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Thesis Abstract:

Nearly 40% New Chemical Entities (NCE) that is developed in the pharmaceutical industry
and 90% of molecules in the discovery pipeline are hydrophobic in nature. Many such
marketed drugs not only have poor solubility but low permeability, rapid metabolism and
easy elimination from the body along with safety and tolerability issues. Physical
Modifications, Chemical Modifications, Miscellaneous Methods (Adjuvants like Surfactant,
PEG, PVP, SDS, Tween 80, etc.) are some of the applied solutions. Liposomes are currently
being investigated as a delivery vehicle, but this system is expensive and alternative needs to

be identified. Among all these strategies, the use of surfactant seems attractive and
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economical. Currently, synthetic surfactants like Tween 80 and SDS are used in drug
formulation which has very low bio-degradability when used in drug formulation; besides, it
causes side effects like nausea. Additionally, these chemical surfactants have higher critical
micelle concentrations (CMC) leading to higher amounts being used in the formulation
leading to cause tolerance issues. Strategies which use biological surfactants can address this
challenge. Amongst many biosurfactants, Sophorolipid (SL) is the most promising based on
its production yield and unique properties. Sophorolipids are glycolipid in nature and
synthesized by non-pathogenic yeast Candida bombicola. Sophorolipids are reported to have
many activities, like anti-microbial, anti-cancer, biomedical scaffolds, wound healing etc.
Many reports of nanoparticles reduced/capped via sophorolipid are published in last decade.
Nanoparticles currently are intensively studied topic due to its immense applicability. For
targeted drug delivery, nanoparticles are preferred carriers, but given the chemical nature of
synthesis, their use is limited. In this thesis, we are using SL for solubilizing hydrophobic
drug molecules (model drug as curcumin) and for the synthesis of drug delivery vehicles.
Microparticles like calcium carbonate are attempted in conjunction with SL. This whole
assembly is biocompatible and free from the chemical method. Also, another bio-based
material the sericin is used for the synthesis of gold nanoparticles as a model drug delivery

vehicle. The thesis covers the synthesis and characterization of these drug delivery systems.
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Introduction:

1. Drug solubility

Drug solubility is considered a challenge in the current pharmaceutical scenario. Many are
trying to conquer this challenge by employing various means. Amongst them, the interest lies
when done by abiding the principles of green chemistry. Drugs are usually administered via
many different routes like injections, rectal, vaginal, ocular, etc., but generally, the preferred
route is oral administration. Moreover, the role of drug solubility and permeability plays a
significant part in drug formulation and designed for oral administration. According to the
Biopharmaceutics Classification System (BCS), drugs are classified based on their solubility
and permeability. There are four classes viz., Class | drugs with high solubility and high
permeability, Class Il drugs with low solubility and high permeability, Class Il contains
drugs having high solubility, but low permeability and Class IV category consist of drugs
with both lower solubility and permeability. To overcome the issue of solubility
methodologies have been adopted by pharmaceutical manufacturers to ensure that poorly
soluble drugs achieve improved bioavailability. Bioavailability is the term referred to the
drugs or substances that enter the circulation for the desired effect. When a drug is orally
given, its complete absorption through gastric juices is considered to be an excellent
bioavailable drug. Not only absorption but bioavailability depends on many factors including
drug solubility in agueous medium and drug permeability via lipidic membranes. Different
techniques employed for solubilization of drugs mainly includes a chemical modification,
micronization, pH adjustment, co-solvency, solid dispersion, complexation, hydrotrope,
micellar solubilization, etc. Nearly 40% of the new chemical entities developed as drugs are
practically insoluble in water. * Another report stated that 40% of approved drugs and nearly
90% of drugs under development are poorly soluble. This leads to slower drug absorption and
in the process to lower bioavailability of the drug. To overcome this issue drug dosage is
increased to achieve the desired effective concentration for the drug to act. However, this, in

turn, leads to side effects hence the development of newer drugs remains a challenge.

1.1. The various techniques employed for drug solubilization of poorly soluble drugs are

given in brief below:

Solid dispersions: This is a physical method where the drug is dispersed in a solid form in a

carrier that is inert in nature and water soluble.
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Amorphous form: Drug with its stable crystal form causes poor solubility, therefore
changing the form of crystal into more amorphous nature imparts more solubility in water to

the drug. Hence this method is widely explored in pharmaceutics production.

Co-crystals: In the last decade co-crystals has seen tremendous interest due to its
achievement in the delivery of insoluble drugs. Drug and conformer in a crystal at ambient
temperatures are known as co-crystals. Interactions like acid -amide, amide-amide, acid -acid
through hydrogen bonds between a drug and conformer are seen in a co-crystal. The GRAS
(generally regarded as safe) excipients like organic acids (glutaric acid, oxalic acid),

neutraceuticals (quercetin, saccharine), etc are considered as conformers.

pH modification and salt forms: Almost 70% of drugs are said to be ionizable, and the
majority of them are weakly basic. A pH-dependent solubility is observed by ionizable drugs,
i.e. weakly acidic drugs are much soluble at pH is more than its pKa (ionization constant)
while in weakly basic drugs pH in lower than its pKa. This pH-dependent solubility is widely
explored in drug designing and development.

Complexation: This is the method where the hydrophobic drug is filled in a hydrophobic
cavity of cyclodextrin, enabling the hydrophobic interactions to keep the drug in place and
due to a hydrophilic outer layer of cyclodextrin the complex becomes water soluble.
Cyclodextrin also helps in drug stabilization and protects the drug from exposures of light,
heat and oxidative stress along with its action to reduce dermal, gastrointestinal and ocular
irritation. Many marketed drugs with insoluble nature are formulated with cyclodextrin.

Size reduction and nanonization: The advent of nanoparticles technology has opened up a
new and exciting area for drug design, development, and formulation. By reducing the
particle size to nano range leads to improved cellular uptake of insoluble drugs. Drugs can be

nanonized by top down or bottom up methods.

Liposomes: Vesicles of phospholipid bilayer entrapping an aqueous phase are referred to as
liposomes. Liposomes are considered the model drug delivery system transporting drugs to
target site efficiently.

Solid lipid nanoparticles: GRAS cleared lipids are used as an excipient for carriers of
insoluble drugs for site-specific actions. These lipids are usually biocompatible and

biodegradable.
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Microemulsions and self-emulsifying drug delivery systems: Microemulsions are a
mixture of oil, water, surfactant, and a co-surfactant. These are thermodynamically stable and

produced as a clear emulsion when mildly agitated.

Polymeric micelles: Encapsulation of hydrophobic drugs into the hydrophobic core of
micelles enables the solubility of drugs. Hydrophilic surfactants were used for drug
formulation initially, but due to higher critical micelle concentration (CMC), limited
solubilization and slightly adverse effects of these micelles have limited their utilization.
Polymeric micelles formed by using diblock polymers like PEG-PLA or triblock polymers
PLA-PEG-PLA have shown greater solubilization, lower CMC, and reduced the tolerability

issues hence have become a well-studied drug delivery system.

Co-solvency and surfactant solubilization: For the solubilization of hydrophobic or poorly
soluble drugs use of surfactants and co-solvents have been studied extensively for oral and
intravenous drugs. To prevent precipitation by dilution and to increase solubility, co-solvents
in the conjugation of surfactants with lower CMC values are used along with pH modifiers.
However chemical surfactants can cause hypersensitivity reactions leading to tolerability
issues, and uncontrolled precipitation of drug may happen when diluted with physiological

fluids. *°

2. Surfactants:

The world that we live in today depends tremendously on the ever-evolving science. The
growth of humankind closely relates to the growth of science. Our daily routine is based on
the scientific accomplishments, be it the use of toothpaste, soap, detergents, instant food,
preserved food, drugs, and many more such things where science and scientific discoveries
have made our life’s more comfortable. Among most of the toiletries and drug formulation, a
prominent compound is ever present without which washing and drug solubility become
unimaginable. This incredible compound is a surfactant. Surfactants are used in detergents,
emulsions; inks, herbicides, biocides and even your shampoo "®. Surfactants also act as

effective emulsifiers while allowing for miscibility of liquids having poor solubility.

The high number of potential utilization of surfactants due to their ability to influence and
enhance the properties and dynamics of various surfaces and interfaces has led to the
production of synthetic surfactants using chemicals. Chemical surfactants are produced from

non-renewable sources such as petrochemical or oleochemicals. Different surfactants possess
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different properties such as dissimilarities in the solubility, the ability to reduce surface and
interfacial tension and ability to form micelles at different critical micellar concentrations
when used with detergents while allowing for foaming and wetting thereby displaying
application-specific utilities **'. These many applications lead to widespread usage of
surfactants causing an increase in surfactant discharge through various mediums into the

environment.

Chemical based surfactants are not readily biodegradable, resulting in the pollution and
degradation of aquatic ecosystems as well as posing severe health risks to human beings. The
total utilization volume of the major surfactants and detergent alcohols from 1990 to 2004 in
North America (US and Canada) ranges from 719,000 metric tons in 1990 to 895,500 metric
tons in 2004 with an average of approximately 787,000 metric tons. This clearly displays the
quantity of usage of such products and thereby the accumulated harm to the environment *2.
Chemical surfactants have multiple effects on the environment with a direct proportionality
observed between the concentrations of the surfactant. Some of these harmful effects are
listed as follows **:

e Promote and assist the growth of algae in the water, thus decreasing the
productiveness of water bodies and undermining aquatic food chain systems.

e Increases the toxicity of aquatic animals through feeding and skin penetration, causing
bioaccumulation. Through the food chain, eventually building up a high concentration
of toxins in the human body leading to inhibited enzyme activity and loss of
immunity.

e Chemical surfactants promote improper filtering and purification of wastewater due to
emulsification and dispersion of pollutants, reducing the efficiency of sewage
treatment plants.

e They are reported to cause damage to the skin, skin irritations, and liver damage and
in some cases are also known to promote carcinogenic formations.

e Chemical surfactants have the ability to disturb fetal development and hence come
under the category of teratogens.

The multitude of harmful effects due to the concentration of chemical surfactants in the
environment and the dependence on the use of surfactants has led to a focus on the
development of environmentally friendly yet effective surfactants using the principles of

Green Chemistry. The availability of surfactants produced from animal or plant sources are
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readily available sources of biosurfactants but the cost of obtaining such surfactants by using
the methods of extraction, precipitation or distillation is much higher as compared to the

production of chemical surfactants, thus making them economically unviable.
2.1. Biosurfactants:

A better alternative was the utilization of fermentation techniques to tap the potential of
microbial organisms for the production of high yield natural surfactants. Due to reduced costs
and sustainable production methods with bacteria, fungi, and yeast, highly efficient
production of biosurfactants was possible.® The use of glycolipids for the production of
biosurfactants using bacteria and yeasts led to the growth of three types of surfactants:
sophorolipids, rhamnolipids and mannosylerythritol lipids; with sophorolipids being easy to
produce and displaying high yields while the remaining require further studies and

development to understand and enhance their potential applications >,

A recent report published by Zion Research on the growth of the Market for Microbial
Biosurfactants has estimated that the demand for sophorolipids will grow to about USD 17.5
million globally by the end of 2020, with major requirements being in the fields of
detergents, industrial cleaners, oilfield clearing chemicals, personal care, agricultural

pesticides and herbicides and food processing *°.

Biosurfactants are currently in demand based on their increased applications in various
industries such as paint, detergents, cosmetics, agriculture, pharmaceutical, textile, food, etc.
They have many properties that are better than their chemical counterparts, currently the
major player in the business. These properties include biodegradability, low toxicity, stability
in the wide range of pH, temperatures, high tolerance towards salinity, low foaming,
detergency, and interfacial properties "**'”. The presence of biosurfactants is estimated to be
11.2 million metric tons in the global surfactants market. Although it is very limited; a recent
market analysis projected a significant market penetration in the range of 8-25%, depending
on the sector of applications in the year *’. Biosurfactants basically consist of hydrophilic and
hydrophobic components, making them amphiphilic in nature. Unlike the chemical
surfactants that are characterized based on their charge, biosurfactants are characterized by
their composition. There are five categories of biosurfactants: Glycolipids, Lipopeptides,
Fatty acids, Polymer type, and Particulate biosurfactants.

Glycolipids are the largest of biosurfactant groups. They are a combination of carbohydrate
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head group and lipidic tail. The most well-known glycolipids are rhamnolipids,

sophorolipids, and trehalolipids.

Lipopeptides and lipoproteins include a number of cyclic lipopeptides like decapeptide anti-
biotics (gramicidin) and polymyxins and are known to possess surface active properties.
Many micro-organisms can synthesize fatty acids and phospholipids when supplemented

with n-hexane.

The polymeric biosurfactants are the known compounds like emulsan, mannoprotein,

liposan, etc.

Extracellular membrane vesicles containing hydrocarbons behave as particulate

biosurfactants. &°

3. Sophorolipid (SL):

In this thesis, we will be focusing on sophorolipids (SL). These are interesting molecules to
study having shown applications in many fields. Based on their therapeutic potential, SL has
been commercialized in form of anti-dermatitis soap, body washes and in creams by Soliance
and MG Intobio Co. %. We will cover briefly these applications but mostly our emphasis is to
understand their role in nanoparticles synthesis. Sophorolipids were first synthesized by
Gorin et al. in the early 1960s using Candida apicola. Later many SL producing strains were
identified viz. Rhodotorula bogoriensis, Starmerella bombicola (previously known as
Torulopsis bombicola and Candida bombicola) and Wickerhamiella domericgiae. Among
these, Starmerella bombicola which is known non-pathogenic yeast has emerged as the best
candidate due to its high yielding capacities (up to 400 g/L) and the greater substrate to
product conversion rate?®> 2. As the name suggests, sophorolipids are made of sophorose head
and fatty acid chain. The two glucose units in sophorose are linked via a unique B 1-2 linkage
that may or may not is acetylated with one or two acetyl groups. The fatty acid chain is
typically C16-18 long with varying degrees of saturation. During synthesis, if a hydrophobic
carbon source is not provided, the organisms form fatty acids de novo via acetyl-CoA
pathway. The fatty acids are then oxidized at the terminal (o) or subterminal (o — 1) position
by a cytochrome P450 mono-oxygenase enzyme. These results into formation of
hydroxylated fatty acids that are B-glycosidically linked to a first glucose molecule at the 1°-
position by a glycosyltransferase 1. A second glucose molecule is linked to the 2’-position of

the first one by a glycosyltransferase 11, yielding sophorolipid acid. "'%* There are two basic
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structures of sophorolipid viz., the open chain acidic SL and the closed chain lactonic SL. The
proportion of acidic and lactonic in crude SL depends on many factors like organisms used
for production, carbon, nitrogen and salt sources in medium, environmental conditions,

temperature, agitation, pH, aerations, dissolved oxygen etc. ’
3.1. Properties of Sophorolipids (SL):

Sophorolipids, being a class of biosurfactants, possess all the basic properties like stability in
the wide range of pH, temperatures, and salinity. They have low-foaming and detergent
properties; they can sustain water hardness (high concentration of divalent cations) without
affecting their interfacial properties. The increased proportion of acidic form of SL increases
its surfactant activity. They are highly biodegradable and have low critical micelle
concentration (CMC) values with good surface tension and emulsification behavior. Also, SL
can be synthesized in large quantities using renewable resources, agro-industrial by-products,
and residues with simplified product recovery. “?*?* Sophorolipids do not cause irritation to
skin and eyes, have an oral safety level which is greater than or equal to 5 mL per kg body
weight and causes no allergic reactions hence are preferred for food, cosmetic and

pharmaceutical applications. %

Sophorolipids display properties and advantages which are comparable to or even better than
other surfactants (chemical or biosynthesized). Some of these advantages are listed as follows
7,11:

e Environmental compatibility.

e High biodegradability.

e Low toxicity.

e Higher tolerance to a broad range of temperature, pH and salinity conditions.

e Eco-friendly.

e Follow the approach of Green chemistry.
3.2. Production:

Sophorolipid is produced extracellularly when grown on a certain hydrophilic and lipophilic
carbon source. The lipophilic substrate is usually in the form of a free fatty acid, methyl ester
(biodiesel), triglyceride or alkane and the hydrophilic source is glucose *?. Sophorolipid
synthesis starts when the yeast cells enter the stationary phase after the exhaustion of

nitrogen, in the presence of suitable carbon and energy sources 2°. Declined levels of
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phosphate or nitrogen lead to a reduction in the specific activities of NAD+ and NADP+
dependent isocitrate dehydrogenase, thereby causing accumulation of isocitrate as well as
citrate in the mitochondria. A transport of isocitrate and citrate occurs into the cytosol, where
it is cleaved by adenosine triphosphate (ATP): citrate synthase to give rise to acetyl-CoA, the
precursor for fatty acid synthesis *. As sophorolipid producing organisms are usually found
in areas of high osmotic levels (high sugar content), production of sophorolipid is a means of

dealing with high levels of sugar. 2%

3.3. Producer Organisms:

Gorin, Spencer, and Tulloch were the first to describe an extracellular glycolipid produced by
the yeast, Torulopsis magnoliae in the year 1961, later confirming it to be Torulopsis apicola
in 1968 (Candida apicola). In the same year, a new sophorolipid was identified from
Rhodotorula bogoriensis 2% A third SL yielding strain was identified as Candida bombicola
%1 However, the production of sophorolipids is not restricted to one single yeast species. SLs
are also produced by several microorganisms such as Wickerhamiella domericgiae, Candida
batistae (CBS 8550), Candida floricola (TM1502), Candida riodocensis, Candida stellata,
Candida rugosa, Candida kuoi, Candida tropicalis and Rhodotorula mucilaginosa 3.
Among these species, Candida bombicola (ATCC 22214) is the most studied yeast that
exhibits the highest productivity. Furthermore, Candida bombicola comes under the title of

being GRAS (Generally Recognized as Safe) *®.
3.4. The Structure of a Sophorolipid

Sophorolipids, being surfactant molecules are amphiphilic in nature that interact with the
phase boundary in heterogeneous systems and reduce the repulsive forces between phases
having different polarity (air-water /oil-water), thereby helping the phases to mix easily. They
comprise of the hydrophobic fatty acid tail of 16-18 carbon atoms and sophorose, a
hydrophilic carbohydrate head 2%, Sophorose (a dimeric sugar) and a hydroxyl fatty acid
are linked together by a glycosidic bond *°. Two different types of SLs are synthesized by the
yeast, the non-lactonic (or acidic) SLs, and the lactonic SLs. The hydroxyl fatty acid moiety
of the acidic SLs has a free carboxylic acid functional group. On the other hand, the lactonic
SL forms a macrocyclic lactone ring with the 4”- hydroxyl group of the sophorose by
intramolecular esterification. In some rare cases, 17- hydroxy oleic acid is found at 6’- or 6”-
position. This is the most common lipophilic moiety used for the production of sophorolipids

by Candida bombicola ?%. Stearic, linoleic and palmitic acid are some of the commonly found
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fatty acids, all of which are hydroxylated on the ultimate or penultimate carbon that is used as

a lipophilic carbon source *°.

R = COCHj; andfor H

Lactonic form {Major) Acid form (Minor)

Structure of Sophorolipid (a) Acidic SL (b) Lactonic SL
Image Ref. Zhang et al., 2003 '

4. Application of SL
Agriculture:

Sophorolipids have proven to be highly effective in the field of agriculture because of their
antimicrobial and anti-fungal properties. They can also act as an adjuvant in the formulation
of herbicides with their impressive surfactant property. SL is also effective against plant
pathogenic fungi, Phytophthora sp. and Pythium sp. These fungi cause ‘damping-off’, a soil-
borne root disease, and are capable of spreading rapidly through the soil in the form of
zoospores with the aid of water for migration, infecting seeds, leaves, and stems of water
culturing plants. Addition of SL has proven to inhibit the mycelial growth and motility of the
zoospore while causing lysis of the zoospore. As SL possess low toxicity and are
biodegradable in nature, they have a great potential as an environment compatible bio-control
agent **%2_ They are also useful in inhibiting algal bloom that affects the aquatic system *.

