain tumor and by using oleic and linoleic acid derived SL%.

2.3.9.4 Anti-inflammatory activity:

Apart from anti-cancer activity, SL also possess anti-inflammatory activity. SL synthesized by
S.bombicola, has been employed to cure sepsis infection. Bluth et al demonstrated the ability of
SL to modulate inflammatory responses. SL caused reduction in nitric oxide levels and down
regulates the expression inflammatory cytokines IL-1 and 1L-8%%7. The same (Hardin et al) group
conducted comparative studies to analyze the effect of different SL (Lactonic, acidic and ethyl
ester) on sepsis. Treatment with SL, resulted in increased survival rate by 28 % within 24h and
down regulation of pro inflammatory ctyokines'®. Subramaniam et al reported that SL down
regulate the IgE coding gene thereby acting as an anti-inflammatory molecule!®. Shah et al
demonstrated the spermicidal and anti-viral property of diacetylated ethyl ester form of SL.
Reduction in the levels of pro inflammatory cytokines was reported®:.,

Inflammation is the cumulative effect of signals from different cells of immune system. Onset of
inflammation causes release of ctyokines and interferons. Rodriguez demonstrated the ability of
SL to induce transition of macrophages, from M1 phase to M2 phase (Pro- inflammatory to anti-
inflammatory)*'°. These properties render SL extremely beneficial for implant surgeries to

minimize the chances of graft rejection.
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2.3.9.5 Nanoparticle synthesis:

The amphiphilic nature of SL paved a way for them into nanotechnology. Apart from this,
biodegradability, non-toxicity of SL gained interest over time. Non - dispersity of nanoparticles in
aqueous solution limits their potential. Kasture et al reported synthesis of cobalt nanoparticles
using sophorolipid as reducing and capping agent. SL synthesized nanoparticles exhibited better
solubility than control nanoparticles as the free sugar moiety of SL remains available for solvent
interaction, thereby enhancing the solubility of nanoparticles'!. Another study from same group
reported the effects of lipophilic substrate on physiochemical properties SL. As SL act as reducing
agent, the structural orientation of SL hinders its binding to the metal ion thereby affecting the
morphology of nanoparticles. Herein, higher degree of unsaturation resulted large sized
nanoparticles. Moreover, the anti-bacterial property of SL enhances the applicability of
synthesized nanoparticles as well'2, Baccile et al reported the potential of acidic SL for
synthesizing iron oxide nanoparticles. The open structure of acidic SL assists in stabilizing the
nanoparticles. Resulting carbohydrate coated iron oxide nanoparticles are biocompatible with
increased dispersity'®. Other nanoparticles synthesized by acidic SL are zinc oxide nanoparticles

with efficient anti-bacterial activity against Salmonella entirica and Candida albicans!!“,

Apart from metallic nanoparticles SL have been used to obtain solid/ liquid nanoparticles. These
types of nanoparticles act as encapsulating cargos for hydrophobic drugs. Presence of SL increases
the entrapment efficacy, solubility, slow-release kinetics and improved availability of entrapped

drugst®.

2.3.10 Applications of SL in varied sectors:

Surfactants have been primarily used for cleaning. Their demand increased drastically during the
world pandemic situation. The deleterious effects of chemical surfactants on the environment and

health promotes use of biosurfactant for varied applications. Owing to their varied biological
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properties, SL gained application in various sectors. The different sectors incorporating SL are

listed below:

2.3.10.1 Use of SL as cleansing agent.

Application of SL as an ingredient for laundry detergent was discovered by Hall et al and Furuta
et al''®11" Individual forms, acidic and lactonic and mixtures were incorporated into the detergent
formulations. Later, SL synthesized from Jatropha oil was explored for stain removal from

material. SL not only removed the stain efficiently but also was skin friendly**e,

SL have also been used commercially for cleansing purpose; Sidolin, a product of German based
company Henkel has been employing sophorolipid for glass cleaning formulations. Sophoron,
commercially available low foam dish washer detergent synthesized by Saraya company®.
Sophab, an instant vegetable wash employing SL has been commercialized by Green pyramid,

India

2.3.10.2 Use of SL for bioremediation:

Hydrocarbon contaminated soil with poor biodegradability was flushed with SL. Interestingly, the
biosurfactant increased the extraction of hydrophobic contents through micellar solubilization and
mobilization, resulting in increased bioavailability of microbial consortia for biodegradation.
Moreover, the flushing efficiency was higher than commercial surfactant''®, Feng et al reported
that with SL, the total petroleum hydrocarbon removal attained 45 % as compared to 12 % by other
commercial methods. SL assist in enhancing the desorption of pollutants into the aqueous phase,
leading to increased bioavailability for degradation!?’. Similar studies were conducted by
Minucelli et al where SL were employed for hydrocarbon and diesel oil removal. Emulsification
and solubilization property of SL increased the pollutant removal from the contaminated soils*?.
Qi et al incorporated acidic SL into heavy metal contaminated soil. Higher surfactant ability of

acidic form resulted in removal for heavy metals from soil. Nearly 84 % Cadmium and 45 % Lead
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were extracted out from the soil. The free end of acidic congener complexes with the Cadmium

ion thereby leading to removal as confirmed by structural analysis'??,

2.3.10.3 Use of SL in cosmetics:

Emulsifying abilities microbial based surfactants are useful for cosmetic application. Cho et al
highlighted the skin exfoliating and moisturizing abilities of SL. A dose dependent effect with
increasing concentration of SL was reported®?®. Apart from these, other effects imposed by SL on
skin surfaces are; promote dermal fibroblast metabolism, collagen neosynthesis, reduce the
inhibitory effects of free radicals, fibrinolytic properties, depigmenting agent, desquamating agent,
assist in reducing subcutaneous fat overload. Due to these attributable properties, SL have been
employed in lip cream, lip rouge and eye shadow. Lip gloss from water-in-oil emulsion was
formulated with sophorolipid as stabilizer. Addition of SL into toothpaste formulation depicted

similar properties like foamability, cytotoxicity and anti-bacterial activity as commercial'?412,

SL have also been synthesized using hydrophobic substrates mimicking the normal skin. Maeng
et al synthesized SL using horse oil. Horse oil essentially contains unsaturated fatty acids like
linoleic and palmoleic which are compatible to skin. The synthesized sophorolipid exhibited
excellent anti-bacterial, anti-wrinkle properties. Moreover, it promoted proliferation of dermal

fibroblasts'?.

2.3.10.4 Use of SL in food industry:

The wide stability of SL; thermotolerant, halotolerant and alkalotolerant coupled with good
emulsifying ability makes them potential candidate for food industry. Gaur et al reported the anti-

bacterial ~ activity of sophorolipid against different food borne pathogens!?’.

SL have been employed in food industry for various structural and textural attributes; to control
the agglomeration of fat globules, facilitate aeration, improve texture of starchy products.

Solubilization ability of SL help in managing consistency, anti-spattering and mixing of flavor in
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bakery and ice cream products. Moreover, the anti-bacterial activity of SL helps to improve the

shelf life of vegetables, fruits and prevent staling of foods, thereby preserving the foods®.

Due to these properties SL have now been used for packaging applications. Hipolito casted films
for food packaging using SL. These films were thermotolerant, flexible and anti-bacterial. These

diverse properties provide newer opportunities to further explore the potential of SL%,
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Chapter 111

Deciphering the effect of chain length of substrates on sophorolipid
production through physio-chemical characterization

SL are a class of biomolecules synthesized by non-pathogenic yeast S.bombicola. In this work we
have synthesized SL using unconventional lipophilic substrates like myristic acid along with
palmitic acid and stearic acid. The synthesized SL were thoroughly characterized by different
spectroscopic and chromatographic techniques. The aim was to understand the effect of chain
length of substrate on SL production. Further, the objective was also to study the chemical and

physical properties of these SLs.
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Glucose + Fatty acid \ / S.bombicola

Sophorolipid Synthesized

Synthesis Characterization

Effect of chain length

Fatty acids used: » o HPLC
C14 : Myristic Acid . gl]\;lf::'[ S
C16 : Palmitic Acid
C18 : Stearic Acid * FIIR

3.1 Introduction

SL belong to glycolipid class of biosurfactants and are synthesized extracellularly by non-
pathogenic yeast S.bombicola. Similar to synthetic surfactants SL exhibit physiological properties
such as detergency, lowering surface tension, emulsification, foaming and wetting ability. SLs
have emerged as promising substitutes for petroleum-derived conventional surfactants as they are
biodegradable, non-toxic, and cost-effective®,*® These molecules have good surface biological
properties such as antibacterial*?®, antifungal??, antiviral?t, and anticancer properties'%. Moreover,

they also facilitate nanoparticle synthesis and possess self-assembling ability.
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Despite their varied properties, the potential reasons for their restricted use in commercial market
are high cost of production and diversity in physical properties of synthesized SL. To overcome
this, efforts have been made to synthesize SL using different renewable hydrophilic or
hydrophobic substrates. Glucose is commonly used as hydrophilic substrate; as it consumed easily
by the yeast. However, the large quantities needed for synthesis, are cost incurring. Researcher
have now explored the used of cheaper hydrophilic substrates for SL productions including
lignocellulosic waste, whey, bagasse and molasses. Davarey et al reported a yield of 63 g/L using
molasses as hydrophilic substrate and soybean oil as hydrophobic substrate’. Another study by
Ma et al reported yield of 422 g/L using whey as hydrophilic substrate and rapeseed oil as
hydrophobic substrate®*°. Although the yields seem promising, the pretreatment needed for
lignocellulosic wastes to be used as hydrophilic substrates is cost incurring. Moreover, multiple
cultures are required for obtaining the desired yield.

Similarly, alternative hydrophobic substrates have also been explored for SL synthesis including
soybean oil, coconut oil, rapeseed oil and waste frying oil. Nooman et al reported yield of 48 g/L
by using glucose as hydrophilic substrate and safflower oil as hydrophobic substrate”™. Apart from
this, SL have also been synthesized using different essential oils like Jatropha , Lemongrass,
Peppermint, Cinnamon, Rosemary, Basil, Bergamot, Eucalyptus, Orange, Citronella, Tea tree,

Ylang ylang, Frankincense®. However, the basic composition of primary lipophilic substrates

dominantly consists of C16-C18 fatty acid chain (Table 2). This preferred range of chain length of
fatty acid for SL synthesis is attributed to (i) the substrate specificity of the enzymes; cytochrome
P450 monooxygenases (CYP52M1) and uridine diphosphate glucosyltransferase (UGTA1) and
(i) high preponderance of C18 in the de novo product*®. Moreover, Van Bogeart reported the ill
effects of shorter chain fatty acid (C8—10) on the yeast cell growth and yield of SL. Therefore, SLs
are commonly synthesized using fatty acids with 16—18 carbon atom chains’. The Table 2,3

describe the composition of different lipophilic substrates.
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Oils Composition of fatty acids (%0)

Palmitic Stearic Oleic Linoleic Linolenic
Soybean 10 4 18 55 13
Mahua 18 14 46 18 -
Jatropha 15.4 6.2 45 334 -

Table 2 Chemical composition of commonly used lipophilic substrates for sophorolipid synthesis

Oil Composition of fatty acids (%o)
Caprylic | Capric | Lauric | Myristic | Palmitic | Stearic | Oleic Linoleic
Coconut | 8 7 49 8 8 2 6 2

Table 3 Chemical composition of coconut oil as lipophilic substrate

Majority of the studies on use of renewable substrates for SL synthesis have been focused on yield
obtained rather than the nature of the SL synthesized. For upscaling purposes, the quality of the
synthesized SL is paramount. Effect of different substrates on the physiochemical properties of SL

remains unknown.

Short- and medium-chain length fatty acids have been successfully used for SL synthesis. This has
been achieved by using different substrates such as secondary alcohol (C12—C14), coconut oil,
and hydroxy fatty acids via chemical, biological, and biocatalytic methods. Refer Table 3. These
substrates were not explored further due to their lower yield. However, the influence of fatty acid
chain length on SL biosynthesis and product formation is only partially understood’. Therefore,
it is necessary to study the physical, chemical and biological properties of short chain SLs. The
use of pure medium/short-chain fatty acid as a sole lipophilic source for synthesizing SL has not

been explored.

Also, existing literature suggests tailormade biosynthesis of SLs by varying the fatty acid substrate.

The pliable nature of yeast S.bombicola, allows successful incorporation of different substrates in
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SL. This conversion is due to the robust enzymatic machinery of yeast, which converts varied
substrates into SL. Over the years, the yeast has been genetically modified to obtain specific
congeners. However, this process is time consuming and cost incurring. Moreover, the inherent

nature of wild strain seems highly beneficial for fermentation processes?3.

We hypothesize that changing the lipophilic substrate (lower chain length than the preferred chain
length) might affect the physical and biological properties of the synthesized sophorolipid, thereby
imparting wider applicability of molecule in various sectors. With this view, the current chapter
focuses on synthesizing SL using 3 different substrates with increasing chain length: myristic acid
C14, Palmitic acid C16, Stearic acid C18. The synthesized SL were then structurally characterized
to access their structural orientation and modification. This chapter further includes physical
attributes of the synthesized SL and the effects of chain length on these properties

3.2 Materials and Methods

3.2.1 Chemicals and microorganisms used

Fatty acids i.e. Myristic acid (MA), Palmitic acid (PA) and Stearic acid (SA) were procured from
Sigma chemicals. Various components of the culture medium used for sophorolipid synthesis and
yeast culture namely glucose, Malt extract, Yeast extract, Mycological peptone were procured
from Himedia, India. Luria Bertini medium, used to maintain bacterial cultures, was also obtained
from Himedia, India. A non-pathogenic yeast Starmerella bombicola (ATCC 22214) was used for
synthesis of different SL. The culture was maintained on MGYP agar slants (Malt extract-0.3g %,
Glucose- 10g %, Yeast Extract-0.3g %, Mycological peptone-0.5g %); grown at 28 °C and stored
at 4°C. For antibacterial assays, Gram positive (Staphylococcus aureus ATCC 9144) and Gram
negative (Pseudomonas aeruginosa ATCC 9027) bacteria were used. They were maintained on
LB agar slants at 37°C and stored at 4°C*®,
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3.2.2 Synthesis of sophorolipid

The biotransformation of fatty acids and glucose in presence of yeast enzymes results in
sophorolipid production. The protocol for synthesizing C18 derived SL has been well established.
However, this work emphasizes on using non-conventional substrates (mainly C 14 myristic acid)
for sophorolipid production. Therefore, the preliminary studies involved optimizing the
fermentation parameters so as to obtain better product yield. The fermentation parameters were
finalized via optimization studies, varying one factor at a time method. Refer to Eigure 3.1 for
optimization studies. This traditional method helps in understanding the effect of each individual
media component on SL synthesis. All SLs was synthesized using the resting cell method. Briefly,
S. bombicola was grown in 10 mL of MGYP broth for 24 h incubation (28 °C and 180 rpm); it
was transferred to 90 mL of growth medium (GM) with mild shaking conditions of 180 rpm. After
48 h of growth, cells were harvested by centrifugation at 5000 rpm for 20 minutes. The pellet was
then redispersed in the production medium (PM) supplemented with 1% (v/v) myristic acid and

incubated at 28 °C at 180 rpm shaking for 8 days. Refer Figure 3.2.

