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Abstract
Over years, many ongoing investigations have been done

to

improve the oral

bioavailability of peptide and protein formulations. For insulin, many physical, chemical
and other barriers have been faced that needs to be overcome to deliver insulin orally and

increase its bioavailability and absorption. Low molecular weight chitosan has been
shown to be a potential carrier in delivering insulin; moreover, the mucoadhesive and
permeation enhancing properties of such polymer have been implanted to help in crossing

the biological barriers. Further modifications of the low molecular weight chitosan have
been studied over the last few years in order to produce more chitosan derivatives. In this

study the butylation process of different low molecular weight chitosans (1.3, 13 and
30kDa) and their effect on the enhancement of the molecule characteristics have been
investigated.

It

was found that the low molecular weight butylated chitosans have interesting

characteristics over that

of the chitosan such as the solubility enhancement and

the

surface activity of the molecule and above all, the size of the nanoparticles obtained. In

vivo studies revealed that the molecular weight as well as the particle size of the insulinbutylated chitosan affected the insulin bioavailability and pharmacological effect. The

low molecular weight and particle size of insulin butylated chitosan
significant enhancement of the hypoglycemic effect

demonstrated

of oral insulin when studied on

streptozotocin diabetic rat's model.

II

In

conclusion, this study illustrated the effect

of butylated chitosan as a

chitosan

derivative on enhancing oral protein delivery using insulin as a protein model. This study

also highlights the importance of optimizing the molecular weight of the investigated
polymer along with determining the optimum particle sizc of the prepared formulation
intended to be administered orally.
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Chapter One

Introduction

1.

Introduction

1.1 Protein

Delivery System:

There are many ongoing investigations to improve the oral bioavailability of peptide and

protein formulations. The development of a successful nonparenteral delivery system for
proteins implies many challenges, including the protection of the therapeutic agent from

hostile physiological conditions and gentle manufacturing conditions to maintain the
original molecular conformation of the protein (Pan Y. et a1.,2007).

It is evident

that the problem that faced protein delivery over years is due to the large

number of functional groups and the complex and labile three dimensional structures that

render them prone

to a variety of degradation and inactivation pathways, where the

biological activity can be lost because of chemical and physical alterations. For this
reason the formulation and drug delivery of such pharmaceuticals represent a tremendous

challenge for the pharmaceutical scientists (Lee

K.Y

and

Yuk S.H, 2007).

One of the promising new methods of nonparenteral protein delivery is oral delivery. For

this purpose, various types of specialized polymeric carriers are used. Were hydrogels
have been studied as suitable candidate for oral drug delivery of peptides and proteins.

Particularly, complexing hydrogels that responds

to pH

changes

in the surrounding

environment have been extensively studied. This unusual behavior seems very promising

for an oral formulation that would be able to release the labile therapeutic agent only in a
more favorable environment such as that encountered in the upper small intestine (Peppas

N.A. el al.,1999).

Over the years, the delivery of proteins has been performed by parenteral administration.
The problem with this kind of administration is related to the short half-life of the protein,

which results

in the necessity of

frequent administration

to

obtain

therapeutic

effectiveness. This multiple injection regimens do not meet patients' compliance @ai C.
et a1.,2005).

Despite

of all the efforts spent in

reaching the target

of

safe and effective oral

formulations for peptides and proteins, small progress has been made (Carino G.P. et al.,
2000).

To reach a successful oral protein formulation, the proteins must bypass physical barrier,
enzymatic digestion, chemical degradation and intrinsic low stability. Physical barrier can

be overcome by three trans epithelial pathways to transport the molecule across the
intestinal epithelium: Trancellular (cross the cell membrane), carrier mediated active or

facilitated transport and paracellular transport (through the intercellular spaces between
adjacent cells), these pathways are illustrated in figure

l.l (Fix J.A, 1996).

Figure (1.1): Tlpes of transport across intestinal membrane (Fix J.A, 1996).

Among many drug delivery systems used to deliver proteins orally, nanotechnology and
nanoparticles drug delivery system were found to be the most successful, where

it entraps

drugs or biomolecules into their interior structures and/or absorb drugs or biomolecules

onto their exterior surfaces. Presently, nanoparticles have been widely used to deliver
drugs, polypeptides, proteins, vaccines, nucleic acids, and genes (Illum L,2007).

1.2 Nanotechnology and Nanoparticles:

Pharmaceutical formulators aim to deliver the active molecule to the target organ at
therapeutically relevant levels, with negligible discomfort and side effects to the patient.

This delivery is significantly influenced by the physical and chemical properties of the
drug(Amidon G.L. et a1.,2006).

The problems that faced many researchers and that occurred with many drugs can be
related to the physical or chemical properties of the drugs, administrative matters such as

approval for use, excipients, and engineering issues(Muller R.H and Kick C.M, 2004).

Also some of the major challenges faced by drug delivery are poor solubility, short in

vitro (shelf-life), and in vivo (half-life) stability, low bioavailability, strong side effects
(targeting delivery is needed) and regulatory issues. In order to increase the probability of
a drug delivery formulation entering the pharmaceutical market,

it should fulfill the main

requirements: Ease of production; Applicability to as many drugs as possible; Physical

stability; Excipients which are well tolerated and accepted by regulatory authorities;
Availability of large scale production (Muller R.H and Kick C.M, 2004).

Among drug delivery systems, nanoparticle drug delivery systems were found to have
many outstanding advantages that can serve the delivery of drugs, which are: They can
pass through the smallest capillary vessels because

of their Ultra-tiny volume and avoid

rapid clearance by phagocytes so that their duration in blood stream is greatly prolonged;
They can penetrate cells and tissues gap to arrive to target organs such as liver, spleen,
lungs, spinal cord and lymph; They could show controlled release properties due to the
biodegradability, pH, ion, and/or temperature sensibility of materials; They can improve
the utility of drugs and reduce toxic side effects (Jung T. et a1.,2000).

From a chemical point of view, nanoparticles are known as particles sized between

100 nanometers that may

or may not exhibit

I

and

size-related properties that differ

significantly from those observed in fine particles or bulk materials (Jung T. et a1.,2000).

Currently, researchers on nanoparticle drug delivery system are focusing on: The
selectness and combination of carrier materials to obtain suitable drug release speed; The

surface modification of nanoparticles to improve their targeting

of the preparation of

nanoparticles

to

ability; The optimization

increase their drug delivery capability, their

application in clinics and the possibility of industrial production; The investigation of in

vivo dynamic process to disclose the interaction of nanoparticles with blood and targeting
tissues and organs

(LiuZ.

et a1.,2008).

1.2.1 Potysaccharides as a Source of Nanoparticle Preparation:

Polysaccharides are polymeric carbohydrate structures, formed of repeating units (either

mono- or di-saccharides) joined together by glycosidic bonds. These structures are often

linear, but may contain various degrees of branching. Polysaccharides are often quite
heterogeneous, containing slight modifications

of the repeating unit. Depending on the

structure, these macromolecules can have distinct properties from their monosaccharide

building blocks. They may be amorphous or even insoluble in water (Calvo P. et al.,
1997).