Food:

Addition of surfactants helps to improve the creaminess, appearance, palatability, texture,
stability, rheology and overall quality of foods ** When SL is added to wheat flour or a
product constituting wheat flour; it improves the quality of the final product. SL containing
wheat flour when used for making bread gives the bread a better volume, improving the

appearance and extending its shelf-life ’. Microbial and chemical contaminations in food can
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have a severe impact on public health and the economy. Agricultural workers that are
involved in handling the fruits and vegetables during transport or delivery provide
opportunities for contamination with microbial hazards such as Salmonella spp., verotoxin
producing Escherichia coli (VTEC) and Norovirus (NoV) [Van Boxstael et al, 2013].
Germicide formulation containing 1% SL is capable of killing 100% of Escherichia coli,
Salmonella typhi and Shigella dysenteriae in 30 seconds *°. Food contamination may also be
caused due to the presence of biofilm. These biofilms are key sources of contamination,
leading to food spoilage and disease transmission ’. Biofilm is a protective matrix made up of
extracellular polysaccharide or proteinaceous material that is secreted by bacteria helping
them to adhere to the surface *®*’. Preventing the adherence of pathogenic microorganisms to
food surfaces is an important step in providing contamination—free and good quality products
to consumers **. The biofilm formed by Gram-positive (Ralstonia eutropha ATCC 17699)
and Gram-negative microorganism (Bacillus subtilis BBKO0O06) is effectively disrupted by SL

owing to its antimicrobial properties against these organisms “.
Cosmetics:

SL biosurfactants have gained importance as an active ingredient in the field of cosmetics.
SLs are known to be biocompatible as they show low cytotoxicity towards human
keratinocytes and fibroblasts ***°. Incorporation of SL in creams and lotions promotes the
metabolism of fibroblasts and collagen neo-synthesis in the dermis layer of the skin, thereby
aiding in skin repair and skin toning . Skin aging is caused due to an increase in the elastase
activity from dermal fibroblasts, leading to formations of freckles and wrinkles. SL inhibits
the elastase formation by reducing the generation of free radicals that are responsible for skin
aging. *2. SL helps to activate macrophages, fibrinolytic agents, desquamating agents and also
acts as a de-pigmenting agent through partial inhibition of melanogenesis that helps to reduce

brown spots °*

. The French company Soliance, uses sophorolipid in their cosmetic
formulations %, as the bactericidal and bacteriostatic property of SL is useful in the control of
dandruff, acne treatment and in reducing body odor in the form of deodorants ’. There is a
product from Soliance (France, http://www.groupesoliance.com) called Sopholiance S, that

uses rapeseed oil SL against body odors and acne
Anti-Microbial Activity:

SLs are anti-microbial in nature. They are capable of destabilizing and altering the

permeability of the cellular membrane causing cell rupture which leads to extrusion of the
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cell contents **. Besides this, SL can also act as anti-algal, antifungal and antiviral agent
42435455 Effect of SL on Gram-positive and Gram-negative organisms differs due to the
differences in their cell wall structure and in osmotic level ’. SL produced by Candida
bombicola using lauryl-myristyl alcohol as its hydrophobic moiety, shows potent activity
against Gram-positive and Gram-negative organisms. It shows complete inhibition of Gram-
negative bacteria Escherichia coli and Pseudomonas aeruginosa, which is mainly responsible
for causing cross infections in hospitals and clinics. It also exhibits substantial activity against
Gram-positive bacteria such as Staphylococcus aureus and Bacillus subtilis, which are
majorly involved in food poisoning. Gram-positive bacteria are killed by cell rupturing (lysis)
while shrinking of the cells occurs in the case of Gram-negative bacteria °*°’. Lactonic
sophorolipid inhibited cell growth more effectively than acidic for both B. subtilis and P.

acne.”®
SL as a cleaning agent:

Sophorolipids are the preferred biosurfactants for cleaning purpose due to its ability as an
antimicrobial agent and properties like emulsifier and low-high foaming surfactant. A Japan-
based company Saraya has commercialized “Sophoron”, a sophorolipid based low-foam
dishwasher detergent. “Sophogreen” is a bio-solubilizer recently designed by Soliance using
sophorolipids that serves as a better alternative to petroleum-based solubilizers. Belgian-
based Ecover (http://www.ecover.com) and South Korea-based MG Intobio also
commercialize products made using Sophorolipids. The skin irritability test (Episkin test)
conducted by Ecover on SL based product confirmed that SL does not cause skin irritation.
Toxicity and biodegradability test conducted on Ecover product SL18 revealed that SL based
product was in orders of magnitude less toxic than non-ionic surfactants, alkyl polyglucosides
(APG) and 100% biodegradable after 28 days. Sophorolipids mild nature, low aquatic
toxicity and considerable surface activity have resulted in the launching of SL based products
by Ecover such as all-purpose cleaner, window cleaner, floor soap, and wax cleaner. 2>
Germany based Henkel has also been employing sophorolipid for its glass cleaning products
such as Sidolin, Tenn, Instanet and Sonasol. A study conducted by Navare et al. (2013) also
demonstrated that SL synthesized using jatropha oil, to curtail the production cost by using

cheap sources, had potential to be used as a fabric cleaner. *
Anti- Cancer:

Sophorolipids induced differentiation of human acute promyelocytic leukemia cell line HL60
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at a concentration of 10ug/ml. The protein kinase C activity was observed to be inhibited
after 2 days and differentiation into monocytes took place. For two other leukemic cell lines,
the human myelogenous leukemia cell line K562 and the human basophilic leukemia cell line
KU812, differentiation into megakaryocytes was also induced at a sophorolipid concentration
of 15 ug/ml. ?* Joshi-Navare et al have shown anti-cancer activity of SL by inducing cell
differentiation in human glioma cell LN-229. %% A recent study conducted by Nawale et al.,
2017 showed the anti-proliferative activity of purified forms of the novel SL derived from
cetyl alcohol (SLCA) and their anti-cancer mechanism in human cervical cancer cells. ®

Self Assembly:

A recent study conducted by Singh et al. 2013, showed the spherical mesoscale molecular
assembly of sophorolipid when irradiated by a pulse laser. These assemblies had fluorescent
property and a probable use in bio-imaging and drug delivery. The very first attempt to
understand acidic SL’s assembly behavior at pH 2.0 to 4.1 resulted in the giant twisted helical
ribbons with 5-11um width and several hundred micrometers ®%. The self-assembly of
molecules depends on the concentration, wherein a study conducted by ®, showed the
correlation of concentration and shape of the micelle. Spherical micelles were formed at
<1wt% concentration and the shape elongates to a cylindrical shape with increasing
concentration from > 0.5 wt% to 5 wt%. Apart from factors like pH and concentration, the
changes in structure at the molecular level can also influence the self-assembling behavior of
sophorolipids ®. This was clearly illustrated by using three different sophorolipids of oleic
acid (OASL), stearic acid (SASL) and eladic acid (EASL) by ®°. The OASL formed a ribbon-
like structure similar to those reported by Zhou et al., 2004 ®, in the case of SASL the self-
assembled structures appeared like several open sheets lying on top of each other and EASL
(with a trans double bond) formed twisted ribbon structures, which was attributed to a
favorable m overlap, leading to squeeze in the middle of the molecule. The effect of
unsaturation was clearly evident from the study conducted by Dhasaiyan et al. (2014) . With
the help of experimental and simulation studies, the author reported the presence of a double
bond in the hydrophobic core of the SL molecule greatly impacts the morphology of the self-
assembled structures. They showed that oleic acid SL with one unsaturated bond forms
ribbon-like structures (also reported previously), whereas linolenic acid SL with three double

% Supporting this recently Pandey et al. (2016) ®" also

bonds assembles into vesicles.
performed simulation studies and reported that linolenic acid sophorolipid with three double

bonds, assembled into vesicle and aggregates depending upon SL to water ratio.
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Theranostic application

Quantum dots (QDs) are well known for their optical and electronic properties applicable in
the bio-medical field as labeling and imaging tools but due to their toxicity and
biocompatibility issues, they are not widely used. To introduce biocompatibility, without the
loss of photoluminescence property Singh et al. 2013 % synthesized non-toxic cadmium
telluride (CdTe) QDs by using acidic SL as a surface-functionalizing agent. SL-CdTe QDs
potential as a diagnostic tool was demonstrated by cellular internalization studies in ThP-1
(human acute monocytic leukemia) cells. The cytotoxicity studies confirmed their
biocompatibility and hence applicability. ®

Wound healing and Biomedical Scaffolds

A recent world patent filed by Prabhune et al in 2017 (PCT/IN2016/050315) disclosed a
study where SL in combination with silk sericin works at par with commercialized wound
healing creams. Rather they observed a distinct property of no scars on the wound site when
applied with SL-sericin based cream. This has again opened a new avenue where SL can be
explored further and commercial product can be launched. Another study was conducted by
the Dubey et al 2016 where they used SL with silk fibroin for rapid gelation and synthesis of

scaffolds that can be used for biomedical application.
5. Sophorolipid (SL) in Nanoparticles Synthesis:

Of late synthesis of nanoparticles mediated via surfactants is an emerging field in material
science due to their potential for the stabilization of nanoparticles. Although the chemical and
physical processes are currently used, stable and size-controlled synthesis still remains a
challenge. Certain other disadvantages are that the synthesis process is highly expensive and
lead to harmful waste materials for humans as well as the environment. The size and shape of
nanoparticles decide the biological applicability of nanoparticles. Here biosurfactants play a
role in stabilizing and in determining the shape of the nanoparticles during synthesis,
emerging as a viable alternative. "© Nanoparticles synthesis processes based on biologically
produced surfactants are rapidly gaining interest where nanoparticles are formed in a range of
10-1000nm. *° Following are few of the examples where sophorolipids are used either as a

capping agent or both reducing and capping of nanoparticles.

a. The earliest work on nanoparticles based on sophorolipid system started a decade

back, where synthesis of cobalt nanoparticles was attempted. The early strategies for
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the synthesis of cobalt nanoparticles usually used oleic acid as a capping agent but
with few concerns regarding the stability. Apart from this, oleic acid is also insoluble
in water hence methanol/ethanol-water mixture was used during the preparation of
cobalt nanoparticles. Reports regarding oleic acid capped silver and nickel
nanoparticles explain that polar solvents expose oleic acids -COOH group in the
solvent and help in its binding with nanoparticles surface via a double bond. But this
also leads to exposed —CHj group into the solvent causing a weak capping and
instability during dispersion of nanoparticles. To overcome this obstacle, Kasture et
al., 2007 employed sophorolipid biosurfactant that is actually a microbial
modification of oleic acid and is soluble in water due to attachment of polar sophorose
head group. The superparamagnetic cobalt nanoparticles obtained by SL capping were
stable in powder form and readily dispersible in an aqueous medium without

substantial morphological modifications ™

b. After the study with cobalt nanoparticles, the authors began to explore certain
molecules having a dual nature of reducing and capping the nanoparticles in one go.
These are preferred as they enable greater control over the reaction and use of external
reducing agents can be avoided. This can help in scaling the process. In another
study, they showed the reduction of Ag” ions to Ag nanoparticles and capping with
the SL. In this work, the particle size variation was studied as a function of time and
temperature. Two different SLs were used for the synthesis of Ag NPs viz., oleic acid
SL (OASL) and linoleic acid SL (LSL). OASL reduced-capped AgNPs had a mean
size of 20 nm at 40°C with and at 90°C the particles size reduced to 5.5 nm with the
almost spherical shape. In the case of LSL, at 40°C the mean size obtained was 22 nm
and at 90°C the similar reduction in size to 11 nm was observed. This can be
attributed to lower temperatures as the particle formation becomes slow but as the
temperature is increased the synthesis becomes rapid. From this study, it was
concluded that the OASL derived AgNPs were better than that of LSL derived with

respect to size and morphology. "

c. Kumar et al 2010 later took this study forward for the continuous synthesis using a
microreactor. A batch process is a good approach for understanding the mechanism
of nanoparticles synthesis but up-scaling becomes a limiting factor. Limitations viz.,

inefficient mixing, non-uniformity of temperature throughout the reactor, non-
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idealities in flow rates, usually result in a wider range of particle size distribution.
Also, the thorough cleaning of the vessel after every batch is required to avoid
contamination. To tackle this, micro-fluidic methods have been applied that have
many advantages over batch process like reduced consumption of reagents, safety and
stoichiometric yield that satisfy all the large-scale synthesis. But mostly, a high
surface to volume ratio in micro-channels leads to better heat and mass transfer which
gives better control over the reaction rates. Silver nanoparticles have well established
anti-microbial activity and are considered a model system for microreactors.
Therefore in this study, a continuous flow synthesis of silver nanoparticles in water
medium via the use of sophorolipid as a reducing and capping agent was
demonstrated. Any use of an external reducing agent was avoided hence reducing the
number of reactants in the reaction. "

Based on results obtained from previous batch process studies, stearic acid SL was
chosen for the continuous flow experiments. The particle size distributions of AgNPs
as shown by DLS were between 5-9nm that were synthesized using stainless tube
model.

d. The formation of sophorolipid-capped iron oxide nanoparticles was executed by
Baccile et al. The magnetic iron nanoparticles were synthesized from iron (II)
chloride and iron (I11) chloride in presence of ammonia at room temperature and at 80
°C. Both two-step and one-step procedures were applied which resulted in
nanoparticles with maghemite (y-Fe,O3) or two-line ferrihydrite (FesHOg-4H,0)
structure respectively. A very broad particle size distribution was obtained for the
one-way synthesis pathway at room temperature, while monodispersed nanoparticles
were obtained in all other synthesis processes mentioned above. A much higher
increase in the average particle size for the nanoparticles synthesized at room
temperature indicated that sophorolipids were more loosely bonded to the
nanoparticle surface. FTIR analysis revealed that the sophorolipids mainly attach to
the nanoparticle surface via the carboxylic acid function. Adsorption studies were
performed for the sophorolipid-capped iron oxide nanoparticles with two lectins,
namely Concanavalin A and lectin from Bandeiraea simplicifolia. No specific
interaction occurred with the lectin from Bandeiraea simplicifolia, but an affinity for

Concanavalin A for these capped NPs was observed. Sophorolipid-capped iron oxide
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e.

nanoparticles also proved to be interesting to be used as selective targets for sugar/

protein interactions. "

After identifying that sophorolipids can be used for nanoparticles synthesis, another
set of experiment to study the cytotoxic and genotoxic effect of glycolipid synthesized
Au NPs and Ag NPs, hepatic cell line HepG2 was selected attempted and exposed to
different concentrations of the metal nanoparticles. Oleic acid SL was used as
reducing and capping agent for nanoparticles synthesis. Silver NPs were synthesized
by the previously mentioned method from the same group. These prepared OASL
molecules, AuNPs and AgNPs were tested at different concentrations with human
hepatic cells and were found neither cytotoxic nor genotoxic, up to concentrations of
100 mM. ™

Nanostructures that are functionalized with biomolecules can gain antimicrobial
properties. Although there are some reports related to the basic guidelines for
functionalization and application of specialized nanomaterials, active research on
functionalizing nanomaterials with biomolecules and their specific antimicrobial
activity is poor. Scanty reports are available on the application of functionalized
nanoparticles against pathogenic microbes. Therefore, in this study, an attempt was
made to employ the sophorolipid (produced by yeast Cryptococcus sp. VITGBN2) as
a bio-stabilizer for the synthesis of ZnO nanoparticles (ZnO). In addition, ZnO NPs
biofunctionalized by sophorolipids, have also been tested as antimicrobial agents. The
activity of acidic diacetate sophorolipid by Cryptococcus sp. VITGBNZ2 against
pathogens like S. enterica and C. albicans was established. Sophorolipid
biofunctionalized ZnO showed higher antimicrobial activity compared to naked ZnO
NP and other antimicrobial agents. Enhanced bioactivity of these NPs was attributed
to the increased permeability through the microbial cells that lead to the loss of

cellular transport through the plasma membrane, resulting in cell death. "

Surface functionalization of gellan gum reduced gold nanoparticles with SL was
proposed by Dhar et al. Taking advantage of SLs anti-cancer activity, these
nanoparticles were then conjugated and loaded with doxorubicin drug and tested
against human glioma cells LN-229 as well as human glioma stem cells HNGC-2.

Cytotoxicity was carried out without any labeling. MTT assay was performed on the
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24 h old plate. The incubation time was 4 h after which, formazan crystals were
dissolved in DMSO and read at 570 nm. TEM analysis and particle size distribution
confirmed SL-GG-AuNPs of, average particle size (~17 nm), slightly increased from
that of pristine GG-AuUNPs (~13 nm). In the cellular uptake study, Gold nanoparticles
were clearly observed inside the cells as red dots and were localized mostly in the
cytoplasm and perinuclear space of cells. From this study, it can be concluded that SL

enhances the cell cytotoxicity of gellan gum nanoparticles against glioma cell lines. *

h. Singh et al. demonstrated the use of SL as a stabilizer for CdTe quantum dots that
were synthesized using 3-mercaptopropionic acid (MPA) and amine terminated by a
coupling reaction between MPA and ethylenediamine (EDA). For the synthesis, the
authors used NaHTe that was prepared by reacting NaBH, and Te powder. The
reaction was considered completed once the black Te powder turned to a clear pink
solution. NaHTe is then refluxed under nitrogen for 2 h at 100°C with 36 mM MPA
and CdCl, 15 mM at pH 9. Once cooled the CdTe solution was precipitated by
acetone, centrifuged and washed to remove un-reacted salts. The dried powder was
then again re-dispersed for conjugation with EDC to achieve amine termination via
sulfo-NHS (N-hydroxysulfo-succinimide) and EDC coupling. The amine-terminated
CdTe QDs were then mixed with acidic SL (100 mg each) under stirring for 30 min.
The QDs obtained via MPA were of 8 nm observed in TEM and DLS, whereas SL
capped CdTe QDs were of 118 nm indicating encapsulation via SL. They were tested
for their biocompatibility in both normal and cancer cell lines. It was shown that the
SL capped CdTe QDs were biocompatible in normal cell line and effective against
cancer cell line with enhanced cellular association and uptake, which was detected by
the fluorescence of the QDs. Almost 100% viability in case of normal NIH3T3 cell
lines and 65% viability in case of cancer MCF-7 cell line was observed, clearly
indicating that composites provided a mode to diagnose cancer cells using their
fluorescence property as well as cytotoxicity towards them. Thus authors have made a

composite particle which has a high potential as a theranostic weapon.

i. Singh et al. have used a pulsed UV laser approach for self-assembly of SL molecules
in water and achieved mesoporous structures. The structures thus formed were found
to be fluorescent in nature. They have also demonstrated easy loading of magnetic

nanoparticles on these mesoporous structures during their synthesis for application in
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hyperthermia. The time evolution study of self-assembly was observed via SEM
imaging at an interval of 10 mins. Both SEM/TEM analyses showed that the defined
particles were formed after 40 min of laser irradiation. These particles fluoresced
when excited with 330 nm. This property was attributed to the addition of an extra
double bond due to laser irradiation and m—= stacking. Cytotoxicity test was carried
out on HelLa cell line by MTT assay which revealed that 50 pug/ml was not detrimental
for the cells. The hyperthermia experiment was carried out using a radio frequency
source. Magnetite loaded SL mesostructure (5 mg/ml Fe;O4 nanoparticle) were used
for this experiment. The data was collected at 0 min, 4 min, 10 min and 15 min for
both the simple SL solution and the magnetite-loaded SL mesostructures. It was
observed that the magnetite loaded SL mesoparticles were effective against
hyperthermia. ®*

j. A recent example, where SL has been used for the synthesis of Solid Lipid
nanoparticles (SLN) that was used to encapsulate rifampicin and dapsone drugs. In
this report, lactonic SL with pluronic co-polymer was used to obtain stable SLNSs.
These SLNs had high entrapment efficiency and loading capacity. The release study
conducted revealed a high release rate. Therefore, new areas in solid lipid
nanoparticles have been ventured through this study and there is scope for

development. "

Based on these examples we have attempted to synthesize few drug delivery systems using
sophorolipid as reducing, capping or both for the nanoparticles of gold nanoparticles and

calcium carbonate which will be explained in chapter 1 and chapter 4 of this thesis.
6. Curcumin

Ayurveda, an ancient Indian medical system makes use of turmeric paste to treat eye
infections, to dress wounds and as an anti-inflammatory agent against insect bites, acne, and
various skin diseases. Powdered turmeric taken with boiled milk has been commonly used to
cure a cough and related respiratory ailments. It can also act as an anti-dysenteric for children

suffering from dysentery *°.

Turmeric Band-Aids are being prepared by the American pharmaceutical company Johnson
& Johnson for the Indian market ®#!, Turmeric acts as a healing agent and cures any

lacerations in the birth canal when applied to the perineum 2. This dietary spice is also used
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to treat digestive disorders such as dyspepsia, ulcers, stomach pain due to indigestion, and

flatulence

Curcumin is an active ingredient in traditional herbal remedies and also in a vibrant yellow
dietary spice called turmeric obtained from the rhizome of Curcuma longa. It has been used
in the traditional medicines of China and India since a long time with the powder being used
in Asian cooking, medicine, cosmetics, and fabric dyeing for more than 2000 years "%,

Curcumin is currently being used to add a dash of color in perfumes .

Vogel first isolated Curcumin in the year 1842 and it was structurally characterized by Lampe
and Milobedeska . Curcumin (curcumin 1), demethoxycurcumin (curcumin II) and
bisdemethoxycurcumin (curcumin Ill) are the three major curcuminoids present in the
commercial Curcumin. The percentage of each curcuminoid present differs. Approximately
77% is comprised of curcumin I with only 17% of curcumin I1; curcumin Il being the least at
about 3% . Curcumin exists in its keto-enol tautomer form as shown in the figure and
exhibits limited solubility in water while showing good solubility in organic solvents such as
DMSO and chloroform 2. This property may be responsible for its low bioavailability.
Evidence from numerous literature has revealed that curcumin has low bioavailability, poor
absorption, low metabolism, and limited biodistribution. Up to 1 g/kg of the body weight is
almost completely eliminated by the human metabolic system &’.
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Curcumin I, 11, I (curcumin, demethoxycurcumin, and bisdemethyoxy curcumin) and keto-

enol tautomers of curcumin. [Image source: Naksuriya et al 2016 %]
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7. Calcium carbonate

Calcium Carbonate (CaCQO3) is a naturally occurring inorganic biomaterial. It is a white,
insoluble solid that occurs in nature in form of chalk, limestone, marble, and calcite, and is
the main component of shells of marine organisms, snails, pearls, and eggshells ®. In the
chemical industry, it acts as raw material owing to its varied applications such as to produce
cement, mortars, plasters, refractories, and glass as building materials. It also is used to
produce quicklime, hydrated lime and a number of calcium compounds. The latter consists of
finer particles of greater purity and more uniform in size. Diverse calcium carbonate forms
are currently being used in several commercial products, like textiles, papers, paints, plastics,

adhesives, sealants, and cosmetics *°.

Nano calcium carbonate synthesis has received significant importance due to their industrial
applications in the quantum dots, catalysis, flame retardant, clean-up of toxic contamination
from chemical warfare, and bone replacement ®*. The applications of nanoparticles of CaCOs
strictly depend on parameters such as morphology, size, specific surface area, oil adsorption
capacity, and chemical purity. Therefore, the control of particle morphology via its shape and

size is crucial from the perspective of the technical applications *.

CaCOg3 nanoparticles show unique advantages due to their ideal biocompatibility and are

ideal as the potential drug delivery systems offering a range of drug loading options
8. Sericin

Silk is a continuous protein fiber produced by the silkworm and consists of two main groups
of proteins, sericin, and fibroin. Fibroin constitutes the fibrous component and has great
tensile strength and property to withstand wear and tear °. Fibroin is being used in textile
manufacturing and for several biomaterial applications. Whereas sericin is a natural

macromolecular protein, that serves as an adhesive binding the fibroin threads.

Sericin is a glue-like protein that binds the silk fibers in a cocoon of Bombyx mori. It is highly
hydrophilic in nature due to the higher content of hydrophilic amino acids like serine (35%)
and threonine (10%). This also means they are rich in hydroxyl groups due to serine and this
is expected to have a major role in its structure conformation. Sericin is secreted by the
middle silk gland of B. mori larvae as a watery solution during spinning. Afterward, it

solidifies to give toughness to cocoon. *°
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Sericin is considered as waste material in the textile industry, with nearly 250 to 300 tons of
sericin per year being discarded *°. Recently sericin has been found to activate the
proliferation of several cell-lines and has also shown various biological activities ¥ like Anti-
oxidant %, Anti-tyrosinase *, Anti-bacterial * and Anti-aging '®°. Nanoparticles capped with

sericin can have these advantageous properties as well and this needs to be further studied.
9. The scope of work:

As we have understood the difficulty faced by the pharmaceutical industry in developing new
drug entities and some of the solution suggested by researchers around the globe are of
interest. We identified an area where a biosurfactant that can be produced on a commercial
scale can be used for the solubility of class Il to class IV drugs using curcumin as our model.
Since ancient times turmeric is boasted of its medical applicability but its full potential is yet
to be utilized. Hence we have used curcumin and sophorolipid as our model for drug

solubility and in turn tried to bio-transform curcumin into a more water-soluble form.

