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EXECUTIVE SUMMARY

Naturally-derived hydrogels from the Bombyx mori silk fibroin (SF)
have recently been attracted interest from many researchers as promising biomaterials
due to their biocompatibility, ease of fabrication, water absorbability and non-
cytotoxicity. Despite these, natural silk gelation is normally too long and
uncontrollable. Moreover, unmodified SF hydrogels are rather brittle and not stable in
an aqueous media thus, limiting their practical uses in both tissue engineering and
biomedical fields. To overcome these drawbacks, the new physical and chemical
crosslinking methods were proposed to stabilize SF hydrogels through the formation
of stable interconnected network structure. The physically and chemically crosslinked
hydrogels were prepared under physiological conditions by incubation of aqueous SF
solutions with poly(ethylene glycol)diacrylate (PEGDA) and, O’O-bis[2-(N-
succinimidyl succinylamino)ethyl]polyethylene glycol (NHSP), respectively. Various
parameters were optimized on the basis of hydrogel properties, including the gelation
time, water resistance and interior morphology. Different analytical techniques, such
as Sodium Dodecyl Sulfate Polyacrylamide Gels Electrophoresis (SDS-PAGE),
Fourier Transform Infrared (FTIR) spectroscopy, Scanning Electron Microscopy
(SEM), Differential Scanning Calorimetry (DSC), Thermogravimetric Analysis
(TGA) and antimicrobial assay, were employed to evaluate the crosslinking efficiency
of all-aqueous approaches to tailor the SF-based materials for a sustained therapeutic
delivery of a natural extract a-mangostin. This study was expected, not only to
provide valuable details for appropriate SF hydrogel design in tissue engineering and
biomedical fields, but also to add values to both agricultural and sericulture products

in Thailand.



iii

ABSTRACT

Hydrogels from the Bombyx mori silk fibroin (SF) are of great interest
for drug delivery and tissue engineering applications because of their
biocompatibility, water absorbability, controllable biodegradation rate and
processability into different formats. Despite these, unmodified SF samples normally
display poor mechanical strength with prolonged gelation kinetics thus, limiting their
practical use in biomedical applications. To overcome these drawbacks, the new all-
aqueous crosslinking methods to form the three-dimensional (3D) porous SF hydrogel
network were developed. The physically crosslinked SF hydrogels were prepared by
mixing different aqueous SF solutions (2-10% w/v) with poly(ethylene
glycol)diacrylate (PEGDA). All formulations were then, incubated at room
temperature until there is a pronounced increase in the apparent viscosity. Results
indicated that PEGDA (30% w/v) could successfully shorten the silk gelation time
and stabilize the silk hydrogels in aqueous media. This was associated with a
formation of the interconnected sheet-like structure, as observed by Scanning Electron
Microscopy (SEM). Data interpretation of Fourier Transform Infrared (FTIR) spectra
suggested that the PEGDA-induced gelation was driven by a conformational
transition of SF from a-helix into the f-sheet structure. Furthermore, the process was
affected by the type of extraction solvent and the utilization of sonication.
Surprisingly, the physically crosslinked hydrogels exhibited moderate antibacterial
activity against gram positive Bacillus cereus, MRSA-SK1 and Staphylococcus
aureus, as evidenced by the diameters of the inhibition zone between 9.2-10.9, 5.7-6.1
and 5.7-6.2 mm, respectively. This finding highlighted another unexploited property
of the hybrid in biomedical fields.

Apart from a physical method, a new chemical modification by using a
protein crosslinker, O’O-bis[2-(N-succinimidy]l succinylamino)ethyl]polyethylene
glycol (NHSP), was also employed to fabricate the more stable SF hydrogels. For this,
appropriate amounts of NHSP was mixed with an aqueous SF solution at room
temperature in the presence of poly(L-lysine) (PLL) as a gel enhancer. A network
formation was accelerated by the using of ultrasonication and noticed within 24 hours,

depending on the silk concentration. A crosslink reaction was convinced by the



appearance of a new ether linkage observed in the Fourier-transform Infrared (FTIR)
spectra, and the presence of a new thermal decomposition temperature (Tqg) in the
Thermogravimetric Analysis (TGA) thermograms. Such crosslinking contributed to
the improved hydrogel properties, such as a structural integrity, thermal stability and
water-resistance. Also, this produced an interconnected porous structure with higher
[Fpleated sheet content, comparing to the physically crosslinked ones. These two new
methods thus, proven to be capable of improving both gelation kinetics and
physicochemical properties of SF, making it more suitable for both biomedical and

tissue engineering applications.
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CHAPTER 1
INTRODUCTION

1.1 Research Problem

Hydrogels are hydrophilic three-dimensional networks of polymeric
chains capable of absorbing up to thousands of times their dry weight in water (Teng
et al., 2010, Farris et al., 2009). Their ability to mimic body tissues and respond to
external stimuli offers them promising materials for various biomedical applications
including tissue engineering, drug controlled release systems and biosensors (Teng et
al,, 2010, Kweon et al., 2001, Farris et al., 2009, Mandal et al., 2009b). To
encapsulate and delivery cells or other therapeutic compounds, hydrogels must be
formed without damaging the bioactive molecules, biocompatible, suitable
mechanical properties and controllable biodegradability. A variety of synthetic and
naturally derived materials have been used to form hydrogels. The benefits of
synthetic polymers include their controllable gelation and great reproducibility of
hydrogel characteristics (Wang et al., 2008). However, most of them are relatively
hydrophobic and in some cases, further chemical modifications are needed to make it
more suitable and biocompatible for the practical uses (Gomes et al., 2012).

Natural polymers such as fibrin, collagen, silk, chitosan, alginate and
hyaluronic acid are widely used in tissue engineering (Gomes et al., 2012, Garcia-
Fuentes et al., 2008, Mandal et al., 2009a, Zhang et al., 2011b). Among all available
sources, polypeptides have received much attention as a new class of material due to
their intrinsic biocompatibility, biodegradability, mechanical durability, and natural
abundance. They also allow chemically functionalization with bioactive molecules as
well as support cells attachment and proliferation (Gomes et al., 2012). Natural silk-
fibroin (SF) derived from the Bombyx mori silk cocoons, is one of the most
outstanding fibrous proteins recently, been used as biomaterials. Its superior
properties include excellent mechanical properties, biocompatibility, controllable
biodegradation rate, processability into different formats and inducible formation of
the crystalline g-pleated sheet structure (Gomes et al., 2012, Wang et al., 2008, Rouse
and Kyke, 2010, Acharya et al., 2008) The ability of SF to self-assemble into the gel-

like structures, in response to stimuli factors highlights it a promising material for cell



encapsulation, nerve generation, wound dressing and tissue engineering scaffolding.
SF gel can be prepared by many methods including dehydration, incubation at high
concentration and ionic strength, heating, acidification and sonication (Wang et al.,
2008, Jin et al., 2005, Chen et al., 2008b). For biomedical application, gelation must
be induced under mild conditions in a short period of time. However, silk gelation
time is usually long unless non-physiological treatments are considered (Wang et al.,
2008, Jin et al., 2005). Moreover untreated SF samples are rather brittle that does not
provide sufficient mechanical strengths. They are also not stable in an aqueous media,
thus to some extent limiting their use in biomedical fields. Thus, there is a need to
develop more efficient ways to shorten the silk gelation time while managing its
biodegradability over a period of time.

Chemical modification by using crosslinking reagents is another
promising approach to fabricate the biopolymer gel with improved mechanical
strength, flexibility and water solubility. Many crosslinking reagents were chosen to
form crosslinked SF networks, such as glutaraldehyde, formaldehyde, carbodiimides
hydrochloride (EDC), N,N'-methylenebis acrylamide and tyrosinase (Kang et al.,
2004, Bayraktar et al., 2005, Kweon et al., 2001, Mandal et al., 2009b). Nevertheless,
some of the crosslinking reagents provoked cytotoxicity or immunogenicity and the
crosslinking reaction may essentially require specific binding sites under specific or
harsh conditions. Therefore, an alternative non-toxic crosslinking agent that
efficiently produces stable and biocompatible SF hydrogels with enhanced
mechanical properties is needed to overcome these drawbacks.

A new sort of crosslinking agent, O’O-bis[2-(N-succinimidyl
succinylamino)ethyl]polyethylene glycol or NHSP (chemical structure shown in
Figure 1.1), is of interest mainly due to its cytocompatibility and biocompatibility.
NHSP is synthesized by the reaction between a carboxylic acid and N-
hydroxysuccinimide (NHS) in the presence of carbodiimides (Zhang et al., 2011a,
Abdella et al., 1979). NHSP is a bifunctional reagent for the crosslinking and
reversible immobilization of proteins through the amine-reactive NHS esters at both
ends of the spacer arm. It reacts rapidly with proteins at pH 8-9 and at high dilution.
Trypsin, immobilized on agarose using this reagent, retained full specific activity,

stable and could be released with hydroxylamine at 25°C (Abdella et al., 1979).
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Figure 1.1 Chemical structure of NHSP crosslinking agent used in this study.

This project proposed a novel method to chemically crosslinking the B.
mori SF protein by using the non-toxic homobifunctional NHSP crosslinking agent
under physiological conditions. To enhance the crosslinking reactions, appropriate
amount of poly-L-lysine (PLL) was mixed together with SF in the presence of the
crosslinker. The crosslinked network was expected to be formed through acylation
reaction between the free amino pendant groups of the proteins and the active NHSP
at both ends (Abdella et al, 1979). Various physicochemical and biological
properties, as well as the structural integrity of the resultant gels, including
morphology, water swelling ability and thermal properties, were evaluated by using
different techniques such as Sodium dodecyl sulfate-Polyacrylamide gel
electrophoresis ~ (SDS-PAGE),  Differential scanning  calorimetry  (DSC),
Thermogravimetric analysis (TGA), Fourier transform infrared (FTIR) spectroscopy,
Scanning electron microscopy (SEM) and antimicrobial assay.