Polysaccharide based nanoparticles are prepared by four main mechanisms, which are:

l. Covalent cross linking:
Early preparation of polysaccharide nanoparticles was carried out by means of covalent
cross linking.

As a cross linker, glutaraldehyde has been mainly used to cross link

6

chitosan based nano particles. Unfonunately, the toxicity

of

glutaraldehyde on cell

viability limits its use in the field of drug delivery (Zhi J. et a1.,2005).

2. Ionic Cross linking:

This method has more advantages over covalent cross linking among which are mild
preparation conditions and simple procedures. Low molecular weight polyanions and
polycations could act as ionic cross linkers for charged polysaccharides (CalvoP. et al.,
reeT).

3. Polyelectrolye complexation (PEC):

Polysaccharides can form PEC

with oppositely charged polymers by intermolecular

electrostatic interaction. Polyelectrolytes are restricted

to

those water soluble and

biocompatible polymers for safety purposes. Considering these characteristics the only
natural polycationic polysaccharide that satisfies these needs is chitosan (Cui Z.R. and
Mumper R.J, 2001).

4. Self-assembly of hydrophobically modified polysaccharide:

This method involves grafting hydrophilic polymeric chains with hydrophobic segments
synthesizing amphiphilic copolymers, that upon contact with an aqueous environment

they spontaneously form micelles or micelle like aggregates. This phenomenon is due to
intra or intermolecular associations between hydrophobic moieties to minimize interfacial
free energy (Ouchi T. et al., 1998).

-,.

{rt\

|

The nanoparticle technology can be incorporated in a microemulsion that helps disperse

the nanoparticles and enhance their stability and absorption properties (Winsor P.A,
2008).

1.2.2 Microemulsions characteristics:

Microemulsions, one form of drug delivery systems, are thermodynamically stable and
optically isotropic transparent colloidal systems consisting of water, oil and amphiphiles
"surfactant usually in combination with a cosurfactanf'. When a sufficient amount of an
appropriate surfactant is added to solubilize water in oil completely single phase system
is.formed (Winsor P.A,

2008).

Single phase Microemulsions are currently of interest to

the pharmaceutical sciences as potential drug delivery vehicles due to their long term
stability, ease of penetration and considerable capacity for solubilization of a variety of
drug molecules (Lawrence M.J. and Rees G.D, 2000).

Moreover, microemulsions seem to be ideal liquid vehicle for drug delivery since they
provide many of the characteristics needed for the development of good drug delivery
system: Thermodynamic stability "long shelf

life"; Easy formation "zero

interfacial

tension and almost spontaneous formation"; Low viscosity with Newtonian behavior;
High surface area "high solubilization capacity"; Very small droplet size "small droplets
have better chance to adhere to membranes and to transport bioactive molecules in a
more controlled fashion (Kogan A. and Garti N, 2006).

The delivery rate of Microemulsions was found to be dependent on many factors that
should be taken in consideration in the pharmaceutical delivery systems among which
are: The type of the drug; The structure and ingredient of the

carrier; The character of the

membrane used (Kogan A. and Garti N, 2006).

After studying the fundamental characteristics of the microemulsions and their properties,
microemulsions were found as an effective vehicle of the solubilization of certain drugs

and as protecting medium for the entrapped drugs from degradation, hydrolysis and
oxidation. It also can provide prolonged release of the drug and prevent irritation despite
the toxicity of the drug(Alany R.G. e/ a1.,2001).

Also, microemulsions can be introduced into the body by the means of different routes of
administration which are: Orally; topically on the skin; nasally; an aerosol for direct entry
into the lungs (Kogan A. and Garti N, 2006).

All delivery

systems have advantages as well as disadvantages, microemulsions were

found to have some disadvantages, such as suffering from high surfactant concentrations
and in most from high alcohol, solvent and co-solvent contents, also high levels of non
active compounds are always ahaz.ard(Gasco M.R. e/ ol.,1997).

Among many vehicles that are used in the microemulsions, saturated and unsaturated

fatty acids can be used as effective penetration enhancers for a variety of drugs. It was
suggested that enhancers
enhancers

with a saturated alky chain Cro - Crz and a polar head,

and

with an unsaturated Crs alkyl chain as oleic acid appeared to be the optimal

ones. The structure of oleic acid is presented in figure 1.2

(August

B.J. et

al.,

1986).

Figure (1.2): The oleic acid chemical structure.

Nevertheless, oleic acid should be used carefully in oral preparations since its application

may cause changes in the morphology of the Langerhans cells that are located in the
superbasal layer of the epidermis and play a key role in the initiation and coordination

of

the T cell mediated immune response. Moreover, their depletion from the epidermis can
cause skin immunosuppression when applied topically

to the skin (Touitow E. et al.,

2002).

It is concluded that the incorporation of the drug into

a carrier system can be envisioned

to protect it against degradation in vitro as well as in vivo, In using such systems, the
release can be controlled and targeting can also be achieved.
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1.2.3 Methods of measuring nanoparticles:

Dynamic Light Scattering DLS also known as Photon Correlation Spectroscopy is one

of

the most popular methods used to determine the size of nanoparticles. Shining

a

monochromatic light beam, such as a laser, onto a solution with spherical particles in
Brownian motion causes a doppler shift when the light hits the moving particle, changing
the wavelength of the incoming light. This change is related to the size of the particle. It
is possible to compute the sphere size distribution and give a description of the particle's
motion in the medium(Sartor M, 2000).

There are many known techniques used to measure the size of the nanoparticle systems,
some examples are illustrated in figure (1.3) (Hong Qiang

o.1

1

10

NanomefeE

L,1997).

10

100

1000

Microne

Figure (1.3): Methods of measuring nanoparticle systems (Hong Qiang

L, t997).

1l

There are a number of related techniques that can be used to measure nanoparticles, such
as Atomic Force Microscopy

(AFM) and Scanning Tunneling Microscopy (STM), both

techniques require a well trained technicians to prepare the sample in a suitable manner

for scanning with a probe; such technique are only suitable for solid materials (Hong
Qiang L,1997).

Also among the methods used is the Electron Microscopy, which suffers from the same
disadvantages as the AFN{/STM techniques; however they both have the advantage

of

giving more information about the shape and surface structure of the particle when
compared to the DLS (Liu J, 2005).

Compared to the techniques used,

it was found that the DLS system have advantages of

small measurement times, typically in seconds or at most few minutes, with the sample
having been through the minimum of preparation. This minimal preparation ensures that

the sample is measured as

it

actually is where the preparation required for other

techniques can change the properties

of the particles, for example aggregates can be

created or destroyed, and the disadvantage of the DLS is that the instrument assumes that
the particles are spherical in shape (Liu J, 2005).

The DLS technique was used in the current research to determine the particle size of the
chitosan, butylated chitosan and the insulin- butylated chitosan complex both in aqueous
as

well as in the oilv vehicles.

l2

1.2.4 Polymers used

in nanotechnology:

Polymeric materials still provide the most important avenues for research, primarily
because

oftheir

ease ofprocessing and the

ability ofresearchers to readily control their

chemical and physical properties via molecular synthesis. Basically, two broad categories

of polymer systems, both known as "microspheres" because of their size and shape, have

been studied: reservoir devices and matrix devices. The former involves
encapsulation

the

of a pharmaceutical product within a polymer shell, whereas the latter

describes a system

in which a drug is physically entrapped within a polymer network

@usnaina A.A,2007).