Types of Media components (g/L)
media
Glucose | Yeast MgSO4-7H20 | NazHPO4 | NaH2POs | (NH4)2SO04
extract

Growth 20 1 0.3 2 7 1

media

Production | 100 1 0.3 2 7 1

media

Table 4 Media composition for sophorolipid synthesis

SLs (derived from: Palmitic acid and Stearic acid) were also synthesized by the resting cell method.
Briefly, the S. bombicola cells were grown for 48h in MGYP medium, this was then used as a
starter culture for the fermentation process. The cells were harvested by centrifugation and were

inoculated in fermentation medium consisting of 10% glucose. The cells and fatty acid oil were
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used at 29% and 1g9% loading in the final synthesis. Then the broth was incubated at 280C for 7
days to allow synthesis of SL*. The following abbreviations will be used for the synthesized SL;
MASL- Myristic acid derived SL, PASL- Palmitic acid derived SL and SASL- Stearic acid derived
SL.

Optimization of the fermentation was done using the traditional one factor at a time method,
wherein the individual components of the media were replaced or removed, so as to evaluate the
product yield and to thereby, determine the effect of individual component of media on cell growth
and fermentation. The Eigure 3.1 describes the optimization protocol used for synthesis.

Optimization Technique

One factor at a time

B = DO
o 1en

‘ Supplement Removal

|
] I

Fatty Fatty
acid acid

Fatty

x Nitrogen ’ {Nxtrogen"; acid

Nitrogen

Figure 3.1 Description of method used for optimization studies: one factor at a time

3.2.3 Extraction of sophorolipid

The formed SL were separated by solvent extraction methods using ethyl acetate as the organic
solvent. The fermentation broth was mixed thoroughly with equal volumes of ethyl acetate. The

water and organic phase were separated using a separating funnel. The SL products partitioned
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into organic phase, which was collected separately. The solvent from the organic phase was

evaporated by Rota-evaporation and the crude SLs were obtained. Refer Eigure 3.2.
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Figure 3.2 Schematic representation describing the biotransformation process involved in SL synthesis

3.2.4 Characterization of sophorolipid

3.2.4.1 Thin Layer Chromatography:

Preliminary characterization of different components was analyzed by performing thin layer

chromatography on silica gel plates (Merck DC Keiselgel 60 F254). The solvent system used was
Chloroform/methanol/water in the ratio 65:15:2 v/v. Sample spots were loaded onto the plate by
capillary and then immersed in solvent system. The solvent was allowed to run over the plate upto
%, distance. The sample spots were detected using anisaldehyde method. Briefly, the silica plate is
immersed into the charring solution containing [absolute ethanol (135mL), conc. H2SO4(5mL),
glacial acetic acid(1.5mL), p-anisaldehyde(3.7mL)] and then the plate is heated for visualization

of the components®?,
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3.2.4.2 Oil Displacement assay:

The surfactant ability of synthesized SL (PASL and SASL) was assessed using oil displacement
assay. Briefly, 20ml water was added to the petri dish (55mm). To this a thin film of oil was formed
by using rapeseed oil. Further the crude SL were added gently onto the equilibrated film. On
contact with oil, the film is disrupted creating a halo, hereby confirming the surfactant ability of
the synthesized SL*,

3.2.4.3 High performance liquid chromatography (HPLC):

HPLC was performed to identify the acidic to lactonic ratio present in each synthesized SL. The
analysis was done on Waters 515 system (C18 column) with a solvent system of Acetonitrile:
Water (70:30). The injection volume was 50 pL with retention time of 35 minutes and flow rate

of 0.8 ml/minute.

3.2.4.4 Critical micellar concentration (CMC)

Surface tension was measured using Wilhelmy plate method, commonly known as the tensiometer.
Here, a flat platinum plate is suspended onto the liquid surface, which on contact to the liquid,
exerts a force on it. The generated force corelates to the surface tension of the liquid sample. This
method was used for assessing the equilibrium surface tension of aqueous solutions of SL. The
CMC of the SLs was determined by using Kruss K-11 Tensiometer. Initially, surface tension of
pure water was measured. Later, multiple surface tension measurements were carried out with
stepwise addition of SL (stepwise increasing concentration of SL in the solution). The addition of
SL was carried out until the surface tension values of the solution became constant. The CMC of
SL was calculated as the concentration as the concentration of SL needed to attain the lowest

surface tension of the liquid*®%,
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3.2.4.5 Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was carried out for all SLs and their fatty acid precursors, to confirm substitution of
glucose onto the fatty acid chain. The FTIR spectra were recorded on the Bruker Tensor Il system
in Platinum ATR mode. The measurements were done using 32 scans in the wavenumber range

500 - 4000 cm-1 and air as background using 32 scans.

3.2.4.6 High resolution mass spectrometry (LC-HRMS)

Various congeners of SLs are formed during synthesis.LC-HRMS was performed to confirm the
structures formed in the crude product.Hybrid Quadrupole Q-Exactive Orbitrap mass spectrometer
from Thermo Scientific was used. The SL samples were prepared in acetonitrile. For LASL, a total
run of 10 minutes was carried out by gradient solvent elution from 5% ACN in water to 100%
ACN with a flow rate of 500 pl/minute. For other SLs, the solvent system Acetonitrile: water 70:30
was used. The samples were passed through Thermo Scientific Hypersil ODS C18 column length
of 100 mm and 3 um particle size using liquid chromatography pump (Accela 1250). A fixed
volume of sample injected was 2 pLL and scan was performed using positive polarity in the mass
range 100-1500 m/z. The mass spectrometer was operated in positive electrospray ionization
mode, with spray voltage 3600 V, capillary temperature 320°C, S-lens RF level 50, maximum
injection time 120ms, and automatic gain control (AGC) 1x106. Nitrogen was used as the sheath
gas, spare gas and auxiliary gas, set at 35, 2, and 8 (arbitrary units) respectively. Thermo Scientific
X Calibur software was used to analyze and scan the data for different proposed structures of SLs
along with their hydrogen, sodium and ammonium adducts.Highest relative abundance peak were
corelated to the molecular mass of different SL congeners. The mass to charge ratio enabled to

identify specific congener of each synthesized SL3L,
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3.3 Results and discussions:

3.3.1 Synthesis and extraction of Sophorolipid:

Around 10 g/L yield was obtained for myristic acid with resting cell method. This method allowed
economic reuse of cells for consecutive 3 batches. Similar yield (85-90 % conversion) were
obtained for palmitic and steric acid derived sophorolipid. Extracellularly synthesized viscous
product was then subjected to solvent extraction to obtain sophorolipid. This crude form of SL was
used for further characterization and application.

3.3.2 Oil displacement assay:

The surfactant ability of each synthesized SL was qualitatively assessed by oil displacement assay.
As seen in the Figure 3.3, the control samples (oil on water) formed a uniform layer on water
surface. This layer was disrupted on addition of SL (test sample) thereby creating a halo. This

clearly indicated that the synthesized compounds (SL) exhibited good surfactant ability.
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Control- MASL Test-MASL

Control- PASL Test-PASL

Control- SASL Test-SASL

Figure 3.3 Oil displacement assay for each synthesized SL. The clear halo in the test sample
indicates surfactant ability of the SL

3.3.3 High performance liquid chromatography:

HPLC was performed to quantitate the conversion of hydrophobic subtrates (fatty acids) to less
hydropobic compounds, due to substitution of glucose molecule. The acidic forms are eluted first
(retention time- upto 8 min) while lactonic forms are eluted later (Retention time beyond 8 min)

due to their higher hydrophobicity. The Table 5 summaizes the composition of acidic and lactonic
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forms for each synthesized sophorolipid (MASL,PASL,SASL).Figure 3.4,3.5,3.6 depict the

chromatogram for each synthesized SL.

SL synthesized Acidic form (%) Lactonic form (%)
MASL 80 20

PASL 95 S)

SASL 80 20

Table 5 Summary of acidic: lactonic forms for each SL
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Figure 3.4 HPLC graph of MASL indicating the acidic and lactonic ratios
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Figure 3.5 HPLC graph of PASL indicating the acidic and lactonic ratios
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Figure 3.6 HPLC graph of SASL indicating the acidic and lactonic ratios

3.3.4 Fourier transform infrared spectroscopy:

To confirm substitution of sophorose moiety on the fatty acid chain, FTIR measurements were
carried out. The FTIR spectra of parent moieties i.e myristic acid (MA), glucose, and the crude-
synthesized SL were noted (Eigure 3.7). Myristic acid showed peaks at ~1400—1500, 2918, and
2854 cm™1, which correspond to the -CH; vibrations. The peak at 1687 cm™* corresponds to the
carbony! stretching. Characteristic peaks of glucose were seen at 1030 and 984 cm™, which
correspond to the C—O stretching vibration. The broad peak in the 3200 and 3400 cm ™ corresponds
to the -OH stretching. For MASL, the broad peak at ~3392 cm™ corresponds to O—H stretching,
which is present in the glucose molecule. Peaks at 2918 and 2846 cm™* represent symmetrical and
asymmetrical stretching of the -CHz group of fatty acid, respectively. A peak at 1695 cm™
corresponds to —CH> bending. Stretching of C—O—C in the ether bond is represented at 1084 and
1030 cm™L,

The spectra of fatty acid precursors i.e. Palmitic acid (Eigure 3.8) and Stearic acid (Eigure 3.9)
show a peak at 1700. This peak corresponds to the carbonyl group in the carboxylic end. The peaks
at 2918, 2850 and peaks between 1400-1500 (~1470, 1430, 1407) correspond to -CH: stretches
from the long alkyl chain. Glucose spectra show characteristic peaks at ~3250 cm™ which are
typical peaks for hydroxyl (-OH) groups. Other peaks between 1016 cm™ and 998 cm™ represent
C-O stretches in glucose. In case of both SLs, several peaks from their fatty acid precursors can be
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seen such as peak at vibrations of carbonyl group at 1700 cm™ and that of -CH; stretches at 2916
and 2850 cm™. Certain peaks from glucose moiety are also observed in the SL spectra such as at
1080 cm ™ and 938 cm™ representative of CO groups in the sugar. The SL spectra also show a peak
at 1244 cm™ for the ester bond i.e. C(-0)-O-C that is formed between an acetyl group and
6'/6"carbon on glucose which forms the mono or diacetylated congeners of the sophorolipid. Thus,
the FTIR spectra of all SL provide sufficient evidence that the synthesized compounds contains
both precursor fatty acid and glucose moieties, and the ether peak validates of the presence of the

SL molecule.
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Figure 3.7 FTIR graph of MASL,; presence of ether bond at 1030 confirms successful SL synthesis

ISHA ABHYANKAR 10BB19J26011 76



Chapter 111 : Deciphering the effect of chain length of substrates on sophorolipid
production through physio-chemical characterization

i—PASL
[——PA
[ Glucose,
3426
938
8 12447
o
£ 2918" 2849 1699
£
E
2 470
£ 1407
ES
1699
2918 2849
3250
1016 998
¥ T y T Y T y T Y T v T ¥
4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm”)

Figure 3.8 FTIR graph of PASL; presence of ether bond at 1079 confirms successful SL synthesis
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Figure 3.9 FTIR graph of SASL,; presence of ether bond at 1034 confirms successful SL synthesis
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3.3.5 High Resolution Mass Spectroscopy:

SL synthesis occurs in the cytosolic environment of the cell. Biosynthesis begins by activation of
fatty acid by hydroxylation, catalyzed by the microbial enzyme cytochrome P450 monooxygenase.
Hydroxylation occurs at the terminal or subterminal region of the fatty acid. The second step
involves attachment of the sophorose unit to the fatty acid molecule through an ether bond by
glucosyltransferase | and Il. Upon glycosylation, acidic non-acetylated SLs are obtained. Acidic
SL is characterized by the free fatty acid chain, whereas the lactonic form results in the formation
of a closed ring structure because of internal esterification at the carboxylic end of fatty acid with
C4 of the sophorose moiety’. Further modifications include acetylation at the C6 position of the
glucose moieties, resulting in the formation of monoacetylated and diacetylated SL molecules.

These different modifications of synthesized SLs were analyzed by spectroscopy.

HRMS analysis revealed that MASL is a mixture of acidic and lactonic molecules with the
preferred site for glycosylation through the methyl group. Mono- and diacetylated acidic and
lactonic structures were also elucidated from the analysis. Refer to Eigures 8.1- 8.3 in the appendix
for spectra of each modification. Glycosylation at the other end (carboxylic end) is not prevalent

in the case of MASL. The different structures of have been summarized in Table 6.

HR-MS analysis revealed that PASL contains both the mono and di-acetylated forms and that the
glycosylation happens at both the ends. Similar results were obtained for stearic acid derived
sophorolipid. The Tables below summarize the different modifications for both PASL and SASL.
Chromatograms of each modification are included in the appendix section (Figures 8.4- 8.14).

These results confirm that the SL can be synthesized using fatty acids having varying chain lengths.
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Sr. Components - Molecular weight Molecular weight
No MASL
(Acidic) (Lactonic)
Protonated Na Protonated Na
Adduct Adduct
1 No acetylation- 569.31 591.22 551.63 573.28
CHs
2 Mono 611.3 633.69 593.31 615.29
Acetylation-
CHs
3 Di acetylation- 653.72 675.72 635.71 657.31
CHs

Table 6 Different structural modification obtained from MASL
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Sr. Components - Molecular weight Molecular weight
No PASL
(Acidic) (Lactonic)
Protonated Na Protonated Na
Adduct Adduct
1 No acetylation- 596.34 619.34 578.69 601.69
CHs
2 Mono 638.35 661.35 620.72 643.72
Acetylation-
CHs
3 Di acetylation- 680.36 703.36 662.72 685.76
CHs
4 No acetylation- 580.35 603.36 562.69 585.69
COOCOH
5 Mono 622.36 645.36 604.72 627.72
Acetylation-
COOH
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6 Di Acetylation- 664.37 687.37 626.6 649.6
COOH

Table 7 Different structural modification obtained from PASL
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Sr.No | Components- Molecular weight Molecular weight

SASL (Acidic) (Lactonic)
Protonated | Na Adduct | Protonated Na Adduct

1 No acetylation- CHs 624.76 647.76 606.74 629.74

2 Mono  Acetylation- | 666.79 689.76 648.76 671.78
CHs

3 Di acetylation- CH3 708.39 731.39 690.80 713.81

4 No acetylation- | 608.76 631.76 590.73 613.74
COOH

5 Mono  Acetylation- | 650.79 673.79 632.76 655.78
COOH

6 Di Acetylation-COOH | 692.83 715.83 674.81 697.81

Table 8 Different structural modification obtained from SASL
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3.3.6 Critical micellar concentration:

In dilute solutions, surfactants behave as normal solute molecules, but as the concentration
increases, abrupt changes in the physical properties are observed. This phenomenon is due to the
formation of aggregates or micelles. The critical micellar concentration (CMC) value is measured
using any micelle-influenced physical properties as a function of concentration. In the present
work, the surface tensions of MASL, PASL and SASL were measured for different concentrations.
The Eigures 3.10- 3.12 represent the surface lowering abilities of each synthesized SL. As the
concentration increased, the surface tension was found to continuously decrease. This reduction in
surface tension is a further confirmation of successful synthesis of the SL molecule. After specific
concentration, no further decrease in the surface tension was observed. The CMC value for each
sophorolipid was calculated from the graph of concentration of SL (mg/mL) versus surface tension
(mN/m).