Beside a chemical crosslinking, a new all-aqueous physical
crosslinking method was also employed to speed up the silk gelation process and to
enhance the material properties. The poly(ethylene glycol)diacrylate (PEGDA) was
chosen as an inducer to alter the hydration sphere around SF molecules and then,
allow them to self-aggregate into a crystalline S-pleated structure. This inducer
(chemical structure shown in Figure 1.2) is a synthetic, biodegradable and
biocompatible polymer with very low toxicity and excellent solubility in aqueous
solutions (Tan and Marra, 2010, Qiu et al., 2003). Furthermore, the material has been
widely used for many applications. For example, as the cell scaffolds, biomedical
adhesive and delivery vehicles (Qiu et al., 2003). The effects of several relevant
factors, including the types of extraction solvent (e.g., LiBr, or a ternary
CaCl2/EtOH/Water) and a combined using of ultrasonication and the PEGDA
addition, were also evaluated in this study. Furthermore, the crosslinking efficiency of

both the physical and chemical methods was also examined on the basis of different



hydrogel properties using both physical and analytical techniques. The release
kinetics of different crosslinked hydrogels will also be investigated in the near future,
using a model compound such as a natural extract, a-mangostin, for their potential
uses in both tissue engineering and controlled drug release applications. Biological
activities of a-mangostin, derived from the fruit peels of the economic crop of
Thailand, Garcinia mangostana Linn., have been earlier reported. Xanthone
compounds, such as a-, - and y-mangostins, mangostenol and mangostenone, were
recognized as major compounds of the natural extract G. mangostana (Pedraza-
Chaverri, 2008). These compounds, particularly a-mangostin, exhibit anti-oxidant,
anti-tumor, anti-inflammatory, anti-allergy and antibacterial activities (Pedraza-
Chaverri, 2008, Matsumoto et al., 2004, Jung et al., 2006, Nakagawa et al., 2007,
Gopalakrishnan et al.,, 1980, Chairungsrilerd et al., 1996, Chen et al., 2008a,
Yoshikawa et al., 1994, Williams et al., 1995, Mahabusarakam et al., 2000, Sundaram

et al., 1983).
O

Sy
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Figure 1.2 Chemical structure of PEGDA.
The current research project was expected not only, to develop new
silk-based biomaterials, but also to add values to both agricultural and sericulture
products. We also hoped that this project would provide valuable details to lay

groﬁndwork for silk and natural product technologies.

1.2  Objectives

1.2.1 To prepare the crosslinked silk-fibroin (SF) hydrogels using nontoxic O’O-
bis[2-(N-succinimidyl succinylamino)ethyl]polyethylene glycol (NHSP) and
poly(ethylene glycol)diacrylate (PEGDA) as a crosslinking agent and inducer,
respectively.

1.2.2 To evaluate the efficiency of the new crosslinking methods on the basis of;
= (elation time
= Structural aspect

= Water resistance (e.g., sol-gel fraction)



= Rheological properties
= Thermal stability
= Morphological details
= Controlled release character
= Cell cytotoxicity
1.2.3 To evaluate the biological activity of a natural extract a-mangostin released

from the silk fibroin hydrogels.

1.3  Scope of Research
The study was split into 6 parts as described below.

Part 1: This part included fundamental characterization of regenerated SF and the
studying of in vitro SF gelation. Various physicochemical properties of SF and some
factors affecting its gelation process were determined as a mean to gain better
understanding of a silk gelation process for the subsequent crosslinking reactions.
Different physicochemical properties are listed below.

= Gelation time

= Sonication

= Rheological properties

= Molecular weight range and protein purity

= Structural, conformational and morphological details

= Thermal properties

= Water swelling ability (water-resistance or sol-gel fraction)
Part 2: This was performed in parallel to PART 1 and accounted for the extraction
and structural analysis of a-mangostin isolated from fruit peels of G. mangostana,
using chromatographic and spectroscopic techniques.
Part 3: This was a preparation of crosslinked SF hydrogels using NHSP and PEGDA
as a crosslinking agent and inducer, respectively. The following are important
parameters needed to be evaluated.

» A mass ratio of SF to the crosslinking agent (or inducer)

» The effect of PLL addition on the chemical crosslinking of SF and NHSP

= [tilization of sonication



Part 4: This part was a further characterization of the SF hydrogels obtained from

Part 3 by using different analytical techniques. Various physicochemical properties of

the hydrogels are listed below.

Gelation time

Rheological properties

Molecular weight range and protein purity

Structural and conformational details

Morphological details

Thermal properties

Water swelling ability (water-resistance or sol-gel fraction)
Drug encapsulation and controlled release

Cytotoxicity

Part 5: This part aimed to evaluate antibacterial activity of a-mangostin both before

and after encapsulation into SF hydrogels.

Part 6: This was a wrap-up session to systematically evaluate potential use of the

novel crosslinking methods for a preparation of the crosslinked SF hydrogels as a

drug delivery matrix with improved physicochemical properties.



CHAPTER 2
LITERATURE REVIEW

2.1 Hydrogels

Hydrogels have received much attention from scientists for many
years. They are three-dimensional (3D) polymeric networks and resistant to swell in
an aqueous solution without losing its structural integrity. They have impressively
high degree of water content thus, mimicking some tissues and extracellular matrices
(ECM) (Sah and Pramanik, 2011). Hydrogels are suitable for biomedical applications,
for example as the controlled drug release devices, biosensors, contact lenses,
immobilization carriers, cell culture matrices as well matrices to repair and regenerate
a wide range of tissues and organs in tissue engineering technology (Hoffman, 2002,
Mandal et al., 2009b). For these, hydrogels must be prepared without destroying the
encapsulated compound while, maintaining its biocompatibility, and other superior
properties. One of many advantages of hydrogel is a great variety of methods to
establish the crosslinking within the polymer matrices. Generally, the hydrogel
network can be formed by either a chemical or physical method (Wang et al., 2008).
The physical crosslinking hydrogels are formed by the molecular entanglements or
secondary forces of polymer such as the ionic attraction, hydrogen bonding and
hydrophobic interactions. The chemical crosslinking hydrogels are obtained by
forming a covalent bond between the polymer chains through redox, photo or thermal
polymerization reaction. Physically crosslinked gels are of interest for both
biomedical and pharmaceutical applications because the gels formed are more
compatible for hosting cells (Hoffman, 2002, Ko et al., 2013). Despite this benefit, the
physical crosslinking reactions are less controllable and the morphology of the
resultant gels is varied. Chemically crosslinked hydrogels are more reproducible,
tunable and display excellent properties (Hennink and Nostrum, 2002, Wang et al.,
2008). However, due to a non-physiological method used, the encapsulated compound
such as proteins, drugs and cells may be damaged during a hydrogel network
formation. Beside this fact, the sources of the material also influence biological
properties of hydrogels. For example, hydrogels from synthetic polymers display less

biocompatibility thus, limiting their use as biomaterials (Wang et al., 2008, Hardy et



al., 2008). Hydrogels from biopolymers, such as polysaccharides and poly(amino
acids), are more compatible and their degradation products produced are non-toxic.
This means that the compounds formed can either be metabolized into harmless

products or excreted by the renal filtration process (Hennink and Nostrum, 2002).

2.2 Silk Fibroin

Silk fiber is a protein-based material made by arthropods for a variety
of task-specific applications (Hardy et al., 2008). It has recently attracted interest from
all researchers as an ideal material for a wide range of applications, especially in
biomedical and tissue engineering fields as controlled delivery matrices. Silk solution
can be morphed into different formats including films, 3D porous scaffolds,
hydrogels, micro- and nanospheres, nanofibers and coating (Numata and Kaplan,
2010). Silk proteins are biocompatible and biodegradable with good mechanical
properties and water absorption (Wang et al., 2008). The degradation rate of the silk
biomaterials can be controlled during processing by altering the extent of secondary
structure in the silk protein (Numata and Kaplan, 2010). Bombyx mori silk fiber
composes of two types of proteins, sericin and fibroin. Sericin, the antigenic gum-like
protein is located on the fiber surface. Fibroin fibrils, the main structural component
of the fiber, are located at the core of the fiber and glued together by sericin.
Filaments of fibroin comprise of highly organized f-sheet crystal and semicrystalline
regions (Altman et al., 2003) (Figure 2.1). Sericin acts as an adhesive to maintain the

fiber and the multi-layer structure in the whole cocoon (Chen et al., 2012).

Fibroin

Figure 2.1 B. mori silk cocoons (left) and cross-section of the silk fiber (right).
(Pictures modified from http://www.hiroshima-u.ac.jp)




B. mori silk fibroin is a fibrillar protein (Nagarkar et al., 2010) that
consists of two major components, light (~25 kDa) and heavy chains (~325 kDa),
bonded together by single disulfide bond (Matsumoto et al., 2006, Numata and
Kaplan, 2010). The chemical composition of silk fibroin consists of residues of no
less than 16 amino acids whose ratio varies between different areas of the
supramolecular structure (Table 2.1) (Sashina et al., 2006). The primary structure of
fibroin composes of predominance (ca. 90%) amino acids, glycine, alanine, serine,
valine and tyrosine, with characteristic repetitive sequences of GAGAGS, GAGAGY
and GAGAGVGY (Matsumoto et al., 2006). The highly repetitive sections are
composed of glycine, alanine and serine as [gly-ala-gly-ala-gly-ser],. These three
amino acids contain short side chains that permit close packing through the stacking
of hydrogen-bonded f-sheets (Chen et al., 2001). The high content of hydrophobic
glycine-alanine repeats (Heavy chain) gives rise to the crystalline nature of silk fibers
(Li et al., 2002). The Light chain is more hydrophilic and relatively elastic (Hardy et
al., 2008).

Table 2.1 Amino acid composition of B. mori fibroin (Sashina et al., 2006).

Composition (% mol)

Amino acid :
Total Heavy areas Light areas

Glycine 42,9 494 10.0
Alanine 30.0 29.8 16.9
Serine 2, 11.3 7.9
Tyrosine 4.8 4.6 3.4
Valine 2.5 2.0 7.4
Aspartic acid (1] 0.65 15.4
Glutamic acid 1.4 0.70 8.4
Threonine 0.92 0.45 2.8
Phenylalanine 0.67 0139 2.7
Methionine 0.37 - 0.37
Isoleucine 0.64 0.14 7.3
Leucine 0.55 0.09 7.2
Proline 0.45 0.31 3.0
Arginine 0.51 0.18 3.8
Histidine 0.19 0.09 1.6

Lysine 0.38 0.06 1.5
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B. mori silk fibroin has two different structural conformations, termed
silk I (random coil) and silk II (B-sheet) (Chen et al., 2001). A hydrophobic
secondary structure of SF is an antiparallel -sheet which are composed of relatively
large hydrophilic chain end blocks (N- and C- terminal) with smaller hydrophilic
internal blocks and large internal hydrophobic block (Matsumoto et al., 2006). The
structure of silk fibroin consists of the coexisting amorphous and crystalline domains
of which the peptide chains are bounded together by hydrogen bonds to form sheet
like crystalline structures (Nagarkar et al., 2010). The natural silk gelation process
occurs because silk fibroin chains tend to aggregate, transforming from an amorphous
conformation (random coil) to a more stable structure (f-sheet) (Nogueira et al.,
2011). The conformational transition of silk fibroin structure has been studies by

using different methods and it is commonly known as a “sol-gel transition” or a

“protein aggregation”. The silk fibroin forms colloidal aggregates, driven by the van
der Waals forces, electrostatic interactions, hydrogen bonding and hydrophobic

interactions (Chen et al., 2001, Mondal et al., 2007).