Apart from solubility, drug delivery is also a major challenge. Therefore biocompatible and
biodegradable drug delivery systems, in the form of calcium carbonate have been aimed to
study in this thesis.

We also aim to utilize a waste protein viz. sericin for the synthesis of gold nanoparticles as

part of my thesis as a development of newer and greener drug delivery system.
10. Outline of the Thesis:
Chapter I:

The first chapter gives a general description of the problem associated with drug solubility
and the current method used to solve these shortcomings. It also introduces readers to
components used in the following chapters like sophorolipids, curcumin, calcium carbonate,
and sericin. The scope of the work and certain objectives are also highlighted in the

introduction section.
Chapter I1:

Bioavailability studies of curcumin-sophorolipid nano-conjugates in the aqueous phase:

role in the synthesis of uniform gold nanoparticles

The major limiting factors for curcumin to be accepted as a modern drug, despite its
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widespread applications, are its low aqueous solubility, low retention time and poor
bioavailability. When subjected to a mild physical stress, curcumin is observed to internalize
within the micellar hydrophobic core of oleic acid sophorolipid resulting in the formation of
curcumin—sophorolipid nanoconjugates (CurSL). These bio-composites show enhanced
retention time and increased bioavailability of curcumin in rat models. In the presence of gold
salts, CurSL act as potent reducing and capping agents, resulting in the synthesis of
monodispersed, spherical gold nanoparticles (CurSL-GNPs) of 8-10 nm in size.
Physicochemical, morphological and optical characteristics of both the nanoparticles are
discussed based on spectroscopic absorption, photoluminescence (PL), dynamic light
scattering (DLS), zeta potential, SEM and TEM measurements. FTIR spectroscopy signatures
of these nanoparticles confirm the retention of functional groups in the end products. A
retention time of 2 hours in blood plasma and an increase in curcumin recovery by about 150
times that previously reported were observed in the pharmacokinetic (pKa) studies performed
on Wistar rats. The bio-distribution of gold nanoparticles in rats was studied using EDX,
which revealed their presence in different vital organs. The absence of unusual legions or
necrosis in histopathological analysis of vital organs in all the rat models suggests the use of
curcumin-sophorolipid nano-conjugates enhances curcumin bioavailability and the Cur-SL

based nano-gold formulation is a good drug delivery carrier.
Chapter I11:
Derivatization of curcumin via biotransformation and exploring its applied aspects

Low solubility in agueous solution and poor bioavailability of Curcumin has lead to the
synthesis of various formulations by scientists worldwide to enhance the physiochemical
characteristics of this bright yellow molecule. In this study, a novel compound is being
proposed Curcumin-sophorolipid (CSL) synthesized by Candida bombicola cells that have
helped to improve the water solubility, stability, and bioavailability of curcumin. The
objective of this study was to synthesize CSL compound and carry out its extraction. Further
partial purification and characterization of CSL were done using UV-Vis spectrophotometry,
Thin Layer Chromatography and High-Performance Liquid Chromatography. The further
understanding about the compound structure and its interaction were made by carrying out
HRMS, FTIR, NMR and Photoluminescence studies. The application of synthesized
compound, CSL in various areas, such as its property of being anti-tyrosinase, anti-oxidant,

anti-biofilm and fluorescence were studied. CSL shows good anti-biofilm activity against P.
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aeruginosa. It shows scavenging activity and anti-tyrosinase activity. Under UV light it emits
green fluorescence and shows strong emission in 700nm range when excited at 350nm. To
study its toxicity, MTT assay was carried out on L6 cell line and anti-cancer activity against
MCEF-7 and HeLa were also studied.

Chapter IV:

Synthesis of biocompatible Calcium carbonate microparticles as a drug delivery system
using sophorolipid as a capping agent and increasing the porosity of synthesized

particles

A simple yet effective method is developed for the synthesis of calcium carbonate micron-
sized particles. The 0.1M aqueous solution of calcium chloride is drop-wise added in a 0.1M
solution of sodium bicarbonate under probe sonication for 30 minutes to obtain spindle-
shaped 2-3 micron particles. To reduce the particles size, we added a biologically synthesized
glycolipid (sophorolipid) during the synthesis by two different approaches. In one method
sophorolipid is solubilized in aqueous calcium chloride solution and probe sonicated for 10
minutes. To this mixture, drop-wise sodium bicarbonate solution was added and further
sonicated for 20 minutes. This approach leads us to produce spherical and porous calcium
carbonate nanoparticles in the size range of 100-400 nm. While in the second method,
sophorolipid was solubilized in sodium bicarbonate solution and sonicated for 10 minutes.
Here, calcium chloride solution is added gradually and sonicated for 20 minutes. The
particles observed here were spindle shaped with size 1-3 um. Scanning electron microscopy
and EDS have confirmed the shape, size, and composition of these particles. Also when using
these two approaches if we change the method to magnetic stirring, porous and spherical
microparticles of CaCO3 obtained. The sizes of these were also in the range of 1-2um. The
nucleation of the particles was studied via time-dependent SEM analysis. These particles can
be an effective host for the fabrication of biocompatible composite materials as they are

natural biomineral available in nature and can be used for oral drug delivery.
Chapter V:

Sericin based synthesis of Tunable, Monodispersed and Stable Gold nanoparticles: Role

of Temperature and pH

Sericin a protein from silk cocoon of Bombyx mori has got many properties like anti-

bacterial, moisture retaining, anti-oxidant etc, but it is not reported for the synthesis of gold
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nanoparticles. Therefore, in this chapter, we study the synthesis of gold nanoparticles in
different pH and temperature mediated by sericin. Sericin is extracted from the silk cocoons
and lyophilized to obtain the powder. Different buffers from pH 5.0 to pH 9.0 were tested at
varying temperatures from modest 30°C to higher 80°C. UV-vis spectroscopy confirmed the
characteristic surface plasmon bands of gold nanoparticles, while dynamic light scattering
and Transmission electron microscopy confirmed the size of particles between 10-50nm. The
near-spherical nanoparticles obtained can be applied as a drug delivery vehicle. These
particles are highly stable confirmed by zeta potential studies. The study confirmed the role

of temperature and pH for the size modulation of sericin nanoparticles.
Chapter VI:
Conclusion

In this thesis, we have covered different topics from hydrophobic drug solubility to drug-
biosurfactant bio-transformed product to various nano-micro carriers for drug delivery. The
model drug curcumin was solubilized in a crude sophorolipid solution and its bioavailability
in rats was tested and it was retained in the rat body up to 2 h confirmed via HR-MS study of
blood plasma. Based on the Cur-SL solution, gold nanoparticles were synthesized and their
bio-distribution in the rat was analyzed. Curcumin was later used as a hydrophobic source for
derivatization via biotransformation using yeast C. bombicola to obtain solubilized glycol
form of curcumin. This compound was found to have many applications at minimum
concentration than its parent molecule. Oleic acid sophorolipid was used to cap calcium
carbonate microparticles that can be used as a biocompatible drug delivery vehicle. Another
biomaterial, sericin was explored for the synthesis of gold nanoparticles for drug delivery

purpose
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Chapter 2

Bioavailability studies of curcumin-sophorolipid nano-
conjugates: Their role in synthesis of uniform gold
nanoparticles

Characterization — UV-vis spect, SEM, TEM, DLS, FTIR
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Summary

The major limiting factor for curcumin to be accepted as a modern drug, despite its
widespread applications, is the lower aqueous solubility; poor bioavailability and less
retention time. When mild physical stress is applied, curcumin is seen to internalize within
the micellar hydrophobic core of Oleic Acid Sophorolipid forming Curcumin-Sophorolipid
Nanoconjugates (CurSL). These bio-composite displayed enhanced retention time and
increased bioavailability of curcumin in Rat models. When gold salts are added to CurSL, it
reduces and caps monodispersed, spherical gold nanoparticles (CurSL-GNPs) of 8-10 nm
size. Physico-chemical, morphological and optical characteristics of both the nanoparticles
are discussed based on spectroscopic absorption, photoluminescence (PL), dynamic light
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scattering (DLS), Zeta Potential, SEM, and TEM measurements. FTIR spectroscopy
signatures of these nanoparticles confirm the retention of functional groups in the end
products. Pharmacokinetic (PKa) studies performed on Wistar rats revealed a manifold
increase in curcumin recovery by about 150 times than previously reported; the retention time
is up to 2 h in blood plasma. The bio-distribution of gold nanoparticles in rats was studied
using EDX which showed their presence in different vital organs. Histopathological analysis
confirmed that no unusual legions or necrosis were seen among the vital organs of all the rat
models. These results thus suggest the use of curcumin-sophorolipid nano-conjugate for

curcumin bioavailability and Cur-SL based nano-gold formulation as a drug delivery carriers.
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1. Introduction

1.1 Curcumin

Curcumin is the main active ingredient of Turmeric, a well known ancient Indian spice,
belonging to the Zingiberaceae (ginger) family responsible for the characteristic yellow color
of turmeric®. It is a polyphenolic compound consisting of two aromatic rings that give
hydrophobicity and tautomerism influencing the polarity of curcumin, while the linker olefin
bond between the B-diketone provides flexibility'®*. Curcumin found its role in various
activities like potent antioxidant, anti-diabetic, anti-inflammatory, antiproliferative, anti-
metastatic, anti-angiogenic, hepatoprotective, anti-atherosclerotic, anti-arthritic and anti-
thrombotic an agent in cell culture, animal studies, and clinical trials*>®. Studies also prove
curcumin to be potent against Cancer'’, Alzheimer’s disease, Rheumatoid arthritis, hepatic

disorders, cystic fibrosis, antineoplastic, anti-viral activity%*".

1.2 Formulation for solubility of curcumin

Reports of natural analogs of curcumin, curcuminoid derivatives, and curcumin bio-
conjugates have been synthesized and challenged to be effective anti-bacterial and anti-viral
agents>**. Some have also prepared solid dispersions of curcumin-polyvinyl pyrrolidone in a
bid to increase its solubility and dissolution®. Curcumin nanocrystals are proposed by Onoue
et al 2010 and Rachmawati et al. 2012 using methods like milling and high-pressure
homogenization®’. Feng et al. 2012 report Polymer-based nanoparticle formulation using
poly (e-Caprolactone)-poly (ethylene glycol)-poly (e-Caprolactone) copolymer for self-
assembly and delivery of curcumin in cancer®. Poly(lactic-co-glycolic acid) (PLGA)

copolymer based Curcumin uptake are shown by Anand et al 2010, Yallapu et al 2010°.

Despite these broadly applicable properties, the hydrophobic nature of curcumin prevents the
aqueous solubility and invariably restricts its use in the pharma industry. The attributing
cause is negligible absorbance, easy elimination, excretion, no distribution, very little
retention time and enhanced metabolism in the body. All these factors combined together
results in low plasma and tissue level concentration of curcumin which ultimately contributes
towards curcumin being non-bioavailable>**’. Research among various groups in recent
years has been positively working on improving the bioavailability of curcumin and to

explore its potential application as a modern drug.
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2 Our strategy for curcumin solubility

An approach of micelles formation, which is an attractive and known property displayed by
amphiphilic surfactants in hydrophilic or hydrophobic solutions (reverse micelles) can be
used to address the solubility issue of hydrophobic drugs in water. Surfactants help in wetting
of solids and hence improve the rate of disintegration of solids to smaller particles when
applied with external physical force. Anisotropic water distribution in micelles aids in better
entrapment of hydrophobic drugs within its core rather than adsorption on the surface of

micelles. This also stabilizes the whole micelles-drug hybrid™®*°,

2.1 Sophorolipid

Hence to achieve the solubility of curcumin in the water we explore the use of non-ionic
glycolipid surfactant viz. Sophorolipid. Sophorolipids are a class of extracellular
biosurfactants produced by a non-pathogenic yeast Candida bombicola (ATCC 22214). These
molecules have a disaccharide unit (sophorose) linked by a glycosidic bond to the hydroxyl
group at the penultimate carbon of monounsaturated C18 fatty acid. This arrangement of
molecule renders sophorolipid its amphiphilic property®. Sophorolipids have negligible
toxicity, higher biodegradability and the production media is derived from renewable sources.

They are US FDA approved (oral route) for use in food and pharmaceutical industry?.

To tackle the question of solubility of curcumin in water, we investigated the property of
sophorolipids to form micelles while encapsulating curcumin to its core and forming nano-
conjugates under the physical force of sonication. The aspects of these nano-conjugates
towards an increase in bioavailability of curcumin in-vivo are studied in this chapter. With
complete characterization and animal study, we compared the possibility of these conjugate
as a next level or advances in the heavily researched area of drug solubility. Also in the drug

delivery facet, metal nanoparticles are explored as safe carriers for drugs in-vivo.
2.2 Gold nanoparticles synthesis for drug carrier

In this regards gold nanoparticles are vastly studied wherein gold salts are reduced generally
by a reducing agent such as citric acid which leads to the formation of gold nanoparticles. In
addition, a stabilizing/capping agent is required in most cases and a surfactant plays this role
efficiently either by adsorbing or chemically binding to the gold surface with the other end
exposed in solution. Thereby, providing stability to the Au nanoparticles in colloidal solution

while imparting a charge on the particles which prevent aggregation and settlement?*.
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The tunability and multivalent surface chemistry of Au nanoparticles elicit the potential to
integrate multiple therapeutic molecules on the surface. And the stabilizing compound
actually plays a very important role in the toxicity of these particles in vivo®. Therefore, in
this chapter, we have also ventured to study the gold nanoparticles synthesized using the
curcumin-sophorolipid (Cur-SL) nanoconjugate. The characterization and bio-distribution are

examined in a rat model which is clarified in the discussion part of this chapter.
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3. Materials and Methods
3.1 Reagents and Chemicals

All chemicals and reagents used in this study are of analytical grade unless mentioned
otherwise. Curcumin 99% was procured from Sigma Aldrich, media components like
peptone, yeast extract, malt extract were obtained from Hi-media, India, and glucose from
Qualigens, India. Sodium sulfate was purchased from Merck, India. Solvents namely Ethyl
Acetate and Acetonitrile HPLC grade were procured from Rankem (India) and Merck, India

respectively.

3.2 Organism and maintenance

Candida bombicola (ATCC 22214), a non-pathogenic yeast was maintained on MGYP slants
at 4°C which were subcultured every four weeks prior to use for sophorolipid production.
MGYP stands for Malt extract 0.3%, Glucose 2%, Yeast extract 0.3% and Peptone 0.5%%°.

3.3 Synthesis of oleic acid sophorolipid (OASL) and Extraction

Yeast Candida bombicola ATCC 22214 was used for the synthesis of sophorolipid via resting
cell method. The method in detail is as follows: Initially, C. bombicola cells are grown in
MGYP medium for 48 h and harvested via centrifugation (5000 rpm, 20 min). These cells are
then suspended in 10% glucose medium along with a hydrophobic substrate, in this case, 2ml
of oleic acid. The production broth is incubated in a shaking condition at 28°C for nearly 5-6
days, where a brown viscous product is seen visible. Extraction, purification of sophorolipid

(viscous product) is explained elsewhere®.
3.4 Synthesis of agueous Curcumin- Sophorolipid Nanoconjugates (CurSL)

The synthesis of sophorolipid induced curcumin nanoconjugates (CurSL) was initiated by
adding 1mg of Curcumin and 40mg of OASL in 10mL distilled water. This suspension was
then probe sonicated using Branson Digital Sonifier 250 at an amplitude of 70 Hz with a
constant pulse of 10seconds at an interval of 3 seconds each for 40 minutes. The
homogeneous mixture thus obtained was a bright yellow color dispersion of soluble curcumin

in sophorolipid solution.

3.5 Gold Nanoparticles synthesis
Gold nanoparticles (CurSL-GNPs) were synthesized using the CurSL solution as a reducing

and capping agent. Chloroauric acid (HAuCl,) was added to 10ml of CurSL solution, making
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a 1 mM solution of HAUCI, and kept under 50°C in water-bath at shaking condition of 50 rpm
for 1 h.

3.6 Characterization

The UV-visible spectrum of both dispersion CurSL and CurSL-GNP was recorded on a Jasco
V-630 UV-Vis spectrophotometer, with a 10 mm quartz cuvette cell. The spectrum from 200
nm to 800 nm was recorded. Curcumin (100 pg/ml) dispersed in water was kept as a control.
Fluorescence spectroscopy was used to record the emission spectra for CurSL solution by
providing excitation at 400 nm on a Varian CARY 100 Bio UV-Vis spectrophotometer with a
10 mm quartz cell at 25 + 0.1°C. Dynamic Light Scattering (DLS) using a Brookhaven 90
plus nanoparticle size analyzer instrument was employed to understand the hydrodynamic
size of the particles in the dispersion and their zeta potential. The average surface charges of
the particles were determined without diluting the prepared sample for both cases of CurSL
solution and CurSL-GNPs. FTIR signatures of CurSL were studied on a Bruker, Alpha FTIR,
over the spectral range of 450-4000 cm™. Controls used were curcumin (powder) and OASL
individually. CurSL-GNPs FTIR signatures were also studied over the same range. 25 scans
per sample were recorded. All FTIR signatures of the samples and controls were recorded in

their nascent state.
3.7 Scanning Electron Microscopy (SEM)

The particles size and morphology of the dispersed particles of CurSL solution were obtained
by visualizing them under SEM using an FEI Quanta 200 3D model. The dispersion was drop
cast on a clean silicon wafer which was left to dry overnight. These were then sputtered with

gold for enhanced contrast. The voltage provided was between 15-20 kV.
3.8 Transmission Electron Microscopy (TEM)

For CurSL-GNPs, 1:1 dilution of the CurSL-GNP solution was drop cast on a carbon-coated
copper grid 200 mesh size obtained from Icon analyticals Pvt. Ltd, India and were left to dry
overnight. They were observed via TEM of FEI Technai G* 200kV model.

3.9 Pharmacokinetic study

Nine Albino Wistar rats (approx. 200g) were the subject of this pharmacokinetic study. All
the rats were housed under standard ethical conditions provided with ad libitum access to

standard lab diet and water all throughout the experiment. The experiment on animals was
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conducted after obtaining permission from the Institutional Animal Ethical Committee. The
rats were divided into three groups; three each for curcumin control, CurSL nanoconjugates,
and CurSL-GNPs. All the animals were kept for fasting 12 h prior to the start of the
experiment. Three of the rats were orally administered with a dose of 1 mL each of CurSL
formulation containing 100 pug of curcumin per 200 g body weight of each rat (maintaining
0.5 mg/kg weight), while the control animals were provided with 100 pg of standard
curcumin dispersed in water. The CurSL-Gold Nanoparticles solution (1 ml each) was
administered as synthesized to the third group. The oral dosing was performed using a gavage
of 3 inches long and 2.25 mm in diameter. Blood was collected alternatively (1 mL) by a
retro-orbital method from venous plexus of rats at an interval of 0, 0.15, 0.30, 1, 2, 3, 4, 5, 6,
and 24 h into vials pre-treated with EDTA. The plasma from the blood samples was separated
by centrifugation at 2000 rpm for 5 minutes at 10°C. These plasma supernatant were

collected and stored at -20°C for further analysis.
3.10 High-Resolution Mass Spectroscopy (HR-MS)

The stored plasma specimens were thawed and precipitated in presence of acetonitrile?®. The
supernatant thus obtained was analyzed using HR-MS for the presence of curcumin traces.
High-resolution mass spectroscopy was performed on Thermo Scientific, Hybrid Quadrupole
Q-Exactive Orbitrap mass spectrometer to identify and analyze the presence of curcumin in
the plasma samples. Liquid chromatography pump (Accela 1250) was used with Thermo
Scientific Hypersil ODS CI18 column 100 mm lengths with 3pum particle size. Isocratic
solvent elution was carried out, using acetonitrile/water (60:40, v/v) with a flow rate of 0.5
mL/min for 15 minutes. The mass spectrometer was operated in positive electrospray
ionization mode where the spray voltage was at 3.6kV, the capillary temperature at 320°C, S-
lens RF level at 50, automatic gain control (AGC) at 1x10° and maximum injection time at
120ms. Nitrogen was used as the sheath gas, sweep gas and auxiliary gas, set at 45, 10, and 2
(arbitrary units) respectively. A volume of 3 pL of sample was injected and the full HR-MS
scan was performed using positive polarity. Data were analyzed with Thermo Scientific
Xcalibur software. The mass spectra associated with chromatographic peaks were analyzed
for Curcumin control, CurSL solution administered in rat and compared with Curcumin

standard in acetonitrile.
3.11 Histopathological study

After 48 h of administration of the CurSL formulation, rats were sacrificed and part of their

Priti Anand Darne Page 43



Ph.D. Thesis AcSIR Chapter 2

lung, spleen, liver, heart, and kidney was fixed in 10% formalin for preparation of
histopathological slides. The tissues were processed in a Leica TP 1020 tissue processor and
then embedded in paraffin blocks using Leica EG 1160 paraffin embedder. The paraffin
blocks were cut into ribbons of 4 mm using a Microm HM 360 microtome. The slides were
stained in hematoxylin and eosin using a Microm HMS-70 stainer. The permanent slides were
made and evaluated for histopathological changes under an Olympus BX51 microscope, this

study was carried out to test the toxicity of formulation on organs of the administered rats.

The same organs were collected from rats administered with CurSL-GNPs and these organs
were lyophilized to obtain a powder. EDX analysis was carried out on the SEM instrument of

FEI Quanta 200 3D model to analyze the distribution of gold nanoparticles in the rat.
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4. Results and Discussion
4.1 Spectrophotometric analysis

After the synthesis of Curcumin-sophorolipid Nanoconjugates (CurSL), a UV-visible
spectrum of the solution was recorded to understand their solubility in aqueous solution. Fig
1a. represent the UV-Vis spectra of CurSL in aqueous solution in comparison with curcumin
dispersed in water. The spectrum showed a peak at 424 nm whereas; the lambda maximum of
curcumin in water was at 440 nm with relatively very less absorbance. Curcumin in any
medium is very sensitive regarding its photophysical properties and shows strong absorbance
at varying wavelengths®. The soluble curcumin usually is observed to absorb at 420 nm in
organic solvents?’. In our case, we observed that CurSL nano-conjugate showed a perfect
peak at 424 nm which point to curcumin being soluble in the sophorolipid solution. But the
same was not observed for curcumin in water. This might be due to the insoluble nature of
curcumin in water where the fine particles in dispersion are seen to absorb at 440nm when
taken a UV-Vis spectrometry of solution. OASL in solution did not show any significant
absorbance which can be easily spotted in the Fig la.