The CMC values varied for all the different SLs where MASL and SASL were in the range of 15-
40 mg/L. In contrast, CMC for PASL was found to be higher i.e. 110 mg/L. The surfactant ability
is dependent on the various factors like: chain length, degree of unsaturation, charge and branching
of molecules. For SL, two parameters contribute majorly towards the lower CMC: firstly, the
acidic to lactonic ratio of synthesized SL. Higher lactonic content leads to lower CMC . In this
study, the CMC of MASL and SASL are lower. This is due to the acidic lactonic ratio which is
80:20 in both and the ratio is 95: 5 for palmitic, explaining the higher CMC. Secondly, the
micellization process is governed by the hydrophobic moiety of the surfactant. Bulky molecules
require more time to form micelles, thereby increasing the CMC of the molecule i.e longer the
hydrophobic chain, more time needed for micelle formation. The micellar assembly formed from
SL is cylindrical micelles as inferred from its self-assembly pattern. Short chain SL i.e: MASL,
form micelles at lower concentrations due to short fatty acid chains. However, longer fatty acid
chain SL like PASL and SASL, are limited by their ability to diffuse and assemble into a cylindrical

micelle.
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The reported CMC value of SLs derived from oleic acid lies in the range 130—140 mg/L. For oleic

acids and linolenic acids, being unsaturated fatty acids with double and triple bonds, the CMC

value is eccentrically increased. Similarly, for stearic acid, being a saturated molecule, the CMC

value is low. This is in agreement with our observations®":’8, This implies that the acidic to lactonic

ratio has a higher influence on CMC as compared to fatty acid chain length. The CMC value of

MASL is distinctly low as compared to other SLs and thus makes MASL a promising candidate

for various commercial surfactant applications.
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Figure 3.10 Graphical representation of surface tension reduction by MASL
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Eigure 3.11 Graphical representation of surface tension reduction by PASL
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Figure 3.12 Graphical representation of surface tension reduction by SASL

3.4 Conclusion:

SLs are an interesting class of biosurfactants as they exhibit several useful properties that add value
in various application domains. In this study, we have described the synthesis of three different SL
namely MASL, PASL and SASL. These SL have varying fatty acid chains and the length of the
fatty acid chain increases from 14 carbon atoms in case of myristic acid SL to 18 carbon atoms for
stearic acid derived SL. The toxicity of fatty acids with a short carbon chain combine with the
C16—C18 chain length specificity of the yeast enzymes limits the avenues for producing SLs. In
this work, we have demonstrated, using the resting cell method, the synthesis of a shorter (C14)

chain SL derived from a novel source: myristic acid.

All the obtained SL have been characterized structurally using spectroscopic techniques. The FTIR
experiments confirmed substitution of sophorose moiety on to the fatty acid chains as well as
acetylation on the glucose in the sophorose moiety. The characterization suggests that
glycosylation occurs preferentially at the methyl end group of the fatty acid chain and leads to the

formation of a mixture of acidic and lactonic SL containing monoacetylated and diacetylated forms
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for myristic acid derived sophorolipid; whereas the glycosylation happens at both ends for higher
fatty acids, palmitic and stearic acid derived SL. Further, the HRMS analysis showed formation of
different congeners i.e. acidic, lactonic forms of SLs and their mono or diacetylated variants. All
the SLs showed excellent surface-active properties as determined by their critical micellar
concentration. The results highlight the plausible correlation between the chain length of fatty acid

substrate and their CMC. The lowest CMC was observed for myristic acid derived sophorolipid.

To summarize, the physiochemical properties of SL are greatly dependent on chain length of fatty
acids. Shorter chain derives SL have better physical properties than long chain derived SL, thereby
expanding their avenues for various commercial applications. The next chapter discusses the

biological properties of SL’s as a function of their fatty acid chain length.
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Chapter IV

Deciphering the effect of chain length on sophorolipid:
Emphasizing biological properties

Chapter 111 revealed that SL production is dependent on the chain length of substrates. The nature
of substrate affects the physical properties of the synthesized sophorolipid. Shorter chain derived
SL possess better properties in terms of CMC and glycosylation pattern. For holistic
understanding, we have assessed the effect of chain length on biological properties This chapter
primarily focusses on the anti-bacterial properties of SL’s as a function of chain length of fatty

acid substrate. Further, the cytotoxicity of various SL’s has also been studied using fibroblast cell

lines.
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4.1 Introduction:

The deleterious effects of chemical surfactants on health and environment have led to advancement
in the field of biosurfactants. The demand for greener products/ alternatives is gradually increasing.
The amphiphilic nature of SL renders it extremely useful for diverse applications like drug
delivery, enhanced bioavailability, nanoparticles synthesis and bioremediation. This chapter
focuses on different biological properties namely; cytotoxicity, anti-bacterial and anti-cancer
activity of SL. These activities were assessed for all the synthesized SL

Despite the advent of antibiotics a few decades ago, the rate of bacterial infections and mortality
associated with it are increasing at an alarming rate. Overuse of antibiotics has led to development
of mutated strains with antibiotic resistance genes (ARGs) and higher virulence. These ARGs are
transferred horizontally (within a population of bacterial cells in a niche environment like biofilm)
and vertically (from parent cells to offspring cells). Antibiotics and their metabolites are released
in the environment through household and hospital feed, pharmaceutical waste and this further
contributes to resistance **2. Such organisms are unresponsive to the currently available drugs and
thereby result in chronic infections affecting various organs. Classic example of this is a gram-
positive bacterium: S. aureus, which has become a leading cause of bacteremia and infective
endocarditis. It is now associated with hospital acquired infections, prosthetic device infections
and skin and soft tissue infections 123, Similarly, the gram-negative associated infections like cystic

fibrosis in implants, severe lung infections caused by P.aeruginosa, are difficult to treat 13,

Owing to this, there has been an increase in development of greener or natural antibiotic options
to combat these infections. Several strategies have been explored for tackling the increasing
antimicrobial resistance. Multiple studies have leveraged the antimicrobial potential of metal ions
such as iron, copper, silver, gold, zinc, titanium as well as ions like fluorine. These ions are used
in the form of nanoparticles or are doped in with other materials 3. Certain functional
biomolecules also have been shown to have potent antibacterial activity like functional DNA
molecules, antimicrobial peptides (AMPSs). AMPs have been shown to interact and disrupt the cell

membrane of the bacteria disturbing the ion channels and integrity of the cell membrane 3.
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Cationic biomaterials such as chitosan, act on the bacterial cell wall and membrane **’. Various
plant extracts containing phytochemicals such as alkoids, phenolic compounds, terpenes,

coumarins have also shown efficient antibacterial activity®,

SL, belonging to the glycolipid class of biosurfactants, are green molecules that have recently been
evaluated for their antibacterial activity. They are synthesized extracellularly by nonpathogenic
yeast Starmarella bombicola 2. Structurally, they contain a hydrophilic head and a lipophilic tail.
Their amphiphilic nature coupled with varied biological properties makes SL superior to synthetic
surfactants. Natural SL exist in two forms; acidic and lactonic. Both the components impart
different properties to the molecule i.e. acidic increases the solubility whereas lactonic imparts
bioactive properties to the molecules®®. Generally, majority of the literature on SL is focused on
synthesizing SL using C16-18 fatty acids, this is primarily due to the presence of these substrates
in de novo products. Shifting this paradigm, we aim to synthesize SL from lower chain fatty acids
myrisitic acid. Changing the lipophilic substrate drastically affects the physical properties of the
SL like lower CMC.

SLs have several advantages over the current antibacterial strategies. The synthesis of SL can be
carried out in a short duration at ambient temperature with a high yield unlike nanoparticles, which
would require higher temperatures or catalyst for the reaction. Synthesis of AMPs also can be a
time-consuming process and requires multiple precursors and enzymes. The crude product of SL
can be characterized and purified to identify various congeners or forms of SL molecules, whereas
plant or natural extracts would have an indefinite composition and may have non- reproducible
results. Apart from the antibacterial properties, the tailor-made synthesis of sophorolipid is equally
interesting. The tailor-made synthesis allows incorporation of different fatty acids and / or sugars
into the SL*,

Similar to anti-bacterial agents, the need for different anti-cancer drugs has been growing. Cervical
cancer is the fourth most frequently diagnosed cancer globally. Although WHO issued worldwide
elimination of cervical cancer, the disease is still prevalent. This is due to the varied etiological
agents like; persistent HPV infections, socio economic status, lack of disease awareness and

smoking. Newer treatment options like immunotherapy, precision medicine, personalized
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therapies and genetic approaches have been used. Despite considerable advancement in treatment
options, the debilitating side effects of treatment and economic burden on the patient is very
worrisome. Moreover, resistance of tumor to chemotherapy and rapid progression to metastatic
stages has also drastically increased*°,

To combat this, several newer strategies have been discovered. Interestingly, SL exhibit anti-
cancer activity against various cancer cells: cervical, breast, glioma, liver and pancreas. Joshi et al
reported the ability of SL to induce differentiation of cells in glioma. However, the effect of chain
length of substrate on biological attributes and on normal cells remains unexplored. An effective
cancer drug inhibits the cancer cells without affecting the normal cells of the tissue. Therefore, the

effect of different substrates on normal cell (L929) was also studied.

With this view, the current study focuses on understanding the effect of chain length of fatty acid
on biological properties. Interestingly it was found that the biological properties of these SL viz
anti-bacterial, cytotoxicity and also anti-cancer had a strong correlation to the fatty acid substrate
used. Our results show that SL have huge potential in the biomedical applications.

4.2 Materials and method:

4.2.1 Microorganisms:

Starmerella bombicola (ATCC 22214) was used for the production of SL and was maintained on
agar slants containing malt extract (0.3 g %), glucose (2 g %), yeast extract (0.3 g %), and peptone
(0.5 g %) (MGYP media) and incubated at 28 °C for 48 h with subculturing every 4 weeks.

The test organisms Staphylococcus aureus (ATCC 9144) and Pseudomonas aeruginosa (ATCC
9027) were obtained from the National Collection of Industrial Microorganisms (NCIM), CSIR-

NCL, Pune, and maintained on nutrient agar slants.
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All the SL (MASL, PASL, SASL) were synthesized and characterized using the protocols
mentioned in the Chapter Ill (Section3.2.2). Crude form of SL was used for all the biological

application.

4.2.2 Anti-bacterial activity:

The antibacterial activity was assayed using the contact method as per the protocol described in
Eigure 4.1. Briefly, the test organisms S. aureus and P. aeruginosa were grown in Luria Bertani
broth and incubated for 24 h at 28°C and 37 °C, respectively. The cell pellet was harvested by,
centrifugation at 5000 rpm for 15 minutes and washed with saline. The supernatant was discarded,
and the pellet was resuspended in saline and recentrifuged at 5000 rpm for 15 minutes. Serial
dilutions were prepared up to 10°. The cell count was quantified by adjusting the OD to 0.1 at 600
nm. MASL was diluted to 50, 150, 250, 350, and 450 pg/mL concentration for all organisms.
Bacterial culture was mixed with each dilution of MASL and incubated up to 1 h. Aliquots of 0.1
mL were withdrawn at intervals of 15 minutes and plated on LB agar. Two controls were used:
only bacterial cells and only lipophilic substrate. In addition, OASL was used as a positive control.
For each experiment, myristic acid (450 pg/mL) was used as a control. The plates were then
incubated at 37 °C/28 °C for 24 h. All experiments were performed in triplicates. After incubation,

the number of colonies was counted, and % survival was calculated using the formula

% cell survival = 100 x (NT/NC)

NT: number of bacterial colonies on plates.

NC: number of colonies observed on the control plate.
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Figure 4.1 Schematic representation describing the anti-bacterial assay protocol

4.2.3 Cell culture

HeLa (Cervical cancer cell line) and L929 (Mouse fibroblast) cell line were purchased from
National Centre for Cell Science (NCCS), Pune, Maharashtra, India. Cells were maintained in
DMEM (Gibco) media with 10% FBS (Gibco) at 37°C with 5% CO..

4.2.3.1 Cytotoxicity assay:

Cytotoxicity of samples was determined with the help of MTT Assay. MTT, (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) is a pale-yellow substrate that is cleaved
by living cells to yield a dark blue formazan product. L929 cells were seeded in a flat-bottomed,
adherent 96-well plate at a density of 10000 cells per well in 100 uL of complete growth media.
The plate was incubated at 37°C with 5% CO- for 24h.

The SL sample was dissolved in DMEM media and was UV sterilized for half an hour.

DMEM+10% FBS media was added to SL samples in order to obtain a definite concentration and
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volume. Different concentrations of SL samples were prepared starting from 2pg/mL to 1mg/mL.
Spent media was removed from the wells followed by sample addition. Plate was incubated at
37°C with 5% CO for 24h. After 24h the SL sample was replaced with 10% working MTT reagent
and plate was incubated for 4h at 37°C with 5%CO,. After incubation, MTT reagent was replaced
with 100ul of DMSO in all sample and control wells. DMSO dissolves the formazan to give a
homogenous purple-colored solution. Absorbance of the reduced solution was taken at 550 nm
with the help of ELISA plate reader (Multiskan EX, Thermo Scientific). Absorbance was taken in
triplicates and the normalized factor was reported as cell growth4,

4.2.3.2 Anti-cancer activity of SL:

Anti-cancer activity was determined by MTT assay, as per the protocol; Briefly, HeLa cells were
seeded in a flat-bottomed, adherent 96-well plate at a density of 10000 cells per well in 100 pL of
complete growth media. The plate was incubated at 37°C with 5% CO for 24h. The SL sample
was dissolved in DMEM media and was UV sterilized for half an hour. DMEM+10% FBS media
was added to SL samples in order to obtain a definite concentration and volume. Different
concentrations of SL samples were prepared starting from 2pg/mL to Img/mL. Spent media was
removed from the wells followed by sample addition. Plate was incubated at 37°C with 5% CO>
for 24h. After 24h the SL sample was replaced with 10% working MTT reagent and plate was
incubated for 4h at 37°C with 5%CO.. After incubation, MTT reagent was replaced with100ul of
DMSO in all sample and control wells. DMSO dissolves the formazan to give a homogenous
purple-colored solution. Absorbance of the reduced solution was taken at 550 nm with the help of
ELISA plate reader (Multiskan EX, Thermo Scientific). Graph of concentration vs % survival was
plotted. Inhibition concentration was determined by calculating the 1C 50 value#2,
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4.3 Results and discussions:

4.3.1 Anti-bacterial activity of SL:

The antibacterial activity of synthesized SLs was assessed against gram positive and gram negative
bacteria: S.aureus and P.aeruginosa. These bacteria were selected for this study as these are the
most common causes of hospital acquired infections and are also associated with graft rejection.
The assay was performed at different concentrations and at different time intervals using contact
method. As SL are partly soluble in water, their diffusion through disc or well into the agar is not
uniform and it may be retained in the well leading to inaccurate results. Hence contact method was
preferred over well/ disc diffusion method, in which two different parameters of antibacterial

activity can be tested simultaneously.