2.3  Accelerated Silk Gelation

Although, silk fibroin hydrogels exhibits impressive physicochemical
and biological properties, however, the practical uses of these silk-based materials in
biomedical and tissue engineering applications are still limited due to their poor
water-resistance and relatively long gelation time (Matsumoto et al., 2006).
Practically, gelation must be induced under mild conditions within a relatively short
period of time (2-3 hours) to avoid cell damage (Wang et al., 2008). Many factors,
such as temperature, pH, ionic strength and silk fibroin concentration, have been
reported to affect the gelation kinetics in the regenerated silk fibroin solution. All
these play important role on a structural transition from a random coil (a-helix) to a -
sheet and thus, a hydrogel network formation (Wang et al., 2008, Numata and Kaplan,
2010, Xiong et al., 2011). A mechanism of silk gelation and its influencing factors has
been studies by many researchers as a mean to accelerate the silk gelation time. For
example, methanol was used to induce a conformational transformation of silk fibroin
from a random coil to a S-sheet structure. The method introduces more physical

crosslinking sites for the hydrogel network formation and renders it a water-insoluble
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with slower-biodegradability (Xiong et al., 2011, Motta et al., 2004). Alternatively, a
water annealing method was also developed to induce such transition without the use
of any organic solvent (Wang et al., 2008, Numata and Kaplan, 2010).

Additionally, gelation of silk fibroin could be induced by the
increasing of silk fibroin concentration and incubation at high temperatures.
Relationships between gelation time and the silk fibroin concentration at different
incubation temperatures are shown in Figure 2.2. The result indicated that gelation
time decreases with the increased fibroin concentration and temperature (Matsumoto
et al., 2006). The sol-gel transition of fibroin arises from a combination of inter- and
intramolecular interactions including hydrophobic interactions and hydrogen bonds
which leads to a f-sheet formation and so a physical crosslinking. The accelerated
gelation at higher temperature can be explained by the dynamics of hydrophobic

hydration around the polypeptide.

14 © Room mmperature
a ar<c

Fibroin concentration, wih

Figure 2.2 Concentration-dependent fibroin gelation time at (©) room temperature
and (o) 37 °C determined from optical density changes at 550 nm
(Matsumoto et al., 2006).

Effect of pH on the silk fibroin gelation was previously examined and
is shown in Figure 2.3. The result indicated that gelation time increases with the
increased pH solution. Furthermore, a shorter gelation time was observed for the
higher fibroin concentration. The acidification is important for the silk fibroin gelation
rate. This is because the acidic pH reduces hydrophilicity and charge repulsion that
promote hydrophobic interactions, physical crosslinking and kinetic gelation of

fibroin molecules (Matsumoto et al., 2006).
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H
Figure 2.3 Relationships between initial solution pH and gelation time at room
temperature determined by change in the optical density for (o) 1.8 and
(o) 3.6 wt% (Matsumoto et al., 2006).

Recent studies by Wang and co-workers illustrated that the using of
sonication could speed up the silk gelation. It was found that silk gelation time
decreases with the increased sonication time (Figure 2.4). During sonication, the
mechanical vibration causes the formation and collapse of bubbles that generates
extremely large energies on localized scale for short periods of time. This process
accelerates the formation of physical crosslinking, such as initial chain interactions
related to a S-sheet formation (gel), due to changes in hydrophobic hydration (Wang
et al., 2008).

Gelation tima (h)

0 5 10 15 20 25
SF concentration (% wiv)

Figure 2.4  Silk fibroin gelation time under various sonication conditions; 5 (e), 15
(m) and 30 (A) seconds (Wang et al., 2008).

Although, the methods proposed earlier could accelerate the silk
fibroin gelation, however, most of the methods used required non-physiological
treatments which could be harmful for the encapsulated active compounds such as
drugs or cells. Therefore, there is a need to develop a method to accelerate the silk
gelation while maintaining its biocompatibility, biodegradability, promoting cell
migration and antiogenesis, together with allowing rapid nutrient diffusion

(Dhandayuthapani et al., 2011).



13

2.4 A Novel Protein Crosslinking

Our pilot study revealed that the addition of poly(ethylene glycol)
diacrylate (PEGDA), chemical structure shown in Figure 1.2, could speed up the
gelation kinetics of SF. It was thus, worth performing additional experiments to
systematically clarify this effect. PEGDA is a synthetic polymer, water-soluble, non-
toxic, biodegradable and biocompatible material (Qiu et al., 2003, Tan and Marra,
2010). It has been widely used for many applications including as cell scaffolds,
biomedical adhesive and delivery vehicles. This solvent-free method would allow a
formation of physically crosslinked fibroin network at physiological pH and
temperature, making the material more suitable as injectable scaffolds and in situ drug
delivery matrices (Crompton et al, 2007), while maintain its superior
biocompatibility and biodegradability.

Apart from these, the chemically crosslinked hydrogels are still one of
the best candidate for a wide range of biomedical applications (Tan and Marra, 2010)
due to their controllable crosslinking density and structural properties. In this project,
the new covalently crosslinked SF hydrogels are prepared by using a O’O-bis[2-(N-
succinimidyl succinylamino)ethyl]polyethylene glycol (NHSP) as a crosslinking
agent. NHSP is a homobifunctional protein crosslinker with impressive
cytocompatibility and biocompatibility (Zhang et al., 2011a). It is commercially
available and synthesized by the reaction between a carboxylic acid and N-
hydroxysuccinimide (NHS) in the presence of carbodiimides. It is known as a
derivatizing agent that target primary amine groups (Abello et al., 2007). In the field
of peptide synthesis, NHS or 1-hydroxybenzotriazole has been shown to be valuable
intermediates because of their high reactivity. The reactive group is used to activate
the carboxylic acid of the amino acid residue immobilized on the resin before amide
bond formation (Bich et al., 2010).

Since fibroin protein consists of only small fraction of lysine amino
acid (Table 2.1). It was suspected that the available sites for a chemically crosslinked
reaction with the NHSP along the polypeptide chain may not be high enough to
facilitate a stable hydrogel network formation. Thus, the gel enhancer, poly(Z-lysine)
(PLL, chemical structure shown in Figure 2.5), was also be incorporated into the

reaction mixture. PLL, a partial synthetic polypeptide is currently available in a wide
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range of molecular weights and architectures. It can be degraded by cells effort and

has been used as a delivery vehicle for small drugs (Shukla et al., 2012).

n

é,..,.....

2

Figure 2.5 Chemical structure of poly(Z-lysine) (PLL).

Last but not least, the combined use of the two polypeptides may
produce a new permanent polyion-complex hydrogel with improved mechanical
properties, pronounced water resistance, while maintaining its biocompatibility and
biodegradability over a period time. A permanent polyion-complex hydrogel,
consisting of a primary chemically-crosslinked network of gelatin physically linked
with the pectin by the electrostatic interactions, was successfully prepared and the
resultant material showed impressive mechanical properties and water resistance
(Farris et al., 2009). For the case of SF-PLL systems, it is likely that both
macromolecules can bind to the NHSP, thus forming amide linkages and so, the
primary crosslinked network. The electrostatic associations of SF and PLL are likely
to occur between the positively charged amine groups of PLL and the negatively
charged carboxylic groups of glutamate, aspartate or both acidic moieties (Table 2.1).
Several advantages of using PLL as a gelation enhancer, particularly for SF systems,

are listed on Table 2.2.

Table 2.2 Advantages of using PLL to promote SF gelation.

Advantages

1. Enhanced chemically crosslinked SF network.

2. Allow the formation of a new “permanent polyion-complex™ hydrogel, in situ,
with improved and tunable mechanical properties and water resistance.

3. Provide the SF hydrogel a smart “pH-responsive character”, thus making it more
suitable for specific biomedical applications.

4. Promote the cell adhesion and proliferation onto the SF hydrogel.
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Additionally, PLL are commercially available in three different
molecular structures, as shown in Figure 2.6; @-PLL, &-PLL and o-PDLL (Kokufuta
et al, 2011). This availability may allow the fabrication of crosslinked SF/PLL
hydrogels with different morphologies and so different properties, thus creating a
wide range of novel materials for both tissue engineering and pharmaceutical

applications.

ZT

NH,

e-PLL

NH> a-PLL

NH2 a-PDLL

Figure 2.6 Three poly(lysine) samples available for the gel preparation. a-PLL, a
homopolymer of L-lysine; @-PDLL, a copolymer of L-lysine and D-
lysine (racemic mixture); &PLL, a homopolymer consisting of the L-
lysine residues linked by the peptide bonds between the e-amino group
and the a-carboxyl groups (Kokufuta et al., 2011).