The release of medications from either category of polymer device traditionally has been

diffirsion-controlled. Currently, however, modern research

is aimed at

biodegradable polymer systems. These drug deliverers degrade

investigating

into biologically

acceptable compounds, often through the process of hydrolysis, which subsequently leave

their incorporated medications behind. This erosion process occurs either in bulk
(wherein the matrix degrades uniformly) or at the polymer's surface (whereby release
rates are related to the polymer's surface area). The degradation process itself involves

the breakdown of polymers into lactic and glycolic acids. These acids are eventually
reduced by the Kreb's cycle to carbon dioxide and water, which the body can easily expel

(Vogelson C.T,2001).

l3

Early research into biodegradable systems focused on naturally occurring polymers
(collagen, cellulose, chitosan etc.) but has recently moved into the area
synthesis. Examples

of

of

chemical

such polymers include polyanhydrides, polyesters, polyacrylic

acids, poly (methyl methacrylates), and polyurethanes.

As a result of

extensive

experimentation with these materials, several key factors have emerged to help scientists
design more highly degradable polymers. Specifically, a fast-degrading matrix consists
a

of

hydrophilic, amorphous, low-molecular-weight polymer that contains heteroatoms (i.e.,

atoms other than carbon)

in its

backbone and

is grown either stepwise or

through

condensation reactions. Therefore, varying each of these factors allows researchers to
adjust the rate of matrix degradation and, subsequently, control the rate of drug delivery

(VogelSon C.T,2001).

In the case of chitosan, it can be applied in the nanoparticle technology by simply
adjusting the hydrophobicity/ hydrophilicity

of the chitosan

nanospheres could be obtained directly by this method(Jeong

chain, where stable

Y.I. et a1.,2006).

l4

1.3

Chitin and Chitosan Polvmers:

1.3.1

Chitin Chemistry, Characteristics and Abundance in Nature:

Chitin, the second most abundant polysaccharide in nature, is a long and unbranched
homopolymer which forms a major part

of the cell wall and exoskeleton of many

organisms upon which are crustaceans (shrimp, crap, lobster,

krill

and squid) and insects,

chitin is also found in the internal structure of many invertebrates such as fungi, annelids,
molluscus and coelentrates. Structurally, chitin is a poly N-acetyl-2-amino-2-deoxy-Dglycopyranose linked by (1-a) p bonds (Chandy T. and Sharma C.P., 1990). This linkage
provides three dimensional c helical configuration the most abundant configuration that
is stabilized by hydrogen bonding (Kas H.S, 1997).

Chitin being widely distributed in nature among several sources, it consists 15 to 20 %o of
the dry weight of the exoskeleton of crustaceans (Kurita K,2006). Also it was found that

the type of chitin present and the structure from where
different species as in table

(l.l)

it was extracted differ among

(Jeuniaux C, l97I).

Chitin is present in nature as protein complex and it has to be purified from proteins to
get the chitin alone (Jeuniaux C,

l97l).
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Chitin
Organisms

Structure
ToOrganic Fraction

Crystal Type

Algea

Cell wall

?

pelomyxa

Cyst wall

+

Allogromia

Shell

+

Anthozoa

Skeleton

+

Scyphozoe

Podocyst

+

Chlorophyceae
Protozoa

Cnidaria

Aschelminthes
Egg envelop
14.6

Rotifera

(inner membrane)

Nematoda

Egg capsule
16.6

(middle membrane)

Annelida

p

Chaetae

20-38

Jaws

0.28

Crustacea

Calcified cuticle

s8-85

o

Insecta

Hardened cuticle

20-60

o

Arachnida

Unhardened cuticle

20-60

o

Polychaeta

Arthropoda

Table (1.1): Organisms containing chitin and the type and structure were the chitin is present

l6

Moreover, chitin characteristics were studied thoroughly through the years, it was found
that it is a highly hydrophobic material, insoluble in most organic solvents, where as its
aqueous solubility can be enhanced by deacetylation (Krisfrnundsdottir T. et

al., 1995).

Also chitin was known to have three naturally occurring polymorphs, which are o, F and
y-chitin, these three forms differ in their characteristics. o-chitin was found to be much
stiffer, more birefringent and gives sharp X-ray diffraction pattern, B-chitin is more easily
dissolved and deacetylated, while as the y-chitin remains the least well characterized
(Carlstrom D,2009).

1.3.2 Chitosan polymer chemistry:

The principal derivative of the chitin is namely the chitosan [(14)-2-amino-2-deoxy-D-

glucanl, a unique polysaccharide and hydrophilic polymer, which is usually obtained by
alkaline deacetylatio n (Zhang H.L. et al., 2009).

Chitosan identification can be done by various techniques such as Infra Red, NMR and
DSC to determine the chitosan skeleton and chemical structure (ZhangH.L. et a1.,2009).

The

full synthesis of chitosan from its natural sources is presented in figure L4.

t7

Shellfish wastes from food processing (shrimp, crab,
squid,lobster,)

I

I

I
-/
\

solution (3 %to 5 %HCL w/v
room temperature)

\-

at
-/

I
I

t
Deproteination in dil. Aqueous NaOH
solution (3%to 5 %owlv NaOH, 80o C
to 900o C for a few hrs. or room
temperature overnight)

I Decolarization in 0.5 %KmnO4 aqueous
agueous or sunshine
I

and oxalic

acid

I

I

I
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Chitin

Deacetylation in hot concentation
NaOH solution (40%to S0%owlv
NaOH, at 90" C to l20o C for 4 to 5 hrs.)

Chitosan

Figure (1.4): The full Spthesis of chitosan from

ir

natural sources.

The crude chitosan is firtherdissolved in aqueous 2o/ow/v acetic acid. Thenthe insoluble

material is removed gving clear zupernatant solution, which is nzutr:alized with NaOH

solution rezulting

in a purified

sample

of

chitosan as

a white precipitale.

Further

l9

purification may be necessary to prepare medical and pharmaceutical grade chitosan
(Kurita K, 2006).

1.3.3 Chitosan preparation:

There are three methods used to prepare the chitosan from chitin, which are

(Li Q. et al.,

1e97):

l. Chemical Treatment:
Chemical method is used extensively in the chitosan preparation due to their low cost and
mass production, but few drawbacks have been seen through the use of this method such

as low product yields and chemical modifications of the glucose ring. The most used
among this method is the alkaline deacetylation as presented in figure (1.4).

2. Enzymatic Treatment:

Enzymatic method involves the hydrolysis of chitin by chitinase followed by subsequent
analysis of the released N-acetyl glucosamine to achieve the chitosan. The advantages

this method are the selective degradation of chitin in the

presence

of

of

other

polysaccharides as well as minimize alterations in the chemical nature of the reaction
products; few acceptable enzymatic methods have been applied.