In Eigure 4.2, effective inhibition of both bacteria by MASL was observed, the % survival dropped
to 20% at 150 pg/mL within 15 minutes of exposure to S.aureus. For P.aeruginosa, 18% survival

was observed when 350 pg/mL MASL was employed with an exposure time of 1h.
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Figure 4.2 Antibacterial activity of MASL against different organisms- % Survival at
different concentrations (50—450 pg/mL) of MASL and at different time points (5—60 min)
plotted (A) Gram positive, S. aureus, (B) Gram negative, P.aeruginosa
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For PASL, the % survival of S. aureus dropped to ~10 with a concentration of 150 pg/mL within
2 h. Above 250 pg/mL complete inhibition was obtained after 2h. Similarly, for gram negative
organisms, P. aeruginosa, the % survival dropped to 12% with concentration of 250 pug/mL within
3h. Complete inhibition was observed at 450 ug/mL after 3h. Refer to Figure 4.3.
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Figure 4.3 Antibacterial activity of PASL against different organisms- % Survival at different
concentrations (50—450 pg/mL) of PASL and at different time points (5—60 min) plotted (A) Gram
positive, S. aureus, (B) Gram negative, P. aeruginosa
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Similar trend was observed for SASL, Eigure 4.4. The % survival dropped to 5% at 150 pg/mL
concentration within 2h. For P. aeruginosa, less than 20 % survival was observed at 350 pg/mL

concentration within 3h.
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Figure 4.4 Antibacterial activity of SASL against different organisms- % Survival at different
concentrations (50—450 pg/mL) of SASL and at different time points (5—60 min) plotted (A)
Gram positive, S. aureus, (B) Gram negative, P. aeruginosa
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From the results obtained it can be concluded that the anti-bacterial activity of SL is dependent on
the chain length of the substrate. For short chain SLs i.e. MASL the 80% inhibition of bacterial
cells is obtained at comparatively lower concentration as well as at much lower time of contact.
As the chain length increases i.e. PASL and SASL with a C16 and C18 fatty acid chain, the
concentration required for 80% inhibition of bacterial cells increases and the time of contact also
increases. This is seen in case of both gram positive as well as gram negative bacteria. Figure 4.5
highlights the effective concentration of each sophorolipids against both the model organisms.
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Figure 4.5 Summary of anti-bacterial activity of each synthesized
sophorolipid
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An interesting observation in this experiment was that the concentrations of SL required for
inhibition of gram-negative bacterium are higher than that of gram positive. This could be
primarily due to the structural variations between two bacteria. The cell wall of gram-positive
bacteria consists majorly of peptidoglycan whereas that of gram-negative bacteria consist of a
thinner layer of peptidoglycan. Also, gram negative bacterium has an extra outer membrane made
of mainly lipopolysaccharides, thereby making a much thicker cell wall. Penetration of SL in the
gram negative bacterial cell membrane from their hydrophobic tail is difficult owing to the outer
membrane %. Therefore, higher concentration of SL is needed to inhibit gram negative bacteria as
compared to gram positive bacteria and the SLs are more potent against gram positive bacteria.

Refer to Eigure 4.6.
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Figure 4.6 Schematic describing mode of action of SL on bacterial cell

The mechanism by which SLsw act on bacterial cells is by rupturing the cellular membrane. This
induces leakage of cellular contents and consequent release of certain intracellular enzymes like

malate dehydrogenase thereby confirming the direct interaction of SL with cellular membrane 3L,
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Zhang et al. reported the anti-bacterial activity of SL by using stain ethidium monoxide along with
PCR. On treatment with SL, there was considerable decrease in PCR amplification indicating the
interaction of SL with cellular contents, as EMA specifically penetrates cells having compromised
membrane or outpouring of cellular contents'**44, In another study by Dengle-Pulate et al., the
effect of SL on the cell membrane of various gram positive and negative bacteria was studied. The

SEM studies showed rupture of cell membrane and leakage of cell contents??,

The effect of SL on bacterial membrane decreases as the chain length of substrate increases. Short
chain derived SL; MASL are potent in killing the bacterial cells than stearic acid derives
sophorolipid. As mentioned earlier, SL induce autolysis; which causes disintegration of cell
membrane leading to leakage of intracellular contents. The trigger for autolysis is the autolysins
(endogenous lytic enzymes) embedded into the cell membrane. The surfactant ability of SL causes
solubilization of these autolysins leading to activation of autolysis within cells. As MASL exhibits
lowest CMC, its activity is more pronounced on the bacterial membrane. Moreover, the binding
of SL onto bacterial cell is dependent on the hydrophobicity of the molecules and therefore, higher
chain length of substrate; more time needed to inhibit the bacterial®®. The process has been

schematically described in Eigure 4.7.
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Figure 4.7 Schematic describing induction of autolysis in bacteria

4.3.2 Cytotoxicity against L929 cells:

This section focusses on the cytotoxicity of SL synthesized using various fatty acid substrates.
Interestingly, this observed trend is exactly reversed when compared to antibacterial activity. i.e.
with increasing fatty acid chain length, the cytotoxicity of SLs increased. Refer to Figure 4.8. For
MASL the cytotoxic concentration accounting to 50 % killing of normal cells is 300 pg/ml,
whereas, the cytotoxic concentration of PASL is 200 pg/ml and for SASL it is 80 pg/ml. The
difference in the mechanism of interaction of SL with bacterial and mammalian cells has not been

yet explored and is a part of an ongoing study.
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Figure 4.8 Cytotoxicity of all synthesized SL against fibroblast cell line

4.3.3 Anti-cancer activity of SL against cervical cancer:

Anti-bacterial activity of SL depicted a chain length dependent activity therefore to further explore
the potential and to understand the trend of biological activity, we explored the anti-cancer

potential of SL against cervical cancer cell lines. The activity was assessed for synthesized SLs.
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Figure 4.9 depicts the anti-cancer activity of crude MASL. The anti-cancer activity revealed that
50 % inhibition observed with concentration of 200 ng/ml. Whereas, concentration of 150 pg/ml

is sufficient in killing 80 % of bacterial cells.
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Eigure 4.9 Anti-cancer activity of crude MASL against HeLa cell line

Similarly, for PASL, 50 % inhibition as observed at concentration of 500 pg/ml. For PASL higher
concentration is needed to achieve the inhibition. Moreover, the inhibition happens gradually as

the concentration increases. Refer to Figure 4.10.
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Figure 4.10 Anti-cancer activity of crude PASL against HeLa cell line

Similarly, for SASL in Eigure 4.11, 50 % inhibition observed at concentration of 40 pg/ml. For
SASL as the concentration increases, the % inhibition also increases.
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Figure 4.11 Anti-cancer activity of crude SASL against HeLa cell line
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From the results it is evident that SASL is more potent in killing the cancerous cells (at low
concentration), however, the same concentrations of SASL proves to be lethal to the normal cells.
Similar trend is observed for PASL, where 200 pg/ml concentration causes inhibition of both
normal and cancerous cells. However, the trend is different for short chain derived SL.
Concentration of 200 pg/ml inhibits 50 % of cancerous cells, without affecting the normal cells.
This indeed validates that as the chain length of substrate increases, it affects the biological

properties of SL.

From the results, it is observed that the mechanism of action of SL on normal and cancer cell is
same. Moreover, it is also evident that as the chain length increases, the concentration needed to
inhibit the cells decreases'“® Figure 4.12. This is mainly because of the inherent need of C18
saturated fatty acids by the cell. Fatty acids alone play an important role in cellular signaling and
metabolic pathways. C18 fatty acid have more affinity towards the membrane receptors than the
lower chain fatty acid'*”'%®, The interaction of fatty acid with receptors or its external
supplementation results in membrane perturbation thereby affecting the cellular integrity and
mechanism. As SASL contain saturated C18 fatty acid as parent moiety its affection towards
membrane receptors is more and therefore, lesser concentration is needed to exhibit the activity4°.
However, in case of MASL and PASL, higher concentration is needed to exhibit the same effects

as the affinity towards membrane receptors is less for these fatty acids.
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Figure 4.12 Effect of chain length of substrate on biological properties of sophorolipid

4.4 Conclusion:

To summarize, the biological properties of SL are greatly dependent on the nature of lipophilic
substrate used. Shorter chain derived SL exhibit excellent anti-bacterial activity against gram
positive and gram-negative bacteria. This SL has good anti-cancer potential and are not lethal to
the normal cells. These findings along with the results from earlier chapter, validate the fact that

decreasing the chain length enhances the physiological and biological properties of the SL.

Interestingly, the mechanism of action of SL on bacterial cell and mammalian cell is related to the
chain length of substrate. For mammalian cells, the higher specificity of saturated fatty acids
towards membrane receptors renders it lethal to the cells whereas, the low surface activity of such

higher chain derived SL limits their anti-bacterial potential.
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To conclude, myristic acid derived SL exhibited better physical and biological properties as
compared to longer chain substrate, thereby indicating the importance of lipophilic substrate on

SL production.
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Chapter V

Myristic acid derived sophorolipid: production, purification and
biomedical application

Microbial glycolipids are one of the most interesting alternatives to chemical-based surfactants as
they exhibit improved biodegradability and less toxicity. However, their potential has been limited
because of specificity of the yeast toward fatty acids having a carbon 16 or carbon 18 chain. This
study focuses on SL production by the yeast Starmerella bombicola using myristic acid, a medium-
chain carbon-14 fatty acid that has not been used as a substrate for SL production. The production
was optimized for inoculum size and lipophilic substrate concentration. Furthermore, we also
studied the effect of medium-chain fatty acid on yeast cell growth and optimized the process for
excellent yield. Individual congeners of the crude mixture were separated using dry column
chromatography and then structurally characterized by mass spectrometry. Further the anti-cancer
potential of each individual congener of MASL has been studied.
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5.1 Introduction

The extracellularly synthesized SL constitute a mixture of mono acetylated or di acetylated acidic
and lactonic forms of SL. These structural variations depend on the position of hydroxyl fatty acid,
degree of saturation and fatty acid chain length>°. Overall heterogeneity of SL is hampered due to
the limited specificity of substrate length. Use of shorter chain length substrate would broaden the
application range as this will result in shift of hydrophilic/hydrophobic balance of the molecule
leading to better water solubility and improved surface lowering abilities. The substrate specificity
of yeast S.bombicola towards, C16-18 fatty acid chains is governed by the enzyme cytochrome
P450 monooxygenase. This specificity could be circumvented by using hydroxylated short chain
substrates or by modifying the substrate thereby resembling to stearic acid or by modifying the
fermentation process™!. Hydroxylation of fatty acids marks the beginning of SL pathway; this
includes etherification of fatty acids at its hydroxyl end to glucose molecule resulting in formation
of glucolipid. Omitting this step by using hydroxylated fatty acids allows incorporation of different

short chain substrates like secondary alcohols(C12-C16), ketone 2-,3-,4- dodecanones, 1,12-
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dodecanediol and 12 hydroxydodecnoic acid. Furthermore, unconventional substrates could be
incorporated by using substrates with internal ester bond and resemblance to stearic acid. These
include: dodecyl glutarate, tetradecyl malonate and dodecyl pentanoate. The SL synthesized by
these substrates are later subjected to alkaline hydrolysis so as to obtain short chain derived SL.
Although, these modifications seem promising, their execution and upscaling could be cost

152 Therefore, a promising alternative to this would be

incurring and time consuming
circumventing the fermentation process to synthesize short chain SL. At optimal temperature and
pH condition, the wild strain yeast successfully converts a wide range of lipophilic substrate into
SL production. Even in absence of lipophilic substrate, the yeast synthesizes SL by using its
inherent enzymatic system. Using this property, we aim to optimize the fermentation process for

synthesizing MASL by wild stain of S.bombicola.

Myristic acid being a novel substrate for SL synthesis, the influence of MASL on yeast cell growth
and product yield were analyzed. The crude MASL was then purified and the individual congeners
were separated by column chromatography and analyzed by LC-HRMS for elucidating the
structural diversity of new synthesized SL. As described in Chapters Il and 1V, MASL exhibited
better physical and biological properties than conventional substrates. Therefore, MASL was
selected for further studies. Building on the data from Chapter IV, the biological potential of
MASL was further assessed by studying the anti-cancer activity of individual congeners and

deducing the mode of action of SL on cancerous cell.

This chapter focuses on understanding the mechanism involved in successful incorporation of
myristic acid as substrate for SL synthesis and determining its effect on the yeast cell growth and
yield. Moreover, as myristic acid was a novel substrate, the influence of each congener on the

biological attributes of synthesized SL were studied along with the mode of action.
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5.2 Materials and method:

5.2.1 Microorganisms and Maintenance

S. bombicola (ATCC 22214) was used for the production of SL and was maintained on agar
MGYP media, composition as described in earlier chapter I1.

SL synthesis and characterization was carried out as described in chapter I11 (Section 3.2.2). The

synthesized product was referred as MASL and subjected to purification as mentioned below:

5.2.2 Media Optimization

Optimization studies were performed in triplicates. Different media compositions (growth
associated, resting cell, induction, and nitrogen depletion) were used for media optimization. The
bioprocess of SL consists of two phases: the growth phase and production phase. In the resting cell
method, the cells were grown in MGYP media along with the lipophilic substrate (0.1%) and later
transferred to production media (PM). For the induction experiment, myristic acid (0.1%) was
added to the media during the growth phase, and then, fermentation was continued in the same
media (with top-up of glucose and the lipophilic substrate). For growth-associated, the MGYP
media was used for both the growth and production phases (with top-up of glucose and the
lipophilic substrate). Nitrogen depletion was achieved by eliminating the nitrogenous sources from
the media.

Another experiment was designed to analyze the effect of shorter chain fatty acids on yeast cell
growth. For this, the test sample contained myristic acid (1%) as a lipophilic substrate for
fermentation, while the control was devoid of any external lipophilic substrate, de novo

fermentation. Biomass was calculated at the end of fermentation and compared.
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5.2.3 Purification of MASL

Purification of synthesized MASL was carried out using dry column chromatography. Silica gel
(UV-visible GF 254 nm) with a mesh size of 100—200 was used as the packing material, and
dialysis tubing was used as a dry column. Before packing the column, silica gel was activated

by heating at 110 °C for 4 h. Precisely, 100 g of activated silica gel was mixed thoroughly with 10
mL of distilled water. Distilled water was added to maintain the moisture level and for the
reproducibility of the Rf value. Dialysis tubing of measurement 4 x 40 cm was sealed at one end.
Crude MASL (2 g) dissolved in ethyl acetate was mixed with an equal amount of dry activated
silica gel, and then, the resultant slurry was packed into the column. The solvent system (100 mL)
consisting of chloroform/methanol/water (65:15:2, v/v/v) was loaded onto the column and allowed
to migrate for 2 h until it reached the end of the column. The column was examined under
UV-visible illumination at 254 nm. Five distinct bands with respective Rf were observed which
were cut out with a surgical knife. The individual gel slices were added to ethyl acetate and stirred
to form a slurry. The resulting supernatant was collected and rotary-evaporated. Each fraction was

further analyzed by HR-MS®2, Refer Figure 5.1.
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Figure 5.1 Schematic describing the protocol followed for purification of crude MASL
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5.2.4 Anti-cancer activity of SL:

The anti-cancer activity of each congener was studied by performing MTT assay. The protocol

used for this assay id same as described in Chapter 1V, section 4.3.3.

5.2.5 Fluorescence activated cell sorting:

Flow cytometry is a popular quantitative tool used to study cells cycle and DNA content. Through
flow cytometry cells with defined genetic and biochemical properties could be identified. It helps
in identification of cell death pathways viz; apoptosis or necrosis. Figure 5.2 explains the working
of flow cytometry which consists of 2 forms: non soring and sorting. Sorting type possesses the
ability to separate fluorescent labelled cells from a mixed population. The cytometer consists of
cell sorter, optics and detector. The sample runs through the cell sorter and is transported to the
light source. The excitation optics focuses on the cells and the collection optics gathers the light
transmitted by the cells and pass it to the detector. Fluorescent compounds with specific
wavelength are used depending on the nature of the sample. For protein samples the fluorochromes
used are FITC, phycoerythrin, allophycocyanin. Fluorochromes used for nucleic acids, ethidium

bromide and propidium iodide®*.
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Figure 5.2 Working principle of FACS

5.2.6 Chemicals for FACS:

Triton X and propidium iodide were procured from Sigma Aldrich. RNaseA was obtained from

Thermo Fischer. All the chemicals were stored as per the manufacturer guidelines until use.

5.2.7 FACS protocol:

The protocol used to access the anti-cancer activity of SL is described below:

HeLa cells with density 2 * 10 ®were seeded in 6 well flat bottom plate. After 24h, the spent media
was replaced with different concentration of SL (ng/ml). The concentrations were decided based
on the results obtained in Chapter Ill. The treated cells were detached by trypsinization and cells

were harvested by centrifugation at 1000 rpm for 5 minutes.