Several parameters, such as the SF/crosslinker mass ratio, reaction
time, sonication and physicochemical properties of regenerated SF, may play
important roles on crosslinking efficiency of the proposed methods. Furthermore, an
understanding of silk gelation and its influencing is necessary for the design and
structural engineering the silk-based biomaterials. These features therefore, needed to
be evaluated for a development of silk-based biomaterials to suit specific needs for a

wider range of applications.
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2.5 a-Mangostin

G. mangoatana belongs to the family of Clusiaceae and commonly
known as mangosteen. It is cultivated in the tropical rainforest and mainly found in
Malaya, India, Thailand, Vietnam, Singapore, Philippines and Burma (Pedraza-
Chaverri, 2008, Zadernowski et al., 2009). The mangosteen tree is very slow-growing
with a straight stem and a pyramidal crown. It attains 6-25 m in height and has dark-
brown or nearly black color bark. The inner bark contains yellow and bitter gummy
latex. The leaves are short oval or elliptic, dark-green and slightly glossy (9-25 cm
length and 4.5-10 cm width). Flowers are green with red spots on the outside and
yellowish-red on the inside. They have around 4-5 cm width and may be male or
hermaphrodite on the same tree. A cross-section of a peel is red and around 6-10 mm
thick. The fruit is round with diameter of up to 7.5 cm. It appears red-purple from the
outside and contains white flesh from the inside (Zadernowski et al., 2009, Morton
and Miami, 1987). G. mangostana pericarp contains secondary metabolites, such as
prenylated and oxygenated xanthones, including the a-, p- and y-mangostins,
garcinone E, 8-deoxygartanin, gartanin, mangostenol, and mangostenone (Pedraza-
Chaverri, 2008). Xanthones from mangosteen fruit display various biological
properties, such as antioxidant, antitumbral, anti-inflammatory, anti-allergy,
antibacterial, antifungal and antiviral activities (Chen et al., 2008a, Yoshikawa et al.,
1994, Williams et al., 1995, Mahabusarakam et al., 2000, Pedraza-Chaverri, 2008).
For example, a-mangostin isolated from mangosteen fruit pericarp showed highest
inhibition of leukemia cell lines HL60, K562, NB4 and U937 ( ICsq of 5-10 pM). The
antitumoral activity of mangostin has been observed in mouse mammary organ
culture with an ICso of 1.0 pg/mL (2.44 pM) (Matsumoto et al., 2004). It also
displayed cytotoxicity against DLD-1 cells (20 pM). Furthermore, @-mangostin
showed antimicrobial activities against S. aureus (both normal and penicillin-resistant
strains) with MIC values of 1.56-12.5 pg/mL (Mahabusarakam et al., 1986).
Therefore, a-mangostin is a promising natural compound for drug discovery and

pharmaceutical applications.
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CHAPTER 3
EXPERIMENTAL METHODS

3.1 Preparation and Characterization of Silk Fibroin Hydrogels

3.1.1 Chemicals

Bombyx mori silk cocoons were kindly supplied from the Silk
Innovation Center (SIC), Mahasarakham University, Thailand. The cocoons were kept
in air dried room temperature. Poly(ethylene glycol)diacrylate (PEGDA), 0,0’-bis[2-
(N-succinimidy! succinylamino)ethyl]polyethylene glycol (NHSP), calcium chloride
(CaCl,) anhydrous and sodium carbonate (Na;CQO3) were purchased from the Sigma-
Aldrich and used without purification. All other chemicals were purchased from the

Sigma-Aldrich.

3.1.2 Preparation of Regenerated Silk Fibroin (RSF)

The dried cocoons were boiled twice in an aqueous solution of Na2CO3
for 30 min to remove sericin protein. The silk fibroin (SF) was then dissolved in
different solvent system, either the mixed solvent of CaCl,/EtOH/H,0 (mole ratio of
1:2:8), or the aqueous solution of a 9.3 M lithium bromide (LiBr) for 3 hr. The fibroin
solution was dialyzed in a cellulose dialysis tube (MWCO = 3,500) against deionized
water for 3 days. After that, RSF solution was freeze-dried to obtain the protein
powder. A protein recovery was calculated using Equation (1).

Protein recovery (%) = (Final mass/ Initial mass) x 100 -=------==n-- (1)

3.1.3 Preparation of Physically Crosslinked Silk Fibroin Hydrogels

The RSF solutions were firstly prepared by dissolving appropriate
amount of RSF powder in deionized water (0.7 mL) prior to transferring into a test
tube. The solution was then incubated at room temperature for until there is a
pronounced increase in the apparent viscosity (resistance to flow). The duration of
time to reach to this point is referred, herein, as a “gelation time”. To establish the
effects of the PEGDA addition, a 0.3 mL of the PEGDA was added into the RSF
solutions prior to incubation at room temperature. The gelation times of the RSF in
the presence of PEGDA were also evaluated using similar method as described above.

The feed compositions of the samples are illustrated in Table 3.1.
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3.1.4 Preparation of Chemically Crosslinked Silk Fibroin Hydrogels

For the chemical crosslinking, an aqueous solution of RSF (0.5 ml) and
NHSP (0.5 ml) were thoroughly mixed in HEPES buffer at 37 °C to allow a chemical
crosslinking reaction to occur. The total solid weight of SF and NHSP was kept
constant at 15% (w/v) and the weight ratios of NHSP to SF were varied from 1:1, 1:2
and 1:5. The feed compositions of all hydrogel samples are illustrated in Table 3.1.
For the preparation of the freeze-dried samples, the freshly prepared hydrogel was
immersed in deionized water (pH 5.6) for 2 days at room temperature. After that, it
was frozen in liquid nitrogen, prior to lyophilization at -40°C for 20 h.

Table 3.1 Feed compositions of the SF-based samples.

Composition (%ow/v) Weight ratio of

Sample Ultrasonication
NHSP SF PEGDA i 2
SF2 - 2 - - No
SF4 - 4 - - No
SF6 - 6 - - No
SF8 - 8 - - No
SF10 - 10 - - No
SF2PEG - 2 30 - No
SF4PEG - 4 30 - No
SF6PEG - 6 30 - No
SF8PEG - 8 30 - No
SF10PEG - 10 30 - No
SF2PEGU - 2 30 - Yes
SF4PEGU - 4 30 - Yes
SF6PEGU - 6 30 - Yes
SF8PEGU - 8 30 - Yes
SF10PEGU - 10 30 - Yes
NHSP/SF 7.5 7.5 - 1:1 No
NHSP/2SF 5 10 - 122 No
NHSP/5SF 2.5 12.5 - 1:5 No

3.1.5 The Effect of Ultrasonication

To study the effect of ultrasonication on the silk gelation, the feed
formulations from Sections 3.1.3 and 3.1.4 were subjected to ultrasonic wave for 40 s
prior to incubation at room temperature. After completion of the sol-gel transition, the

gelation times were recorded using similar method as described previously.
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3.1.6 Characterization

A molecular weight range of the regenerated SF obtained from Section
3.1.2 was determined by using a 10% of polyacrylamide gel. The sample loading was
at least 5:1 and the protein concentration was more than 0.02 g/ml.

The sol-gel fraction of the SF gels was determined using Equation (2).
Briefly, the gels were dried in an oven for 24 hr. After that, the dried gels were
weighed (Wy), followed by swollen in deionized water. Finally, the gels were re-dried
in an oven for 24 hr and their weights were measured (Wyq).

Sol fraction (%) = [(Wg— W)/ Wq] x 100 =-=mmmmmee (Z)

A structural transition of SF was evaluated by using the Fourier
Transform Infrared (FTIR) spectroscopy. The freeze-dried samples were mixed with
potassium bromide (KBr) powder and their FTIR spectra were obtained using
Spectrum GX (Perkin-Elmer) in the spectral region of 400-4,000 cm’’ with 32 scans
and 4 cm™' resolution.

The morphology of the freeze-dried samples was evaluated by using
the Scanning Electron Microscopy (SEM). SEM images were acquired after gold
sputtering at accelerated voltage of 15 kV and at 16 mm working distance.

A thermal analysis of the freeze-dried samples was performed by
ADSC822E  differential scanning calorimeter (Mettler Toledo) and a
TGA/SDTAS851E thermogravimetric analyzer (Mettler Toledo). The thermograms
were obtained using a nitrogen flow rate of 20 mL/min and scanning rate of
10°C/min. For the DSC and TGA, the samples were heated from 25°C to 220°C and
from 25°C to 600°C, respectively.

3.2 Chemical Investigation and Antibacterial Activity of o~
Mangostin
3.2.1 Raw Materials and Chemicals
The pericarp of G. mangostana fruit was chopped and dried. Column
chromatography (.CC) and quick column chromatography (QCC) were performed on
silica gel 100 (0.063-0.200 mm, Merck, Germany) and silica gel 60 (0.063-0.230 mm,
Merck, Germany), respectively. Pre-coated thin layer chromatography (TLC)

aluminum sheets of silica gel 60 Fass (20x20 cm, layer thickness 0.2 mm, Merck,
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Germany) were used for analytical purposes and the compounds were visualized
under ultraviolet light or anisaldehyde-sulfuric acid and vanillic acid spraying
reagents. Organic solvents for extraction and chromatography distilled at their boiling
point ranges prior to use. Solvents for UV and IR were analytical grade reagents
(BDH HiperSolv™ for HPLC/VWR International Ltd.).

The nutrient agar (CRITERION dehydrated culture media), dimethy! sulfoxide
(DMSO) and Tween20 were used for evaluation of antimicrobial activity. Five
microorganism cultures (Escherichia coli TISTR 780, Psudomonas aeruginosa
TISTR 781, Salmonella typhimurium TISTR 292, Bacillus cereus TISTR 687, and
Staphylococcus aureus TISTR 1466) were derived from the Microbiological
Resources Center of the Thailand Institute of Scientific and Technological Research
and kept as stock cultures at the Microbiology Laboratory in Mae Fah Luang
University. The microorganism methicillin-resistant Staphylococcus aureus SK1 was
obtained from the Department of Microbiology, Faculty of Science, Prince of Songkla

University, Thailand.

3.2.2 Extraction and Isolation of a-mangostin

The dried pericarp of G. mangostana (1.93 kg) was immersed in
acetone at room temperature (7 L, 6 days). The residue was further immersed in
acetone at room temperature (7 L, 6 days). The filtered solution was evaporated to

dryness under reduced pressure to yield viscous crude acetone extract (234.50 g).

3.2.3 Purification of a-Mangostin from G. mangostana

A portion of the acetone extract of the pericarp fruit of G. mangostana
(35.0 g) was subjected to quick column chromatography (QCC) using silica gel
(Merck 60, 40-63 pm) as the stationary phase packed inside the 60 mm length column
(120 g) and eluted (250 ml each) with gradient hexane; hexane-CH,Cly, CH2Clo-
Me,CO and Me,CO. On the basis of their TLC characteristics,.the collected fractions,
containing the same major components, were combined to afford twenty fractions (1-
20). Fraction 3 (2.83 g) was further purified by column chromatography (CC) with
diameter 46 mm, length of 600 mm, and eluted with CH,Cly-hexane (1:1 v/v) to give
seven subtractions (3.1-3.7). The subfraction 3.2 (1.40 g), containing a-mangostin as a

major component, was finally recrystallized in the mixture of hexane-CH,Cl; (2:3) to
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give a-mangostin, 1.0 g. Fraction 4 (1.20 g) was further purified by column
chromatography (CC) with diameter 46 mm, length of 600 mm, and eluted with
CH,Cl,-hexane (1:1 v/v) to give five subtractions (4.1-4.5). The subfractions 4.2
(440.0 mg) and 4.3 (660.0 mg) containing a-mangostin as a major component, were
finally recrystallized in the mixture of hexane-CH,Cl, (2:3) to give a-mangostin,

320.0 mg and 540 mg, respectively.