3. Ultrasonic wave use:

This method was found to decrease the time needed for both chemical and enzymatic
treatment as well as an increase in its efficiencv.
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1.3.4 Chitosan characteristics:

Chitosan and its derivatives are known to have special set

of interesting properties:

nontoxic, biocompatibility, controllable biodegradability and non antigenicity (Carmen

R.L. and Roland B.J, 1997). Also chitosan has been shown to

have

antibacterial/antimicrobial properties, were low molecular weight chitosans "average
molecular weight 5-20 kDa" have been shown to possess superior biological activities to

their parent chitosans (No H.K. et al., 2002).

All

chemical and biological properties

of

chitosan are illustrated in table (1.2) (Carmen R.L. and Roland B.J, 1997).

Chemical properties of chitosan

Biological properties of chitosan

Cationic polyamine

Biocompatibility

High charge density at pHs < 6.5

Natural polymer

Adheres to negatively charged surfaces

Safe and non-toxic

Forms gels with polyanions

Haemostatic

High molecular weight linear

Biodegradable to normal body

polyelectrolyte

constituents

Viscosity, high to low

B

Chelates certain transitional metals

acteriostatic / Fun gistatic

Spermicidal

Amiable to chemical modification

Anticancerogen

Reactive amino/hydroxyl groups

Anticholestermic

Tabte (1.2): Chemical and Biological hoperties of chitosan
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1.3.5 Chitosan derivatives:

Many chitosan derivatives have been synthesized upon the last few years such
Inorganic esters and related derivatives: Nitrates,

as:

All nitrates produced were found to be

soluble in methanesulphonic acid but none of which was soluble neither in acetone nor in
ether ethanol mixtures. Phosphates, aqueous solutions of chitosan phosphate showed the

viscosity behavior typical to polyelectrolytes. Sulphates, Chitosan Sulphates are water
soluble for low molecular weight chitosan, as the molecular weight of chitosan increase
the solubility decrease; organic amides, esters and related derivatives; Ethers and N-alkyl
and N-aryl derivatives; and

Schiffs base derivatives @oberts G.A.F, 1992).

The butyric anhydride (CH3CHzCHzCO)zO was reacted with low molecular weight
chitosan in an alkaline media to obtain the butylated chitosan, as presented in figure 1.5.
The butvlated chitosan is another chitosan derivative.

Over the last few years different chitosan derivatives were prepared and studied
extensively. In this study low molecular weight butylated chitosan have been prepared
and studied. The butylation process resulted in extensive characteristics changes in the
chitosan, these characteristics were used to enhance the oral bioavailability of insulin.
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1.3.6 Chitosan characterization:

The characterization of chitosan includes many aspects among which are:

l.

Degree of N-acetylation:

An important parameter for the characterization of chitosan is the determination of the
degree

of N-acetylation, which is the ratio of 2-acetamido-2-deoxy-D-glucose to 2-

amino-2-deoxy-D-glucopyranose structural units. This ratio has a striking effect on the

solubility of chitosan (Kaplan D.L, 1998).

The distribution of the N-acetyl groups in this polymer is also of interest and is expected

to affect the properties of chitosan, depending on a blocky or random distribution of the
groups (Kaplan D.L, 1998).

Chitosan with lower degree
because

of

deacetylation have lower hydrogen bonding density

of the lower number of amino groups in the polymer chains. The hydrogen

bonding is due to the presence of amine and hydroxyl groups causes the high viscosity

of

Chitosan solutions, the hydrogen bonding between the chitosan molecules in an aqueous
media is illustrated in figure 1.6 (Chang S.J. et al., 2006).
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HrO medium
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Figure (1.5): Inter and Intramolecular hydrogen bonding of chitosan in aqueous media.

2. Molecular weight:

This is an important parameter to both the characteristics and the utility of natural and
synthetic polymers, molecular weight of chitosan is determined using the Mark-Houwink
equation (Hadson S.M. and Smith C, 1998).

Moreover,

it

is of interest to degrade chitosan into different molecular weight under

appropriate conditions and then compare the relationship between biological activity and

molecular weight; several studies have suggested that the molecular weight of chitosan is

It

was reported that the molecular

to

increase membrane permeability

a determining factor for its molecular properties.
weight affects the ability

of soluble

chitosan

(SchipperN.G.M. et al., 1996).
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3. Solution Properties:

The solution properties of chitosan have been extensively studied, it was found that if the
deacetylation of the amino goup is 70-100%, the polymer

will be water soluble in the

acid salt form. The average value of DA affects the water solubility mostly by the
hydrophilic properties

of the amine group. Most

generally

it is represented by the

equilibrium between the free amine and its ammonium salt form. This equilibrium is
directly dependent on the pKa (Hwang K.T. et a1.,2000).

When considering the analysis of chitin and chitosan it must be remembered that there is

no definitive standard material for either polymer. Thus in many instances analysis is
carried out in order to characterize the material rather than to determine whether or not it
conforms to a definite structure.

1.3.7 Chitosan pharmaceutical applications:

Chitosan has been an attractive polymer for the development of conventional and novel
pharmaceutical products due to its chemical and biological properties. It have been found

to

serve a number

of purposes, including coating agent, gel former, controlled

release

matrix, in addition to desirable properties as mucoadhesion and permeation enhancement
to improve oral bioavailability of drugs (Robinson J.R, 1990).

In

pharmaceutical formulation chitosan had wide applicability among which are:

Ophthalmic drug delivery, buccal drug delivery system, periodontal drug delivery,
gastrointestinal drug delivery, peroral drug delivery, intestinal drug delivery, colon drug
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delivery, transdermal drug delivery, vaginal drug delivery, gene delivery and vaccine
delivery (Kritmundsdottir T. et al.,1995).

Lanso M.J and sanchez A, studied the chitosan in ophthalmic dug delivery. They stated

that due to the favorable biological behavior "bioadhesion, permeability enhancing
properties" and interesting physico-chemical characteristics of chitosan it can be used in
the ophthalmic drug delivery system. The hydrogels chitosan offered better acceptability

with respect to solid or semisolid formulations due to their elastic properties. Further it
was stated that ophthalmic chitosan gels improve adhesion to mucin which coats the
conjunctiva and the comea surface of the eye. This caused increase in residence time and
slowed down drug elimination by the lachrymal flow (Lanso M.J and Sanchez A,2003).

Due to the chitosan exibiting good mucoadhesive and absorption enhancement properties,

Giunchedi P., et al, studied the use of chitosan to deliver drugs through the buccal route.
Chitosan microspheres were loaded with chlorohexidine diacetate, this was found to

prolong the drug release as well as improve the antimicrobial activity

of the

drug

(Giunchedi P. et s1.,2002).