ISHA ABHYANKAR 10BB19J26011 114



Chapter V: Myristic acid derived sophorolipid: production, purification and
biomedical application

The harvested cells were then fixed by 70 % cold ethanol at 4 ° C for 18h. Later, the cell pellet
was re-suspended in 0.5 ml PBS containing 0.25 % Triton X 100 and incubated for 15 minutes at
RT. The cell pellet was obtained by spinning down the cells by centrifugation at 1000 rpm for 4
minutes. Supernatant was discarded and cell pellet was re-suspended in PBS containing 10 pg/ml

RNase A and 20 pg/ml propidium iodide and incubate for 30 minutes in dark conditions®®.

5.3 Results and discussions:

5.3.1 Media optimization:

Fatty acids of length C16—C18 such as oleic acid are most preferred substrates of enzymes
involved in SL biosynthesis by Starmerella bombicola. Therefore, the first objective of this study
was to optimize the synthesis of myristic acid SL (C14) with respect to yeast cell growth and
yields. Preliminary optimization studies were performed using different media compositions
(resting cell, growth-associated, induction, and nitrogen depletion). The results revealed that the
maximum yield (12 g/L) of MASL was obtained with the resting cell method. Refer Eigure 5.3. In
the resting cell method, the cells are harvested after the growth phase and subjected to new media
during fermentation. Thus, the cells have fresh supply of components for production of SLs. Also,
introduction of myristic acid during the growth phase leads to acclimatization of the cells to the
unconventional substrate, resulting in good yield. It can thus be concluded that the resting cell
method along with induction works best for synthesis of the short chain derived SL—MASL. The
use of myristic acid as the substrates also has few advantages: its usage is FDA approved and is
also declared GRAS clear by FEMA.
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Figure 5.3 Graph indicating the yield obtained on using different fermentation methods for synthesizing
MASL

Our studies also showed that the optimized method of MASL production had no adverse effect on
the cell mass (Figure 5.4). The probable reason for successful synthesis of this SL is its role in
myristoylation: a lipid modification involving the addition of myristic acid to the N terminal of
glycine. This lipidation reaction plays an essential role in protein—protein interaction and signal
transduction pathways. Therefore, exogenous supply of myristic acid through the fermentation
media activates the N-myristoyl transferase enzymes, which are involved in myristoylation.
Moreover, myristic acid acts as a hydrophobic anchor in the lipid bilayer of the cell, thereby
facilitating the association of G protein with the plasma membrane (Eigure 5.5). Therefore,
myristic acid is not considered foreign by the cell and is easily incorporated into the enzymatic

machinery, further leading to SL synthesis!®6:157,
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Moreover, S. bombicola possesses the inherent ability to synthesize the SL for its metabolism, and
as a defense mechanism, this is known as the de novo product. This is carried out by the fatty acid
synthase system (FAS) of the cell**®. Nguyen et al studied the correlation between the FAS system
and fatty acid profile of the cell using a wide range of fatty acids (C14—C20) and concluded that
the exogenous supply of myristic acid is indeed beneficial for the growth of the yeast cells°.
These studies agree with our results from the optimization studies and thereby verify that myristic

acid, as the sole lipophilic substrate, is not harmful to the yeast cells.

Furthermore, the product conversion of MASL was compared with the conventional OASL and it
was revealed that MASL yielded more than 85% conversion of lipophilic substrates. Refer to

Figure 5.6. This indicates that not all short chain substrates are lethal to cell and lead to low yield.

2.5

I Before
B After

2.0 4

1.5 1

1.0 +

Wet weight of cells (mg/100 ml)

0.0 -
Control Test

Effect on yeast cells

Figure 5.4 Graph depicts the effect of short chain substrate on the growth of yeast cells post the
fermentation process
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Figure 5.6 Graph denotes the comparison of product conversion between oleic acid and myristic acid
derived SL

5.3.2 Purification of MASL:

As described in Chapter 111, section 3.3.5, the crude SL is a mixture of acidic and lactonic types of
SLs with acetylation, diacetylation, or monoacetylation. The purification of this crude SL was
performed in dialysis tubing, which resulted in separation of the mixture into well-defined bands.
The yield of all the bands was 80% of the initial crude SL loaded onto the column. These separated
SLs were then run-on TLC, and each fraction depicted a single band, thereby confirming their

purity.

The individual fractions from purification were further analyzed using LC-HRMS to identify the
molecular weight of individual components. The molecular weights of each congener were similar
to that obtained in the crude mixture. The different modifications obtained from the congeners
were: acidic SL, monoacetylated acidic SL, monoacetylated lactonic, diacetylated acidic form, and

diacetylated lactonic SL.
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5.3.3 High-Resolution Mass Spectrometry:

The below graphs depict the chromatogram and corresponding mass spectrum of individual
congeners post purification (Fractions collected from dry column chromatography).
Figure 5.7, depicts fraction I, a peak obtained at 1.23 RT corresponds to acidic SL protonated ion,

with molecular formula C26H49013 and m/z 569.3163.
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Figure 5.7 Extracted ion chromatogram and mass spectrum of fraction |
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For fraction Il a peak was obtained at 1.24 RT which corresponds to lactonic monoacetylated SL
sodium adduct ion, with molecular formula C2sH4sO13 and m/z 615.2985. Refer Eigure 5.8. The
small peak at 0.91 is attributed to the solvent system used.
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Eigure 5.8 Extracted ion chromatogram and mass spectrum of fraction 1l
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Figure 5.9 depicts fraction Il with peak obtained at 1.39 R.T, which corresponds to acidic
monoacetylated sophorolipid sodium adduct ion, with molecular formula CsHsoO14Na and m/z
633.3107.
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Figure 5.9 Extracted ion chromatogram and mass spectrum of fraction 11l
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A sharp peak was obtained at 1.80 R.T for fraction IV which corresponds to acidic di acetylated

SL sodium adduct at m/z 675.3190, with molecular formula C3oHs2015Na. Refer Eigure 5.10.
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Figure 5.10 Extracted ion chromatogram and mass spectrum of fraction 1V
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For fraction V a sharp peak was obtained at 1.39 RT, which corresponds to lactonic di acetylated

SL protonated ion with molecular formula C3oHsoO14 and m/z 657.3086. Refer Eigure 5.11.
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Figure 5.11 Extracted ion chromatogram and mass spectrum of fraction V

It is also observed that MASL has preferential glycosylation at CHs end. The Table 6 in Chapter
I11 depicts the different modifications present in MASL.
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From column chromatography 5 different congeners were obtained which are in accordance with

the modification mentioned in Table 6. These include both forms of acidic and lactonic congeners

I.e monoacetylation and deacetylation and native form of SL. For exploring the individual potential
of each congener, anti-cancer activity mono and di acetylated acidic and lactonic congeners was

assessed.

5.3.4 Anti-cancer activity of MASL.:

The individual congeners were successfully separated and further assessed for their anti-cancer
potential. In this, two types of both acidic and lactonic forms namely; monoacetylated and di
acetylated were selected. From the FEigure 5.12 it is clear that of the two forms of lactonic
congeners the diacetyletad congener exhibited better anti-cancer activity. Concentration of 200
ug/ml and above were able to inhibit 40-50 % of the cancer cells. Whereas, the same activity was
achieved with higher concentration (500 pg/ml) for the mono acetylated congener. The difference
in the anti-cancer activity of two congeners of same form are attributed by their structural variation

thereby affecting their amphiphilic nature®®°,
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Figure 5.12 Graph describes the anti-cancer activity of lactonic congeners against
cervical cancer

From the graphs (Figure 5.13) it is observed that the acidic congeners (mono and di) lack the anti-
cancer activity. Even at highest concentration 10-20 % killing of cancer cells was observed. Acidic
components contribute to the surfactant ability of SL and therefore, their biological potential is
low. However, the lactonic components exhibit good biological properties but their solubility
remains an issue. The anti-cancer potential of crude has been described in Chapter IV, section
4.3.3, it is evident that crude SL possesses better activity than the individual congeners. Each part
i.e acidic and lactonic impart different properties to the molecules. A mixture of both results in

combined properties for the SL. Thus, the crude SL possesses good anti-cancer property and is
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also soluble in aqueous solutions owing to its acidic content. Therefore, for commercial

application, the use of crude SL would prove beneficial.
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Figure 5.13 Graph depicting the anti-cancer potential of acidic congeners against
cervical cancer
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5.3.5 Fluorescence assisted cell sorting:

Earlier Chapter IV proved that MASL inhibits the cervical cancer cells efficiently. To further
investigate the mechanism of action flow cytometry was used. The reasons for cell death are either
apoptosis or necrosis (Figure 5.14). Apoptosis results in characteristic cellular changes like cell
shrinkage, nuclear and chromosomal fragmentation and activation of caspases. Whereas, necrosis
involves serine- threonine activation for inhibition. Through flow cytometry these changes could
be identified'®.Oleic acid derived SL have been known to induce apoptosis in human liver cell

and breast cancer!#?,

Death of cells

/ AN

Apoptosis Necrosis
Caspase Serine-threonine
activation kinase activation
Sub G1 peak, Sub G1 peak,
far from G1 adjacentto G1

Eiqure 5.14 Diagrammatic representation of different pathways leading to death of cell
Cell cycle distribution was measured through FACS upon 24h treatment with different
concentrations of MASL. The proper cell cycle graph was observed for control samples consisting
of all 3 stages mainly; GO/G1, S and G2/M. G1 phase resembles growth, S for DNA synthesis and
G2/M phase for meiosis and mitosis. Of the total population of cells, 42.5 % were GO/G1 phase,
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18 % cell population for S phase and G2/M phase accounting for 30 %. The sub G1 phase was
negligible (0.5 %) in control samples'®?. Refer Figure 5.15.

800
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!

Count

20,000 500,000 1,000,000 1,500,000
FL2-A

Figure 5.15 Graph denoting the cell cycle curve of control
sample

For MASL treated samples, tremendous increase in the sub G1 population was observed (Eigure
5.17). The appearance of sub G1 peak is a characteristic of apoptosis. For MASL sample with

concentration of 200 pg/ml the sub G1 phase was around 7 %, while the other phases were as

follows: GO/G1- 40 %, S phase- 20 % and G2/M phase- 26 %.
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Figure 5.16 Graph denoting the cell cycle curve after
treatment with lower concentration of MASL
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Figure 5.17 Graph highlighting the subG1 phase of cell cycle
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On further increasing the MASL concentration (300 ug/ml), increase in sub G1 peak was observed.
The Sub G1 accounted for nearly 42 % (Eigure 5.18). This indirectly validates the concentration
of MASL needed to inhibit 50 % of the cancerous cells (described in Chapter I11). For higher
concentration sub G1 peak was most prominent, the other peaks were very negligible.

These experiments confirms that MASL inhibits the cancerous cells by inducing apoptosis.
Moreover, as the concentration of MASL increases, the anti-cancer activity of MASL also

increases.
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Figure 5.18 Graph denoting the sub G1 population after
treatment with higher concentration of MASL

Apoptosis can be induced in different ways like: by death receptors, by mitochondria and by
endoplasmic reticulum. Endoplasmic reticulum is an important organelle for protein biosynthesis
and maintaining the intracellular calcium homeostasis. Interaction of SL with cancer cells induces
perturbations in the membrane. This causes stress to the endoplasmic reticulum resulting in

accumulation of Ca ?* jons in the cytoplasm as reported by Dubey et al. The higher calcium content
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in the cytoplasm leads to endoplasmic reticulum stress. Onset of stress, activates the caspase
pathway thereby resulting in apoptosis of the cells®®63, This mechanism indirectly supports the
earlier FACS data thereby verifying the induction of apoptosis by MASL as described in Eigure
5.19.

Sophorolipids

® Ca’" accumulation
Cytosol

Endoplasmic reticulum stress

Figure 5.19 Schematic representation of mechanism of action of SL on cancerous
cells

5.4 Conclusion:

In conclusion, this study indicates that myristic acid as substrate is successfully incorporated into
SL without hampering the cell growth or product yield. MASL was purified to identify each
congener. It was observed that crude MASL exhibited better anti-cancer activity than individual
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congeners. The amalgamation of both acidic and lactonic components into the crude SL proves
beneficial in enhancing the applicability of the molecule. Moreover, MASL inhibits the cancerous
cells by arresting the cells in sub G1 phase. This inhibition effect was concentration dependent.
The underlying mechanism involves stimulation of the activation of caspases leading to apoptosis
of cancer cells. The caspase activation is linked to the distress caused to the endoplasmic reticulum.
Thus, myristic acid proves to be a promising substrate for SL synthesis, exhibiting better physical
and biological properties than the conventional substrates. Use of short chain fatty acids as

substrates for SL synthesis could improve the applicability of these SL.
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Chapter VI

Synthesis of calcium phosphate nanoparticles using short chain
derived sophorolipid

SLs have been used for synthesizing metallic nanoparticles. However, use of SLs as
capping/reducing agents for synthesis of inorganic/ceramic nanoparticles has not been explored.
This chapter focuses on synthesizing calcium phosphate nanoparticles using short chain derived
SL for bone tissue engineering application. The synthesized nanoparticles are characterized for
their structural and morphological properties using different techniques. Furthermore, the
mechanism of action of SL in nano particle has been deduced and presence of SL on the
nanoparticles has been confirmed. Lastly, the nanoparticles have been used for in vitro studies and

these studies demonstrate that the particles have promising applications in bone tissue engineering
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6.1 Introduction:

Nanotechnology refers to small size i.e things in the size range of 10 ° m. Size of particles is
directly proportional to their properties. Nanoparticles have gained interest over the last decade
due to unique properties and application in varied industrial sectors®*. Nanomaterials are plausible
solutions to various environmental and technological challenges like packaging, cosmetics,
medicine, pharmaceuticals and biotechnology. Nanoparticles are generally synthesized by
physical and chemical processes involving high temperature, pressure and toxic compounds. The
most common way to synthesize nanoparticles are by converting metal salts into metal ions by
different reducing agents like hydrazine, hydrides, citrate and ethylene glycol. These agents pose
environmental and health hazards. Moreover, the mechanical methods adopt top-down approach
wherein bulk materials are gradually broken down. This approach is destructive in nature and

requires prolong synthesis*®,

These concerns associated with the chemical method of synthesis led to advancement in the field
of biosynthesis or green synthesis of nanoparticles'®®. Nanobiotechnology has emerged as an
interesting branch involving integration of both nanotechnology and microbial biotechnology.
Nanobiotechnology includes use of microbial systems and their products for synthesizing
nanomaterials/ compounds. In biosynthesis, the microorganism, plant extracts, enzymes or
secondary metabolites produced by microbes act as reducing agent for the conversion. The
advantages of using biological systems for nanoparticle synthesis are: easy processes, economical,
environmentally safe and non-toxic. Also, the biological methods follow nondestructive bottom-
up approach, where the molecules are assembled into defined structures'®’.The Figure 6.1
describes the different methods of nanoparticle synthesis.
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Nanoparticle synthesis
Top down Bottom up
synthesis synthesis
| l
Physical ‘ Chemical Biological
Destructive methods, Constructive method,
Time consuming, Simple process, less time
Cost incurring consuming

Figure 6.1 Schematics describing the different methods used for synthesizing nanoparticle

Synthesis of metallic nanoparticles using different parts of plant have been reported earlier.
Chandran et al reported synthesis of gold and silver nanoparticles using leaves of aloe vera. These
nanoparticles were used for optical coatings'®®. Similarly, neem leaves have been used to
synthesize zinc oxide nanoparticles®®. Apart from plant extracts, different microorganisms have
also been studied for nanoparticle synthesis. Spherical shaped silver nanoparticles have been
synthesized by L.casei'’®. Gold nanoparticles have been obtained from E.coli and B.subtilis*’*72,
Certain fungi like Aspergillus, Fusarium and Trichoderma have been used to synthesize lead,
platinum and silver nanoparticles!’®1>, Algal species like Chlorella and Phaeodactylum have
been reported to produce gold and titanium nanoparticles for anti-bacterial and anti-cancer
applications'®!’’. One of the most common enzymes involved in biosynthesis of metal
nanoparticles is nitrate reductase. Most bacteria are known to secrete this NADH dependent

enzyme'®’

Apart from plants and microbes, nanoparticles could be synthesized by using biosurfactants**3178,
Amphiphilic nature of biosurfactants allows biosynthesis of metallic nanoparticles. Kasture et al
reported the use of SL for synthesizing cobalt and nanoparticles*’. SL act as capping and reducing

agent for synthesizing nanoparticles. Upon capping the nanoparticles, the sugar moiety if free and
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exposed to solvent environment, thereby increasing the solubility and dispersibility of the
nanoparticles. Another advantage associated with SL being, the process is extracellular i.e
nanoparticles are extracellularly synthesized thereby minimizing the steps. Eigure 6.2 summarizes
the benefits and disadvantages of using SL for nanoparticle synthesis. Up till now only oleic acid
derived sophorolipid (OASL) have been used for synthesizing metallic nanoparticles (Au,Ag,

ZnO, Cu and C0)*8%112 Use of SL for synthesizing inorganic nanoparticles is yet to be explored.