The physical stress (sonication) that the sophorolipids are subjected to, as mentioned in our
methods causes them to form spherical micelles making them suitable vessels for drug
delivery %. The sophorolipids micelles internalize curcumin in the hydrophobic core, whereas
the hydrophilic component of the sophorolipids remains on the outer surface exposed to

interact freely with the aqueous environment enabling curcumin solubility®’.

Furthermore, the CurSL solution was used as reducing and capping agent for the formation of
gold nanoparticles at 50°C temperature. Within 1-hour chloroauric acid (1mM) got converted
into gold nanoparticles giving a characteristic purple colored solution. When measured using
UV-Vis spectroscopy the solution gave Ama at 540nm, typical of gold nanoparticles 2 which
are shown in Fig. 1b. A sharp SPR band was observed which implies that the aggregation of
the nanoparticles is very slow and the solution is relatively stable®®. Generally, the difference
in the intensity of SPR bands is attributed to diverse levels of the size distribution of particles

as well as their shape in the solution along with their aggregation®
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Fig.1la. The UV-Vis spectra of Curcumin in water, sophorolipid (OASL) solution and
synthesized CurSL nano-conjugate solution. Amax observed at 424 nm and 440 nm for CurSL

and Curcumin in water respectively.
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Fig.1b. The UV-Vis spectrum of CurSL-GNPs, where Amax is observed at 540nm.

While interpreting the Photoluminescence (PL) data of Oleic Acid sophorolipid (SL),
Curcumin (Cur) in water and the synthesized Curcumin-Sophorolipid nano-conjugate
(CurSL) solution a considerable blue shift, of about 50nm in reference to curcumin control,
similar to that of the UV-Vis spectra %’. The PL was recorded at the excitation of 400nm in
aqueous solution for all three samples giving us the best comparative results. SL exhibited no
photoluminescence, whereas curcumin in aqueous solution displayed a week excitonic

emission at 548 nm because of its poor aqueous solubility. However, CurSL nano-conjugate
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on excitation at a wavelength of 400 nm exhibited a manifold rise in its intensity yielding a
strong emission at 504 nm which concretes the results of strong green fluorescence. In
accordance with this observation, a bright yellow colored dispersion of evenly distributed
curcumin nano-conjugates is seen in Fig. 2 which emits sharp green fluorescence under UV
light.
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PL Intensity (a.u.)

N
o
1
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e N
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Fig.2. The PL spectra when excited at 400 nm for CurSL nano-conjugate, curcumin (cur) in
water and sophorolipid (OASL) solution. Emission Amax was observed at 504 nm and 548
nm with the inset images of solutions for CurSL nano-conjugate and curcumin (cur) in water
respectively.

4.2 FTIR Characterization

FTIR spectroscopy was performed to contemplate the chemical changes in curcumin, OASL,
CurSL conjugate and CurSL-GNPs that may have occurred during the synthesis process. The
curcumin (powder) spectrum showed all the relevant bands including the characteristic
1556cm™ of the C-C aromatic group, 1628cm™ and 1717cm™ of C=0 (keto) stretch and
1412cm™ of C-O (enol) stretch. On the other hand, the sophorolipid spectrum displayed a C-
H alkane bend at1380cm™ and an aliphatic stretch at 2909cm™ and 2980 cm™.

While in the spectra of CurSL solution all the bands of the parent molecules were observed,
apart from the signature band representing the enol bending of curcumin. In this conjugate,
the enol group may be subdued due to the presences of SL micelles. Additionally, the CurSL
conjugate showed the presence of a C-O-H duplet at 1226cm™. This additional group may be

formed as a result of the interaction between the enol group of curcumin and SL in the
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solution causing a minor shift in the keto group.

The CurSL-GNPs, on the other hand, had very less observable bands viz. 719cm™, 1753cm™
and 3319cm™ indicating the presence of C-H bend, C=0 stretch of Keto and phenolic OH

stretch respectively. As the GNPs are stabilized, there was a prominent shift in the keto group

from 1628cm™ to 1753cm ™with with respect to that of curcumin. This shift is due to the loss

of the hydrogen present in the subdued enolic group, in presence of a strong oxidizing AuCl,

salt®’. Table 1 mentions the wavelengths and their representing bonds. All these values are

consenting with the literature surveyed 2”323,

Table 1: FTIR signatures and their representing bonds

Cur CurSL OASL CurSL-GNP Bonds
717, 886, 976 714 783, 896 719 C-H bend
1014, 1119, 1179 | 1187 1125, 1179 C-O stretch
1226 C -OH bend
1301 1314 1313 C-O stretch
1391 1380 C-H alkane bend
1412 C-O enol bending
1556 1509, 1581 1503, 1574 C-C aromatic
1628, 1717 1759 1753 The C=0 stretch of
Keto
1840 1840 Acid anhydride
2911, 2979 2909, 2980 Alkane stretch
3526 3310, 3364 3410 3319 OH phenolic stretch
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Fig. 3: FTIR analysis of (A) Curcumin (powder) and CurSL solution, (B) OASL and (C)
CurSL-GNP, inset CurSL solution.
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4.3 Particle Size Distribution and Stability

The particle size of the CurSL nano-conjugates in aqueous solution was measured using the
DLS spectra (Fig. 4a.) revealed the formation of monodispersed nanoparticles. The average
hydrodynamic size as calculated was around 275 nm with a mean polydispersity index of 0.2.
The morphology and particle size distribution using SEM images (Fig. 5b.) of nanoparticles
correlates with the DLS analysis. SEM was performed on curcumin dispersed in water as
curcumin control (Fig. 5a.). SEM images confirmed that the irregularly shaped curcumin was
converted into nearly spherical shaped nanoparticles in presence of sophorolipids with an
average size of 40-60 nm. This extreme size reduction and low polydispersity were achieved
as a result of physical impulse imparted due to probe sonication in presence of the
amphiphilic, biosurfactant SL. Moreover, the surfactant facilitates in reducing the interfacial
surface tension enabling synthesis of evenly dispersed nearly spherical nanoparticles?’.
CurSL-GNPs were also subjected for DLS analysis (Fig. 4c.), where it was observed that the
polydispersity of these particles is 0.3 and the hydrodynamic size was found to be 5 nm. The
TEM analysis (Fig. 5c¢.) confirms the size of gold nanoparticles to be nearly 5-10 nm which is

in agreement with DLS.
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Fig. 4: (a) DLS and (b) Zeta Potential of synthesized CurSL nanoparticles indicating the
hydrodynamic size of 275nm and the mean zeta potential of -65.79 mV.(c) DLS of CurSL-
GNPs with hydrodynamic size as 5nm and -42.39 mV zeta potential (d).
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Zeta Potential was measured to understand the surface charge and electric potential of CurSL
nano-conjugates which is complementary to its stability in aqueous solution. The stability of
the solution is in agreement with the calculated zeta potential which shows that the mean
surface charge of CurSL nano-conjugates is -65.79mV (Fig. 4b.) which is considered

28,38

extremely stable™*". K. Sindhu et al, 2013 used green approach to synthesize gold

nanoparticles using curcumin alone by manipulating pH to attain spherical shape, and

stability up to 6 months with -23mV (Fig. 4d.) zeta potential*

, but the synthesis given in this
paper is able to get Gold nanoparticles with higher stability having a zeta potential of -
42.39mV. The size of these CurSL-GNPs was observed to be 5-10nm via TEM and DLS. The

properties and stability of Cur-SL-GNP solution were retained even after a year.

0 = ®
s Radie. T d e e

Fig.5: SEM images of Curcumin control (a) showing large irregular pieces about 8-10 um in
size. (b) CurSL solution evenly dispersed nearly spherical nanoparticles of size between 40-
60 nm. (c) TEM image of CurSL-GNPs, scale represented is 50 nm and the size of particles is

nearly 8-10 nm.
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4.4 Pharmacokinetic Plasma Studies:

The pharmacokinetics of curcumin has been ambiguously explained due to its extremely poor
water solubility, poor bioavailability and rapid degradation within the body®®. This leads to an
indistinguishable level of curcumin in the plasma, making the calculations of
pharmacokinetic very difficult to study. It has also been reported in many studies about the
intrinsic properties of curcumin and its ability to act as a therapeutic agent for a host of
ailments®. Nonetheless, most of these reports lament about poor oral and intestinal
bioavailability (=11 ng/ml) to be one of the biggest barriers for curcumin to exhibit the wide
range of its medicinal properties®. It has also been studied that even after administration of
about 12 g/ml of curcumin through the oral route to human; a negligible amount of 50ng/ml

was recovered from the serum*.

In one of the studies reported by Ravindranath et al 1980, showed that only trace amounts of
curcumin, as low as 5Sug/ml was found in the blood portal of Rats even when 400 mg of
curcumin was administered*. In another time-bound experiment, when a single dose of 2
g/kg of curcumin was administered to rats, the maximum quantity of 1.35ug/ml was
recovered from the serum sample after 0.83 h whereas in human after 1 hour as low as

0.006pg/ml was recovered?,

Pan et al 1998 explored the pharmacokinetic properties of curcumin in mice, by oral
administration. They found that after oral administration of 1 g/kg of curcumin, the maximum
amount found in their plasma was a mere 0.22ug/ml which was obtained after 1 hour; the
plasma concentration was further declined with increase in time*. According to a recent
study conducted by Anand P et al., 20072, a distinct peak of curcumin was seen after an hour
in the serum sample of curcumin-treated to nude mice. After administering 1 g curcumin per
kg rats through the oral route, the maximum serum curcumin level noted was as low as
0.5ug/mL after 45 minutes of dosing*. Furthermore, a few other studies displayed a

maximum retention of 6.5 + 4.5 nM of curcumin after 0.5 hours*in male rats.
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Fig. 6: An HR-MS spectrum of standard curcumin in ACN (a)and spectrum of extracted

plasma samples from Wistar rats administered with CurSL (100 pug/ml) solution after 2 h time

interval (b).
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In our present investigation, as described in the experimental section 100 pg of curcumin in
the form of CurSL was administered orally per ~200 g of rats. The retention time and
bioavailability of CurSL were compared with that of standard curcumin in water administered
in rats. A standard sample was prepared by dissolving curcumin in acetonitrile (ACN) and a
method was developed on the HPLC for which an isocratic system of ACN: Water (60:40) at
424 nm was set for 15 minutes. Same parameters were assigned on the HR-MS instrument for
which a single sharp peak was observed at a retention time of 2.61 minutes as seen in Fig. 6a.
and 6b. Plasma samples from both the groups of rats (Control and CurSL treated) were
collected at various time intervals and treated with ACN to denature the proteins and other
plasma components*®“®. Following this, the plasma samples were eluted employing the
above-mentioned method by HR-MS technique. The chromatogram of HR-MS for the plasma
samples collected at all the time intervals of the control animals showed no elution of
curcumin at the retention time of 2.61 minutes. On the other hand, plasma samples of the rats
administered with CurSL solution display a prominent peak at the same elution time (2.61
min) as that of the standard at the end of two hours. As there was no further elution of
curcumin in the following time intervals, it can be vividly said that CurSL solution was
retained in the animals for at least two hours. From this study, we illustrated that intact
curcumin was made bioavailable with enhanced retention of up to two hours when 100ug of

curcumin (CurSL) was orally delivered to ~200g of rats.

For calculating the exact amount of curcumin found in the plasma of CurSL solution treated
rats, a standard Curcumin of 1pg/ml in Acetonitrile was subjected to HR-MS analysis using
same column and conditions that were provided for animal study sample. From the results of
the plasma studies (Fig. 6b.), the Normalized Level (NL) of curcumin after two hours, was
noted to be 4.25 X 10° and that of standard Curcumin (1pg /ml) was marked to be 2.68 X 10’
Calculations based on these values showed the concentration of curcumin present in the
collected plasma sample after two hours to be nearly 15.87ng/ml of blood. The overall
percentage of curcumin in plasma was calculated to be 0.015%. This percentage is many
folds higher than that of Pan et al 1998 and Maiti et al 2007 which could achieve 0.00011%
and 0.00025% respectively when administered with 1g/kg of curcumin to rats.
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4.5 Histopathological Analysis
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Fig.7: Microscopic images of the Histopathology of organs viz., Lung, Liver, Heart, Kidney,
and Spleen.
Once the blood collection for plasma analysis was completed at 48 h, the animals were
sacrificed by cervical dislocation. The vital organs of rats from each group viz. CurSL,
curcumin control, and CurSL-GNP were instantly fixed in 10% formalin solution. As
described in the methodology above, slides of organs were made and analyzed under a light
microscope to study any abnormal changes in their cell structure. It was observed that all the
animal organs were completely normal with no unusual legions or necrosis. From this, it can

be concluded that the CurSL solution and CurSL-GNPs are safe to deliver in vivo.
4.6 Energy Dispersive X-ray (EDX) analysis

Part of the vital organs of rats that were administered with CurSL-GNPs was kept in -20°C
immediately after their removal from rat body. They were then transferred to -80°C deep
freezer for 3-4 h. Later these organs were lyophilized to remove all the moisture from them
and then they were ground to fine powder. This powder was subjected to Energy Dispersive
X-ray (EDX) analysis provided by SEM using an FEI Quanta 200 3D model.
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Table 2 indicates the Carbon and Oxygen Weight % element along with the Au from organs

viz. Heart, Kidney, Lung, Liver, and Spleen.

Table 2 WeightX by element from EDX analysis

Organ CK OK Aul
Heart 3804 22.28 278
Kidney 36.17 37.88 3.11
Lung 3742 31.97 5.59
Liver 3936 35.02 1.74
Spleen 3598 39.60 2.38

In our previous studies, we have reported the use of sophorolipid for synergistic delivery and
activity of antibiotic. It was theorized that SL spans the cell membrane and delivers the drug
within the cell . Also, sophorolipid was used to cap CdTe quantum dots (QDs) to
understand the compatibility of QDs on normal and cancer cell line using MTT assay for the
theranostic application. It was observed that SL- capped CdTe particles showed
biocompatibility with both the cell lines and enhanced the cellular association and uptake of
QDs *°. From these results, we can hypothesize that sophorolipid being amphiphilic in nature
may cross the cell membrane and assist the CurSL-GNPs obtained in this report (range of 8-
10nm nearly quantum dots size) as drug carrier which can cross the Blood Brain Barrier
(BBB).

5. Conclusion:

There is extensive ongoing research among various groups to solubilize curcumin in agueous
solution and improve its bioavailability. One of the aspects for curcumin solubilization is to
maintain its properties without altering its structure and chemical bonds. Keeping these
concerns in mind, we have successfully solubilized curcumin in a micellar aqueous solution
of sophorolipids resulting in the synthesis of curcumin nanoconjugates in this chapter. By
employing the physical force of sonication, we were able to form CurSL nanoconjugates of
size in the range of 40-60 nm confirmed by SEM and DLS. The physicochemical
characterization of CurSL displayed a significant blue shift for maximum absorbance when
measured on a UV-Visible spectrophotometer with respect to the non-solubilized curcumin in
water. PL studies showed a bright green fluorescence emitted by CurSL sample at 504 nm
when excited at 400 nm. During their synthesis, significant chemical bonds were retained

indicating no chemical modifications with respect to standard curcumin as indicated by FTIR
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signatures. This data is of great significance as any structural and chemical changes in
curcumin can result in the loss or modification of activity. The synthesis of CurSL-GNPs was
also achieved at ambient temperatures unlike that of the earlier reported studies by Singh et al
2013, where they have used 90°C temperature which may lead to a loss in activity of
curcumin. The rate determining step for oral drug formulation is absorption by the
gastrointestinal tract with respect to the dissolution and solubility in aqueous solution'®. The
synthesized CurSL nanoparticles when administered to Wistar rats for bioavailability study,
showed a remarkable increase in retention time of curcumin in blood plasma up to 2 h. The
concentration of curcumin in blood plasma was 0.015% which was calculated using the HR-
MS data of standard curcumin of 1pg/ml and which is much higher than 0.00011%* and
0.00025%" of previous reports. The CurSL bioconjugate acts as a reducing and capping
agent for the formation of gold nanoparticles. The distribution of CurSL-GNPs in rat showed
presence in all vital organs. The size of particles is very small and in future studies, they can
be functionalized and loaded with hydrophobic drugs which can be targeted to specific organs
for slow release and delivery of drugs which may even carry them and cross BBB. Our
method of solubilization of curcumin can become a solution for the use of curcumin as a

therapeutic drug in modern science.
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Summary:

Low solubility in aqueous solution and poor bioavailability of Curcumin has lead to the
synthesis of various formulations by scientists worldwide to enhance the physiochemical
characteristics of this bright yellow molecule. In this study, a novel compound is being
proposed Curcumin-sophorolipid (CSL) synthesized by Candida bombicola cells that have
helped to improve the water solubility, stability, and bioavailability of curcumin. The
objective of this study was to synthesize CSL compound and carry out its extraction. Further
partial purification and characterization of CSL were done using UV-Vis spectrophotometry,
Thin Layer Chromatography and High-Performance Liquid Chromatography. The further
understanding of the compound structure and its interaction were made by carrying out
HRMS, FTIR, NMR and Photoluminescence studies. The application of synthesized
compound, CSL in various areas, such as its property of being anti-tyrosinase, anti-oxidant,
anti-biofilm and fluorescence were studied. CSL shows good anti-biofilm activity against P.
aeruginosa. It shows scavenging activity and anti-tyrosinase activity. Under UV light it emits
green fluorescence and shows strong emission in 700nm range when excited at 350nm. To
study its toxicity, MTT assay was carried out on L6 cell line and anti-cancer activity against
MCF-7and HelLa were also studied.
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1. Introduction:

1.1 Curcumin

Ayurveda, an ancient Indian medical system makes use of turmeric paste to treat eye
infections, to dress wounds and as an anti-inflammatory agent against insect bites, acne, and
various skin diseases. Powdered turmeric taken with boiled milk has been commonly used to
cure a cough and related respiratory ailments. It can also act as an anti-dysenteric for children

suffering from dysentery™.

Turmeric Band-Aids are being prepared by the American pharmaceutical company Johnson
& Johnson for the Indian market 3. Turmeric acts as a healing agent and cures any
lacerations in the birth canal when applied to the perineum “. This dietary spice is also used to
treat digestive disorders such as dyspepsia, ulcers, stomach pain due to indigestion, and

flatulence

Curcumin is an active ingredient in traditional herbal remedies and also in a vibrant yellow
dietary spice called turmeric obtained from the rhizome of Curcuma longa. It has been used
in the traditional medicines of China and India since a long time with the powder being used
in Asian cooking, medicine, cosmetics, and fabric dyeing for more than 2000 years °.

Curcumin is currently being used to add a dash of color in perfumes °.

\ogel first isolated Curcumin in the year 1842 and it was structurally characterized by Lampe
and Milobedeska *. Curcumin (curcumin 1), demethoxycurcumin (curcumin 1) and
bisdemethoxycurcumin (curcumin Ill) are the three major curcuminoids present in the
commercial Curcumin. The percentage of each curcuminoid present differs. Approximately
77% is comprised of curcumin I with only 17% of curcumin Il; curcumin Il being the least at
about 3% ’. Curcumin exists in its keto-enol tautomer form as shown in the figure and
exhibits limited solubility in water while showing good solubility in organic solvents such as
DMSO and chloroform 8. This property may be responsible for its low bioavailability.
Evidence from numerous literature has revealed that curcumin has low bioavailability, poor
absorption, low metabolism, and limited biodistribution. Up to 1 g kg 'of the body weight is

almost completely eliminated by the human metabolic system °.
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Fig 1: Curcumin I, 11, 11 (curcumin, demethoxycurcumin, and bisdemethyoxy curcumin) and

keto-enol tautomers of curcumin. [Image source: Naksuriya et al 2016 *°]

There is a need of improvising the bioavailability of curcumin a major component turmeric so
that maximum utilization of its properties could be done. A wonder drug used by many since
ancient times with ample documentation of its therapeutic effects. **. The properties of
turmeric are not limited to only medical ailments but show widespread applications in the
field of cosmetics with it being used to maintain skin elasticity and lighten skin tone 2.
Curcumin is a yellow coloured pigment and a major functional constituent (2-5%) of

Turmeric 4,

The widespread clinical applications of curcumin have led to multiple attempts for the
formulation and usage of it as a biomedicine. However, reduced solubility in aqueous
medium and the resultant poor absorption coupled with rapid metabolism and systemic
elimination have been major setbacks in such attempts; poor bioavailability of curcumin

aggravates these issues ¢,

Continuous research on curcumin has found some possible ways to overcome the above
mentioned problems. (Table 1) is a summary of research work done over curcumin to

improve its solubility in water and enhance its efficiency
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Table 1: Re-formulation of Curcumin for enhanced Bioavailability

Formulation Reference Formulation Reference

Nanosuspension Gao et al, 2011" PEGylated curcumin | Pandey 2011™®
analogs

Aqueous formulation | Gao et al, 2010" Curcumin-loaded Wang et al,
MPEG-PCL 2013%°

Nanoemulsion Zhongfa et al, 2012** | Aqueous PLGA | Nair et al, 2012%

nanoparticlate

pH-sensitive

nanoparticles

Dandekar et al, 2010%

Curcumin loaded
cellulose

nanoparticles

Yallapu et al,

2012%

Curcumin TRC-NPs

Rejinold et al, 2011

Curcumin-loaded

nanoparticles

Peng et al, 2014%°

Curcumin-loaded

carbon nanotubes.

Li et al, 2013%’

Curcumin PLGA-b-
PEG-TPP

Marrache et al,
201278

Curcumin co-solvent

formulation

John et al, 2013%

Curcumin  MPEG-

PCL micelles

Gong et al, 2013*

Curcumin PCL-PEG-
PCL

Feng et al, 2012°"

Curcumin-PHEMA-
NPs

Kumar et al,
2013%

Liposomal curcumin | Agarwal et al, 2013* | Curcumin  loaded | Hegge et al,
alginate foams 2011*

Lipid-based oral | Pawar et al, 2012% Cyclodextrin- Thuillier et al,

formulation curcumin 2014%

Curcumin-decorated | Mourtas et al,2011°’ Curcumin-loaded Saengkrit et al,

nanoliposomes cationic liposome 2014%

Curcumin loaded | Sun et al, 2013% Pluronic-curcumin | Singh et al,

solid lipid formulation 2012%

nanoparticles

Curcumin Lipid | Anuchapreeda et al., | Acidic sophorolipid | Kumar Singh et

nanoemulsion

2012*

and curcumin

(SL(A) + Cur)

al, 2014°

Priti Anand Darne
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1.2 Degradation products of Curcumin

Including poor solubility, curcumin is also known to be highly unstable in aqueous solution
and go through hydrolysis and forms molecular fragments. This adds as another limitation for
curcumins therapeutic use. These fragments viz., dihyrdroferulic acid and ferulic acid are
speculated to be having biological activity as their presence in the bile of rat administered
with curcumin was observed. These compounds were also found to be more soluble than the
parent compound ** *. Although, many of such degradation products have been identified,
the amount of research indicating their biological activity remains an open question. Few
reports suggest the bioactive role of degradation products of curcumin but when compared

with curcumin intact they are considerably less active.