Moreover, Senel S., et al, considered chitosan to be a good candidate for oral cavity drug

delivery. The antibacterial activity of chitosan was found to be due to the electorstatic
interactions of the amine groups of chitosan with the anionic sites on bacterial cell wall

that is composed of phospholipids and carboxylic acid residues. Also it was stated that
the chitosan was found to be a biological safe polymer that prolongs the adhesion of oral
gels and the drug release from them (Senel S. et a1,,2000).
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It was found by Turker

S et

al, that the chitosan microspheres, liposomes and gels have

good bioadhesive characteristics and swell easily when getting in contact with the nasal
mucosa; these characteristics have been used in the developing drugs for the nasal drug

delivery (Turker S. et a1.,2004).

Patel J.K et

al,

suggested that chitosan granules and chitosan laminated preparations

could be helpful in the development of drugs delivery system that

will

be able to reduce

the effect of gastrointestinal transit time. This effect was found to be due to the chitosan
granules having cavities prepared by deacidification. When added to acidic (pH 1.2) and

neutral (deionized distelled water) media, these granules become bouyant and provides a

controlled release pattern. One of the candidate drugs is the prednisolone @atel J.K. et
a1.,2004).

Another researcher Aksungar P et al, found that chitosan is an excellent candidate for the
treatment of the oral mucositis. Its bioadhesive and antimicrobial properties offer the

palliative effects of an occlusive dressing and the potential for delivering the drugs,
among these drugs candidal agents were suggested (Aksungar P. et a1.,2004).

A formulation that could be by pass the acidity of the stomach and release the loaded
drug for long periods in the intestine have been the seek of researchers for many years.
Ramdas

M et al, applied the bioadhesive characteristics of polyacrylic acid, alginate and

chitosan to prepare sustained intestinal delivery

of drugs, such as 5-fluorouracil,

the

chioce for colon carcinomas, and insulin to treat diabetes mellitus as an alternative to
injection therapy (Ramdas M. et al., 1999).
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As for the colon specific drug delivery, Aiedeh K and Taha M.O found out that chitosan
is degraded by the microflora that are available in the colon. This will result in oral drug
formulation that provides sustained release of drugs (Aiedeh K. et al., 1999).

In the transdermal drug delivery, Yan X et al, stated that chitosan has good film forming
properties. Where chitosan alignate polyelectrolyte complex PEC has been prepared as

microsphere

for potential applications in packaging, controlled release and wound

dressings. Also

it was stated that the drug release from the microspheres depends on the

membrane thikness as well as the cross linking of the film (Yan X. et a1.,2000).

Other researchers studied the effect of chitosan application in vaginal drug delivery. El

Kamel

A et al, stated that the chitosan

vaginal tablets containing metronidazole,

acriflavine and other excipients give adequate release to the chitosan characteristics @lKamel A. et a1.,2002).

Where as Leong K.W e/ a/, explained that the chitosan could be a useful oral gene carrier
due

to its adhesive and transport properties in the GI tract. This characteristic has been

used as a carrier of

DNA for gene delivery applications (Leong K.W. el al., 1998).

As for the vaccine delivery, Jameela S.R el a/, found that chitosan microsphers loaded

with bovine serum albumin and diphtheria toxoid gave good tissue compatability

and

long lasting delivery in wister rats (Jameela S.R. et al., 1994).
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1.4 Diabetes

Mellitus:

Diabetes mellitus represents a group of diseases of heterogeneous etiology, characterized

by chronic hyperglycemia and other metabolic abnormalities, which are due to deficiency

of insulin effect. After a long duration of metabolic derangement, specific complications

of diabetes (retinopathy, nephropathy, and neuropathy) may occur. Arteriosclerosis is
also accelerated. Depending on the severity of the metabolic abnormality, diabetes may

be asymptomatic, or may be associated with symptoms such as thirst, polyuria, and
weight loss, or may progress to ketoacidosis and coma(Tierney L.M,2002).

The etiological classification of diabetes and related disorders of glycemia include, type

l;

type 2; those due to specific mechanisms and diseases; and gestational diabetes

mellitus. Type

I

is characterized by destructive lesions of pancreatic p cells either by an

autoimmune mechanism or of unknown cause. Type 2 is characterizedby combinations

of decreased insulin secretion and decreased insulin sensitivity (insulin resistance). Type
3 includes two subgroups; subgroup A is diabetes in which specific mutations have been
identified as a cause of genetic susceptibility, while subgroup B is diabetes associated

with other pathologic conditions or diseases. The last goup is associated with pregnancy
and may return back to normal after delivery. The staging of glucose metabolism includes

normal, borderline and diabetic stages. The diabetic stage is further classified into three
substages; non-insulin requiring, insulin-requiring
dependent

for glycemic control, and insulin-

(ID) for survival. In each individual, these stages may vary according to the

deterioration or the improvement

of the metabolic

state, either spontaneously or by

treatment (Kuzuya T. et a1.,2001).

29

l.5Insulin and its Route of Administration:
Insulin is a hormone that has profound effects on metabolism, and produced in the
pancrease

within the beta cells of the islets of langerhans. In beta cells the insulin is

synthesized from proinsulin precursor molecule by the action of proteolytic enzymes
(Chang X. et al., 1997).

tr'igure (1.6): Computer-generated image of six insulin molecules assembled in a hexamer.

The insulin hexamer attach the polysaccharide molecules to cleave it into simple sugars
possible to store in the body for later use when the blood sugar levels are low (Chang X.
et

al., 1997).

30

The primary route of administering insulin has been by transdermal injection for many
years. The injection techniques have changed through the last few years where the insulin

pump and insulin pens were developed (Hanaire Broutin H. et ol., 1992). Over the last

few years other routes for insulin delivery was investigated such as the nasal route, the
high surface area of the mucosa of the nasal cavity cause a large amount of insulin to
reach the systemic circulation

(Pillio D.J. et al., 2002).

Among all alternative routes of administration of insulin, the oral route offers maximum
advantage in terms of patient compliance. However, there are several limitations

route; these include low oral bioavailability due
inactivation and digestion

by

to

proteolytic enzymes

degradation

of oral

in the stomach,

in the luminal

cavity, poor

permeability across intestinal epithelium because of its high molecular weight and lack

of

lipophilicity (Jain D. et al., 2005).

It was found that insulin is better

absorbed from ileum and large intestine compared to

jejunum. Thus a polymer that would release the drug at pH > 7 appears to be suitable for

oral insulin delivery. When used to entrap insulin in microspheres,

it is expected to

protect insulin from degradation by gastric juice (Jain D. et a1.,2005).

Researchers have now developed a method

of oral insulin delivery that eliminates

the

breakdown of insulin by the GIT, allowing for the transport of insulin to the bloodstream.

This was accomplished by binding an insulin peptide to vitamin B-12, which acts as a
carrier for the insulin and protects

it

as

it is transported through the GIT.

Because the

insulin peptide is still intact as it inters the blood stream, it can be carried throughout the
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body as the vitamin B-12 is, as the vitamin B-12 hides the insulin and carries it across the

GIT walls. Mammals have an active transport mechanism in their GIT for the absorption
and uptake of the relatively large vitamin B-12. Because of this, the length of this linkage

is optimized so that the biological activity of both the vitamin B-12 and the biologically
active substance (insulin) is maintained @oley R. et aL.,2003).