Aqueous ar}}(f gg;gi‘rglg Extracfllqlar
process agent synthesis
Metallic
OASL nanoparticles
[ Limitations ]

Figure 6.2 Diagrammatic representation of advantages and limitations of using SL for nano particle
synthesis

Calcium phosphate nanoparticles are an efficient class of nanomaterials that are used for
biomedical applications. They have gained increasing interest in medicine because of their high
biocompatibility and good biodegradability. Recent studies are focused on synthesizing

biodegradable and bioresorbable nanomaterials as it is more compatible with natural bone. These
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nanoparticles are mostly synthesized by physical or chemical methods, which are time consuming

and cost incurring®®. Biological synthesis of calcium phosphate nanoparticles needs to be studied.

To summarize, this chapter is focused on synthesizing calcium phosphate nanoparticles using short
chain derived SL. Use of SL in synthesizing these nanoparticles will further enhance the properties
of nano-particles. The chapter elaborates the optimization studies followed by characterization of
synthesized nanoparticles. Furthermore, the biological potential of the nanoparticles for

biomedical application was assessed.

6.2 Materials and method:

6.2.1 Chemicals:

The chemicals calcium chloride and sodium phosphate dibasic were procured from Sigma Aldrich.

6.2.2 Biosynthesis of nanoparticles:

The calcium phosphate nanoparticles were biosynthesized using physical and biological methods
described in Eigure 6.3. Briefly, MASL was dissolved in 10 ml (0.1 M) NaHPO4. This solution
was sonicated for 10 minutes at 50-60 Hz for 10 sec/ 3 sec interval at room temperature. To this
10 ml of (0.1 M) CaCl, was added dropwise with sonication for 20 minutes at 50-60 Hz for 10 sec/
3 sec interval. The precipitated nano-particles were centrifuged at 8000 rpm for 15 minutes and

washed twice with water. The nano-particles were dried in the oven at 60 °C for 10h.
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S Nanoparticle solution >

7 Nanoparticle powder

Eigure 6.3 Protocol used for synthesizing calcium phosphate nanoparticles using biosurfactant
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6.2.3 Optimization studies:

This work reports synthesis of calcium phosphate nanoparticles using short chain SL. Optimization
of process parameters was done to obtain optimum yield and characteristics of nanoparticles were
studied. Optimization of time parameter and concentration of SL was assessed. The different time
points selected were 15 minutes, 30 minutes, 45 minutes and 60 minutes. Three different
concentration (0.5, 2.5 and 5 mg/ml) of SL were used.

For all the experiments crude MASL was used. Nanoparticles were also synthesized in absence of
MASL. These nanoparticles were named as control nanoparticles, these are abbreviated as C-NP

throughout the study. Also, MASL synthesized nanoparticles are abbreviated as SL-NP

6.2.4 Characterization of nanoparticles:

All the synthesized nanoparticles (control and SL) were structurally characterized by XRD and
FTIR, whereas morphological changes were studied by SEM and TEM.

6.2.4.1 X- Ray Diffraction:

X ray diffraction is a fast, easy and reliable tool for qualitative and quantitative structural analysis

of compounds. The non-destructive technique proves useful for different biological samples.

The diffractometer consists of a cathode ray tube, sample holder and detector. The cathode ray
produces X rays which bombard the sample at given angles. It moves and scans the sample over a
range of 20, ensuring that all bands of diffraction are observed. Atoms from the samples diffract
the incident beam resulting in constructive and destructive interference of X ray beams. These
diffracted rays are collected by the detector which then reciprocate into peaks resembling different

phases®,
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Powder X-ray diffraction (PXRD) patterns were recorded on a Rigaku Micromax-007HF
equipment with a high-intensity Microfocus rotating anode X-ray generator. All the samples were
coated (10 mg/ per sample) on an aluminum holder, and the data was collected using a Rigaku R
axis IV ++ detector. Data was collected from 10 °- 70° (2 Theta). The composition of the

synthesized nano-particles was evaluated through Powder X-ray diffraction (PXRD) patterns 2,

6.2.4.2 Scanning electron microscopy:

Morphological examination of synthesized nanoparticles was done using scanning electron
microscopy. In this, 0.2 mg/ml of nano-particles were added in DI (Deionized water) water and
bath sonicated for 2 minutes. 10 uL sample was loaded onto silicon wafer. The sample was dried
completely and analyzed using Quanta (200 3D, FEI) scanning electron microscope (SEM). Prior
to imaging, all samples were sputter coated with 5 nm gold coating using a polaron SC6420 sputter
coater. Representative SEM images of CNP (control nano-particles) and SEM images of SL-NP

(sophorolipid nano-particles) were recorded at suitable magnification®®.
6.2.4.3 Transmission electron microscopy (TEM):
Transmission electron microscopy measurements were recorded on FEI Technai F20 instrument

at 100 KV. Samples were mounted on precoated copper grid and air dried. Dried sample were used
for imaging.

6.2.5 Determination of sophorolipides on nanoparticles:

6.2.5.1 Thermogravimetric analysis (TGA):

Capping of SL on nanoparticles was confirmed by TGA. Machine Q500 of TA was employed for
performing thermogravimetric analysis on MASL and nanoparticles powder samples. The analysis
was done in air atmosphere with rate of 10 ° C/ minute. The graph of weight loss vs temperature

was plotted!*3,
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6.2.5.2 Lectin binding assay:

Concanavalin A (Con A) is a lectin with specific affinity towards sugar moieties. To detect the
presence of SL on synthesized nanoparticles, lectin binding assay was performed. Binding of
concanavalin A to glucose molecules causes turbidity changes which can be measured

spectrophotometrically.

In this, Con A (0.5mg/ml) was dissolved in 100 mM PBS buffer containing 0.1mM MnCI2, 0.1
mM CaCl2 and 0.1 mM NaCl. Nanoparticles with varied concentrations (2,4,6,8,1,0,12,14 mg/ml)
were gradually added into 500 ul PBS. Upon addition, the solution was thoroughly mixed and
transferred into cuvette. The turbidity measurements were recorded at 490 nm on Shimadzu UV-

1601PC UV- vis spectrophotometer at room temperature®®® Refer to Figure 6.4.

‘_. —

Con A Glucose Increase in
turbidity

Figure 6.4 Schematic describing the principle of lectin binding assay

6.2.6 Silk fibroin:

Even dispersion of nanoparticles was ensured by mixing the nanoparticle powder in silk fibroin
solution. Due to its excellent biological properties, silk fibroin was used for this application. The
silk solution was prepared as follows (Eigure 6.5): Bombyx mori cocoons (Procured from
CSRTI- Central Sericultural research & Training Institute,Mysore) were boiled in 0.5 w/v%
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of NaHCO:s solution twice for 30 minutes each for sericin removal. Collected fibroin was vacuum
dried at 60°C followed by dissolution in 9.3 M lithium bromide (LiBr) at 60°C for 4h. This solution
was dialyzed extensively against water and the resultant solution (Regenerated silk fibroin -RSF)

was used for further experiments®®.

!

Y

Z % (&
£ » A N = -
o B e s
b 4
Bombyx mori silk Cut cocoons and dispose Boil cocoons for 30 min in Rinse fibers for 20 min 3
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N —
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¢ : l l
i
- Al ' ! '
L . { . ’r,‘ i
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Squeeze out excess water  Add 9.3 M LiBr on top of
and allow to dry overnight  silk fibers 4and incubate at Add silk/LiBr to dialysis Dialyze against ultrapure}
60 °Cford h
cassette water for 48 h

|

> 4 3
&

Remove silk solution from Centrifuge twice Store at4 °C
cassette

Figure 6.5 Protocol used for preparation of silk solution

6.2.6.1 Scaffolds preparation:

The nano-particles were dispersed into distilled water and sonicated for 2 minutes. 3% RSF + NP
solution was mixed and probe sonicated (30sec/40 amp/3 sec pulse). The final concentration of
nanoparticles per scaffolds was 10 % and 20 %. The resultant solution was added into 96 well

plate, keep at 37°C. After gelation, the plate was lyophilized and the scaffolds were removed*":88,
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6.2.7 Invitro studies of nanoparticles
6.2.7.1 Cell proliferation assay:

Cell proliferation was determined by Alamar blue assay. Before seeding the cells, scaffolds were
incubated in complete media at 37°C with 5% CO; for 12h. MG 63 cells were seeded onto the
scaffolds at a density of 5 x 103 cells per scaffold in 20 pL of complete media. The plate was
incubated at 37°C with 5% CO; for 24h. During incubation, on the, 4 ™", 7, 11" and 14" day, the
media was replaced with 10 % Alamar blue prepared in DMEM (Dulbecco’s Modified Eagle
medium) and further incubated for 6 h at 37 °C with 5% CO.. Post incubation, the media was
removed and transferred into another plate and fresh DMEM media was added to scaffolds and
incubated. The reading of the collected media at 570 and 600 nm was noted. Assay was performed

in triplicates'®.

6.2.7.2 Actin staining:

Cellular structure of cells was determined using actin staining. Briefly, MG 63 cells were seeding
onto nanoparticle loaded scaffolds with density of 5 * 10 * in 96 well plate containing DMEM
media with 10 % FBS. Plate was incubated at 37 C for 14 days. Post incubation, the scaffolds were
washed with PBS followed by fixation using 4 % paraformaldehyde at R.T for 15 minutes. The
scaffolds were then washed 2 times with 0.1 % Triton X -100 for 5 minutes. The scaffolds were
then washed with PBS twice and incubated with 5 % BSA for 20 minutes at R.T. Alexafluor was
prepared in PBS (1:100 dilution) and added to the scaffolds and incubated in dark conditions for
30 minutes. The nucleus was stained with DAPI at 300 nM concentration for 4 minutes at R.T and
then washed with PBS. Images were captured on epi-fluorescence Axio Observer Z1 Carl Zeiss

microscope’#2,

6.2.7.3 Alkaline phosphatase assay:
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Alkaline phosphatase (ALP) activity was assayed using colorimetric ALP kit (Abcam, U.K.).
Briefly, MG 63 cells were seeded on scaffolds at a density of 5 x 10* cells per scaffold in 50 pL
of complete media. The cells were allowed to be settled for 5-7 minutes at 37 °C with 5% CO..
The additional 90 pL. media for cells was then added and the cell culture plate was then incubated

at 37 °C with 5% CO; for 7 days

On the second day of the experiment, seeding media was replaced with osteogenic differentiation
media (Invitrogen). During incubation, on the 4™, 71" 11" and 14" day, spent media from cell
seeded scaffolds was collected and stored. Post incubation, 20 uL of the spent media and 60 pL of
assay buffer was incubated with 50 uL of p-nitrophenyl phosphate (5 mM) solution at room
temperature for 1 h in the dark. At the end of the incubation, enzyme activity was stopped
byADDINg 20 pL of stop solution. Simultaneously, standard curve was plotted as per
manufacturer's instruction. The amount of p-nitro-phenol produced was measured by measuring

absorbance at 405 nm?8°,

6.3 Results and discussion:

Calcium phosphate nanoparticles were synthesized using physical and biological method.
Sonication was used as a physical component whereas the biological agent; SL stimulated the
reduction process. The nanoparticles thus synthesized were fine, greyish white colored powder.

6.3.1 Optimization studies:
6.3.1.1 Effect of time parameter on synthesis of nanoparticles:

Optimization of the certain process parameters was performed. The time interval of synthesis was
varied starting with 15 minutes to 1h. Each synthesized nanoparticles were further structurally

characterized.

The XRD data was used for in depth details regarding the crystal structure and composition of
synthesized compound. The XRD spectra of nanoparticles includes three prominent peaks with 26
values of 11.67, 20.9 and 29.7 corresponding to with crystal lattice planes (020), (021) and (041)
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of brushite and tri calcium phosphate respectively. The diffraction data is in compliance with the
JCPDS data id (00-009-0077 for brushite and 00-009-0348, 00-032-0176 for tri calcium
phosphate). The diffraction pattern reveals that the CNP possess a composition of both brushite
and tri calcium phosphate. For further confirmation the area under the peak was deduced from the

XRD graph and the % area corresponding to each peak was identified®%%,

The Eigures below (6.6-6.9) depict the XRD pattern of control nanoparticles obtained with
different process time.
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Figure 6.6 XRD pattern of nanoparticles synthesized with 15 minutes process time
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Figure 6.7 XRD pattern of nanoparticles synthesized with 30 minutes process time
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Figure 6.8 XRD pattern of nanoparticles synthesized with 45 minutes process time
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Figure 6.9 XRD pattern of nanoparticles synthesized with 60 minutes process time

The XRD spectra of SL nanoparticles also had three prominent peaks with 20 values of 11.67,20.9
and 29.7 corresponding to with crystal lattice planes (020), (021) and (041) of brushite and 26
values of 30.5 and 34.1 correspond to lattice plane (110) and (170) of tri calcium phosphate. The
diffraction data is in accordance with the JCPDS id data (00-009-0077 for brushite, 00-009-0348,
00-032-0176 for tri calcium phosphate). The diffraction pattern reveals that the SL incorporated
nanoparticles possess different composition, consisting of brushite with high concentration of tri
calcium phosphate. It was observed that the composition of nanoparticles was enhanced by
presence of SL. For further confirmation the area under the peak was deduced from the XRD graph
and the % area corresponding to each peak was identified. The Figures (6.10- 6.13) depict the
XRD pattern of SL loaded nanoparticles at different time intervals.
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Figure 6.10 XRD pattern of nanoparticles synthesized using SL with 15 minutes process time
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Figure 6.11 XRD pattern of nanoparticles synthesized using SL with 30 minutes process time
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Figure 6.12 XRD pattern of nanoparticles synthesized using SL with 45 minutes process time
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Eigure 6.13 XRD pattern of nanoparticles synthesized using SL with 60 minutes process time
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XRD data revealed that the composition of nanoparticles consists majorly of brushite (di calcium
phosphate dihydrate) and tri calcium phosphate (B TCP). There are different types of calcium
phosphate cements available namely; mono calcium phosphate, di calcium phosphate, tri calcium
phosphates, octa calcium phosphates and hydroxyapatite. Hydroxyapatite resembles the inorganic
component of the natural bone and thus was extensively studied; however, its low biodegradability

and resorption led to research on different cements*®®.