It is established that curcumin has poor metabolic stability and solubility thus making it hard
to accept the observed various biological activities like anti-cancer, anti-oxidant, and anti-
inflammatory are because of curcumin or its degradation products. Yet many studies show
that the metabolites of curcumin have less or no biological activity compared to curcumin.
Curcumin rapidly degrades via two method, alkaline hydrolysis and autoxidation. The
hydrolysis products are viz., vanillic acid, ferulaldehyde, ferulic acid and feruloyl methane
which are minor products. On other hand, autoxidation results in a more stable and major
product called bicyclopentadione formed via radical mediated process. Studies have shown
that vanillin and ferulic acid do posses anti-cancer, anti-inflammatory activity but the
concentration required to achieve this is quite high when compared with curcumin.
Regardless, studies have found the traces of vanillin and ferulic acid when orally dosed with
curcumin for desired activity. This indicates that curcumin does degrade in vivo and the
degradation products might have some role in biological activity posed by curcumin. Shen et
al., reported based on their experimental and theoretical findings propose that the degradation
products are the main bioactive compounds rather than curcumin depending on its solubility
and stability. Bicyclopentadione are not studied widely for their biological relevance but a

report suggests it for the topoisomerase poisoning activity of curcumin **-
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reduction of double bonds, carbon chain cleavage, e.g.,
e.g., hexahydrocurcumin vanillin, ferulic acid
OH O
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Fig 2: The metabolic and degradation pathways of curcumin. (a) Reduction; (b)
conjugation; (c) oxidation; and (d) cleavage. [Image source: Claus Schneider, 2015%]

1.3. Sophorolipid

Sophorolipids are amphiphilic in nature with hydrophilic head made up of sophorose and
hydrophilic tail made up of fatty acid chain. This property allows sophorolipid to solubilize
into surface membranes and improves the bioavailability of any molecule such as a drug
attached to it. Sophorolipids are made of sophorose head and fatty acid chain. The two
glucose units in sophorose are linked via a unique B 1-2 linkage that may or may not is
acetylated with one or two acetyl groups. The fatty acid chain is typically C16-18 long with
varying degrees of saturation. During synthesis, if a hydrophobic carbon source is not
provided, the organisms form fatty acids de novo via acetyl-CoA pathway. The fatty acids are
then oxidized at the terminal (®) or subterminal (o — 1) position by a cytochrome P450
mono-oxygenase enzyme. These results into formation of hydroxylated fatty acids that are -
glycosidically linked to a first glucose molecule at the 1’-position by a glycosyltransferase I.
A second glucose molecule is linked to the 2’-position of the first one by a
glycosyltransferase 11, yielding sophorolipid acid. “*** There are two basic structures of

sophorolipid viz., the open chain acidic SL and the closed chain lactonic SL. The proportion
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of acidic and lactonic in crude SL depends on many factors like organisms used for
production, carbon, nitrogen and salt sources in medium, environmental conditions,
temperature, agitation, pH, aerations, dissolved oxygen etc*® Sophorolipids display properties
and advantages which are comparable to or even better than other surfactants (chemical or

biosynthesized). Some of these advantages are listed as follows “°°3:

e Environmental compatibility.

e High biodegradability.

e Low toxicity.

e Higher tolerance to a broad range of temperature, pH and salinity conditions.
e Eco-friendly.

e Follow the approach of Green chemistry.
1.4. The Scope of the study

This study aims to create a Curcumin-Sophorolipid, a compound which will inhibit the
setbacks of curcumin solubility to combine the properties of sophorolipid for enhanced
medicinal and cosmetic benefits of curcumin. We also anticipate formation of novel
compound of curcumin or rather a degradation product of curcumin combined with SL. This
is due to the low stability of curcumin in aqueous solutions. The possibilities are immense
and we are exploring this aspect to gain further insights in the fascinating molecule known as
curcumin. The potential applications of such a compound will be highly beneficial and

applicable in the fields of:

e Cosmetics.
e Food Preservation and Enhancement.
e Medical and Pharmaceutical uses.

e Agriculture.

A perfect summarization of the usefulness of this product can be understood by Andy
Gescher’s [2013]>* statement, “There is plenty of research life left in the old yellow

molecule,” which clearly outlines the scientific potential that curcumin possesses.
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2. Materials and Methodology:

All chemicals and solvents used in this study were of analytical grade and supplied by

Himedia Pvt. Ltd. and Merck India Ltd respectively. Curcumin was procured from Sigma.

2.1 Maintenance of Micro-organisms:

For the study, non-pathogenic yeast species Candida bombicola (ATCC 22214) was used for
the production of sophorolipid. The yeast was maintained on MGYP slants and kept at 4°C
until further use. The following composition is of MGYP broth and agar media [Joshi-Navare
et al 2014]>. This organism grows best at temperatures of 28°C and is considered as a

‘GRAS’ organism i.e. ‘generally regarded as safe organism’.

Malt Extract 0.3 g%
Glucose 20%
Yeast Extract 0.3g%
Peptone 0.59%
Agar 29%

2.2. Production of Curcumin derived Sophorolipid (CSL)

This is a novel approach in the production of sophorolipid where typically fatty acid
substrates are C16-18 in chain length viz., oleic acid, various seed oils, essential oils and
other known fatty acids are used for production of SL. Here we will be providing curcumin as
a hydrophobic substrate to initiate the synthesis process. For this, loopful of Candida
bombicola (ATCC 22214) was inoculated in 10ml of MGYP broth and incubated overnight at
28°C under shake flask condition. This pre-inoculum is then added to 90ml of sterile MGYP
broth and again incubated at 28°C for 48 hr at 180 rpm. This is to obtain higher cell mass
[Joshi-Navare et al 2014] > Good aeration is an important condition for sophorolipid
production as the yeast cells are highly sensitive to oxygen limitation during their exponential

growth and therefore use of shake- flask is recommended.
2.3. Resting Cell Method

After 48 h of incubation, the broth containing the yeast cells was centrifuged at 10°C for 20
mins at a speed of 5000 rpm. The cell pellet was collected and re-suspended in 10% of 100
ml glucose medium with addition of 10 mg of curcumin. The production occurs in the

stationary phase. De novo synthesis of sophorolipid usually happens when C. bombicola are
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provided with glucose and nitrogen deprived. The fatty acid for SL synthesis is self-
synthesised by organism though the amount is very less. This method is called Resting Cell
method. The incubation time is nearly 6-7 days after which yellow, viscous product formed,
which was seen stuck to the walls of the flask. This product was named CSL and is used
throughout this chapter. Fig 3 is the schematic for the production of CSL and the actual flask

used for the study.
Candida bombicola ATCC 22214 cultured for SL production Production stage
10%
Glucose
medium, 1
Inoculum cell duplication Production Omg
e ) ) Curcumin
Incubate at Incubate at Incubate at
28°C, 180rpm, 28°C, 28°C,
overnight 180rpm, 180rpm,
overnight 48hr
Incubate at
28°C,
MGYP broth 180rpm, 5-6
days
Viscous yellow CSL

Fig 3: Schematic illustration of production method for CSL (a). Flask containing C.
bombicola cells in MGYP broth incubated for 48 hours. (b). Re-suspended cells in 10%

glucose medium with addition of 20mg Curcumin.
2.4 Extraction of CSL

After the production of CSL, the culture medium was subjected to centrifugation at 5000
rpm, 20mins at 10°C. The visible product i.e. stuck to the flask (Fig 4) is extracted with the
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help of ethyl acetate. While the supernatant obtained after centrifugation of cells, containing
trace amount of CSL was extracted with a co-solvent method, where a combination of
Acetonitrile (ACN) and Ethyl Acetate was used. As ACN is polar in nature, it can extract
CSL present in water in a much effective manner than ethyl acetate. Hence the supernatant
was first mixed with ACN and then CSL was extracted from ACN into ethyl acetate. Phase
separation was observed between water and the organic solvent layer as they are immiscible.
The upper phase containing ethyl acetate mixed with CSL was collected and lower phase of
water was discarded after repeated extractions. The extraction is carried out using separating
funnel. Crystals of sodium sulphate was added to the solution to absorb the moisture content,

if any.

Fig 4: The product (CSL) settled at the bottom of the flask
. - ) .‘ i

Fig 5: (a) Separation of cell mass from the solvent phase (b) Partially extracted CSL with
sodium sulphate crystals.
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2.5 Rota-Evaporation and Purging

The solvent was filtered of any sodium sulphate crystals and collected in a round bottom
flask. The organic solvent, ethyl acetate was rota-evaporated at 45°C under pressure and the
crude CSL product was collected in amber bottles. Further purging was carried out using the
inert gas argon to concentrate the product and remove any trace amount of solvent. Fig 6
shows the step wise process for rota-evaporation and Fig 7 represents the concentration and
product after purging stored in amber bottle.

Fig 6: (a) Filtering the partially extracted CSL of any sodium sulphate crystals.(b)The
solution before subjecting it to Rota-evaporation (c)Concentrating the extracted product by
Rota-evaporation.

Fig 7: (a) The concentrated CSL after rota-evaporation. (b) The final product CSL.(c)
Crystallization of CSL.

Priti Anand Darne Page 72



Ph.D. Thesis AcSIR Chapter 3

2.6. Characterization:
2.6.1 Oil displacement:

Oil displacement is a qualitative test used to confirm the surfactant property of the
synthesized product. This assay is carried out in petri plate in which 20ml of distilled water is
added approximately, and a thin film of oil is made by adding 0.5ml of Karanja oil. After the
film was allowed to equilibrate for 1 minute, 40ul of varying concentration of CSL was
dropped at the centre of the formed oil film. The diameter of the clear halo formed after
displacement of oil was visualized and measured after 10 seconds. Same procedure was

repeated for commercially available surfactant SDS.
2.6.2 Thin Layer Chromatography (TLC)

To analyse the components of crude-CSL, TLC of the same was performed. Chromatography
is defined as the partition or distribution co-efficient which describes the way in which the
compounds distribute it-self between two immiscible phases. Thin layer chromatography is
one of the modes of chromatography used to separate the components of the mixture. It
consists of a stationary and a mobile phase. The stationary phase is attached to a suitable
matrix and the mobile phase moves through the plate due to capillary action >°. The solvent
system used was a mixture of non-polar (chloroform) and polar solvents (Methanol) in the
ratio of 90:10. The concentrated CSL was diluted by mixing it with methanol and was loaded
on silica-coated plate (Merck DC Kieselgel 60 F254) with the help of a capillary. The plate
was immersed in the solvent system. The compounds on the plate were located by charring at
120°C for 4-5 sec after immersing the dried plate in anisaldehyde, a developing reagent. The
reason behind using anisaldehyde as developing reagent is that it reacts with specific
functional groups and gives a particular colour. Its reaction with allylic alcohols gives a green
colour while Phenols react with anisaldehyde to give violet spots. Amines, aldehydes,

ketones, carbohydrates and esters react to give blue/red spots.

2.6.3 Surface tension measurement and critical micelle concentration

Surface tension measurements were carried out using Data physics DCAT 11 tensiometer by
using Wilhelmy plate method with an accuracy of £0.2 mN/m at 25 + 1°C. Initially the
instrument was calibrated using water followed by measuring surface tension of different
CSL solutions ranging from 0.001mg/mL to 0.2mg/mL (from stock solution of 3mg/mL) in
triplicate and average values were taken. The critical micelle concentration (CMC) of CSL

Priti Anand Darne Page 73



Ph.D. Thesis AcSIR Chapter 3

was determined as the lowest concentration beyond which the surface tension value remained

constant on the surface tension versus concentration graph.
2.6.4 High-Performance Liquid Chromatography (HPLC)

HPLC is a form of Column Chromatography consisting of a stationary Phase and a Mobile
phase. Types of HPLC systems depend on the phase system used in the process. In normal
phase chromatography, the stationary phase is hydrophilic and therefore has a strong affinity
for hydrophilic molecules in the mobile phase. Reversed-phase high-performance liquid
chromatography (RP-HPLC) involves hydrophobicity based separation of molecules. The
separation occurs when hydrophobic solute molecules present in the mobile phase bind to the
immobilized hydrophobic ligands that are attached to the stationary phase. Elution can
proceed either by isocratic conditions where the concentration of organic solvent is constant
or by gradient elution whereby the amount of organic solvent is increased over a period of

time. The solutes are, therefore, eluted in order of increasing molecular hydrophobicity.

In order to separate individual components of CSL a Reverse Phase C-18 Column was used.
The mobile phase comprised of two solvents, Acetonitrile (ACN) and MilliQ water. The
sample was prepared by dissolving 10mg of CSL in 1 mL of Acetonitrile. An isocratic system
was used with a flow rate of 0.5mL/min. RP-HPLC is a very powerful technique for this

analysis because of a number of reasons.

(1) Closely related molecules can be excellently resolved using RP-HPLC under a wide
range of chromatographic conditions.

(2) Recovery rate is generally high, so is the rate of productivity.

(3) Even after carrying out repetitive separation, the reproductivity rate is not affected.
The credit for this excellent reproductivity rate partly goes to the stability of the

sorbent materials under a wide range of mobile phase conditions .

Time Acetonitrile MilliQ Flow rate ml/min
30 min 70% 30% 0.5 ml/min

2.6.5 High-Resolution Mass Spectroscopy (HRMS)

CSL synthesized as a mixture was resolved into its individual components using HPLC. The
crude CSL and the collected peaks from HPLC were further resolved using LC-High

Resolution Mass Spectrometer. Atomic mass nearest to 0.001 mass units can be easily
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detected using this technique. Mathematically the mass resolution of a mass spectrometer is
defined in parts per million (ppm). The instrument used in this studyis a Hybrid Quadrapole
Q-Exactive orbitrap (Thermo Scientific). The sample was prepared by purging the collected
peaks obtained from HPLC separation and dissolving them in 500ul of methanol. Operation

parameters were as follows:

e Capillary temperature at 320 °C,

e Spray voltage at 3.6 kV,

e S-lens RF level at 50,

e Automatic gain control (AGC) at 1x106,
e Maximum injection time at 120ms, and

e Flow rate was set as 500uL/min %,

1yl of prepared sample was injected to obtain a full HR-MS scan. Analysis of the mass
spectra associated with chromatographic peaks was carried out using Thermo Scientific X
calibur software. [M+H+] i.e. hydrogen adducts were calculated for peaks having highest
relative abundance values. Putative identification of the mass-to-charge ratio of the CSL

structure was possible.
2.6.6 Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy is a technique used to obtain infrared spectrum of
absorption, emission and photoconductivity of solids, liquid and gases. It contains a
mathematical operation known as Fourier transformation which converts the time domain
signal to frequency domain signal. The technique is less time consuming and has enhanced
signal to noise ratio. In FTIR, frequency is conventionally displayed in the form of wave-
number .The basic interpretation of an FTIR spectrum leads to the characterization and
identification of the sample. The IR spectrum is formed as a result of absorption of
electromagnetic radiation at frequencies that correlate to the vibration of specific sets of
chemical bonds from within a molecule. Chemical bonds with different strength, bending and
torsional characteristics are absorbed at different wavelength and the absorption maxima are
specific for a particular linkage *°. The fundamental requirement for IR activity is that there
must be a net change in dipole moment during the vibration. FTIR analysis of CSL was done

to analyse the chemical structures of the same.
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Fig 8: Block diagram of an FTIR spectrometer
2.6.7 Nuclear Magnetic Resonance (NMR)

10mg of CSL and curcumin were dissolved in 1 ml deuterated methanol. These samples were
then transferred in NMR tubes and at 200Hz H1 NMR was carried out

2.6.8 Photoluminescence (PL):

Photoluminescence Spectroscopy is a study where the electronic structure of sample to be
examined for photoluminescence study is probed in a manner that the sample does not get
destructed and a contactless relationship is developed. In this method, light of excess energy
is directed onto the sample and the energy is absorbed by the photons, a process called photo-
excitation. The photon gets excited due to the absorbed energy. In order to return to this
stable ground state, it has to dissipate the acquired energy through emission of light, or
luminescence. In this case where photons are photo-excited, the luminescence is called
photoluminescence. *° 4 samples were prepared for carrying out the photoluminescence
study. Sample 1 contained 3mg of CSL/3ml of distilled water. Sample 2 was prepared by
dissolving 3mg curcumin/3ml of water. Sample 3 and 4 were ethanol preparations, where
3mg of curcumin was dissolved in 3ml of ethanol and 3mg of CSL was dissolved in 3ml of
ethanol respectively

2.7. Fluorescence Microscopy

The fluorescence microscope is a technique based on the phenomenon that certain compounds
are able to emit fluorescence when irradiated with light of specific wavelength. The basic idea
behind the working of fluorescence microscope is to direct light through a filter that lets

through the desired wavelength onto the sample that matches the fluorescing compound As a
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result, the electrons present in the atoms of the compound get excited and reach a state of high
energy level. On reaching the ground state they emit light in form of fluorescence. The
regions that are fluorescing can be observed under the microscope and they stand out against a
dark background with high contrast.

2.8 Bio-imaging

2 ml of 12 h grown cell culture of E. coli and Cronobacter sakazakii were taken in a
microfuge tube and 1 mg/ml of CSL was added and incubated for 4 h. After incubation the
tube was centrifuged and washed two times with water and re-suspended in 2 ml of water. On
a slide 10 pl of the solution was drop casted and a cover-slip was placed on top and the edges
were sealed. Confocal microscopy was carried out

2.9 Anti-biofilm assay

Pseudomonas aeruginosa was grown for 12 h in Luria bertani broth and diluted to attain an
OD of 0.05 at 600 nm for further the experiment. 2 ml of the adjusted culture were added in a
sterile petri plate containing a sterile cover-slip. To this CSL was added in concentration from
50, 100 and 150 pg/ml and incubated for 24 h. Control of prestine curcumin with same
concentrations of 50, 100 and 150 pg/ml was carried out. After 24 h, the biofilm formed was
loosely washed and crystal violet stain 0.1% was added for 5-10 mins. The stain was removed
and gently washed with water. Then the cover-slip along with biofilm were placed in a test
tube and 1ml of 30% acetic acid solution was added for destaining that can quantify the
reduction of biofilm via CSL and Cur. Positive control was only organism while negative
control was only media. The OD of the destained crystal violet was taken at 540 nm.

2.10 Antioxidant Activity [DPPH Assay]

The DPPH (2, 2-diphenyl-1-picrylhydrazyl) assay is an anti-oxidant assay based on the theory
that the anti-oxidant acts as a hydrogen donor. This method is simple and sensitive.
Antioxidants react with DPPH, which is a stable free radical and is reduced to the DPPH-H in
presence of an anti-oxidant and as a consequence the absorbance is decreased from the DPPH
to the DPPH-H form. The amount of disappearance of the purple colour is directly
proportional to the scavenging potential of the anti-oxidant. A change in colour from purple to

yellow occurs when DPPH is formed upon absorption of hydrogen from the anti-oxidant.®
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Fig 9: The scavenging reaction between DPPH and an antioxidant (R-H)

[Image source: MacDonald et al, 2006]%

The reaction was carried out by adding 100ul of DDPH reagent and varying concentration of
CSL compound (50png/ml-500pg/ml) and the total volume of the sample was made 100ul by
adding Distilled water. The 96-well microtitre plate containing the total mixture volume of
200ul was incubated for 30 minutes at room temperature in dark conditions. After 30mins of
incubation the degree of reduction of the reagent was measured as absorbance using a micro-
plate reader (Thermoscientific Varioskan Flash S.N0:3001-1908) at 517nm.The reaction was

carried out in triplicate and its average reading was calculated.

Percentage of scavenging activity was calculated as:
% scavenging rate= (Absorbance of Control - Absorbance of test/Absorbance of Control)*100

2.11 Anti-Tyrosinase Property

The determination of skin colour is mainly associated with the mix of carotenoids, oxy-/deoxy
haemoglobin,types of melanin and its packaging and distribution under the skin layers ®*.

Melanosomes are specific ovoid organelles where production of melanin takes place. They are

62

produced in dendritic melanocytes °°. The Melanin produced within melanosomes is

transported with the help of dendrites to adjacent keratinocytes. Accumulation of melanin

occurs in perinuclear areas within keratinocyete and melanocyetes as supranuclear “caps” %3,
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Fig 10: Biosynthetic pathway of melanin synthesis. [Image Source: Chang, T.S, 2009%]
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Tyrosine is oxidized to dopaquinone in presence of enzyme Tyrosinase and this initiates the
melanogenesis reaction. This reaction is followed by subsequent conversion of dopaquinone
to dopa and dopachrome through auto-oxidation. Dopa, also being a substrate of tyrosinase is
again oxidized to dopaquinone. Dihydroxyindole (DHI) and dihydroxyindole-2-carboxylic
acid (DHICA), the reaction products from dopachrome undergo a series of oxidation reactions
to give rise to eumelanin. Pheomelanin is synthesised when dopaquinone is converted to

cysteinyldopa or glutathionyldopa in the presence of cysteine or glutathione®

2.11.1 Role of Melanin

Melanin protects the skin from UV rays and plays a role of photo-protective function in
human skin. Melanin also determines our phenotypic appearance. An inverse correlation
exists between skin pigmentation and the occurrence of sun-induced skin cancers ®. The
subjects with white skin are 70% more susceptible to develop a sun-induced skin cancer than
people with black skin. Two types of melanins occur in mammals, the brownish black is
known as eumelanin and the reddish yellow is called pheomelanin. Eumelanin has an

excellent shielding property as it serves as a physical barrier that scatters UV rays and also
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acts as an absorbent filter reducing the penetration of UV through the epidermis .
2.11.2 Deleterious Effect of Melanin

Melanin generally plays a photo-protective role and acts as an excellent protector against
photo damage. But, accumulation of abnormal amount of Melanin in specific areas of skin
can result in undesirable patches of pigmentation. Also Melanin acts as a photosensitizer and
is known to produce ROS after UV radiation ®. It also causes abnormal pigmentation.