1.6

Aim and Scope:

In this study, the possibility of delivering insulin by oral route and its absorption the
enhancement using the nanotechnology was studied,

this was established by using

a

polymer carrier to deliver insulin and protect it from degradation by various enzymatic
activities and the acidity of the stomach.

Butylated chitosan was prepared and characterized; the most extensive characteristic was
the surface activity of the butylated chitosan that was studied to see the effect of micellar

activity on protecting the insulin and enhancing its bioavailability. Moreover, the
butylated chitosan was prepared with two degrees of butylation and the differences and

applications

of the two butylated chitosan

molecules were studied. The butylated

chitosan that exhibited the most favorable characteristics were used
bioavai

to test the

labilitv of insulirr.

To achieve this, low molecular weight chitosans were used to deliver insulin to blood
stream, such delivery system was compared with butylated chitosan of selected molecular

weight. The low molecular weight chitosan was the natural polymer used as a carrier in
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this snrdy. The insulin was either solubilized in the micelle formed by the butylated
chitosan or by incorporation in the polymer structure.

The effect of molecular weight and the particle size of the butylated chitosan on the
insulin absorption were tested systematically.
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Chapter Two

Materials and Methods
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2. Materials and Methods:
2.1Materials
The high molecular weight (HMW) chitosan *MW 250kDa" DDA% :93%o, batch No.

04041l" was obtained from Hong Ju chemical company Ltd, China. Hydrochloric acid
(HCl), sodium hydroxide (NaOH) and butyric anhydride ((CHgCHzCH2CO)2O) were
purchased from Actos Organics, USA. Oleic acid (CH3(CH2)zCH:CH(CH2)7COOH) was

obtained from Merck, Germany. Recombinant human insulin "Batch No. B-0710782D1

00099" was obtained from Biocon limited, India. Streptoztocin (STZ) purchased from
Calbiochem, Germany. Water was double distilled and deionized.

2.2Instruments

The prepared chitosan was centrifuged using a Sorvall Super Speed RC2-B Centrifuge

"Ivan Sorvall- Inc, Norwalk-CT, USA". The prepared batches were dried using

a

Hetopower dry PL 9000 Freeze dryer "Thermo Fisher ScientificJnc, Waltham-MA,

USA". UV spectrophotometer "Beckman Coulter Spectrophotometer, DU 640i, USA"
was used to measure the UV absorbance. Viscosity measurement performed using a Sine-

Wave Vibro- Viscometer "Vibro-Viscometer SV-10/SVI00,

A&D Company, Japan".

Particle size measurements performed using a Malvern Zetasizer nanoparticles analyzer

with 633nm red laser light "Model number ZEN 3600, Malvern nano series, Malvern,

UK". Surface Tension measurement was performed using Fisher Surface Tensiometer
(Fisher Semiautomatic Model

2l

Tensiometer, USA). NMR was done using Bruker

Avance Ultrasheild 300 MHz spectrometer "Switzerland". DSC measurements were
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carried out using differential scanning calorimeter DSC-50 Shimadzu (Japan). The
thermal analyzer is equipped with ver 4.0 Microsoft 95

2.3 Preparation of Different Low Molecular Weight Chitosan

High molecular weight (FilvIW) chitosan (l0gns) were weighed and dissolved gradually

while stining with a magnetic stirrer in 830 ml of 0.1 M HCI "Prepared by adding 8.30

ml of the stock solution HCI to

lL distilled water". The solution was transferred to a

volumetric flask and l70ml of concentrated HCI was added to the diluted acid chitosan
solution. Afterwards, the solution was boiled under reflux with constant atmospheric
pressure for different time intervals. Two batches of each polymerization time were made
as present in table (2.1):

Batch No.

Polymerization Time (hrs)

AandB
CandD

3.5

EandF
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Table (2.1): Polymerization time of each batch of the prepared chitosan

After boiling, the chitosan was transferred to a beaker containing 2L of

96%o

vlv ethanol

with stirring in order to wash of all the excess HCl. The solution was left in contact with
ethanol for 24hrs before being separated. This washing procedure was repeated several
times until the separated ethanol was clear with no yellow residue.
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Each batch was centrifuged separately using Sorvall Super Speed RC2-B centrifuge and

the low molecular weight (LMW) chitosan obtained was transferred to a
containing 300m1

96%o

beaker

vlv ethanol. The beakers were covered well with aluminum foil to

avoid degradation of the chitosan by light.

Afterwards, the batches were spread as thin films in Petri dishes and dried using freeze
dryer "Hetopower dry PL 9000 freeze dryer". The dry films were crushed into fine power
and stored in

tightly closed vials.

2.4 Preparation of Butylated Chitosan

2.4.l Addition of butyric anhydride 1:1 one step reaction
Five gms of "1.3, 13, and 30kDa" LMW chitosan were weighed and dissolved in 70 ml
distilled water until clear solution is obtained, then the pH was raised to the vicinity of
6.25 using 6M NaOH while the solution remained clear. In this way, we ensure that 50:50

ratio of the protonated and the non protonated sites were reached.

Five ml of butyric anhydride were added drop-wise to the solution while stirring then left

to react for 24hrs under efficient stirring. Afterwards, the solution was transferred to
dialysis tubes to wash all the excess sodium butyric acid salt. The dialysis tubes were left
in a beaker full of water for 24hrs to ensure that efficient washing has been obtained.
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The washed butylated chitosan was transferred to Petri dishes and dried in an oven at
40"C. The dry films were crushed to powder in order to enhance the solubility.

2.4.2 Addition of butyric anhydride 1:2 two step reaction

The same procedure followed in the

l:l

one step reaction was done while adding the

butyric anhydride in two steps. After the first addition of butyric anhydride it was left
under stining for 3hrs, then the pH of the solution was raised one more time to the

vicinity of 6.25 using 6M NaOH while maintaining the solution clear and then the second
portion of the butyric anhydride was added. The reaction is then left for 24hrs to react.
The same washing and drying procedures was followed.

The reaction was according to the following equation:

cH2oH

(cH3cH2cH2co)2o NaoH

-

FO

ffnYJnFo+
NH
I

O=C-CHz-CHz -CHt

butyric anhydride

butylated chitosan
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2.5 Characterization of the Prepared Chitosan and Butylated Chitosan

The characterizztion of the prepared LMW chitosan and Butylated chitosan was done by
the following methods:

2.5.1 Molecular Weight Determination of Chitosan

In

order

to control the molecular weight of the prepared chitosan

concentration

oligomers the

of the hydrochloric acid and the chitosan solutions were kept constant.

Therefore, the only variable in the preparation was the depolymerization reaction time.

For investigating the effect of the reaction time on the molecular weight, the reaction was
stopped at different time intervals as follows

weights

"1, 3.5 and 24hrs". The average molecular

of chitosan oligomers were determined by

"Sine-wave Vibro-viscometer,

measuring their viscosities using

A&D Company, Japan" and calculating the

molecular

weight using Mark- Houwink equation:

lrtl

: klt"

(1)

Where [ql is the intrinsic viscosity, M is the viscosity average molecular weight, k and a
are constants obtained from previous study (Kasaai M.R, 2007).
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The viscosity of the solvent and samples were measured at25"C, and in order to validate

the molecular weight determination method, the molecular weight of each oligomer was

measured

in triplicate. The average of the three measurements was

used

in

the

calculations.