Primary criteria for bone cement are malleability and its ability to easily resorb into the body.
Brushite and tri calcium phosphates have gained considerable interest in the last decade, because
they are biocompatible, osteoconductive and osteoinductive. Brushite also known as di calcium
phosphates possesses good properties like biocompatibility, non- immunogenic, less expensive
and non- toxic'®2. Similarly, B TCP (form of tri calcium phosphate) is resorbable, readily replaced
by new bone, osteoconductive and non-toxic'®3. Owing to these advantages, efforts have been
made to synthesize nanoparticles with specific composition of brushite and § TCP. However, these
composite nanoparticles are synthesized by mixing individual cements!®*. Interestingly, with our
process of synthesis, a mixture of brushite and f TCP is formed naturally. This ideal composition

is achieved due to the process condition and in presence of SL.

From the XRD graph the area under the peaks was calculated and the composition of each
nanoparticles was deduced. It was observed that the p TCP content increases in presence of SL. A
time dependent analysis revealed the effect of SL on composition of nanoparticles. Control
samples CNP possess high amount of brushite along with TCP, whereas, presence of SL, results
in higher TCP content and lower brushite content. XRD data reveals identical peaks for both
samples (CNP, SL-NP). However, the quantitative composition enhances in presence of SL. From
the graph, it was also evident that a process cycle of 30 minutes resulted in optimum concentration
of brushite and TCP and therefore, this time point was further used. At optimal conditions control
nanoparticles exhibit a composition of brushite: 60 % and 3 TCP: 8 % whereas, SL incorporated

nanoparticles exhibit brushite: 50 % and p TCP: 16%. Refer Eigure 6.14 - 6.16.
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Figure 6.14 Changes in the values of TCP over different process times and in presence of SL
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Eigure 6.15 Graph denoting the % TCP obtained at optimal condition for control and SL nanoparticles
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Figure 6.16 Graph denoting the % brushite obtained at optimal condition for control and SL nanoparticles

Earlier results revealed that the incorporation of SL into the process of synthesis results in
nanoparticles with higher % of TCP. This indirectly proves the pivotal role of SL on the

composition of nanoparticles.

To further analyze this effect of SL on the structure of nanoparticles, morphological images were
observed. A clear trend in morphology was observed i.e with increasing time parameter from 15
minutes to 1h, decrease in the size and orientation of the nanoparticles was observed. Similarly,
clear distinction within the morphology of nanoparticles was observed in presence of SL. In control
nanoparticles at 15 minutes no defined morphology was observed. However, with further increase
in process time the aggregates were observed. These aggregates lacked defined morphology
throughout the process time. In SL incorporated nanoparticles at 15 minutes budding pattern was

observed, at 30 minutes well defined sharp flower like nanoparticles were observed.
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Further increase in time resulted in smaller flowers like structure and at 60 minutes, minute flower

aggregates were observed. It was thus observed that incorporation of SL into nanoparticle

synthesis enhances the compositional and morphological structure of synthesized nanoparticles.

Moreover, process time of 30 minutes resulted in well-defined architecture of nanoparticles and

thus it was preferred for further synthesis and experimentation. The SEM images of synthesized

nanoparticles in presence and absence of SL have been summarized in the Table 9.

Process time SL-NP

CNP

15 minutes

30 minutes

45 minutes

60 minutes
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Table 9 Comparative SEM images of synthesized nanoparticles obtained at different time intervals

6.3.1.2 Effect of concentration of sophorolipid on synthesis of nanoparticles:

Different concentrations of MASL (0.5,2.5 and 5 mg/ml) were used for synthesizing nanoparticles.
Earlier studies validated the composition of nanoparticles, consisting of higher TCP content,
therefore increase in TCP was monitored with increase in MASL concentration. It was observed
that at lower concentration considerable increase in TCP content was observed as compared to
control samples. With increase in concentration the TCP content remained same and further
increase in concentration led to decrease in TCP %. This highlights the fact that up to 5 mg/ml
concentration of MASL, the TCP % remains unchanged i.e with increasing concentration of

MASL, the same composition of nanoparticles was observed (Eigure 6.17).

Furthermore, the morphological changes with respect to concentration of MASL were also studied.
No evident changes in the morphological orientation were observed with respect to increase in
concentrations observed in Figure 6.18. At higher concentration of MASL, flower shaped
morphology was observed. To summarize, the structure and composition of nanoparticles remains
consistent with increasing concentration of MASL. Therefore, the concentration of 0.5 mg/ml was
preferred for further studies.
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Figure 6.17 Graph denoting the % TCP at increasing concentration of SL along with control
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A- 0.5 mg/ml B- 2.5 mg/ml C-5 mg/ml

Figure 6.18 SEM images of nanoparticles synthesized with increasing concentration of MASL

6.3.2 Characterization of synthesized nanoparticles:

As observed in the above images, SL assisted nanoparticles exhibited flower shaped morphology.
These flower shaped nanoparticles are aggregates of smaller particles. In order to determine the
size of these particles, TEM was performed (Refer Figure 6.19). The TEM images reveal clusters
of nanoparticles with size ranging from 60-80 nm. The size of nanoparticles was similar throughout
the different concentrations of MASL. The individual shape of nanoparticles resembles a rod or
flake like pattern. The composition of natural bone ranges in the nanoscale dimensions and
therefore, mimicking this architecture could lead to improved properties of the nanoparticles'®®.
These results validate that incorporation of SL, results in formation of nano scale calcium

phosphate particles useful for biomedical application.
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A- 0.5 mg/ml

-

B- 2.5 mg/ml

Figure 6.19 TEM images of nanoparticles synthesized with increasing concentration of MASL

Calcium phosphate nanoparticles could be fabricated by various chemical and physical methods*®®.
In the current study, SL have been used as reducing agents for nanoparticle synthesis. Previous
studies have employed the use of chemical surfactants for nanoparticles synthesis. However, use

of biosurfactant for inorganic nanoparticle synthesis is yet to be explored.

Nano particle synthesis involves two steps: nucleation and growth. Nucleation may be defined as
process involving free atoms or ions in solution which assemble together to produce a
thermodynamically stable cluster. The size of nucleus depends on the material of synthesis and its
dispersity. Action of reducing agents stimulates changes into nanocrystal structure leading to
growth of crystal phases. The rate of crystal growth depends on the concentration and time
processs'®®1%7 The underlying mechanism for synthesis of calcium phosphate nanoparticles relies
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on the amphiphilic nature of SL (Eigure 6.20 & 6.21) . SL stimulates formation of self-assemblies

in aqueous solutions®®

. At acidic pH MASL forms dense mesh like network of flat rods. pH
dependent assemblies of MASL have been reported earlier( Refer to section 7.2.2 for the images)
48, These assemblies provide soft template for initiation of the nucleation process. The deposition
of calcium ions onto the soft template activates the growth phase. Growth of the crystals happens
in the micro confinements of the soft template!®®. At minimum disturbance (low process time),
dense network of assemblies is formed, which results in huge flower shaped nanoparticles.
However, at longer process time, the self-assemblies are disrupted due to the sonication resulting

in smaller flower shaped nanoparticles.

Increasing time
318
35

P
—\
= &, _o_,’.\_._,? —
Self assemblies of MASL - min —0
S~ 0 e
Calcium phosphate -, min
nanoparticles
Self assemblies decreases Matrix for nanoparticles

Figure 6.20 Underlying mechanism of calcium phosphate nano particle synthesis using SL
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Figure 6.21 Schematics describing the process of nucleation in presence of biosurfactant

6.3.3 Determination of SL on nanoparticles:

As described earlier, the calcium phosphate nanoparticles are synthesized by SL (MASL). To
detect the presence of SL on these nanoparticles different assays have been performed.

6.3.3.1 Thermogravimetric analysis:

Earlier results confirm the successful formation of calcium phosphate nanoparticles and the effect
of sophorolipids on its morphology. However, it is necessary to experimentally detect the presence
of sophorolipids on these nanoparticles. For this, thermogravimetric analysis was performed. It
measures the mass of sample over time under different temperatures. If the nanoparticles have
coating of SL, then the corresponding weight loss will be observed at high temperature, thereby
validating its presence onto the nanoparticles. For TGA analysis, crude MASL was used as control
and nanoparticles with increasing concentration of SL and control nanoparticles were studied.
From the graph- figure 6.22, a two-stage degradation is observed for MASL at 409 and 622 °C.
For control samples, mass loss at 200 °C was observed which corresponds to the water of hydration
in the nanoparticles. For SL nanoparticles two stage degradation was observed, first at 200 °C and
then at 400°C.Moreover, a clear trend in weight loss was observed as the concentration of SL
increases. The organic content of the samples is directly proportional to the weight loss i.e higher
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organic content results in increased weight loss*®. TGA, thus confirms the presence of SL on the

synthesized calcium phosphate nanoparticles.
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Eigure 6.22 TGA analysis of SL nanoparticles along with control nanoparticles and crude MASL

6.3.3.2 Lectin binding assay:

Concanavalin A, is a plant-based lectin with affinity towards sugar molecules. To confirm the
capping of SL unto the nanoparticles; lectin binding assay was performed. Structurally SL consists
of a sugar moiety linked to the hydroxy fatty acid chain. For the assay, control nanoparticles along

with SL- nanoparticles were used. Assay was performed over a range of concentration. The graph
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depicts the absorbance vs nanoparticle concentration. The control nanoparticles lacked the
turbidity changes due to absence of SL. Whereas for SL nanoparticles, a clear trend in turbidity
was observed; as the concentration of nanoparticles increase, the turbidity of the samples also
increased. Moreover, nanoparticles with highest content of SL exhibited highest turbidity. This

confirms the capping of SL on the synthesized calcium phosphate nanoparticles. Refer Eigure 6.23.
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Figure 6.23 Graph measures the turbidity obtained at different concentrations of nanoparticles on binding
to lectin.
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6.3.4 Scaffold preparation:

The optimization and characterization studies revealed the effects of SL on the composition and
morphology of nanoparticles. Furthermore, the presence of SL on the nanoparticles was also
confirmed. To further determine the biological potential, these nanoparticles were dispersed into
silk fibroin solution. Silk fibroin has been widely used for biomedical applications because of its
inherent biological and mechanical properties. Silk fibroin has been used for various applications
like bone regeneration, skin regeneration and eye regeneration?°2%1, Scaffolds of silk fibroin and
nanoparticles were obtained by lyophilization. The structural architecture of the scaffolds was
determined by SEM. The images (Eigure 6.24) reveal a good porous network of the scaffolds at
different concentration of nanoparticles. Such porous networks are beneficial for biomedical

applications.

A- 0.5mg/ml B- 2.5mg/ml

Figure 6.24 SEM images of scaffolds synthesized using silk fibroin and nanoparticles
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6.3.5 Invitro studies of nanoparticles

6.3.5.1 Cell proliferation assay:

The control and SL- nanoparticles were evaluated using in vitro cell studies. MG63 cell line was
used for this study due to its high proliferation rate. In vitro studies were performed for 14 days as
it provides sufficient time period to assess the performance of material for bone tissue applications.
To accesses the cell viability of MG63 on the scaffolds, alamar blue assay was performed. The
graph denotes the proliferation of cells on 7 and 14 day on different scaffolds. Here, only cells and
silk fibroin alone were used as control. Both the test (SL nanoparticles-SL-10 and SL-20) and the
control samples (CP 10 and CP 20) contained two different concentration of nanoparticle loading:
10 % and 20 %.

It is observed that as the time progresses, proliferation of cells increases. No significant difference
in the proliferation of control samples was observed. Whereas, significant difference in the
proliferation of SL coated nanoparticles was observed. SL incorporated nanoparticles exhibited
excellent cell proliferation on 14 days. The rate of proliferation increases with increase in nano
particle loading as observed in Eigure 6.25. However, for control samples, proliferation remained
consistent with the increased loading of nanoparticles.

Cellular morphology was evaluated by F-actin staining with Alexafluor 488 phalloidin. From the
images, significant cell growth with clear morphology were observed. Elongated cells with
increased viability were observed for SL nanoparticles. These images are in accordance with the

proliferation assay. Refer Figure 6.26.

The striking difference between the control and SL samples is attributed by capping of SL on the
nanoparticles. Inherent biological properties of SL enhance the biological potential of the

synthesized nanoparticles.
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Figure 6.25 Graph denotes the effect of synthesized nanoparticles with increasing loading on proliferation
of cells up to 14 days
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Figure 6.26 Actin staining highlighting the proliferating cells upon treatment with SL

6.3.5.2 Alkaline phosphatase assay:

The most calcified tissue in living organisms is bone. It exists in different sizes and shapes
depending on its function and purpose. It is constantly being degraded and neoformed. The
formation of new bone requires differentiation of cells into osteogenic lineage. As the bone cells
i.e osteoblast proliferate, they release the enzyme alkaline phosphatase. Apart from cell
proliferation, cell differentiation is equally important for biomedical application®®.
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For this purpose, alkaline phosphatase assay was performed to determine the levels of osteogenic
differentiation marker over the period of 14 days. For this assay, the samples used were same as

that of proliferation assay.

From the graph in Eigure 6.27 it is observed that no significant difference in the ALP levels of
control samples were observed. SL incorporated nanoparticles exhibited significantly higher levels
of ALP on 14 day. The increase in ALP activity was directly proportional to the loading
concentration. However, for control samples, opposite trend was observed, i.e ALP activity

decreases with increasing loading of nanoparticles.

Thus, the in vitro studies prove that presence of SL in the calcium nanoparticles enhances their
biological properties. Nanoparticles with SL exhibited better proliferation and ALP activity as

compared to the control samples.
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Eigure 6.27 Graph denotes the effect of synthesized nanoparticles with increasing loading on ALP activity
of cells up to 14 days
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6.4 Conclusion:

The biological properties of SL have been widely studied. It is well known that SL have good anti-
bacterial, anti-cancer, anti-fungal and anti-viral properties. However, majority of the applications
have been reported for oleic acid derived SL. Applications of newer synthesized SL are yet to

explored.

Earlier chapter discussed the benefits of short chain derived SL i.e MASL. To further assess its
potential, we have synthesized calcium phosphate nanoparticles using MASL. This happens to be
the first report on synthesis of inorganic nanoparticles using short chain derived SL. These
nanoparticles were obtained by using biological and physical method of synthesis. The resulting
nanoparticles were characterized using different techniques.

Interestingly, by this method of synthesis composite nanoparticles consisting of brushite and TCP
are formed. Moreover, it was evident that presence of SL during the synthesis effectively changes

the compositional and morphological properties of the nanoparticles.

The self-assembling ability of SL provides the necessary template for synthesizing calcium
phosphate nanoparticles. These nanoparticles exhibit well defined flower shaped structure.
Further, the presence of SL on nanoparticles has been lectin binding assay and thermogravimetric
analysis. Furthermore, the biological properties of nanoparticles are also enhanced in presence of
SL.SL nanoparticles resulted in better proliferation and better expression of ALP activity of bone
cells.

Thus, to conclude, inorganic calcium phosphate nanoparticles are successfully synthesized using
myristic acid derived SL. Moreover, the excellent properties of short chain derived SL render them
beneficial for bone tissue application.
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Chapter VlI
Conclusions and future work

At the end, this chapter summarizes the work presented in the thesis. The highlights of the
research work along with their scientific impact have been listed. Moreover, the scope for future

potential of these synthesized biomolecules and their prospective path have been discussed.
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7.1 Conclusions:

The aim of this work is to synthesize glycolipids using unconventional lipophilic substrates. The
substrates were fed to the non-pathogenic yeast during biosynthesis process so as to impart
structural diversity to the biomolecule. Substrate diversification and its correlation with the
physiochemical properties of synthesized SL is not yet addressed. Our aim was to contribute to the
knowledge in this particular area of SL. Moreover, the physical and biological properties of these
synthesized molecules have been thoroughly studied.