3.2.4 Characterization Techniques

The melting points were measured in degree Celsius (°C) and were
uncorrected, using a digital Electrothermal BUCHI Melting Point B-540 Melting
Point Apparatus. Ultraviolet spectra (UV) were recorded using UV-Vis spectrometer

(Perkin Elmer Lambda, United States of America). Principle bands (Amax) Were

recorded as wavelengths (nm) and log & in methanol solution. Infrared spectra (IR)
were recorded on Perkin-Elmer FTSFT IR/Spectrum spectrometer at United States of
America. Major bands (Vmax) Were recorded in wavenumber (cm'l). 'H and "°C nuclear
magnetic resonance spectra were recorded on Britker FTNMR Ultra Shield 400 MHz
at Germany. Spectrum were recorded in acetone-ds solution and recorded as chemical

shift (8) value in ppm down field from TMS (internal standard 60.00).

3.2.5 Antibacterial Activity Assay

The six bacteria strains, Gram-positive (B. cereus, S. aureus and
MRSA) and Gram-negative (E. coli, Ps. aeruginosa and S. typhimurium) were chosen
for the evaluation of the biological activity of the drug-loaded SF matrices. These
microorganisms are the most common pathogenic bacteria that cause infectious

diseases, including the tuberculosis, pneumonia, cellulitis and typhoid fever.

3.2.5.1 Determination of Minimum Inhibition Concentrations (MICs)

Minimum inhibition concentrations (MICs) were determined by the
broth micro dilution method (CLSI, 2002). Test samples were dissolved in DMSO.
Serial 2-fold dilutions of the test samples were mixed with melted MHB in microtiter
plates. Final concentration of crude extracts and isolated compound in broth ranged
from 1,280-2.5 pg/mL and 128-0.25 pg/mL, respectively. Add 50 pL of inoculum
suspensions in each well (final concentration of 1x10* CFU/well). The inoculated

plates were incubated at 35-37 °C for 16-18 h, 0.18% resazurin 10 uL was dropped in
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microtiter plate and incubated in 35-37 °C for 2-3 h. The blue color indicated that the
sample can inhibit bacterial growth, while the pink color indicated that the samples
cannot inhibit bacterial growth. MICs were recorded by reading the lowest
concentration that inhibited visible growth. The tests were performed at least in

triplicate. Vancomycin and gentamicin were used as positive control drugs.

3.2.5.2 Antibacterial Activity by Agar Disc Diffusion Method

The paper disc diffusion method was used to screen the antibacterial of silk
fibroin samples (Lorian, 1996). Three to five colonies of bacterial culture were
transferred to nutrient broth and incubated for 3 hr at 37°C, maintaining under
shaking condition (150 rpm). The turbidity of bacterial suspension was adjusted by
using a 0.85% NaCl (normal saline solution, NSS), comparing to a 0.5 McFarland
standard. The cell culture was determined using total plate count. The culture was
swabbed onto an agar plate using a sterile cotton swab. Sterile filter paper was placed
on the agar plates, containing the microorganism. Then, around 10 and 20 mg of silk
fibroin sample were placed on the agar plate. The plates were kept in the incubator at
37°C for 18 hr. The test was performed in triplicate for each sample. A diameter of
clear zone shown on plates was then measured in millimeters and was identified as its
antimicrobial activity. Antibiotic paper disc for control marker of antibacterial activity

was vancomycin and streptomycin. All samples were coded as shown in Table 3.2.
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Table 3.2 Description of the test samples.

No. Sample Description

1 1GD 1 mg/mL of crude extract in DMSO

i 1GTW 1 mg/mL of crude extract in Tween20/water
(0.01:0.99) )

3 10GD 10 mg/mL of crude extract in DMSO

4 10GTW 10 mg/mL of crude extract in Tween20/water
(0.02:0.98)

5 MD a-mangostin in DMSO

6 MTW a-mangostin in Tween20/water (0.01:0.99)

7 MT a-mangostin in Tween20

8 MDW a-mangostin in DMSO/water (0.8:0.2)

9 SD Silk fibroin in DMSO

10 SwW Silk fibroin in water

11 SDS Silk fibroin in DMSO (shake)

12 SDV Silk fibroin in DMSO (vortex)

13 SWS Silk fibroin in water (shake)

14 SWV Silk fibroin in water (vortex)

15 SSD Sericin in DMSO

16 SSw Sericin in water

17 WT Water/Tween20 (1:1)

18 T20 Poly(oxyethylene sorbitan monolaurate) (Tween20 )

19 W Water

20 PD PEGDA in DMSO

21 PW PEGDA in water

22 D Dimethyl sulfoxide (DMSO)

23 PL Poly (L-lysine)

24 4SFPEGW Silk fibroin/PEGDA hydrogel (4% fibroin in water)

25 6SFPEGW Silk fibroin/PEGDA hydrogel (6% fibroin in water)

26 8SFPEGW Silk fibroin/PEGDA hydrogel (8% fibroin in water)

27 10SFPEGW Silk fibroin/PEGDA hydrogel (10% fibroin in water)

28 8SFPEGD Silk fibroin/PEGDA hydrogel (8% fibroin in DMSO)

29 10SFPEGD Silk fibroin hydrogel (10% fibroin in DMSO)
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CHAPTER 4
RESULTS AND DISCUSSIONS

4.1 Preparation and Characterization of Physically Crosslinked
Silk Fibroin Hydrogels

4.1.1 Protein Recovery
Silk fibroin (SF) can be separated from the silk sericin (SS) in vitro and

dissolved in water by using a variety of salt solutions, leading to a transparent solution
of regenerated silk fibroin (RSF) (Altman et al., 2003, Hardy et al., 2008). To our best
knowledge, the effects of extraction solvent on the protein recovery and its
physicochemical properties have not yet been systematically clarified. This study,
therefore, performed a comparative study to evaluate these correlations. The freeze-
dried RSF sample extracted from and a ternary CaClo/EtOH/Water (1:2:8 mole ratio)
solvent mixture is pale yellow in color (Figure 4.1), similarly to that from an aqueous
solution of LiBr. The aqueous RSF samples from the two extraction solvents are also

quite similar, They are clear yellow as shown in Figure 4.1.

Figure 4.1 Regenerated silk fibroin (RSF) powder extracted from a ternary solvent
(left) and its aqueous form (right).

Despite these, the % protein recovery of the sample extracted from a
ternary solvent is found to be higher than that from a LiBr solution (see Table 4.1). As
compared to a LiBr salt, a CaCl, is a stronger chaotropic agent which could directly
interact with the hydrogen peptide bond in the polypeptide chains thus, making it
more soluble (salting-in) in an aqueous media (Hardy et al., 2008, Sah and Pramanik,

2010).
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Table 4.1 Percentage of silk fibroin recovery in different solvent systems.

Solvent system

LiBr/Water CaCl,/EtOH/Water
| 2 1 2
Initial mass (g) 1.01 1.01 4.03 451
Final mass (g) 0.42 0.32 1.85 215
Protein recovery (%) 41.27 31.66 45.78 47.80

4.1.2 Molecular Weight Range

Sodium dodecyl sulfate polyacrylamide gels electrophoresis (SDS-
PAGE) is a technique used in biochemistry, genetic and molecular biology to separate
protein as well as to roughly estimate the molecular weight of the protein of interest.
In this study, the SDS-PAGE was employed to examine the range of molecular weight

of RSF by comparing the distance travelled in relative to the standard protein markers

(15-170 kDa).

Figure 4.2 SDS-PAGE Electrophoresis of aqueous solutions of RSF extracted from;
a ternary solvent mixture (Lane 1-5) and an aqueous solution of lithium

bromide (LiBr) (Lane 6-9).
Figure 4.2 shows the electrophoretic patterns of an aqueous solution of
RSF (band 1-5) extracted from a ternary solvent. It is found that all RSF samples
show a broad dull band from 35-130 kDa, indicating a mixture of the medium chains

and the light chains (25-35 kDa) (Um et al., 2001). The medium SF chains may be
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obtained from the degradation of the heavy chains (350 kDa) of raw silk protein
during degumming and dissolution in a solvent system. The fact that all SF samples
display similar electrophoretic pattern confirms a good extraction repeatability of the
method used in this project. The protein recovery using this method is found to be
within a range of 40-50% (Table 4.1) consistent with the SF content in the silk raw
material previously reported (Sah and Pramanik, 2010).

For the case of the RSF obtained from LiBr extraction, there is no
electrophoretic pattern appeared between 15-170 kDa (Figure 4.2, Lane 6-9),
illustrating a huge impact of the selected extraction solvent on the resultant molecular
weight rage in RSF sample. It is worth mentioning that the molecular weight of RSF
from LiBr extraction may be either higher than 170 kDa or lower than 15 kDa.

Additional experiments thus, need to be performed to clarify this postulation.

4.1.3  Silk Gelation

Gelation time of SF formulations, containing different SF
concentrations, was examined by incubation, each formulation, at room temperature
for until the macroscopic sol-gel transition was visually observed (e.g., a marked
increase in viscosity). This study aimed to lay fundamental groundwork to gain a
better understanding of a silk gelation under in vitro conditions. Details from this
study would be useful for a design of appropriate experimental conditions, employed
for a subsequent chemically crosslinking reaction. Table 4.2 presents the gelation
time of RSF aqueous solutions extracted from the two solvent systems. It is found that
the 4% (w/v) RSF extracted from a ternary solvent turns gel (or another words,
undergoes a sol-gel transition) within 13 days, while that from a LiBr solution, there
is no sign of gelation over a whole experiment period. For the case of the ternary-
extracted sample, the process is found to be accelerated by the increased SF content as
evidenced by the decreased gelation time from 13 days of the 4% silk-containing
sample to 10 days of the 8% silk-containing sample (Figure 4.3). Furthermore, the
addition of the PEGDA is found to promote the gelation kinetics of SF as confirmed
by the shortened gelation time of the 4% silk-containing sample from 13 days to 3
days (Table 4.2 and Figure 4.3). The explanation for this may be correlated with the
greater extent of physical crosslink density provided along the peptide chains. It is

believed that PEGDA alters the hydrophobic hydration sphere of the silk protein by
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breaking the hydrogen bonding between the water and the polypeptide. This reduces
the water molecules around the polypeptide and then, facilitates them to collide
(folding or salting-out) with each other, leading to an accelerated silk gelation (Hardy
et al., 2008).