The following are examples of hyper pigmentation:

Lentigo/Lentigenes - Lentigo is a condition where one freckle is seen; lentigenes is condition

where multiple freckles are seen.

Solar Lentigenes —It is a condition widely known as ‘sun spots,” ‘age spots’ and ‘liver spots,’
solar lentigenes are freckles caused by sun exposure. It usually appears near the eye

region/cheek region due to exposure of sun. Commonly seen in fair skinned subjects.

Melasma — It is commonly known as the ‘pregnancy mask, It is caused due to hormonal

changes during pregnancy and is appears as brown, blotchy, patches.

Skin whitening cosmetics are part of a multi-billion dollar industry with a very high
popularity, especially in Asian countries. The basic activity of these creams is to reduce the
hyper pigmentation effects and lighten skin tone . Depigmentation agents act at various
stages of melanin synthesis. Many of the compounds in these chemicals are known to be

competitive inhibitors of Tyrosinase, and they interfere in the synthesis pathway.

Addition of Curcumin as a yellow colour additive in food has been taking place for many
years. Turmeric is applied topically as a natural anti-inflammatory agent for wounds, as a face
pack for treating acnes and tanning; methods in use since traditional times. Curcumin, an
essential component of turmeric has been approved as an additive for its anti-oxidant property
in cosmetics for many years "*. Application of curcumin is demonstrated to be effective
against Vitiligo, a skin depigmenting condition and its colourless derivative,
tetrahydrocurcumin, was recommended to be used in cosmetics as a lighting agent 2
Furthermore, it has been reported that some formulated Curcumin analogues have exhibited
inhibitory activity against tyrosinase enzyme . Tropolone, L-mimosine, Kojic acid are

commonly used as the positive control in the literature in finding new natural inhibitors &
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2.11.3 Anti-Tyrosinase assay:

Anti-Tyrosinase activity of curcumin was determined according to the method of Rangkadilok
with some modification "*. Briefly, L-tyrosine solution (1.7 mM) was dissolved in phosphase
buffer (pH 6.8; 10 ml; 0.1M) and a stock solution of mushroom tyrosinase (5771U) was
prepared by dissolving in 500uL pH 6.5 phosphase buffer. Control 1 was prepared by adding
10mg of curcumin/ml of distilled water. Control 2 comprised of 10mg of curcumin dissolved
in 1ml of ethanol. Control 3 was prepared by adding 10mg of CSL compound in 1ml of
ethanol. Control 4 of ethanol (1ml) was also made. The inhibitor CSL was prepared by
dissolving 10mg of CSL/ ml of distilled water. The reaction was carried out in 96 well
microtitre plate. The reaction proceeded with addition of the inhibitor CSL of varying
concentration (250pg/ml-500pg/ml) to the buffer (pH 6.5), followed by addition of 9ul of
Tyrosinase enzyme (100units/500ul) from the enzyme stock solution. Control of Curcumin in
ethanol and water, CSL in ethanol, control without inhibitor, and control without enzyme was
carried out in the same way. After incubation for 10mins, 40ul of tyrosine was added and the
mixture was incubated at room temperature for 30mins in dark. The absorbance of the
reaction was recorded at 475nm using amicro plate-reader (Thermoscientific Varioskan Flash
S.N0:3001-1908)

The percentage inhibition of tyrosinase was calculated by the following equation:
Anti — tyrosinase activity (%) = (Abscontrol — Abs sample/Abs control)* 100
Where, Abs control is absorbance of control at 475 nm, Abs sample is absorbance of

sample at 475 nm.
2.12 Anti-cancer activity

Curcumin has been extensively studied for its anti-angiogenic, anti-inflammatory, wound
healing, antioxidant, and anti-cancer activities because of its medicinal proper ties in Indian
and Chinese medicine. Furthermore, recent studies have revealed that curcumin, either alone
or in combination with other anticancer agents, can efficiently induce apoptosis. Apoptosis is
a closely regulated process of programmed cell death, where the activation of various
molecules for initiating cell death occurs. Specific activation of apoptosis in cancer cells
presents a potential approach for cancer therapy. Nonetheless, the mechanisms of curcumin-
induced Cytotoxicity still remain a controversial topic, since curcumin is insoluble and less

stable in solutions. *> 7
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For the cell viability study, we chose L6 cell line (rat myoblasts) cultured in T75 tissue
culture flasks and for anti-cancer activity HelLa a cervical cancer cell line and MCF-7 a breast
cancer cell line were selected. All the mentioned cell lines were procured from National
Centre for Cell Science (NCCS), Cell Repository, Pune. All cell lines were grown in
Dulbecco’'s Modified Eagle's Medium (DMEM). The media were supplemented with 10%
fetal calf serum and the cell lines were incubated in a humidified incubator containing 5%
CO; at 37°C.

For the assay, cells were seeded at the density of 10000 cells/well in a 96 well plate. Once
cells adhered (12 h), they were incubated with different concentrations (0.001, 0.010, 0.1, 1
and 10 pg) of CSL and Curcumin for 24 h. An untreated group was kept as a negative control.
Wells containing culture medium and MTT solution with no cells was a blank. After the
incubation the proliferation rate i.e. cell viability was assessed by MTT assay. Briefly 10 ml
of MTT (3-(4, 5- Dimethylthiazol-2-yl)-2, 5-Diphenyltetrazolium Bromide, 5 mg/ ml) was
added to each well and incubated at 37°C for 4 h. The MTT solution was removed and blue
formazan crystals were dissolved in 100 ml of DMSO (Dimethyl sulfoxide). The absorbance

was recorded at 570 nm using a micro plate reader.

The percentage inhibition was calculated as: % Inhibition = [(OD of control well—OD of

treated well)/ (OD of control well—OD of blank)] x 100. All experiments were conducted in

triplicates and measurements were re-presented as the average + standard deviation "
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3. Results and Discussion:

3.1 Oil displacement:

The oil displacement test helps to measure the diameter of the clear zone/halo that
occurs after adding a surfactant-containing solution on an oil film. By measuring the
zone diameter, the efficiency of surfactant sample can be found out. The surface
activity of the crude CSL was analysed and compared with the standard surfactant such
as SDS.

CSL pg/ml Diameter of halo

— 0.9cm
—
Diameter of halo
2cm
3.6cm
3cm
SDS 10 pg/ml
4.5cm

Fig 11: oil displacement activity of CSL, showing detergent property
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3.2 Surface tension analysis:

Since the compound showed oil displacement activity, we further wanted to identify its
surface tension and critical micelle concentration (CMC). When performed on a range of
concentrations i.e. from 0.001 to 0.2 mg/ml, and observed the lowering of surface tension of
water from 72mN to 56.75mN at 0.001lmg/ml of CSL. The reducing surface tension trend
remained till 0.05mg/ml, after which the surface tension remained more or less stable. The
lowest concentration at which the surface tension started being stable is considered as its
CMC value and this was achieved at 0.025mg/ml. When compared to the oleic acid SL
(120mg/L), the CMC of CSL is at very low concentration i.e. 25mg/L. Fig. 12 represents the
surface tension reduction and CMC of CSL.

Surface tension of CSL

30 —

20

10

Surface tension in mN/m

0.001 0.01 0.1 1
Concentration in mg/ml

Fig 12: graph displaying the surface tension lowering property of CSL. The CMC was
calculated by extrapolating graph to obtain the lowest surface tension started being stable.
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3.3TLC
The initial identification of the components present in CSL is essential to analyse the purity

of compound. This primary analysis was completed using TLC.

Fig 13 : (a) TLC of Curcumin-Sophorolipid (b) Comparative TLC of OASL and CSL
(b) 1: Sophorolipid synthesised from oleic acid (OASL) 2: CSL 3: Oleic acid oil 4:

Curcumin

The TLC analysis of crude CSL showed that it is a mixture consisting of different
components. Non-polar components migrated more than the polar components. The CSL
sample containing 5 mg and 10 mg curcumin showed 4 bands. The Rf value of curcumin
obtained was 0.76, 0.63 and 0.51.The TLC plate (Fig 13: b) was a comparative analysis

between sophorolipid derived from oleic acid and CSL.
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3.4 HPLC:

1000 4

k1000

500

20 4

120

AcSIR
HPLC
RT!erﬁlon Time .
\
’ ’H
4
\
R
i J ll‘
& | \
~ )l \
/ \ .\‘o E \
04 . r/ s :\-‘77* \--l
0 5 10 18
Minetes
RTﬂemion Tim
f
|I[
o f|
|
'l(\‘jl‘.. || L10
| }‘J ‘-\ |I
|’," "\‘I
i
v
0 f: 10 |I5 20
Mites

Figure:(a) Chromatogram of Standard Curcumin. (b) Chromatogram of CSL

Fig 14: (a) Chromatogram of Standard Curcumin. (b) Chromatogram of Crude-CSL.

The HPLC chromatogram of Standard curcumin shows a retention time at 12™ minute, on

the other hand, a shift in the retention time is seen in the CSL chromatogram observed at 5"

minute. The CSL compound resolved to give 4 peaks that were collected at their specific

retention time.

From the HPLC data it was observed that curcumin does not remain intact, and a different

compound is synthesized instead. Based on literature, we assumed the product as

degradation of curcumin. Since the literature supports that curcumin is unstable in water and

quickly degrades in many forms, we suspect that the CSL synthesis process carried out in

10% glucose medium as detrimental for curcumins stability. So to identify the structure,

HR-MS studies were conducted.

Priti Anand Darne

Page 86



Ph.D. Thesis AcSIR

Chapter 3

3.5 HRMS:

Before performing HR-MS, we did few structure predictions using software called

ChemSketch. The molecular formulas were then searched in the chromatogram obtained in

HR-MS while analysing. We observed the H+ adduct of seven predicted compounds. These

were the known degradation products of curcumin but in conjugation with either

deacetylated acidic oleic acid SL or diacetylated acidic oleic acid SL. Hence this became a

novel approach in synthesizing a curcumin degradation product with acidic form of SL. The

HR-MS graph are given bellow with the predicted structure and probable name.
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Fig 15: HR-MS spectra showing molecular weight of the seven predicted compounds viz.,
Deacetylated acidic SL, Acidic diacetylated SL , Vanillic acid acidic deacetylated SL, Vanillic

Priti Anand Darne Page 90



Ph.D. Thesis

AcSIR

Chapter 3

acid acidic diacetylated SL, 4-vinyl guaicol acidic acetylated SL, Diguaiacol acidic

deacetylated SL, and Bicyclopentadione acidic diacetylated SL

In order to obtain further confirmation FTIR and NMR studies was carried out.
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Fig 16: (a) FTIR of Standard Curcumin. (b) FTIR of CSL compound
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(b)

The FTIR spectra of curcumin and CSL were compared. All essential bonds of curcumin are

present in the synthesized CSL molecule. In addition to the curcumin bonds, there are two

new bonds observed at 1233 and 2854, 2924 frequencies which are corresponding to C-

O-H bend and OH stretch respectively. This indicates that the parent molecule curcumin has
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been modified but not to the greater extent, leaving all the active groups intact. The additional

bonds are proposed to be related to the sugar moiety. This makes the CSL soluble in water.

The following Table 2 gives us the individual peaks and their representation:

Curcumin OASL CSL Bonds
717, 886, 976 783,896 723, 913, C-H bend
1014, 1119, 1179 | 1125,1179 1029, 1173, C-O stretch
1233 C -O-H bend
1301 1313 C-O stretch
1380 1369 C-H alkane bend
1412 C-O enol bending
1556 1503,1574 1515 C-C aromatic
1628, 1717 1718 C=0 stretch of Keto
1840 Acid stretch
2909,2980 Alkane stretch
2854, 2924 OH stretch
3526 3410 3393 OH phenolic stretch
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Fig 17: H1 NMR spectra of curcumin and CSL in deuterated methanol

10mg of CSL and curcumin were dissolved in 1 ml deuterated methanol. These samples were
then transferred in NMR tubes and at 200Hz nmr was carried out. We could observe phenolic
peak present in both Cur and CSL spectra, while an addition of saturated fatty acid peaks
observed in CSL indicate the formation of degraded product. The newly formed SL was
further tested for activities.
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3.8 Photoluminescence:

Fig 18: Vials containing sample observed under Ultra-violet light.

1: Only distilled water sample (ImL) 2: Curcumin (5mg) in distilled water (Iml) 3: CSL
(5mg) in distilled water (1ml)

Sample 2 containing Curcumin being hydro-phobic in nature, when dissolved in water
showed no fluorescence under ultra-violet light due to its low-solubility. Whereas, When CSL
is dissolved in water, it emits green fluorescence as the structure of CSL helps in better

solubility of the complex in water.
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Fig 19: Photoluminescence study of Curcumin and CSL in water and ethanol.

Photoluminescence of CSL sample (Img/ml in distilled water), CSL (Img/ml in ethanol),
Curcumin (Img/ml distilled water), curcumin (1mg/ml ethanol) were recorded for
comparison on excitation at the same wavelength of 350nm. Curcumin and CSL in ethanol

exhibited no PL. Curcumin in water showed low emission at 700 nm, whereas CSL in water
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showed strong emission at 700nm. Form previous studies and reports, curcumin is known to
show strong emission at 540 nm when excited at 400-420nm°. This is due to curcumins
absorption at 420nm and when excited near this range, the emission is observed at 520nm.
But in case of CSL, the compound is a degraded product and the evidence for PL of such

compound is still not available, we need to further confirm these readings.
3.9 Fluorescence Microscopy:

The PL reading of CSL shows strong emission in the range of 700nm when excited at 365nm.
A green fluorescence is observed when aqueous solution of CSL is observed under UV light.
The fluorescence is not seen in aqueous solution of curcumin. This property of CSL was used
for labelling E. coli cells as a probe so that green fluorescent organisms can be seen under UV
light. For this study, stock solution of 5 mg CSL in distilled water and 5 mg of curcumin in
distilled water were prepared. 10 pul of E. coli cells was inoculated in 10 ml of Nutrient broth
and it was incubated at 37°C for 12- 16 h in shake-flask condition. The pellet obtained after
centrifugation of 1 ml of cell culture was re-suspended in 0.5 ml of sterile distilled water. 100
ul of cell culture was added along with 200 pul of CSL solution. A control of curcumin solution
with cell culture was also made. The tubes were incubated for 3 h at 37°C and the slides were

observed under microscope.

E coli with CSL in (a) simple and (b) fluorescent
microscopy

Fig 20: (a). View of under light microscope (40x) (b) View under blue filter for
fluorescent imaging (40x)
The CSL compound was observed to be fluorescent and CSL tagged E. coli cells were also

fluorescing

3.10 Bio-imaging
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For bio-imaging purpose, we chose a food pathogen and an opportunistic pathogen i.e.

Cronobacter sakazakii and Escherichia coli respectively.

Cronobacter sakazakii with CSL confocal microscopy

E coli with CSL confocal microscopy

Fig 21: Confocal microscopy
The fluorescence activity of CSL can be explored as bio-imaging dye like material for
tracking the progress of drug molecules/nanoparticles towards the target destination. 1mg/ml
of CSL was dissolved in water and organisms like Escherichia coli and Cronobacter sakazakii
were individually incubated for 4 h and imaged using confocal microscopy. The results show

that the derivatized curcumin goes inside the cells and gives bright fluorescence.
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3.11 Anti-biofilm

Pseudomonas aeruginosa

Control

Curcumin

- ...

Fig 22: anti-biofilm activity of CSL and Curcumin

From the above figure it can be clearly seen that CSL has better anti-biofilm property than
only curcumin. This may be due to curcumins lower solubility and stability in water. The

quantitative data is tabulated in following Table 3:

Sample pg/ml Percentage inhibition of biofilm
Negative 100

Positive 0

Cur 50 39.2 +0.03

Cur 100 48.7+0.02

Cur 150 51.1+0.05

CSL 50 65.4+0.03

CSL 100 66.9+0.05

CSL 150 79.7+0.02

The quantitative analysis of the stain indicated that at highest concentration studied for the

anti-biofilm study i.e. 150ug/ml for both curcumin and CSL, curcumin showed ~50% biofilm
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inhibition while CSL could achieve ~80% inhibition at same concentration. Again this can be

attributed to the solubility of curcumin in water as opposed to CSL’s solubility.
3.12 Anti-Oxidant activity

To check the anti- oxidant activity DPPH assay was performed. 2, 2-dipenyl-1-picrylhydrazyl
(DPPH) is a biological free radical violet in colour. The magnitude of anti-oxidation ability of
sample can be expressed by their ability to scavenge the free radical. Based on this property,
antioxidants present in the sample will turn the free radical into yellow colour. This change of

colour from violet to yellow thus indicates that the sample possesses anti-oxidant activity.

DPPH assay

o

C 50 100 150 200 250 300 350 400 450 500 pg/ml

Fig 23: DPPH activity of CSL compound.
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Fig 24: graph representing percent scavenging activity of CSL.

The scavenging activity of more than 60% starts at concentration 200ug/ml remains in
increasing trend. The highest concentration tested i.e. of 500 pg/ml showed nearly 75%

scavenging activity.
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3.13 Anti-Tyrosinase assay

(b)
Fig 25: (a) The plate observed after 30 mins (b) The plate observed after 24 hours.

C1: No inhibitor C2: No enzyme C3: Curcumin in water C4: Curcumin in ethanol C5:
Ethanol C6: CSL in ethanol
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Fig 26: percent inhibitory activity graph of Tyrosinase activity of CSL.

The percent inhibitory activity of tyrosinase at the highest concentration of CSL compound
(500 pg/ml) was observed to be 27%. The inhibitory activity of the CSL is effective even
after 24 hours [Fig 25 (b)].

CSL is synthesized by natural method without use of any toxic chemicaland both Curcumin
and sophorolipid are bio-compatible with human Kkeratinocytes and fibroblasts. This
compound with further modification can be used in formulations for preparation of lotions

and face-washes acting as a depigmenting agent.
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3.14 Cell viability and anti-cancer study

For the study, we used very low concentrations of curcumin and CSL (0.001, 0.01, 0.1, 1 and
10 pg) and observed that, CSL was actually helping the L6 cells to proliferate while
curcumin showed some toxicity towards L6 cells. The IC50 values were calculated and
observed that curcumin had IC50 of 56.52 pg/ml and comparatively normal cells can
tolerate slightly higher concentration of 81.145 pg/ml of CSL. Fig 25 represents the cell

viability of CSL and curcumin on L6.

140 - W Cur
120 L6 mCSL
100 -

% Viability

0 0.001 0.01 0.1 1 10
Concentration in pg/ml

Fig 27: Toxicity study on L6 cell line. Curcumin shows detrimental effect with increasing

concentration, while CSL helps in cell proliferation.

When same concentrations were tested on MCF-7 and HeLa cell lines, quite the opposite
trend was observed. Curcumin actually helped in proliferation of MCF-7 cells while showed
slight inhibition on HeLa cells. While, the CSL showed inhibition activity on both the cell
lines indicating its effectiveness against cancer. The IC50 of curcumin for MCF-7 and HelLa

were 224.62 and 32.37 pg/ml respectively. The IC50 for CSL were 40.782 and 17.94 ug/ml
for MCF-7 and HelLa.
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Fig 28: MTT assay of curcumin and CSL against cancer cell line MCF-7 and HeLa

From this study, we observed that more detailed cell studies are required on this compound.
Although we confirmed the compound as degradation product of curcumin attached to SL, the

reports for activity and this kind of study are scarce.

Conclusion:

To conclude, we were able to successfully bio-transform curcumin into sophorolipid attached
molecule. It is quite possible that curcumin got degraded within few hours of addition into the
production medium, but the organism C. bombicola was able to attach the degraded product
to de novo synthesized acidic form C18 of sophorolipid. This in a way value added the
degradation product and showed application as an anti-oxidant, anti-tyrosinase, anti-cancer
and for theranostic application like microbial bio-imaging and anti-biofilm activity. The
compound was identified as five degradation products and two forms of SL viz., diguaiacol
acidic deacetylated SL , 4 vinyl guaicol acidic acetylated SL, Vanillic acid acidic diacetylated
SL, Vanillic acid acidic deacetylated SL, Bicyclopentadione acidic diacetylated SL,
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Deacetylated acidic SL, and Acidic diacetylated SL. Although all the activities and
characterization done in this chapter are a collective effect of these compounds, a more

detailed study needs to further the understanding of CSL.
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Chapter 4

Synthesis of biocompatible Calcium carbonate (CaCO3)
microparticles as a drug delivery system using
sophorolipid as a capping agent to increase the porosity of

synthesized particles

Schematic for CaCO3 micro/nanoparticles synthesis via Sonication

OASL in CaCl2Na2C0O3

+Naz
CaClrtNa:COs Magnetic Stirring

Summary

A simple yet effective method is developed for the synthesis of calcium carbonate micron-
sized particles. The 0.1M aqueous solution of calcium chloride is drop-wise added in a 0.1M
solution of sodium bicarbonate under probe sonication for 30 minutes to obtain spindle-
shaped 2-3 micron particles. To reduce the particles size, we added a biologically synthesized
glycolipid (sophorolipid) during the synthesis by two different approaches. In one method
sophorolipid is solubilized in aqueous calcium chloride solution and probe sonicated for 10
minutes. To this mixture, drop-wise sodium bicarbonate solution was added and further
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sonicated for 20 minutes. This approach leads us to produce spherical and porous calcium
carbonate nanoparticles in the size range of 100-400nm. While in the second method,
sophorolipid was solubilized in sodium bicarbonate solution and sonicated for 10 minutes.
Here, calcium chloride solution is added gradually and sonicated for 20 minutes. The
particles observed here were spindle shaped with size 1-3um. Scanning electron microscopy
and EDS have confirmed the shape, size, and composition of these particles. Also when using
these two approaches if we change the method to magnetic stirring, porous and spherical
microparticles of CaCO3 obtained. The sizes of these were also in the range of 1-2um. The
nucleation of the particles was studied via time-dependent SEM analysis. These particles can
be an effective host for the fabrication of biocompatible composite materials as they are

natural biomineral available in nature and can be used for oral drug delivery.
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1. Introduction:
1.1 Calcium carbonate:

Calcium Carbonate (CaCQ3) is a naturally occurring inorganic biomaterial. It is a white,
insoluble solid that occurs in nature in form of chalk, limestone, marble, and calcite, and is
the main component of shells of marine organisms, snails, pearls, and eggshells *. In the
chemical industry, it acts as raw material owing to its varied applications such as to produce
cement, mortars, plasters, refractories, and glass as building materials. It also is used to
produce quicklime, hydrated lime and a number of calcium compounds. The latter consists of
finer particles of greater purity and more uniform in size. Diverse calcium carbonate forms
are currently being used in several commercial products, like textiles, papers, paints, plastics,

adhesives, sealants, and cosmetics 2.
1.2 Synthesis methods for CaCOgs particles

Calcium carbonate has three polymorphic forms: calcite, aragonite, and vaterite based on the
synthesis condition 2. The conditions during synthesis can influence the particles shape, size,
and morphology *. For the synthesis of calcium carbonate micron or nanosized particles,
many studies have used the bottom-up approach via precipitation process, either through
carbonation or through solution route as a raw material in chemical industry over the past few
years *. The two existing method of carbonation are spray carbonation and batch carbonation.
The spary method gives monodispersed and small nanoparticles but their are difficulties with
the control of reacton like mass fraction of Ca (OH), suspension, carbonation temperature,
ratio of amount of CO; gas to that of Ca(OH), suspension in a spraying tower, and the size of
solution drop sprayed etc. Also this method is expensive and requires regular maintenance.
Batch carbonation is preferred method in industries due to its high rate of production and
efficient control over the crystal shape and size during the process. This comes with a
drawback of particles having relatively larger size with wider particle size distribution. Also
the process needs strict control of temperature, purified raw materials, and strenuous gas
(CO;, or combination of CO, and Ny) bubbling phases which is complicated and that incurs

time results in expensive process >’

Another method used to produce CaCOg particles from cockleshell is by using high pressure
homogenizer (HPH) technique through a microemulsion route in the presence of a surfactant
like polysorbate 80 (Tween 80). The particles showed good results as drug delivery system,
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but the requirement of equipment is quite complex and expensive along with high energy
inputs to operate.