2.5.2

IH-NMR Characterization

tH-NIvm.

spectra were recorded using Bruker Avance Ultrasheild 300

MHz spectrometer

"switzerland". The different molecular weight chitosan and butylated chitosan was
dissolved in 5mm diametertubes with deutrated water (DzO) at70"C.

2.5.3 Differential Scanning Calorimetry (DSC)

DSC measurements were carried out using differential scanning calorimeter DSC-50
Shimadzu (Japan). The thermal analyzer is equipped with ver 4.0 Microsoft 95. The
samples

to be analyzed (10

-

15 mg) were placed in an aluminum pan. An empty

aluminum pan was used as a reference. The runs were performed by heating the samples

from 25 up to 350oC ata rate

of l5'C/ min

under nitrogen purge (50

-

100 ml/min).

Indium metal (99.99%o)has been used to calibration.
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2.5.4

Ultra Violet (U.V) Characterization

The degree of deacetylation of chitosan was determined using U.V spectrophotometer
"Beckman Coulter spectrophotometer, DU 640i, USA" and according to the British
pharmacopeia method. Four reference samples

of N-acetyl-D-Glucosamine with the

following concentrations "35pg/ml, l5pg/ml, 5pglml and lpg/ml" were prepared. Test
samples were prepared by dissolving 250 mg of each molecular weight chitosan "1.3, 13

and 30kDa" in 50ml distilled water,

lml of the solution was diluted in l00ml distilled

water. The pH of the test and reference samples was measured before measuring the
samples.

The same method was tried on the butylated chitosan to check

if it is possible to

determine the degree of butylation obtained for each molecular weight butylated chitosan.

2.5.5 Dynamic

Light Scattering Particle Size Determination:

Each molecular weight

of the butylated chitosan

was prepared

in the highest

concentration that can be dissolved completely in distilled water, and then serial dilutions
were done. The particle size of each concentration was measured using Malver Zetasizer
nanoparticles analyzer "model number ZEN 3600, Malvem nano series, Malvern, UK".
Each concentration was measured

in

10 replicates to exclude environmental factors.
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2.5.6 Surface Tension Measurement

Surface Tension measurement was performed using Fisher Surface Tensiometer (Fisher
Semiautomatic Model

2l

Tensiometer, USA), where distilled water was used as a

reference. Same concentrations used during the Dynamic Light Scattering DLS particle

size determination were prepared and the surface tension

of

each concentration was

measured in triplicates. The average of each measurement was used for the determination

of the surface activity of the butylated chitosan and to determine the critical micellar
concentration CMC.

2.5.7 Solubility Determination

of the Different Molecular Weight Butylated

Chitosan 1:2 Two Step reaction

The different molecular weight butylated chitosan prepared by the 1:2 two step reactions
were tested to determine their solubilitv in water and oleic acid.

A

sample

of each molecular weight was prepared by dissolving lmg in "50, 100, 250,

500 and l000ml" distilled water and left in a sonicator for lhr. The same amount was
dissolved

in l00ml oleic acid and left in a sonicator for lhr to

ensure efficient stirring

was obtained.

Both the oil and the water samples were centrifuged and the residue was dried and
weighed to determine the amount that dissolved.
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2.6 Particle Size Determination

in Oleic Acid

Oleic acid used should be heated at 50"C for one hour, and left to cool to room
temperature unassisted to ensure that all aggregates were broken.

2.6.1

Prticle

Size Determination

of Different Molecular Weight Chitosan and

Butylated Chitosan "13,30kl)a" Loaded in Oleic Acid
Oleic acid (2gms) was weighed in test tubes. The chitosan and the butylated chitosan 13

and 30kDa were prepared in a concentration
adjusted to the vicinity

of 8mg/ml and the pH of the solution

of 7 using 0.2 M NaOH. Each oleic acid tube was loaded with

a

different volume of the 8mg/ml w/v solution as follows "20pl,50pl, l00pl, 150p1 and
200p1". After spiking each test tube with the intended volume it was vortexed and then

the particle size of each sample was measured using Malvem Zetasizer nanoparticles
analyzer "model number ZEN 3600, Malvern nano series, Malvern,
was measured as

l0 replicates

UK". Each sample

and the average was used.

2.6.2 Particle Size Determination of Butylated Chitosan 13 and 30 kDa Complexed

with Insulin and Loaded in Oleic Acid
The butylated chitosan 13 and 30kDa were prepared in a concentration of 8mg/ml w/v;

insulin solution was prepared in the same concentration in 0.lM HCl. The pH of both
solutions was adjusted to 7 while the solutions were still clear.
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The insulin solution was added drop-wise to the butylated solution with gentle stirring.
The obtained complex was loaded in oleic acid with the following volumes "20p1, 50p1,

l00pl, l50pl and 200p1". lmmediate votrexing after spiking each test tube with the
intended volume was done. The particle size of the prepared samples was measured using

Malvern Zetxizpr nanoparticles analyzer "model number ZEN 3600, Malvern nano
series, Malvem,

UK". Each sample was

measured as

l0

replicates and an average was

used.

2.7ln Vivo Pharmacodynamic activity of oral butylated chitosan insulin
preparations:

2.7.1Animals:

Adult male Sprague Dawley (S.D) rats with an avarage weight of 220

* 20 gm were

purchased from Yarmouk University (Irbid, Jordan) and accomedated at Petra University

Animal House Unit under standard temperature, humidity and photoperiod light cycles.

All

rats were acclimatized for

l0

days before experimenting day and received standard

chow and tap water three weeks prior to experiment.
accordance

All

experiments were carried out in

with the guidelines of the Federation of European Laboretory Animal

Sciences Association (FELASA). The study protocol was approved

by the Higher

Education Council at the Faculty of Pharmacy, Petra University (Amman, Jordan).
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2.7 .2

lniluction of Diabetes:

Diabetes was induced using intraperitonial injection of trvo doses of streptozotocin (STZ)

(80 mglkg body weight) over two days. The streptozotocin solution was prepared by
dissolving

it in normal

saline

just before using it. Diabetes was monitored using blood

glucose sugar meter (GlucoChec@, D Vision, Ltd, UK), blood samples were obtained

from the tail by puncturing the tip of the tail. Rats with basal blood glucose levels in the

vinicity of (200 mg/ml) were considered diabetic.

2.7 .3

Pharma cological Activity of Insu lin Loaded Form u la :

Pharmacological action of the freshly prepared oral insulin formula were tested on the

STZ diabetic rats as a test model. The animals were fasted for 24 hrs before the
experiments with free access to water. The duration of the experiment was 18 hrs starting

from the time of the formula administration and the animals remained fast from food with
free access to water during the first

l0 hrs, the last 8 hrs of the experiment the rats had

free access to both water and food.