As seen in Figure 4.3, the applied ultrasonication slightly slows down
the silk gelation, in contrast with the previous works (Wang et al., 2008). This
surprising result could be explained in terms of the possible degradation of SF during
sonication. For the subsequent studies, one needs to take this issue into consideration
to avoid any undesired reaction. Up until now, it can be said that both a ternary
solvent extraction and the addition of PEGDA enhance a a-to-/3 transition in the silk

protein and this eventually accelerates the formation of the silk gel (gelation).

Table 4.2 Visual observation of the gels from RSF extracted by different solvent
systems in the presence and absence of PEGDA.

RSF PEGDA Gel Gelation time Visual

Solvent system (%w/v)  (%w/v)  formation (day) observation

4 - Yes 13
CaCl,/EtOH/H,O 4 30 Yes 3

8 30 Yes 2

4 30 No -

LiBr/H,O
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Figure 4.3 Gelation time of difference RSF aqueous formulations in the absence
(SFx) and in the presence of PEGDA, with (SFXPEGU) and without
(SFXPEG) the use of ultrasonication.
4.1.4 Water Resistance
The water resistance of different SF gels was determined in terms of
the sol-gel fraction (%). This parameter indicates the proportion of gel (water-
insoluble) fraction remained after dissolution in an aqueous media. The lower the sol
fraction, the greater water resistance and so, the more suitable would the material
become for biomedical applications. As seen in Figure 4.4, the maximum and the
minimum averaged sol-gel fractions of SF gel from the unmodified RSF (4-10% w/v)
are around 45% and 17%, respectively. The sol fraction decreases with an increasing
of the SF content. This pronounced water resistance perhaps associated with the
increased crosslinking density in the SF-enriched formulations to enhance a network
formation in the sample. When the SF content is further increased (i.e., 12, 14%), it is
believed that the resultant material would display even lower sol-fraction, comparing
to the 10% SF sample. However, the material would also be expected to have smaller
porous structure that ultimately prohibits the passive diffusion of cells, nutrients or
other active compounds. Thus, there might be an optimal range of silk composition

for a suitable design of silk-based hydrogel matrices.
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Figure 4.4 Sol-gel fraction of different unmodified SF gels.

The sol-gel fractions (%) of the PEGDA-containing gels (SFPEG) from
RSF solutions extracted by a ternary solvent extraction are shown in Figure 4.5. The
sol-fractions of all gels are varied between 80-85%, depending on the silk

concentration. The higher the silk concentration, the lower the sol-fraction and so the

more stable would the gel become.

100
m SFPEG = SF m SFPEGUI

80

60

40

%3Sol-gel fraction

20

SF concentration (%ow/v)

Figure 4.5 Sol-gel fraction of unmodified SF gels (SF) and accelerated SF gels with
(SFPEGU) and without (SFPEG) the uses of ultrasonication.

Interesting results may be obtained when comparing the unmodified SF
with the PEGDA-containing samples. It is found that the sol fraction of unmodified
SF gels is generally lower than that of the PEGDA-containing samples, meaning that
the unmodified gels are stronger with greater water stability. The sol-gel transition of
an aqueous RSF has been reported as an irreversible process primarily driven by
sheet crystallization (Matsumoto et al., 2006, Nagarkar et al., 2010). The gelation

kinetics show typical characteristic of a nucleation and growth process which are
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noticed by a relatively long induction period, followed by a rapid gelation. In the
induction period, the protein molecules spontaneously self-aggregate by the intra- and
intermolecular hydrophobic associations to form the physical crosslinks that
eventually transform into a mature irreversible S-sheet stacking structure. A whole
process occurs over long time scales. Once the protein has completely turned into the
crystalline S-pleated structure, the resultant material possesses maximum water
stability and mechanical properties. For the case of the PEGDA addition, the
polyalcohol competitively interacts with water molecules, thus promoting the
hydrophobic associations of the protein in the initial period. As a result, the
polypeptide would have tighter physically crosslinked network, explaining the
accelerated gelation Kkinetics. Since this gelation is promoted by the addition of the
inducer (PEGDA) and not in local thermodynamic equilibrium, one would expect the
PEGDA-containing system to maintain higher sol (water-soluble) fraction with some
extents of crystalline imperfection. Additionally, the data points of all unmodified SF
gels show wider standard deviations as compared to those of the PEGDA-induced SF
gels (Figure 4.4 and Figure 4.5). This finding confirms that the unmodified SF
gelation is neither controllable, nor reproducible, thus highlighting a high impact of
using PEGDA to improve gelation kinetics, water resistance and processability. The
association behavior of silk fibroin is rather complicated and that, it could be affected
by a number of parameters. For examples, the experimental conditions used for
degumming and extracting of SF, as well as the purification method employed are of
important as it determines a range of molecular weight, protein recovery, source of
impurity and aging stability of aqueous RSF. The presence of calcium salt in RSF was
believed to primarily take part on the varied silk gelation kinetics. When the content
of this contaminant is increased, the silk hydrogelation may occur within shorter
period of time. Similar behavior was also published (Wang and Zhang, 2013).
Additionally, it may be possible that SF may undergo thermal decomposition during
degumming and extraction processes at above 80°C, resulting in the decreased chain
segments and the lesser extent of the molecular chain packing into the [-sheet
structure. Ones thus, need to take all these into consideration to minimize the sources

of errors and obtain the material with reliable properties for professional usages.
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4.1.5 Structural Analysis

FTIR spectra of freeze-dried RSF samples obtained from the two
extraction solvents and their data analysis are shown in Figure 4.6 and Table 4.3,
respectively. It is worth mentioning that typical FTIR spectra of SF show vibrational
bands between 1630-1660 cm™, 1520-1540 em™ and 1230-1270 cm™, corresponding
to the amide I (C=O stretching), amide II (N-H bonding), and amide III (C-N
stretching), respectively (Matsumoto et al., 2006, Kweon et al., 2001, Mandal et al.,
2009b). As seen in Table 4.3, RSF obtained by LiBr extraction (RSFL) shows
characteristic peaks at 1656 em’ (amide I), 1545 cm” (amide II) and 1245 em’!
(amide III), all attributed to the c~helical (random coil) structure. For the case of RSF
extracted by a ternary solvent (RSFC), these peaks are slightly shifted toward lower
wavenumber region, illustrating the potential co-existence of the f-sheet together with
a random coil structure (Chen et al., 2001, Matsumoto et al., 2006). It is possible that
during dissolution of the fibroin, ethanol, as part of a ternary solvent, can partially

induce a structural transition of the protein into the f-sheet structure.

Table 4.3 FTIR analysis of RSF samples extracted by different solvent systems.

Cc=0 Amide I Amide II Amide IIT
Formulation -OH hi ) .
stretching  (C=0 stretching)  (C-N stretching) (C-N stretching)
RSFC 3298 - 1654 1541 1246
RSFL 3287 - 1656 1545 1245
SF10 3286 - 1625 1532 1247
SF10PEG 3283 1723 1624 1517 1252

]

FTIR data analysis of unmodified SF gel (SF10) and the PEGDA-
containing SF gel (SF10PEG) are also shown in Table 4.3. Interestingly, both SF10
and SF10PEG gels display a characteristic band at around 1625 cm’!, attributed to the
vibrational amide I in fibroin. This band is shifted towards lower region as compared
to that of the RSFC sample (1654 cm™), suggesting a preferential transformation of
SF from a random coil to a pleated structure. Moreover, a shift of the amide II band
from 1541 cm™ (RSFC) to around 1532 cm™ for the SF10, and to around 1517 cm’

for the SF10PEG, also confirmed this c-to-3 (sol-to-gel) phase transition during
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gelation. For SF10PEG, there is a new absorption band at around 1723 cm™,
corresponding to an asymmetric stretching of the C=0O group in PEGDA. The fact that
the amide II signal of SF10PEG appears at 1517 cm’!, even lower than that found in

SF10, re-confirms a high impact of PEGDA to induce a phase transformation in SF as

discussed earlier.

SF10PEG

.,

\ %, SF10
iy 4 g o
N
A
\‘ \RSFC
\ s
\
\
\BSFL_7
3900 3400 2900 2400 1900 1400 90

Wavenumber (cm-1)

Figure 4.6 FTIR spectra of SFI0PEG, SF10, RSFC and RSFL. All spectra were
recorded from 400-4000 cm™.

4.1.6 Morphological Studies

SEM micrographs of unmodified SF4, SF8 and SF10 gels (ternary
solvent extraction) are present in Figure 4.7. The SF4 and SF8 gels possess a porous
structure with typical characteristic of open interconnected network and brittle
material (Figure 4.7a-b). For SF10, the gel still shows characteristic of brittle material
but with a well-defined interconnected porous structure (Figure 4.7c). Such
architecture stabilizes the gel and explains the improved physicochemical properties
and gelation kinetics of the sample previously mentioned. As seen in Figure 4.7d-f, all
PEGDA-containing gels (SF4PEG, SF8PEG and SF10PEG) exhibit denser
interconnected porous structure with thicker wall boundary, as compared to the
unmodified gels of the same fibroin contents. As the silk fibroin content is increased,
the gel shows a coexistence of typical random organization (amorphous) together with
a lamellar structure (crystalline). This finding also re-assures the PEGDA-induced

structural transformation to speed up the silk hydrogelation process.
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Figure 4.7 SEM micrographs of; (a) 4SF. (b) 8SF, (c) 10SF, (d) SF4PEG, (e)
SF8PEG and (f) SFIOPEG. All gels were obtained from a ternary-
extracted RSF solution and the images were taken at magnification of
500x.

4.1.7 Thermal Analysis

Thermogravimetric analysis (TGA) was employed to investigate the
chemical changes of the samples as well as to proof the existence of newly-formed
intermolecular interactions through their increased thermal stability. The 1*! derivative
of TG plots of RSF samples, extracted from a temary solvent (RSFC) and a LiBr
solution (RSFL), are shown in Figure 4.8 and Table 4.4. As may be observed, the
RSFC and RSFL display two degradation patterns with around 45% mass remaining.
The first stage between 50-100°C is pethaps responsible for the evaporation of semi-
bound water in RSF samples. The second stage between 250-550°C may be correlated

to the decomposition of side chain groups of proteins such as glycine and alanine.
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Table 4.4 Thermal propetties of the freeze-dried RSF samples and the SF gel.