The physical process of ultrasound (sonication) seems to be a promising and greener method
over the use of harsh temperatures and carbonation, etc for the synthesis of CaCOs;

nanoparticles .

1.3 Applications of Calcium carbonate:

Chemical
industry

Material
filler

CaCO; nano or
_ microparticles

Easy surface

Environ- modification 4
mental industry

Image Source: Boyjoo et al., 2014°

Nano calcium carbonate synthesis has received significant importance due to their industrial
applications in the quantum dots, catalysis, flame retardant, clean-up of toxic contamination
from chemical warfare, and bone replacement °. The applications of nanoparticles of CaCOs
strictly depend on parameters such as morphology, size, specific surface area, oil adsorption
capacity, and chemical purity. Therefore, the control of particle morphology via its shape and

size is crucial from the perspective of the technical applications °.
1.4. Sophorolipids:

Sophorolipid is one of the most promising and attractive biosurfactants. SL has numerous
properties that make them superior to synthetic surfactants including stability in the wide
range of pH, temperatures, and salinity, low-foaming and excellent detergent properties,
water hardness (a high concentration of divalent cations does not affect their interfacial

properties) ™.

SL can be produced in large quantities based on renewable resources, agro-industrial by-

11,12

products and residues and easy and simplified product recovery Interest in
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sophorolipids is not limited to the production of surfactants because of their highly attractive

characteristic and wide range application *.
2. The scope of work:

CaCOg3 nanoparticles show unique advantages due to their ideal biocompatibility and are
ideal as the potential drug delivery systems offering a range of drug loading options *. This
chapter deals with the synthesis of the calcium carbonate particles using a milder approach.
Here we have used oleic acid sophorolipid as a capping agent along with a bottom-up
method. We have used few combinations for the addition of sophorolipid and starter salt
solutions. For the synthesis, magnetic stirring and probe sonication methods were used and
based on the particle shape and size, a suitable candidate was studied for drug loading and
release study. The particles obtained were further characterized using a different technique
like UV-VIS, DLS, Zeta, SEM, and TEM.
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2. Materials and Methods:

All chemicals used in this study are of analytical grade. Calcium chloride (CaCl,.H,0) was

purchased from Merck, Sodium Carbonate (Na,CO3) was purchased from Qualigens.

Oleic acid sophorolipid (OASL) was synthesized using the method described in chapter 1 of
this thesis. The sonication method reported here is simple, cheap, and efficient for the
synthesis of CaCO; (nano) particles *°. Probe sonicated using a Branson Digital Sonifier 250
at amplitude of 70 Hz with a constant pulse of 10 seconds at an interval of 3 seconds each for

30 minutes reaction.
2.1. Synthesis of CaCOgs particles:
2.1.1. Probe sonication for the synthesis of CaCOj; particles

The synthesis was carried out in a 50ml beaker. The nano-micro sized CaCOs; were
synthesized by a modified in situ deposition technique. Briefly, 0.1M CaCl, was added to
10ml of distilled water. Likewise, 0.1M Na,CO3; was added to 10 ml of distilled water. There
were two sets of experiments carried out in the presence of biosurfactant oleic acid
sophorolipid (OASL), and it was added in varying amounts to the aqueous calcium chloride

and sodium carbonate solutions in the concentrations of 10mg, 30mg and 50mg per ml.

2.1.1a: Set I: In this set OASL was introduced in the 0.1M Na,CO3 solution before mixing
with a 0.1M CaCl, solution. After subjecting the Na,CO3 solution containing sophorolipid for
10minute of probe sonication, calcium solution 10ml was introduced in a dropwise manner

and the sonication was continued for another 20minutes

2.1.1b: Set I1: In the second set, sophorolipid was introduced into the 0.1M CacCl, solution
prior to mixing with 0.1M sodium carbonate solution. Calcium solution containing
sophorolipid was subjected for 10min sonication and later sodium carbonate solution was

introduced and sonication was continued for 20 more minutes.

For both the set of experiments, after completion of sonication, the resulting solutions were
centrifuged at 8000rpm for 20mins and the pellet was twice washed with double distilled
water to remove un-reacted salts and biosurfactant. The precipitate was dried overnight at

60°C and the particles were characterized using SEM.
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Schematic for CaCO;3 nano/micro particle synthesis via Sonication

Set | Setll

L )

Na,CO,
\é! Y
- 7 o ° o o
e o © o
Na,CO,+ SL CaCl,+ 5L

== —> Spindleshaped CaCO; microparticles © 5 —> Spherical shaped CaCO, nanoparticles

Fig 1: Schematic representation of CaCOj; particle formation by sonication method

2.1.2. Magnetic stirring for the synthesis of CaCOj; particles

After probe sonication, another one of the milder physical method of magnetic stirring was
employed for the synthesis of CaCO; particles. Two methods (set I, I1) similar to probe

sonication were employed as follow:

2.1.2a: Here, 0.1M of CaCl, was solubilized in 20mg/ml OASL aqueous solution (10ml) and
0.1M Na,CO3 10ml solution was added drop-wise.

2.1.2b: 0.1M Na,CO; was mixed with 20mg/ml OASL aqueous solution (10ml) and

gradually 0.1M calcium solution 10ml was added.

These sequence of addition resulted in the different morphological forms of CaCO; particles
studied via SEM.

2.2. Nucleation of Calcium carbonate particles in presence of sophorolipid

For the study, SEM was employed. The samples were taken in a timely fashion after the
addition of Na,CO3 in the OASL-CaCl, solution. The time points were Omin, 2min, 5min,
10min, 15min, and 20min. Elemental mapping was carried out to confirm the formation of

CaCOg particles
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2.3. Determining the presence of SL on CaCOg particles

In the previous study from our group, we had observed the synthesis of gold nanoparticles
using sophorolipid . Therefore to ascertain the presence of sophorolipid on the CaCOs
particles, 10° M HAuCL; solution was added to 1mg per ml of thoroughly washed and
powdered CaCOs particles. The mixture was incubated overnight at 60°C at 50rpm in a water

bath. The particles were later analyzed via TEM.
2.4. Drug loading and release study

Based on the SEM data, we chose the CaCOg particles synthesized using set two of the
method via probe sonication. Here furosemide a drug used for treating fluid build-up caused
due to heart failure, liver scarring or kidney disease procured from Sigma Aldrich was
selected as a candidate for drug loading study. This drug is hydrophobic in nature and its
solubility is a difficulty that many are trying to tackle. In this study, we are attempting to
provide a drug carrier that can release the drug over time thus prolonging the stay of the drug
in the body. 1 mg of drug and 1 mg of CaCOj3 nanoparticles were weighted and transferred to
a 5ml glass beaker. 2 ml water: ethanol 1:1 ratio was added and the solution was stirred at
50rpm overnight on a magnetic stirrer to allow drug adsorption/absorption in CaCO3
nanoparticles. Next day, the solution was centrifuged at 10000rpm and the pellet obtained
was re-suspended in 2ml of phosphate buffer pH 7.4 and kept under magnetic stirring to
study the drug release profile. To check any unbound drug, the immediate supernant after
drug-CaCO3 incubation was subjected for UV-vis analysis. Later, 1 ml of solution was timely
removed and fresh 1ml buffer added to maintain the volume. UV-vis spectroscopy was
employed (full spectrum) to analyse any traces of drug. The time points taken in this study
are 1 hr, 2 hr and 24 hr.
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3. Results and Discussion

Studies have showed the use of ultrasonication can improve the supersaturation of Ca** ions

and induce rapid nucleation. This results in smaller nanoparticles and size distribution. °
3.1.1 Set I of sonication

The influence of additives or modifiers during the crystallization of CaCOj3 particles is an
interesting area to study. The orientation of Ca** and COs* ions around the organic additive
results in various shaped and sizes observed in crystal formation of CaCOs3. Self assemblies
of polymers, surfactants, polymer/surfactants and other organic molecules have been reported
for various morphological aggregation based crystal formation of CaCOj. These in turn
provide the particles with different physico-chemical and mechanical properties’. The
sonication method used in the formation of CaCO; particles in this chapter along with the
addition of sophorolipid, a bio-surfactant influences the shape and size of particles. We
observed two distinct shapes of CaCO3z micro particles based on the addition of SL in the
particular salt solution (CaCl, and Na,COj3) and by the way of mixing these two solutions.
When SL is mixed with Na,CO3 solution and drop-wise added to solution of CaCly,, a striated
spindle shaped microparticles were observed. The shape of spindle evolved into a mixed
shape of cuboids, spheres and forked spindles as the concentration of sophorolipid is
increased. The shaped evolution can be probably caused by the addition of SL. Due to
chemical electrostatic interactions between SL and the salts may be arranging the crystal in
such formation that they appear as spindles. The Fig.2 depicts the probable mechanism by
which spindle shape is formed during the first set of sonication experiments. The SEM
studies (Fig. 3) of the synthesized particles revealed the development of mixed population of
micro-particles with increasing SL concentration of 10, 30 and 50mg. The control study, in
which SL was not added, showed sharp spindles. The size of particles more or less remained
constant in case of 10 and 30mg SL addition i.e. ~2-5 um length and 1-2um diameter, while
50mg showed a mixed population of particle formation with sizes for spindle ~5um length

and 2.5-3um diameter and spheres with 2-4um in diameter.

‘ Set |
30min
Sonicate
Na,CO; in OASL solution / - CaCO; + 2NaCL

0.1M CacCl, drop
wise
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Ca," and CO,% ions SL micelle formation CaCO, nano/micro particle formation

w4 N— B

Fig. 2: An illustration of the probable mechanism for spindle shape formation.

Control

30mg OASL

50mg OASL
Fig.3: SEM of Control CaCOj3 and SL influenced CaCOj3 micro particles.

3.1.2 Set 11 of sonication

Likewise, when SL is added to a CaCl, solution and gradually mixed under sonication with
Na,CO3 solution spherical nano-micro mixed particles were observed. In this case it can be
said that calcium salt allows the SL to self assemble in a round matrix and when it comes in
contact with carbonate solution, the CaCOj starts nucleating and crystallizing into a spherical
shape. The schematic illustration of the formation is given in Fig. 4. It is seen from SEM
(Fig.5) studies of synthesised particles, with increasing SL concentration (10, 30, and 50
mg/ml) the random structures it start converting into prefect spheres. The porosity of the
particles also improves with the set Il experiments. The sizes vary with each concentration,

i.e. for 10mg SL the CaCO3 size was around 4-5 pum in length and 1-2 um in diameter, 30mg
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SL showed compact spindles under 3um length and 1pum diameter and spheres of 600nm to

1um sizes, 50mg SL showed almost all the particles as spheres with sizes ranging from

500nm to 2um.
30min Set Il
Sonicate
CacCl, in OASL solution 7% CaCO, + 2NaCL
Na,CO,drop wise
Ca,* and CO,* ions SL micelle formation CaCO; nano/micro particle formation
°
o %
L] * ° ® _
e®® ©
o0

Fig. 4: An illustration of the probable mechanism for spherical shape formation.

BT w0
:

10

Control

BRSO | .

50 mg OASL

Fig. 5 SEM image of control CaCO3 micro-particle and change in the morphological form of

1.0

CaCO3 with increasing SL concentration in set Il experiment.
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3.2. Magnetic stirring for the synthesis of CaCOg particles

We have used another physical method for the synthesis of CaCOj; particles. By simple
stirring of solutions via magnetic stirrer, we could achieve porous, spherical, hollow CaCOs3
micro particles. In this study we adapted the similar methodology as in set | and set Il of
sonication stated in methods section of this chapter but instead of increasing amounts of SL
we kept the concentration same i.e. 20mg/ml and performed the experiment. Here we
observed that both sets presented with spherical micro-particles but the size of hollow in both
cases varied. This could be attributed to the orientation of SL micelle in the solubilising salt
solutions that later helped in crystallization of CaCOs. Fig 6 is the schematic for better
understanding the role of SL in shape formation of CaCOj3 particles. SEM data (Fig 7) gave
us the morphological evidence. The size of these particles was between 800nm to 2um. The
reports suggest the addition of additive like surfactant provides with active site for nucleation
of CaCOj3 and also they prevent the further growth of crystals limiting their size which is
desired. Work with SDS and SDBS at higher concentrations than CMC values lead to the
formation of micelles that helps the nuclei of CaCO; to attach to its surface causing the
spherical particle formation. Also the hollow spheres observed were attributing to the bubble
effect of SDS °. Similar results were seen in case of SL suggesting us that similar mechanism

must have worked.

Ca,*and CO,? ions SL micelle formation CaCO; nano/micro particle formation

Control CaCl, in 20mg OASL Na,CO; in 20mg OASL

Fig 7: SEM images of the particles formed by magnetic stirring
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3.3. Nucleation of Calcium carbonate particles in presence of sophorolipid

As we have understood from the literature and our synthesis process, an additive can cause
the morphological changes and porosity in particles during crystallization process. To get the
evidence of same we conducted a time bound SEM study of the nucleation process. Here
from the two stated methods sonication and magnetic stirring with variation in SL addition,
we chose set Il of sonication. As this method yields spherical particles, their growth right
from Omin was studied. Time intervals Omin, 2min, 5min, 10min, 15min and 20min was
recorded via SEM. Fig 8 shows the sheet like formation on silicon chip at the beginning of
the experiment and as the drop-wise addition of COs? ion starts, nucleation and small crystal
formation is observed. This trend continues till 10min and the shape remains constant after
the end of experiment at 20min. We also did elemental mapping (Fig 9) to confirm the

formed particles as CaCOj3 and presence of carbon, oxygen as a indication of presence of SL.

10 min

Fig 8: SEM study for the nucleation and formation of particles

14% CK

- 35% OK
B == nax
B o

. 29% CakK

Fig 9: Elemental mapping of the formed micro-particles
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3.4. Determining the presence of SL on CaCOg particles

From the above study it is apparent that SL is incorporated with the CaCO3 micro-particles,
but to confirm the presence, we conducted an experiment where chloroauric acid (HAuCl,)
10° M was added with the 1mg of washed, dried and re-suspended CaCOj; particles and
incubated overnight at 60°C at 50rpm in a water bath. We observed change in colour from
turbid white to pale pink. It is a direct indication that SL convetred HAUCI, solution to Au°
resulting in formation of gold nanoparticles. The particles were analyzed using TEM and gold
nanoparticles were detected on the periphery and crevices of the CaCO3 particles. The
confirmatory Energy Dispersive X-Ray Analysis (EDAX) Fig 11 (inset showing the SAED
pattern indicating crystalline nature of the whole assembly) validated the results by indicating
the presence of Au in the CaCO3; sample. The formed GNPs were found to be of 5-10nm in

size Fig 10 (arrows)

Fig 11: EDAX graph showing elemental presence on the TEM grid, inset showing a SAED
pattern indicating crystalline nature of whole assembly.
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3.5. Drug loading and release study

As stated above, for the drug loading and release study we chose the CaCO3 microparticles
obtained from set Il of sonication method. The drug furosemide which is hydrophobic in
nature was chosen as the candidate for this study. This is a simple experiment, where drug
and CaCO;3; micro-particles were allowed interacting overnight on a magnetic stirrer. This
enabled the drug to adsorb on the surface and interior of the particles, this was evident from
the TEM images (Fig 12) of bare and drug loaded particles. The image reveals the empty
cavities in bare particles and a perfect solid filled particle in case of drug. When we studied
the release profile, it was observed that the drug releases in a burst at start i.e. after 1 hr, and
at 2 hr we observed some traces of drug in the solution. But when drug release was tested at
24 hr, we could hardly see the drug. This lead us to an understanding that CaCO3 can act as
drug carrier but since the drug is adsorbing loosely on the surface, release up to 2 hr can be

seen.

i), -

Fig 12: a. Bare CaCO3 and b. CaCO3 loaded with drug furosemide
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Fig 13: Furosemide drug release profile from CaCO3; microparticles
Conclusion

We have successfully established the role of SL in the synthesis of CaCO3; micro-particles
were SL makes the particles more porous and helps in determining the shape of particles
based on the sequence of addition. In probe sonication method, when SL is added in sodium
carbonate, it helps in formation of spindle shaped CaCOg3 particles. This happens due to
lamellar micelle formation of SL causing the CaCOj crystallization in layered formed. The
spindles when compared with bare CaCOj3 spindles i.e. without SL, the surface is quite rough
and structured. This increases the surface to volume ration and can be used in application like
paints, paper or even fillers in cement for dentistry. While, when SL mixed with calcium
chloride, SL leads to spherical particle formation. Again this can be attributed to spherical
miceller formation helping the CaCO3 crystallization around them. The final particles have

porous structure.

The magnetic stirring method shows spherical particles formation in both the sequences of SL
addition. This can be due to the less forceful method of stirring helps SL to interact more and
form spherical micelles and bubbling in biosurfactant, causing open spheres to form. The

diameter of opening again varies with the addition of SL in particular salt solution, like when
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SL is in sodium carbonate, larger opening is observed. In case of SL in calcium salt solution

smaller opening and tighter spheres are formed.

These experiments easily establish the role of sophorolipid and the method in which it is
added can immensely influence the formation of CaCOj; particles. Hence from these two
physical method and variation in addition of SL, we chose the best suited particles for drug
loading assay. The furosemide drug loading and release profile observed from spherical
CaCOg3 microparticles obtained from set 11 of sonication method, also ascertain the notion of

CaCOs; as a good drug delivery system.
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Chapter 5

Sericin based synthesis of Tunable, Monodispersed and

Stable Gold nanoparticles: Role of Temperature and pH
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Summary

Sericin is a biocompatible and biodegradable protein with many biological properties and
applications yet sericin based nanoparticles remains a less explored area. Gold nanoparticles
are generally studied for their nontoxic carrier properties for drug and gene delivery. Many
studies are conducted to obtain gold nanoparticles using greener approaches with lesser
chemicals. Therefore, the synthesis of sericin based gold nanoparticles offers us a new way
toward gold nanoparticle synthesis and also understanding the role of pH and temperature in
the synthesis process. Here, sericin is extracted from the silk cocoon of Bombyx mori and
lyophilized to obtain a powder. Conditions from pH 5.0 to pH 9.0 at varying temperatures
ranging over 30°C to 80°C were employed for gold nanoparticle (GNP) synthesis. The

formation of GNP was observed via characteristic color change from colorless to pink-red
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color after 12-hour incubation. UV-vis spectroscopy confirmed the typical surface plasmon
band of gold nanoparticles while FTIR analysis revealed the presence of sericin on GNPs
indicating that sericin not only reduces but also caps the particles. Zeta potential of particles
at 80°C of pH range 5.0 to 9.0, showed highly stable particles particularly at pH 5.0. DLS and
Transmission electron microscopy data confirmed the size of particles broadly between 10-
40nm. XRD analysis of particles synthesized in pH 5.0 and pH 9.0 at 80°C corroborated the
TEM data, indicating smaller nanoparticles at pH 5.0 compared to pH 9.0. In this study, we
observed a trend, as the temperature increases the size of GNP reduces while acidic

conditions at every temperature tested favors to the synthesis of smaller nanoparticles.
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Introduction
1.1 Gold Nanoparticles (GNPs)

Gold nanoparticles (GNPs) have gained a lot of interest in recent years because of its wide
range of applications and unique electronic, magnetic, optical, mechanical, physical and
chemical properties. Most metal nanoparticles synthesized in different shapes and sizes are
being used in diagnostics and therapeutics because of its high acceptability to the living cells,
stability at high temperatures, easy translocation into the cells, inertness, relatively less
cytotoxicity and biocompatibility to both in-vitro as well as in-vivo environments *2. Other
biomedical applications being: Targeted delivery of drugs, Gene delivery, Cancer diagnostic
and therapeutic agents, Biosensors, Detection of biological molecules, Immobilization of

enzymes, Immunoassay and Metal sensors. >
1.2 Synthesis Methods:

Synthesis of gold nanoparticles has been reported by various chemical methods where many
stabilizing agents like sodium citrate, transferrin, and cetyltrimethylammonium bromide are
used for stabilization of GNPs *. The chemically synthesized nanoparticles pose slight
toxicity towards biological systems hence are limited for non-biological applications. Since
GNPs have a lot of potential in the field of drug delivery; it is essential to synthesize GNPs
free of the chemicals. All GNP preparation methods are based on the reduction of gold ion
and require a capping agent to prevent further growth and particle agglomeration. To
overcome the limitations of the chemical synthesis of GNPs, alternative synthesis methods
are gaining a lot of importance.

These synthesis methods include the use of biomolecules that reduce gold ions and act as a
capping agent for the formed nanoparticles. This includes plant extract, extract of spices,
proteins, and amino acids etc are reported with such activity. In our approach, we have used

silk protein “sericin” as a reducing and capping agent.
1.3. Sericin:

Silk is a continuous protein fiber produced by the silkworm and consists of two main groups
of proteins, sericin, and fibroin. Fibroin constitutes the fibrous component and has great
tensile strength and property to withstand wear and tear (Agarwal P et al., 2012). Fibroin is

being used in textile manufacturing and for several biomaterial applications. Whereas sericin
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is a natural macromolecular protein, that serves as an adhesive binding the fibroin threads.