Chapter Il -111 work focuses on understanding the effect of chain length of lipophilic substrate on
the physical properties of the SL. Three different saturated fatty acids with increasing chain length
were selected, these include; C14 myristic acid, C16 palmitic acid, C18 stearic acid. The
unconventional substrates were incorporated by circumventing the fermentation process. Resting
cell method along with wild strain of yeast results in successful production of short chain derived
SL. Further the properties and performance of these SL was assessed using different techniques.
It was observed that MASL, i.e short chain SL possesses better surfactant properties than longer
chain derived SL (Palmitc and stearic). Physical properties of the synthesized SL are in accordance

to the lipophilic substrate used.

Furthermore, Chapter IV aims to understand the effect of chain length on biological properties of
SL. To address the global issue of anti-biotic resistance and targeted therapy for cancer, anti-
bacterial and anti-cancer activities of all the synthesized SL were studied. For future therapeutic
application of SL as anti-bacterial molecules, time and concentration dependent analysis was
performed. It was observed that anti-bacterial activity was more pronounced in short chain derived
SL which inhibited more than 80 % gram positive bacteria within 15 minutes and gram negative
bacteria within 1h. A clear trend in the anti-bacterial activity was observed i.e as the chain length

of substrate increases, the anti-bacterial activity decreases
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An effective anti-cancer drug relies on targeted action and less harm to the normal cells. With this
view, our aim was to explore the anti-cancer potential of short chain sophorolipids and to also
accesses its effect on the normal cell population. The anti-cancer activity of crude SL was assessed
against cervical cancer and normal fibroblast cells. Results revealed that all synthesized SL possess
anti cancer potential however, the ability to secure normal cells was observed only for short chain

derived SL. Longer chain derived SL inhibited both cancerous and normal cells.

This chapter highlights the interesting finding of short chain derived SL; its potent ability to kill
bacterial and cancer cells without affecting the normal cells is worth exploring. This chapter
summarizes that, the nature of lipophilic substrate has a direct connection with its physical and
biological properties. Shorter the chain length of lipophilic substrates, better are the physical and

biological properties.

The promising results in the earlier chapter led to basic understanding of incorporation of short
chain substrates into SL synthesis. This chapter work focuses on deducing the mechanism involved
in incorporation of short chain substrates by yeast S.bombicola. Different media compositions and
processes were evaluated to achieve higher yield. Further, the effect of unconventional substrate
on yeast cell growth and product conversion was assessed. It was observed that myristic acid didn’t
hamper the yeast growth or product conversion. These finding led to understanding of the inherent
need of myristic acid for yeast growth and metabolism. The fatty acid synthetase system of yeast

is dependent on the exogenous supply of myristic acid.

Deciphering the mechanism involved in incorporation of short chain substrate, helped to broaden
the basic knowledge regarding SL synthesis. To further broaden the applicability of this molecule,
column purification was performed to separate individual congeners. Separation of individual

congeners was beneficial in understanding the structural diversity of short chain derived SL.

To deduce the impact of acidic and lactonic components on the biological properties of molecules,
anti cancer activity of purified congeners was performed. It was observed that lactonic components
exhibit better biological properties and that acidic forms are more associated with physical
attributes. Moreover, it was observed that the biological potential of crude SL was better as
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compared to individual congener. The amalgamation of acidic and lactonic forms in crude SL

prove more beneficial. These results are described in chapter V of the thesis.

Chapter VI focuses on synthesizing inorganic nanoparticles using MASL. The aim of this work
was to broaden the applicability of short chain derived SL. The demand for biocompatible and
bioresorbable bone filler is rapidly increasing. To address this issue, we aim to synthesize calcium
phosphate nanoparticles using biosurfactant. Incorporation of SL leads to greener low-cost method
of nanoparticle synthesis. Optimization of the process time and concentration was performed to
decipher optimal conditions for synthesis. Use of SL into the process led to synthesis of
nanoparticles consisting of brushite and tri calcium phosphates. These forms of calcium cements
are most preferred due to their good biological and mechanical properties. Interestingly, the results
revealed that presence of SL enhances the composition and morphology of the nanoparticles. The
amphiphilic nature of SL stimulates the nucleation process thereby leading to formation of well-
defined flower shaped particles. Deducing the role of SL into nanoparticle synthesis led to

detection of presence of SL on the nanoparticles using different assays.

Lastly, the in vitro studies of the synthesized nanoparticles were performed. The results revealed
that SL coated nanoparticles allowed proliferation and differentiation of bone cells over a time
period of 14 days. The cell morphology remained good throughout the time period as observed in
actin staining. These results highlight the excellent properties of MASL in synthesizing calcium

phosphate nanoparticles and their future prospects in biomedical field.
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7.2 Future prospects

During this thesis work we came across few potential leads with promising results that could be
pursued further.

7.2.1 Upscaling of short chain derived sophorolipids

The toxicity of short chain substrates along with low product yield restricted the used of substrates
for SL synthesis. Although the conventional substrates are more preferred by the yeast, their cost
of production is exorbitantly high as compared to chemical surfactant. This limits the usage of SL
in various sectors. Changing the lipophilic and hydrophilic substrates with cheaper alternatives
might assist in reducing the production cost. Efforts have been made to utilize lignocellulosic,
dairy wastes as substitutes for SL production. These efforts were successful in synthesizing SL
however, the quality of the SL was compromised.

For SL synthesis a balance between the hydrophilic and the hydrophobic components is crucial.
The nature of SL and product yield is highly dependent on the individual components. This thesis
summarizes the use of short chain length fatty acid; myristic acid as promising substrate for SL
synthesis. The synthesized SL exhibits excellent biological and physical properties. The chain
length of fatty acid aids in improving the properties of SL thereby expanding the avenues for

application of these biosurfactants.

Large scale production of these compounds is promising; however, the product quality and large
quantity needs to be streamlined. Although number of developments have taken place in
commercial market regarding longer chain derived SL, the usage is narrow and the production cost
is still higher as compared to the chemical surfactants. Thus, in future, our research should be

targeted on the economics of the fermentation process and quality of the synthesized SL.

This can be achieved by 2 generation substrate substitution i.e changing both the lipophilic and
hydrophilic substrates with renewable alternatives and emphasizing on the properties of
synthesized SL. Shorter chain derived SL exhibit CMC within the expected range for industrial

purpose and therefore, commercial production using renewable substrates could be advantageous.
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Moreover, short chain derived SL exhibited remarkable ability to synthesize calcium phosphate
nanoparticles with preferred composition. Preliminary studies proved the ability of the
nanoparticles to allow proliferation and differentiation of bone cells. In future, in vivo studies of
the nanoparticles will assist in expanding the applicability of short chain derived SL for bone tissue

application.

7.2.2 Self-assembling abilities of short chain derived sophorolipids

SL have been shown to self-assemble into spherical micelles, rods, nano-fibers and sheets
depending on the concentration, pH, type of SL (acidic/lactonic) and time There are numerous
reports on self-assemblies of longer chain derived SL. We studied the self-assembling properties
of SLMA as a function of pH using FE-SEM. We report for the first time the self-assemblies of
myristic acid derived SL. Subjecting the aqueous solution of SL to sonication results in formations
of different structures. Initiation of assemblies begins within hours resulting in turbidity and with
time the assemblies proliferate. Preliminary experiments suggest that the size of the assemblies is
inversely proportional to the pH of the SLMA solution. As shown in Eigure 7.1, at pH 6, the
assemblies form a dense network of nano-fibers while length of fibers is few hundred pm. At pH
8 the length of the fibers is drastically reduced and at pH 10 flat sheets assembly are observed.
Such phenomenon are end results of various morphological parameters: Sugar moiety, degree of
unsaturation and end group which need to be further explored for better understanding of the

assembling behavior.
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Figure 7.1 SEM images of pH dependent self assemblies of MASL

7.2.3 Effect of short chain sophorolipids on gelation of silk fibroin

Silk fibroin has been routinely used in biomedical sector due to its strength and biocompatibility.
It can be fabricated into different forms likes hydrogels, discs and films which can be used for
tissue engineering application. Natural gelation of silk fibroins happens within 15-20 days, this
hampers its clinical application.
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Earlier reports suggest that use of OASL accelerates the gelation of silk fibroin. With this view,
we explored the use of short chain derived SL as gelling agent of silk fibroin. Preliminary data
suggests that MASL significantly reduces the gelation time of silk fibroin from days to minutes.
Refer to Eigure 7.2. Further in vitro studies on these hydrogels will assist in fabricating 3D

scaffolds for biomedical application.
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Figure 7.2 Rheology experiments on MASL and OASL
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Appendix

Eiqure 8.1 reveals the mass spectrum of native MASL with molecular formula C26H4sO13. The
spectrum shows presence of protonated molecular ion peak at m/z 569.3170 (Eigure A). The
lactonic part (Eigure 8.1B) (C26H46012) is confirmed by the presence of sodium adduct at m/z
573.28871.
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Figure 8.1 Mass spectra of native sophorolipid (MASL); A) acidic component; B)Lactonic component
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Eigure 8.2 A reveals the mass spectrum of monoacetylated MASL with molecular formula
C28Hs50014. The mass spectrum shows presence of protonated molecular ion peak at m/z 611.3285.
The lactonic part (Eigure 8.2B) (C2sH48013) is also confirmed by presence of protonated molecular
ion peak at m/z 593.3169.
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Figure 8.2 Mass spectra of monoacetylated sophorolipid (MASL); A) acidic component; B)Lactonic
component
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The presence of diacetylated MASL form is revealed through Eigure 8.3A. The diacetylated form
has molecular formula C3oHs201s, is depicted by its sodium adduct at m/z 675.3203. The lactonic

component (CaoHs0014) is depicted by its sodium adduct at m/z 657.3109. Refer Figure 8.3B
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Figure 8.3 Mass spectra of diacetylated sophorolipid (MASL); A) acidic component; B)Lactonic
component
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Figure 8.4A, depicts the mass spectra of native PASL with molecular formula C2gHs2014Na. The
acidic form is confirmed by presence of sodium adduct at m/z 619.3306. The lactonic component

(C28H51012) is depicted by its peak at m/z 579.3376. Refer Figure 8.4B.
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Eigure 8.4 Mass spectra of native sophorolipid (PASL); A) acidic component; B)Lactonic component
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The acidic mono acetylation component is confirmed by presence of protonated molecular ion
peak at m/z 639.3589, with its sodium adduct at m/z 661.3411 (Eigure 8.5 A).The lactonic mono

acetylation form is confirmed by presence of sodium adduct at m/z 643.3469 with molecular

formula C3oHs2013Na, Figure 8.5B.
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Figure 8.5 Mass spectra of monoacetylated sophorolipid (PASL); A) acidic component; B)Lactonic

component
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Figure 8.6A confirms the di acetylation acidic form by presence of sodium adduct at m/z 703.36

with molecular formula C32Hs6015Na. The di acetylated lactonic form is confirmed by presence of

sodium adduct at m/z 685.3406, with molecular formula C32Hs4014Na.Refer to Figure 8.6B
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Figure 8.6 Mass spectra of diacetylated sophorolipid (PASL); A) acidic component; B)Lactonic

component
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Figure 8.7A confirms the presence of native sophorolipid, wherein the fatty acid is attached by the

COOH. The acidic form is confirmed by the presence of peak at m/z 603 with molecular formula

C2sHs2012Na is depicted in Eigure 8.7A.
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Eigure 8.7 Mass spectra of native sophorolipid (PASL) with binding from COOH side A) acidic

component

The acidic mono acetylation component is confirmed by presence of protonated molecular ion

peak at m/z 623.3641. The lactonic mono acetylation form is confirmed by presence of sodium

adduct at m/z 627.3356 with molecular formula C3oHs2012Na. Refer to Figure 8.8 A& B.
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Figure 8.8 Mass spectra of monoacetylated sophorolipid (PASL) with binding from COOH side A)

acidic component; B) Lactonic component
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Figure 8.9A confirms the di acetylation acidic form by presence of peak at m/z 665.3744 with

molecular formula Cs2Hs6014.
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Figure 8.9 Mass spectra of diacetylated sophorolipid (PASL) with binding from COOH side A) acidic
component
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Figure 8.10A confirms the native SASL by presence of protonated molecular ion peak at m/z
625.3799, with molecular formula C3oHs7013. The lactonic component is confirmed by presence

of sodium adduct at 629.3522 with molecular formula C3Hs4012Na, Figure 8.10 B
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Eigure 8.10 Mass spectra of native sophorolipid (SASL) A) acidic component; B) Lactonic
component
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Relative Abundance

Figure 8.11A confirms the acidic mono acetylated form by presence of protonated molecular ion
peak at m/z 667.3899, with molecular formula CzHs9O14.The presence of lactonic part is
confirmed (Eigure 8.11 B) by presence of protonated molecular ion peak at m/z 649.3794 with

molecular formula C32Hs013Na.
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Figure 8.11 Mass spectra of monoacetylated sophorolipid (SASL) A) acidic component; B) Lactonic
Component
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Figure 8.12A confirms the di acetylation acidic form by presence of sodium adduct at m/z
713.3718 with molecular formula CzsHsgO14Na.
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Figure 8.12 Mass spectra of diacetylated sophorolipid (SASL) A) acidic component

Figure 8.13A confirms the presence of native sophorolipid, wherein the fatty acid is attached by
the COOH side. The acidic form is confirmed by the presence of sodium adduct at m/z 631.3656
with molecular formula CsHssO12Na.The lactonic form is confirmed by presence of sodium
adduct at m/z 613.3560 with molecular formula CzoHs4011Na. Refer Figure 8.13B.
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Relative Abundance
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Figure 8.13 Mass spectra of native sophorolipid (SASL) with binding from COOH side A)
acidic component; B) Lactonic component

Figure 8.14 A confirms the acidic mono acetylated form by presence of sodium adduct at m/z

673.3782, with molecular formula Cs2HsgO13Na. Chromatogram in Eigure 8.14 B confirms
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presence of lactonic part by presence of sodium adduct at m/z 655.3665 with molecular formula
Caz2H56012Na.
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Figure 8.14 Mass spectra of monoacetylated sophorolipid (SASL) with binding from COOH side
A) acidic component; B) Lactonic component
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Title of the thesis: Biotransformation of short chain fatty acids into sophorolipids for

biomedical applications

Sophorolipids (SL) are extracellularly synthesized biosurfactants obtained from yeast S. bombicola. The
fermentation process requires supplementation of hydrophilic and lipophilic substrates. The viscous product
obtained at the end of fermentation cycle is a mixture of molecules. The structural variations are dependent on
the nature of substrates and fermentation conditions.

SLs are important biosurfactants exhibiting varied biological properties. These properties along with their
amphiphilic nature renders these biomolecules worthy for commercial market. Despite their discovery decades
ago, the commercial applicability is still restrictive. The main reason for this is the chain length of lipophilic
substrate and production cost. The biotransformation process is catalyzed via enzymatic machinery of the
yeast. Traditionally, SL are synthesized using oleic acid (unsaturated fatty acid- C18:1) as primary lipophilic
source owing to its involvement in the fatty acid synthetase system of the yeast. However, this chain length
specificity restricts the usage. Lowering the chain length of substrate might enhance the physical and biological
properties of the biosurfactants.

With this view, the thesis focuses on synthesizing SL using unconventional substrates and thereby
understanding the effect of short chain fatty acids on physical and biological attributes. This understanding will
assist in exploring the substrate range for synthesis of SL along with their plausible use for commercial
application.

The following objectives are covered in the thesis:

1. Deciphering the effect of chain length of substrate on chemical, physical and biological properties of
sophorolipid

2. Deducing the underlying mechanism of short chain substrates in sophorolipid; production and
application

3. Synthesizing calcium phosphate nanoparticle using short chain derived sophorolipid
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