Td,max (OC)
Sample
1 2
RSFL 81.4 298.8
RSFC 80.6 314.2
SF10 91.8 311.0
SF10PEG 103.0 344.8

As expected, RSFC sample displays higher Tama (314°C), as
compared to RSFL (299°C). The result implies greater [-sheet content in the former,
highlighting a stronger effect of a ternary solvent to promote the a-to-f phase
transformation during extraction and hydrogelation processes of SF. This is supported
by the shifts of amide I and amide II absorption bands towards even lower
wavenumber for the case of RSFC as described in the FTIR results (Figure 4.6). For
the SF10PEG, the gel displays the Tqmax value at around 345 °C, significantly higher
than those of RSFL and RSFC (Table 4.4). The increased thermal stability is
primarily associated with the stronger intermolecular interactions induced by the

PEGDA and so, the tighter crosslinking network formed in the hydrogel.
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Figure 4.8 The 1% derivative of TG plots of the freeze-dried RSF samples extracted
by a ternary solvent (RSFC) and an aqueous LiBr (RSFL). A 1* derivative
plot of SF10 and SF10PEG were also shown for comparison.
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4.2  Preparation and Characterization of Chemically Crosslinked
Silk Fibroin Hydrogels

4.2.1 Crosslinking Reaction

The chemically crosslinked hydrogels were prepared by acylation
reaction of SF and NHSP. The reaction mechanism is shown in Figure 4.9 (Wong and
Jameson, 2011, Bich et al., 2010). Since NHSP is a homobifunctional amine-specific
protein crosslinker, it would theoretically react on the primary amine groups (-NH>)
of the silk protein to form amide bonds and eliminate N-hydroxysuccinimide as the
leaving group (Bich et al., 2010). In order to facilitate additional binding sites with
NHSP, poly (L-lysine) (PLL), at a final concentration of 0.01% (w/v), was introduced
into a system as the gel enhancer. This, as an optional, was aimed to enhance a stable
hydrogel network formation. Once a crosslinking has taken place, the viscosity of a
RSF solution steadily increases, until reaching a point of flow resistance (Figure
4.10). At this point, SF has undergone a sol-gel transition (or another words, gelation)
to form a stable 3D-hydrogel network within 24 hr. The resultant network strengthens
and improves mechanical stability of the hydrogels in an aqueous media (water

resistance) as seen in Figure 4.10.
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Figure 4.9 The reaction machanism of SF and NHSP through acylation reaction.
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Figure 4.10 The transition of SF from the sol (A) to the gel (B) state by acylation
reaction of NHSP, resulting in the improved water resistance of the
material in an aqueous media (C).
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4.2.2  Water Resistance

The most important property of hydrogels is the ability to absorp large
amount of water, while maintaing their structural integrity. The gel fraction of the
hydrogels implies the degree of crosslinking within the materials. The higher the gel
fraction, the higher degree of crosslinking and thus, the more water resistance would
the materials become. As seen in Table 4.5, the NHSP/SF hydrogel shows the
percentage of gel fraction of around 54%, implying that the hydrogel lose around 46%
of its mass during extraction process. The loss or sol fraction may be due to the

unreacted compounds or low-mlecular weight peptide components.

Table 4.5 Gel fraction (%) of the unmodified and NHSP/SF hydrogels.

Sample Gel fraction (%)
NHSP/SF 54.36+5.20
NHSP/2SF 68.03+3.64
NHSP/5SF 76.74+1.51
SF10 74.24+0.95

As the weight ratio of SF/NHSP is increased, the resultant hydrogels
(NHSP/2SF and NHSP/5SF) display increased gel fraction (%). This indicateds that
the high SF content systems may be more favorable for the crosslinking reaction and
s0, a formation of stable hydrogel network. Since the B. mori SF has relatively low
contents of both lysine (0.4 mol%) and arginine (0.5 mol%) amino acid (Sashina et
al., 2006), the crosslinking sites should be low in number and kinetics. Therefore, a
high fibroin content is required to achieve highly efficient inter-chain crosslinking

reaction and to produce the mechanically stable network hydrogels.

4.2.3  Structural Analysis

FTIR spectroscopy was used to prove the sol-gel (or a-to-f) transition
during crosslinking and the incorporation of NHSP in the silk-based matrices. The
spectra of RSFC powder, unmodified and all crosslinked SF hydrogels are presented
in Figure 4.11. Their data analysis was also summarized in Table 4.6. Typical FTIR
spectrum of SF shows vibrational bands between 1630-1660 em’, 1520-1540 cm™
and 1230-1270 cm™, corresponding to the amide I (C=O stretching), amide II (N-H
bonding), and amide I1I (C-N stretching), respectively (Matsumoto et al., 2006, Chen
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et al., 2001). For the freeze-dried RSFC, the spectrum shows characteristic peaks at
1658 cm™ (amide 1), 1541 cm’! (amide II) and 1241 em’ (amide IIT), suggesting its
preferential existence in an o-helical (random coil) structure. For the unmodified SF10
and all crosslinked hydrogels (NHSP/5SF, NHSP/5SF/PLL), the vibrational bands at
amide 1, I and III are shifted towards lower region. This implies a transformation of
SF from a-helix to B-sheet structure (Chen et al., 2001). As expected, the spectra of
NHSP/5SF and NHSP/5SF/PLL hydrogels in Figure 4.11 exhibit the characteristic
peak of the ether linkage (C-O-C) of NHSP molecule, at around 1102 em™ (Moonsri
et al., 2008). This confirms the incorporation of NHSP within SF matrices.
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Figure 4.11 FTIR spectra of; RSFC powder (A), unmodified SF hydrogel (B),
crosslinked NHSP/5SF hydrogel (C) and crosslinked NHSP/SSF/PLL

hydrogel (D). Spectra were recorded from 800-2000 cm’!

Table 4.6 FTIR data analysis of RSF powder, unmodified and chemically
crosslinked SF hydrogels.

Amide I Amide I Amide 111 Ether (C-O-C)
Sample P N P p
(cm™) (cm™) (cm™) (cm™)
RSFC 1658 1541 1241 -
SF10 1625 1532 1247 =
NHSP/5SF 1625 1529 1236 1102
NHSP/5SEF/PLL 1626 1527 1235 1102
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4.2.4 Morphological Studies

SEM micrographs of all hydrogels are present in Figure 4.12. It is
found that unmodified SF10 hydrogel (or pure sample) showed irregular porous
structure with typical characteristic of a honey comb-like and brittle porous structure
(Figure 4.12A). For the PLL-containing crosslinked hydrogel (NHSP/5SF/PLL), the
material exhibits a well-defined three-dimensional (3D) architecture of interconnected
porosity with high content of p-pleated structure (Figure 4.12B). This ordered
arrangement of the protein appears to be more uniform in the PLL-free crosslinked
sample (NHSP/5SF in Figure 4.12C). A few notes can be made from this point. First,
PLL is really an optional for the formation of a stable hydrogel network. Without the
addition of PLL, a more stable and homogeneous hydrogel network is apparently
observed (Figure 4.12C). It then leads to a second point that is, PLL strongly interacts
with SF molecules and interferes the molecular packing of the protein. By changing
the PLL feed composition, one would expect to obtain crosslinked SF-based

hydrogels with controllable pore architectures.

Figure 4.12 SEM  micrographs of; unmodified SFI0 (A), crosslinked
NHSP/5SF/PLL (B) and NHSP/5SF (C). Images were taken at
magnification of 500x. Arrows indicate the formation of a stable j-
pleated structure.
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4.3 Chemical Investigation and Antibacterial Activity of
a-Mangostin
4.3.1 Chemical Investigation
The major chemical constituent of acetone-extracted G. mangostana
from the pericarp of mangosteen fruit is proven to be a-mangostin. The structure of
the compound is elucidated by the spectroscopic 2D-NMR techniques. The spectral
data has been compared with those previously reported in the literature (Ee et al,

2006).

The isolated a-mangostin appears as a yellow solid with a melting
point of 182-183°C, similarly to those reported in the literatures (Yates and George,
1958, Ahmad et al., 2012). The UV spectrum of the isolate in methanol shows the
maximum absorption bands (log &) at 243.2 (4.53), 259.8 (4.40), 316.3 (4.43) and
357.98 (3.90) (Figure 4.13). It shows the major IR absorption bands, corresponding to
the conjugated carbonyl group at 1641 cm’, hydroxyl group at 3360 cm’', aromatic
ring at 1570 cm™ and the methoxy group at 2913 cm” (Figure 4.14). The "H NMR
spectrum, presented in Figure 4.15 and Table 4.7, reveals the presence of four sharp
singlet signals at § 13.75 (1-OH), 6.76 (H-5), 6.34 (H-4) and 3.78 (7-OCHa). The
signals of the two prenyl side chains are also observed. Those signals are the two
broad triplet signals of the two olefinic protons (& 5.26 (2H)), two doublet signals of
the benzylic methylene protons (64.08 and 3.32) and three singlet signals of the four
methyl groups (& 1.81, 1.73, and 1.64 (6H)). The BC NMR spectrum, as shown in
Table 4.7 and Figure 4.16, display twenty-four carbons and quaternary signal at o
182.6, attributing to the carbonyl carbon of ketone form. The location of the prenyl
units at C-2 and C-8 is supported by the HMBC correlations of H-1" to C-1, C-2, -2,
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C-3', C-5' and H-1" to C-7, C-8, C-8a, C-2", C-3", C-5", respectively (Table 4.7 and
Figure 4.17). The position of the 3-OH and 6-OH is deduced by the resonances of an
oxygen-bearing carbons at & 162.7 (C-3) and 157.0 (C-6), respectively. The methoxy
proton at & 3.78 shows potent correlation with those at 6 144.2, indicating that it has
been attached at C-7. The isolated compound is then identified as a-mangostin (Ee et
al., 2006).

Table 4.7 The NMR spectral data of a-mangostin.