Sericin is a glue-like protein that binds the silk fibers in a cocoon of Bombyx mori. It is highly
hydrophilic in nature due to the higher content of hydrophilic amino acids like serine (35%)
and threonine (10%). This also means they are rich in hydroxyl groups due to serine and this
is expected to have a major role in its structure conformation. Sericin is secreted by the
middle silk gland of B. mori larvae as a watery solution during spinning. Afterward, it

solidifies to give toughness to cocoon. °

Sericin is considered as waste material in the textile industry, with nearly 250 to 300 tons of
sericin per year being discarded °. Recently sericin has been found to activate the
proliferation of several cell-lines and has also shown various biological activities ” like Anti-
oxidant 8, Anti-tyrosinase °, Anti-bacterial °and Anti-aging **. Nanoparticles capped with

sericin can have these advantageous properties as well and this needs to be further studied.
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2. Materials and Method

Sericin was extracted from silk cocoons of Bombyx mori, brought from local market.
Chloroauric acid (HAuCl,) was purchased from Sigma Aldrich. All chemical used to prepare
buffers were of analytical grade. Cellulose tubing for dialysis (12kDa) was purchased from
Sigma Aldrich.

2.1. Extraction of Sericin

Bombyx mori cocoons were weighed 5 grams and cut into small pieces about 5mm?. Silk
sericin was recovered by subjecting the cocoons in 200 ml of distilled water to a high
temperature of 121°C under a high pressure of 15 psi for 60 mins as described by Aramwit et
al., 2010. The insoluble fibers of Fibroin proteins were separated by filtration using a muslin

cloth and aqueous sericin was collected.

Dry sericin powder was obtained by freeze-drying the filtrate using lyophilization (Scanvac
cool safe lyophilizer). This powder was stored at 4°C and used for further experiments.
MALDI analysis for molecular weight determination was carried out over pH range of 5.0 to

9.0 at a temperature 80°C.

Silk cocoon cut, boiled
and filtered

Silk cocoon Liquid sericin

Dry sericin

Fig 1: process used for obtaining sericin in this thesis
2.2 Synthesis of Sericin Gold Nanoparticles (Seri-GNPs) and Characterization

To ascertain the role of pH in sericin mediated gold nanoparticles, different pH values of
solutions were studied. The following buffers were used: 0.1M acetate buffer (pH 5.0), 0.1M
phosphate buffer (pH 6.0- pH 8.0) and 0.1M carbonate-bicarbonate buffer (pH 9.0). Sericin
was dissolved in each buffer solution at 0.1mg/ml along with the addition of 1mM
chloroauric acid. For determining the effect of temperature on the synthesis of gold
nanoparticles, 10ml of this mixture was incubated respectively over the temperature range

30-80°C for 12-hour in shaking water bath at 50rpm. The nucleation process of gold
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nanoparticles was observed by the conversion of white color broth to the characteristic ruby-
red color. This biologically synthesized Seri-GNP was further dialyzed using a dialysis
membrane of the size of 12 kDa against de-ionized water to remove the un-reacted salts, ions,

and protein.

UV-Vis Spectroscopy (Jasco V-630 spectrophotometer) and DLS (Brookhaven 90 plus
particle size analyzer) were used for characterizing the synthesized Seri-GNPs along with its
Zeta potential (based on UV-spectrum, samples of temperature 80°C were studied) to
understand its stability. TEM was used to determine the particle size of the synthesized
particles (based on the spectroscopy results, a sample of pH 5.0 and pH 9.0 of temperature
range 30-80°C were studied). Both FTIR on a Bruker, Tensor 27 Platinum ATR with a
resolution of 4 cm™over the spectral range of 450-4000 cm™, 40 scans per sample were
recorded, which were present in their agueous solution and XRD on Philips X’PertPRO were
carried out for particles synthesized at pH 5.0 and pH 9.0 of temperature 80°C as

representational samples.
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3. Results and Discussion
3.1. UV-Vis spectroscopic and MALDI

Sericin is environmentally friendly as it is derived from silk cocoons and has been
reported to have biological applications. We report here the use of sericin for green
synthesis of gold nanoparticles by reducing gold chloride (HAuUCI,). This process is a
one-step synthesis reaction in which the non-toxic silk protein, having many effective
functional groups is observed as capable of reducing as well as stabilizing the Au®*
ions at differing acidic and alkaline conditions. In this study, we extracted sericin and
subjected this sericin in different conditions from acidic to alkaline pH (5.0 to 9.0) at
temperature 80°C, where we observed many small peptides ranging from 999-1900
dalton weight (Fig. 2 MALDI analysis). When sericin at pH 5.0 to pH 9.0 is subjected
at different degrees of temperature i.e. 30°C to 80°C, causes the protein to orient in a
fashion where it exposes the amide bonds responsible for the reduction of Au®** to Au’.
Eventually, the protein also caps the nanoparticles stabilizing the gold nanoparticles
colloid in the aqueous environment. Fig. 3 represents the observation of nucleation of

Seri-GNPs at respective conditions.

MALDI of sericin suspended in different buffers ranging in pH 5.0 to 9.0 at

temperature 80°C.

LEET=

1900.0

Sericin in pH 5.0 at 80°C
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Fig.3: Seri-GNP synthesis in different conditions. Control represents HAuUCL 4 in pH
buffers 0.1M (pH 5.0 to pH 9.0) without sericin at 80°C. Rest represents Sericin-
AuCL, sample in different buffers of 0.1M (pH 5.0 to pH 9.0) at respective
temperatures (30°C to 80°C).

Sericin is a hydrophilic polypeptide rich in serine and aspartic acid with side chains
made up of strong polar groups comprising of hydroxyl, amino and carboxyl groups **.
Degradation of sericin under high temperature exposes these polar groups that are
responsible for the reduction of gold ions . It is quite clear from the image above,
that pH and temperature definitely play an important role in synthesis observed via the
change of characteristic ruby red colored appearance of gold nanoparticles solution. It
has been reported that the apparent isoelectric point of silk sericin is at pH 3.7 *
Therefore when sericin is subjected to higher pH, it gains a negative charge, causing
repulsion between molecules and possibly leading to delayed interaction with gold
ions that get reduced into gold nanoparticles. It is observed that as the pH of sericin-
HAuUCL, solution progressively increases, the relative sizes of Seri-GNPs also
proportionally increases. This phenomenon of sericin at different pH can be attributed
to the effects of electrostatic repulsion, hydrogen bonding, and Van der Waals
attractive force 2,
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The free electrons present in the final or penultimate orbitals of Au® resonate when a
light is incident on the particles exhibiting the characteristic ruby-red color **. This
property known as surface plasmon resonance (SPR) was explored to determine the
absorbance and scattering measured by the UV-vis spectroscopy. These values are a
function of shape, size, aggregation characteristic and dielectric constants of both the
metal and also the surrounding material *°. Fig. 3 is representational of all the Seri-
GNPs synthesized in different conditions. Here only temperature 80°C with pH

ranging from pH 5.0 to pH 9.0 is given as an example.

1.6 i 1 i 1 " 1

——pH5.0
—pH6.0
pH7.0

1.4+

1.2

Absorbance

\

0.0

- T v T T T T
300 400 500 600 700
wavelenght(nm)

Fig.4: Seri-GNP synthesized at 80°C with varying pH 5.0 to pH 9.0. SPR band was

observed at 540nm typical of gold nanoparticles.

It is observed that Seri-GNP synthesized at pH 5.0 has a sharp peak at a maximum
intensity of 540 nm. As the pH of the working solution is increased systematically up
to pH 9.0, a gradual band broadening trend is observed in the SPR bands. While the A
maximums of all the peaks are in the range of 530 - 540 nm their respective intensities
go on decreasing. Generally, the difference in the intensity of SPR bands is attributed
to diverse levels of the size distribution of particles as well as their shape in the
solution along with their aggregation *’. An intense, sharp band is indicative of high
monodispersity, with negligible aggregation and extremely small particle size *°*2.
Based on these observations, samples from pH 5.0 and pH 9.0 were further

characterized for DLS and TEM studies. And the interpretations of size are in

Priti Anand Darne Page 139



Ph.D. Thesis AcSIR Chapter 5

accordance with the particle sizing analysis discussed below where the similar trend is
seen for DLS and TEM.

3.2. Particle size distribution and Analysis via DLS and TEM

The particle size of the synthesized gold nanoparticles in colloidal dispersions was
studied. As Seri-GNP was synthesized in an aqueous dispersion of buffer solutions,
they were individually dialyzed before further analysis to avoid any noise due to the
presence of salts. For all the analysis using DLS, the shutter opening diameter was
kept constant. As discussed in the prior section, the DLS measurements of Seri-GNPs
at pH 5.0 and 9.0 were studied as two extreme opposites of the same temperature.
They exhibited hydrodynamic sizes as represented in Table 1 below. The
polydispersity of these particles were nearly 0.2 to 0.3.

Table 1:
- - 100 :
Temperature | Hydrodynamic | Hydrodynamic 7 SariGNP_pHS.0 |
diameter (nm) | diameter (nm) EE: :
of pH 5.0 of pH 9.0 ®
o4 i
300C 3444 349 ° Diameter (nm) e
40°C 286.6 330 -
50°C 255.5 323 .7 SrGNP_pH90 |
£ 50 i i
60°C 167.2 199 =% . . |
70°C 80 137 T —ams
Diameter (nmj
8 00 C 5 9 . 7 8 3 ) 6 Multimodal Size Distribution

Fig.5. DLS size distribution of
temperature 80°C, pH 5.0 and pH 9.0.

The values are in agreement with TEM analysis and aligning with our spectroscopic
observations (Fig. 6). The particle sizes observed in TEM were almost 10 times less
than the hydrodynamic diameter obtained in DLS analysis. The smallest nanoparticles
were obtained at pH 5.0 and pH 9.0 at 80°C temperature which is nearly or less than
10nm. Sericin is rich in serine and aspartic acid and provided with heat, the
polypeptide starts degrading. This exposes amide groups which are known to reduce
Au*" ions to Au® 3. Therefore, when subjected to different temperature, the degree of

degradation varies leading to change in shape and size of gold nanoparticles. As many
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functional groups are exposed with increasing temperature, the time required for gold
nanoparticles formation also reduces. This is evident from studies conducted at 80°C
where the smallest sizes (~10nm) are observed but the time required is drastically
reduced from 12-hour to merely an hour. This trend is observed from 50°C onwards

and remains consistent with increasing temperatures.

Transmission Electron Microscopic Study
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Fig. 6: TEM of Seri-GNPs synthesized at different conditions

When the stability over the range of pH was analyzed of Seri-GNPs synthesized at
80°C, we observed the charge highest in lower pH i.e. at pH 5.0 as -60.06 mV. As the
pH increases, the stability of Seri-GNPs decreases. This is represented in Table 2

given below:

pH | Zeta potential (mv)
5.0 -60.86
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6.0 -52.95
7.0 -43.42
8.0 -51.14
9.0 -30

Table 2: Zeta potential of Seri-GNPs synthesized at temperature 80°C at varying pH

3.3. X-Ray Diffraction Analysis XRD

To further understand the crystalline nature of Seri-GNPs, XRD study was carried out
for a sample of pH 5.0 and pH 9.0 synthesized at 80°C. The XRD pattern recorded
from the drop cast film of an aqueous solution of dialyzed and concentrated GNPs
showed the signature of characteristic Bragg’s reflex ions for crystalline gold as
observed in Fig. 5. The diffraction peaks were indexed for [111], [200], [220] and
[311] crystal planes of gold. The XRD peaks appear to be broadened, suggesting the
presence of very small (few nanometers) particles constituting the major population of
GNPs. When peaks of GNPs produced at pH 5.0 and pH 9.0 were analyzed; pH 5.0
GNPs had broader peak suggesting that particle size of GNPs was smaller when
compared to Seri-GNPs at pH 9.0. The data corroborates the results of particle sizing
and TEM data. The characteristic peaks corresponding to [111], [200] [220] and [311]
of Au are located at 20 = 38.37°, 44.34°, 64.56°, and 77.80 respectively. The results

indicate the sample is composed of crystalline gold *2.
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Fig. 7: XRD pattern of Seri-GNPs synthesized at 80°C and pH 5.0 (red) and pH 9.0
(black).
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3.4. Fourier Transform Infrared Spectroscopy (FTIR)

Later, for better understanding the interactions between sericin and gold nanoparticles
Fourier Transform Infrared Spectroscopy was employed. For the study, pH 5.0 and pH
9.0 Seri-GNPs of 80°C were selected as model and sericin acted as a control. In Fig. 6,
the spectrum of extracted sericin has two peaks at 1530 cm™ and at 1620cm™
corresponding to mono-substituted amides in solution (-RCONR3), secondary amines
(R,NH) and conjugated cyclic polypeptides all of which are characteristic of sericin %2
Bands observed between 1610 cm™ and 1625cm™ generally denote thermally

denatured proteins °

. In case of Seri-GNPs synthesized at pH 5.0 and pH 9.0, a
narrowly spaced doublet was observed at 1363cm™ and 1620cm™ while a broad band
was seen at a wavelength of 3050cm™. The FTIR spectra of nanoparticles synthesized
at pH 9.0 showed an additional peak at 2372cm™. In this case, the bands at 1363cm™
and 1620cm™ are assigned to hydroxyl (OH) and amine (NH.) group respectively. The
hydroxyl group came into existence only after stabilization of Au nanoparticles, unlike
seen in sericin, mainly due to the reduction of gold chloride by moieties such as
amides and amines. Apart from these, a week peak observed at 2372cm™ indicates
weak interaction of amines present within the amino acid which is not always present.
Another broad peak at 3050cm™ is indicative of medium or weak vibration because of

stretching in O-H group present in carboxylic acids >
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Fig. 8: FTIR of Sericin, legends SGNP5 and SGNP9 indicate Seri-GNP pH 5.0 and
Seri-GNP pH 9.0 respectively synthesized at 80°C.
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4. Conclusions

From the current study, we were able to establish the synthesis of gold nanoparticles
using Sericin, an industrially waste protein. We observed that sericin reduces AuCl,
more efficiently with increasing temperature. At temperatures 30°C and 40°C, the gold
nanoparticles form in aggregates at pH 5.0 and monodispersed at pH 9.0 with ~30-
40nm size. But a drastic size reduction (<30nm) was observed from temperature 50°C
onwards which is supported by DLS and TEM data. The stability of particles was also
observed to be decreasing with more alkaline synthesis condition at 80°C. At pH 5.0
sharp surface plasmon resonance of Seri-GNPs was observed to be at 540nm, typical
for gold nanoparticles and gradual peak broadening was observed with increasing pH
indicating wide particle size distribution. While the FTIR data suggested that Seri-
GNPs had a capping of sericin and XRD profile confirmed the crystalline nature of
GNPs. Since sericin is a biologically compatible molecule, the gold nanoparticles
synthesized by them will have considerably lower toxicity. These GNPs thus can be

used as a novel drug delivery vehicle owing to the size and biological synthesis.
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Chapter 6

Conclusion and Future work

From the curcumin solubility chapter i.e. Chapter 2 we can clearly establish the aspects for
curcumin solubilization with its properties maintain without altering its structure and
chemical bonds. We have successfully solubilized curcumin in a micellar aqueous solution of
sophorolipids resulting in the synthesis of curcumin nanoconjugates in this chapter. By
employing the physical force of sonication, we were able to form CurSL nanoconjugates of
size in the range of 40-60nm confirmed by SEM and DLS. During their synthesis, significant
chemical bonds were retained indicating no chemical modifications with respect to standard
curcumin as indicated by FTIR signatures. This data is of great significance as any structural
and chemical changes in curcumin can result in the loss or modification of activity. The
synthesis of CurSL-GNPs was also achieved at ambient temperatures unlike that of the earlier
reported studies by Singh et al 2013, where they have used 90°C temperature which may lead
to a loss in activity of curcumin. The rate determining step for oral drug formulation is
absorption by the gastrointestinal tract with respect to the dissolution and solubility in
aqueous solution. The synthesized CurSL nanoparticles when administered to Wistar rats for
bioavailability study, showed a remarkable increase in retention time of curcumin in blood
plasma up to 2hours. The concentration of curcumin in blood plasma was 0.015% which was
calculated using the HR-MS data of standard curcumin of 1 pg/ml and which is much higher
than 0.00011% and 0.00025% of previous reports.

The CurSL bioconjugate acts as a reducing and capping agent for the formation of gold
nanoparticles. The distribution of CurSL-GNPs in rat showed presence in all vital organs. The
size of particles is very small and in future studies, they can be functionalized and loaded
with hydrophobic drugs which can be targeted to specific organs for slow release and
delivery of drugs which may even carry them and cross BBB. Our method of solubilization of
curcumin can become a solution for the use of curcumin as a therapeutic drug in modern

science.

After solubilization, we were able to successfully bio-transform curcumin into a new
assembled molecule (chapter 3). It is quite possible that curcumin got degraded within few
hours of addition into production medium, but the organism C. bombicola was able to attach

the degraded product to de novo synthesized acidic form C18 of sophorolipid. This in a way
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value added the degradation product and showed application as an anti-oxidant, anti-
tyrosinase, anti-cancer and for Theranostic application like microbial bio-imaging and anti-
biofilm activity. The compound was identified as five degradation products and two forms of
SL viz., diguaiacol acidic deacetylated SL , 4 vinyl guaicol acidic acetylated SL , Vanillic acid
acidic diacetylated SL, Vanillic acid acidic deacetylated SL, Bicyclopentadione acidic
diacetylated SL , Deacetylated acidic SL, and Acidic diacetylated SL. Although all the
activities and characterization done in this chapter are a collective effect of these compounds,
a more detailed study needs to further the understanding of CSL.

The part of this thesis work was to develop drug delivery system, and we have successfully
established the role of SL in the synthesis of CaCO3; micro-particles (chapter 4) were SL
makes the particles more porous and helps in determining the shape of particles based on the
sequence of addition. In probe sonication method, when SL is added in sodium carbonate, it
helps in formation of spindle shaped CaCOs; particles. This happens due to lamellar micelle
formation of SL causing the CaCOj3 crystallization in layered formed. The spindles when
compared with bare CaCO3 spindles i.e. without SL, the surface is quite rough and structured.
This increases the surface to volume ration and can be used in application like paints, paper
or even fillers in cement for dentistry. While, when SL mixed with calcium chloride, leads to
spherical particle formation. Again this can be attributed to spherical miceller formation

helping the CaCOj crystallization around them. The final particles have porous structure.

The magnetic stirring method shows spherical particles formation in both the sequences of SL
addition. This can be due to the less forceful method of stirring helps SL to interact more and
form spherical micelles and bubbling in biosurfactant, causing open spheres to form. The
diameter of opening again varies with the addition of SL in particular salt solution, like when
SL is in sodium carbonate, larger opening is observed. In case of SL in calcium salt solution

smaller opening and tighter spheres are formed.

These experiments easily establish the role of sophorolipid and the method in which it is
added can immensely influence the formation of CaCOj particles. Hence from these two
physical method and variation in addition of SL, we chose the best suited particles for drug
loading assay. The furosemide drug loading and release profile observed from spherical
CaCO3; microparticles obtained from set Il of sonication method, also ascertain the notion of

CaCOs3 as a good drug delivery system.
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Apart from CaCOg particles, many reports suggest use of gold nanoparticles for drug
delivery. Therefore, in chapter 5 we were able to establish the synthesis of gold
nanoparticles using Sericin, an industrially waste protein. We observed that sericin
reduces AuCl, more efficiently with increasing temperature. At temperatures 30°C and
40°C, the gold nanoparticles form in aggregates at pH 5.0 and monodispersed at pH
9.0 with ~30-40nm size. But a drastic size reduction (<30nm) was observed from
temperature 50°C onwards which is supported by DLS and TEM data. The stability of
particles was also observed to be decreasing with more alkaline synthesis condition at
80°C. At pH 5.0 sharp surface plasmon resonance of Seri-GNPs was observed to be at
540nm, typical for gold nanoparticles and gradual peak broadening was observed with
increasing pH indicating wide particle size distribution. While the FTIR data
suggested that Seri-GNPs had a capping of sericin and XRD profile confirmed the
crystalline nature of GNPs. Since sericin is a biologically compatible molecule, the
gold nanoparticles synthesized by them will have considerably lower toxicity. These
GNPs thus can be used as a novel drug delivery vehicle owing to the size and

biological synthesis.
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Future Work

We would like to continue the CSL work for the synthesis of nanoparticles like zinc oxide
(Zn0). ZnO nanoparticles are broad spectrum anti bacterial agent and are synthesized at low
cost with less toxicity towards human cells. Their UV blocking and anti-biofilm activity
makes them as a suitable coating material for medical and other devices, and it is approved
by the Food and Drug Administration (FDA) in the treatment of disease and ingredients in
food additives (Felix et al, 2015).

Because of its distinct properties ZnO are widely used in many fields such as rubber industry,
pharmaceutical and cosmetic industries, textile industries, electronic and electro technology
industries. Towards this aspect we have got some interesting leads, we have synthesized ZnO
nanoparticles using CSL as capping agent through different ways of addition (methodology

similar to chapter 4)

The nanoparticles obtained were further characterized by SEM and TEM.

Fig 1 SEM images (a) Control solution of ZnO nano-material in aggregates (scale 10um) (b)
CSL reduced/capped ZnO particles as separate (scale 1um) (c) CSL reduced/capped ZnO
particles as separate (scale 500 nm)
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The above figure indicates the formation of ZnO particles and is represented with SAED

pattern indicating the crystalline nature of particles and EDX confirming the composition.

We performed the antibacterial assay of the synthesized particles to check their anti-bacterial
potential and observed a very good bactericidal activity.

Control 10 2 dilution, control 10 * dilution,
(S.aureus) (S.aureus)

20 mg CSL in D/W, 20 mg CSLin 20 mg CSLin
Img/ml, NaOH, 1mg/ml, Zn(NO3)2, 1mg/ml,
(S.aureus) (S.aureus) (S.aureus)
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20 mg CSL in NaOH, 1mg/ml 60 mg CSL inD/W, 1mg/ml
(E.Coli) (E.Coli)

Fig 2: Anti bacterial activity of ZnO against S.aureus and E. coli

Although the particles when synthesized in different conditions gave good anti-bacterial

activity, the concentrations used for the study were high and detailed works needs to be done.
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