Position dy (multiplicity, Juz) oc HMBC

1 13.75 (1H; 5) 161.5 C-1,C-2,C-9,C-%9a

2 - 110.8 -

3 - 162.7 -

4 6.34 (1H, s) 025 C-2,C-3,C-4a,C-9,C-92

4a 155.4 -

5 6.76 (1H, s) 102.5 C-6, C-8a, C-9, C-10a

6 . 157.0 =

7 - 144.2 -

8 - 137.8 -

8a - 111.8 -

9 - 182.6 -

9a - 103.4 -

10a - 155.9 -

1' 3.32(2H,d,J=72Hz) 218 C-1, C-2,C-2, C-3", C-5'

4 526 (1H,t,J=72Hz) 1247 C-1', C-4'

3! - 131.1 -

4' 1.81 (3H, s) 18.1 Cc-2', C-3', C-5'

5 1.64 (3H, 5) 257 c-2,C-3,C-4

1" 4,08 (2H, d, J="A2 Hz)\) \2&& C-7, C-8, C-8a, C-2", C-3", C-
Sll

2" 526 (1H,t,J=72Hz) 1234 C-1", C-4"

o - 131 -

4" 1.64 (3H, s) 257 23", 5"

& L.73(2H.) 172 c-2", C-3",C4"

7-OCH; 3.78 (3H, s) 61.1 C-7
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4.3.2 Evaluation of Antibacterial Assay

4.3.2.1 Broth Microdilution Method

As seen in Table 4.8, the 1GD and 10GD of G. mangostana crude
extracts dissolved in DMSO exhibit strong antibacterial activity against Gram-
positive B. cereus, MRSA-SK1 and S. aureus with the MICs ranges of 4.0-8.0 and
2.5-5.0 pg/mL, respectively. Whereas, these extracts in water (IGW and 10GW)
exhibit inactive against Gram-positive bacteria (entries 1-4). a-Mangostin in DMSO
(MD) shows excellent antibacterial activity with MIC value of 0.25 pg/mL (entry ok
against Gram-positive bacteria, compariﬁg to the standard drugs. A nonionic
emulsifying agent, Tween 20, was chosen to mix with water to render the solubility of
a-mangostin in an aqueous media. It is found that a-mangostin in a mixed
water/Tween20 (MTW) show inactive antibacterial activity. However, the active
compound in a mixture of DMSO and water (DMSO/water = 0.8:0.2) shows moderate
antibacterial activity against Gram-positive with MICs range of 32-64 pg/mL (entries
6-8). Overall work finding indicates that the biological activity of a-mangostin

depends on its solubility in a given dissolution media. The silk fibroin and sericin



44

(entries 9-12), dissolved in DMSO and DMSO/water (SD, SSD, SW, SSW) show
inactive antibacterial activity. Likewise, the controlled Tween20, sterilized water and
Tween20/water samples exhibit inactive antibacterial activity (entries 13-15; T20, W,
TW). These results imply that the regenerated silk fibroin and sericin solutions should
have little or no antibacterial activity.

Interestingly, a-mangostin shows selective inhibition of Gram-positive
E.coli, Ps. aeruginosa and S. typhimurium, but not against Gram-negative bacteria.
This could be explained in terms of morphological differences among these
microorganisms. It is known that Gram-negative pathogens are composed of an outer
phospholipidic membrane with structural lipopolysaccharide components (Jaiganesh
and Arunachalam, 2011). This makes the cell wall impermeable to lipophilic solutes.
Their porins constitute also acts as a selective barrier to hydrophilic solutes with an
exclusion limit of about 600 Da (Jaiganesh and Arunachalam, 2011). In another hand,
the Gram-positive bacteria are composed of the less effective peptido glycone layers
(Jaiganesh and Arunachalam, 2011). This feature makes them more susceptible to
solutes, as compared to the Gram-negative ones. From another point of view, G.
mangostana extract and a-mangostin exhibit antibacterial activity because of its
typical phenolic toxicity to microorganism. The reason why a-mangostin in DMSO
(MD) shows greater antibacterial activity than G. mangostana, extracted in DMSO
(1GD and 10GD), is perhaps associated with its pure phenolic compound.

Table 4.8 MICs values of test sample.

MICs (pg/mL)

No.  Sample Gram-positive bacteria Gram-negative bacteria

B. cereus MRSA-SKI1 S. aureus E. coli  Ps. aeruginosa S. typhimurium

1 1GD 4.0 4.0 8.0 128 128 128
2 1GTW >128 >128 >128 >128 >128 >128
3 10GD 2.9 5.0 2.5 1280 1280 1280

10GTW >1280 >1280 >1280  >1280 >1280 >1280
5 MD 0.25 0.25 0.25 128 128 128

6 MTW >128 >128 >128 >128 >128 >128
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Table 4.8 MICs values of test sample (continued).

MICs (pg/mL)

No.  Sample Gram-positive bacteria Gram-negative bacteria

B. cereus MRSA-SK1 S aureus E. coli  Ps. aeruginosa S. typhimurium

7 MT 0.5 >128 >128 >128 128 >128
8 MDW 32 64 64 >128 >128 >128
9 SD 1280 >1280 >1280 1280 1280 1280
10 SwW >1280 >1280 >1280 >1280 >1280 >1280
1 SSD 1280 1280  >1280 1280 1280 1280
12 SSW >1280 >1280  >1280 >1280 >1280 >1280
13 WT >1280 >1280 >1280 >1280 >1280 >1280
14 T20 >1280 >1280 >1280  >1280 >1280 >1280
15 W >1280 >1280 >1280 >1280 >1280 >1280
(\gi‘;fl’;;:ﬁggs) 2.0 1.0 0.5 - ; :
Gentamicin - - - 2.0 2.0 1.0

4.3.2.2 Agar Disc Diffusion Method

Antibacterial activity of SF hydrogels was evaluated by Agar disc
diffusion method against 6 strains of microorganisms. The antibacterial activity of
silk fibroin hydrogels, containing different percentages by weight of SF to PEGDA
(10%, 15%, 20% and 25%) in water was shown in Table 4.9. It is found that the
PEGDA-containing silk hydrogels show weak to moderate antibacterial activity
against Gram-positive B. cereus, MRSA-SK1 and S. aureus, as evidenced by the
diameters of the inhibition zone between 9.2 £ 1.2 - 10.9 +10.6, 5.7+ 1.2-6.1 = 0.6
and 5.7 = 1.1 - 6.2 £ 0.6 mm, respectively. In addition, all silk fibroin hydrogel
samples show inactive antibacterial activity against Gram-negative bacteria (E. coli,
Ps. aeruginosa and S. typhimurium). When DMSO was used as a dissolution media,
the PEGDA-containing silk hydrogels (SFSPEGD and SF10PEGD) displayed larger

inhibition zone, comparing to those in water (Table 4.9). For example, the inhibition
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zones against B. cereus, MRSA-SK1 and S. aureus increase to 14.1 £ 0.6 mm, 6.9 =
0.6 mm and 6.9 + 1.2 mm, respectively. It is worth noting that the increased
antibacterial activity of the PEG-containing hydrogels may arise from the activity of
PEGDA on its own. This is evidenced by the inhibition zones of PEGDA against
Gram-positive bacteria (B. cereus, MRSA-SK1 and S. aureus), as shown in Table
4.10. However, there may be synergetic effects of PEGDA and SF to enhance
antibacterial activity, as indicated by an increasing of inhibition diameter against B.
cereus from 8.4 £ 0.6 mm (PD, Table 4.10) to 14.1 = 0.6 mm (SF10PEGD, Table

4.9). Additional experiments need to be conducted to clarify this ambiguity.
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Table 4.10 Diameter of clear zone (mm) for different chemicals used in this study.

Diameter of clear zone (mm) £ S5.D

Code Gram-positive Gram-negative
B. cereus MRSA-SK1 S aureus  E. coli aemf;';qosa S. typhimurium
SD 59+1.1 inactive inactive 5.8+0.6 59=%1.1 5.8+1.1
SW Inactive inactive inactive  inactive inactive inactive
PD 8.4+0.6 8.1+0.6 9.0+ 0.4 inactive inactive inactive
PW 8.8+ 0.6 8.9+0.6 12.4+0.6 inactive inactive inactive
Y Inactive inactive inactive  inactive inactive inactive
D Inactive inactive inactive  inactive inactive inactive
PL Inactive inactive 87+0.6 inactive inactive inactive
Vancomycin 17.1+0.6 20.6+1.1 19.0£0.8 inactive inactive inactive

Streptomycin - : o 21.6+1.1 20009 19.6+ 1.1
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CHAPTER 5
CONCLUSION AND
SUGGESTION FOR FURTHER WORK

Over the past decades, naturally-derived hydrogels from the Bombyx
mori silk fibroin (SF) has increasingly gained interest in both biomedical and
pharmaceutical fields due to its excellent properties such as good mechanical
properties, ease of fabrication, controllable crystallinity, biodegradability,
biocompatibility and non-cytotoxicity. These remarkable properties are related to its
structural transition from the a—helix into the pB-sheet structure. The transition,
occasionally known as a sol-gel transition, is mainly driven by the hydrophobic
interactions and the hydrogen bond formation between the polymer chains. The
process would eventually lead to the formation of a thermodynamically stable SF
hydrogel. Our study demonstrated that various parameters, such as the increased silk
concentration, type of extraction solvent, the addition of the inducer and the extent of
chemically crosslinking, accelerate the silk gelation kinetics and at the same time,
improve physicochemical properties of the fibroin hydrogels. These were proven by
the decreased sol-gel fraction (or another words, increased water-resistance),
increased mechanical stability and a uniform dense interconnected porous structure.
The following are some tips for the preparation of stable SF-based hydrogels with
short gelation kinetics (< 24 hr) suited for therapeutic drug delivery applications.

" After degumming process, the remained fibroin residue should be re-extracted
in a ternary CaCly/EtOH/Water solvent system to achieve regenerated silk
fibroin (RSF) raw material with appropriate molecular weight range (35-130
kDa) and enhanced protein recovery (45-55% w/w).

. A combined use of SF (4-8% w/v) and the addition of PEGDA (30% w/v) is
suggested for the preparation of physically crosslinked hydrogels with tunable
gelation time and water resistance.

. For the preparation of chemically crosslinked hydrogels, the optimized
SF/NHSP ratio to achieve the most stable, densed and homogeneous network is
1:5. With the addition of PLL, the hydrogels showed a double hydrogel network

with larger pore size. This feature offers tunable permeability, biodegradability
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and swelling ability to the materials and thus, broadens their practical use as
immobilization matrices for cells or drugs.

Both crude and purified forms of the o-mangostin from G. mangostana
displayed strong antibacterial activity particularly, against the three Gram-positive
bacteria; E. coli, Ps. aeruginosa and S. typhimurium. Surprisingly, the hydrogel
matrices of SE/PEGDA exhibited moderate antibacterial activity against Gram-
positive bacteria, including B. cereus, MRSA-SKI and S. aureus. This finding
highlights another unexploited property of the hybrid for tissue engineering and
biomedical applications.

At this stage, we had gained a better understanding of the in vitro SF
hydrogelation and could appropriately engineering design of crosslinked SF hydrogel
materials. As such, the crosslinked SF hydrogels with satisfied water-swell ability,
interior morphology and gelation kinetics were successfully fabricated. In order to
evaluate their potential use as a delivery matrix, the release character of the
a-mangostin from the materials will need to be performed in the near future. This
together with all work finding would allow ones to draw a final conclusion on
feasibility of a proposed method to stabilize and improve performance of SF-based

hydrogels for therapeutic applications.
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