60 rats were used, the diabetic rats were divided randomly into 6 groups and each group

with l0 STZ rats. Group

(l)

received the insulin butylated chitosan l3kDa lolo aqueous

loading, group (2) received the insulin butylated chitosan 30 kDa lolo aqueous loading,
group (3) received the insulin butylated chitosan 13 kDa 2.4Yo aqueous loading, group (4)
received the insulin butylated chitosan 30 kDa 4.8Yo aqueous loading, group (5) received
a subcataneous

insulin and group (6) received the placebo.
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As the

%o

aqueous load corresponds to the particle size, the lolo aqueous addition in the

butylated chitosan 13 kDa was measured to possess I l2nm particle size. While as in the

butylated chitosan 30 kDa,

it

to l48nm particle size. To obtain the

corresponded

particle size in the region of 300nm different

o/o aqueous

same

loading were added. In the

butylated chitosan 13 kDa the%o aqueous loaded was2.4o/o and it correspond to 3l7nm,

while as the butylated chitosan 30 kDa the
coressponding to this loading was 31lnm.

insulin using oral gavage needle. Whereas
under the scalf of the neck with

%o

aqueous was 4.8%o and the particle size

All oral

in

groups received a dose

of l0 IU&g

group 5, rats were injected subcutaneously

I IU/kg insulin. The placebo was prepared

process as the oral formulas but without the addition

in the same

of insulin and it was given orally

using an oral gavage needle.

The blood sampling was done through the experiment at specific time intervals

3,4,5,6, 8, 10, 12, 18 hrs" and the blood glucose level

" 0, 1,2,

time profiles were constructed

after dose administration using blood glucose level at zero time interval as a base line to
glucose level to later blood samples. The changes in blood glucose level was monitored
through measuring the glucose concentration in a blood sample taken from the tail of the
rat using blood glucose meter "GlucoChec@, D Vision, Ltd, UK".

2.7.4 Statistical Analysis:

Blood glucose level is presented as percentage of control. All the results are expressed as
means+SEM. Student t test was used occasionally to compare only between two groups.
One-way analysis of variance followed by the Tukey's post test was used to analyze the
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differences between groups and differences between time intervals amongst groups using

SPSS

l0

statistical package, USA.

A probability value <0.05 was considered

the

minimum level of statistical significance.
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Chapter Three
Results and Discussions
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3. Results and Discussion:
3.1 Molecular Weight Determination:

The molecular weight of chitosan was determined as a function of its viscosity using

Vibro viscometer (SV-10 A&D Company, Japan) and using Mark-Houwink Equation
mentioned in section 2.5.1.In the experiment the only variable was the depolymerization
time while as all other variables were constant throughout the experiment. The molecular
weights obtained are presented in table (3.1).

Depolymerization Time (hrs)

Molecular Weight (kDa)

I

30

3.5

l3

24

t.3

Table (3.1): Molecular weights obtained from different depolymerization times.

According to table (3.1), it shows that the relation between the depolymerization time and

the molecular weight is inversely proportional; where as the depolymerization time
increase, the molecular weight decrease.

In order to validate the molecular weight determination method, the molecular weight of
each oligomer was measured three

times. The differences between the three replicates

were less than lo/o which indicates that the viscosity method could be considered as an
accurate, repeatable and reproducible method

for the determination of the

average

molecular weight of chitosan oligomers. Such reproducibility may indicate that the used
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depolymerisation method

is yielding similar products allowing consistency

when

studying their physical properties.

3.2

IH-NMR Determination:

According to table (3.2) and figures (3.1-3.9) 'H-NIvm. measurements revealed the
differences between the chitosan and the butylated chitosan with different degrees

of

substitution. Through the obtained spectrums, the degree of substitution was calculated.
These calculations gave an indication about the changes in the structure between the two
degrees

of substituted butylated chitosan. The amount of chitosan used and the purity of

the sample did not affect the accuracy of the method because the impurities peaks and the
chitosan peaks did not overlap (lavertu M. et a1.,2003a).

Equation

(l)

was found to be the most accurate for calculating the degree of substitution

were all the peaks on the equation can be included in the calculation.

The degree of substitution in

(l:l)

one step reaction was different for each of the three

molecular weights, were the butylated chitosan l3kDa gave the highest substitution.
Although the same conditions were followed throughout the reaction with the butyric
anhydride, these slight differences were due to the conformational changes between the
different molecular weights chitosan "1.3,13, and 30kDa".

Nevertheless, based on the degree
chitosan

of substitution values calculated, the butylation of

(l:2) weight ratio two step reaction resulted in 100% butylation

as calculated
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from equation

(l)

hindering all the H's in the chitosan and resulting in a new chemical

entity. Same results were observed for the three molecular weights chitosan.

Comparing the intensity of the CHz and CH3 peaks of the butyric anhydride in the (l:2)

two step reaction to that of the (l:l) one step reaction resulted in 3-15 folds difference
accompanied by the disappearance

of all the H's peak, this gives an indication that the

butyric anhydride reacted not only with the NHz but also with other sites in the molecule
forming a different molecule with different characteristics to that obtained by the

(l:l)

one step reaction.

One step reaction

(l:l)

weight ratio of butyric anhydride and different molecular weight

chitosan gave different degrees

of substitution, the affinity of the reaction differ with

different molecular weights. This difference can be due to the different conformations

of

the chitosan in the solution state. Where the butylated chitosan 1.3 kDa structures is not
as coiled as the butylated chitosan 30 kDa

this indicates that the molecule will be more

open to interact with the butyric anhydride. This phenomenon could explain the different

affrnity to react with butyric anhydride as molecular weights change.

The maximum degree of substitution was obtained with the chitosan l3kDa (25o/o), this
indicates it has the highest affinity to react with butyric anhydride.

The degree of substitution was calculated using the following equations:

5l

chitosan 13kDa
H1D

HAc

1

1

1

1

1

1

fl:1)

H26
8.6
8.6
8.6

1

DDA %

DS%

1

75

25

76.74r''19
78.74016

23.25581

0.27

2
3

H1A

EQUATION

DDA %

DS%

1

u.74576

15.2il24

2
3

83.66112

16.33888

80

20

EOUATION

DDA %
87.2093
85.78352

DS%

80

20

H1A
0.27
0.27

EQUATION

21.259U

chitosan 1.3kDa (1:1
H1D
1
1

1

H1D
1
1
1

H1D
0
0
0

HAc
0.54
0.54
0.54

H26
6.61
6.61
6.61
chitosan 30 kDa (1:7

0.25
0.25
0.25

H26
H1A
6.19
0.25
0.25
6.19
6.19
0.25
chitosan 13kDa (1:2) 2
HAc
0.44
0.44
0.44

HAc
12.16
12.16
12.16

H26
1
1
1

H1A
0
0
0

1

2
3

12.7907
14.21648

EQUATION

DDA %

DS%

1

0

100

2

-2332

2432

3

N/B

N/B

EQUATION

DDA %

DS%

chitosan 1.3kDa (1:2) 2
H1D

HAc

H26

0

1.49
1.49
1.49

1

0
0

1
1

H1A
0
0
0

1

0

100

2

-1

98
N/B

298
N/B

EQUATION

DDA %

DS%

1

0

2
3

-86

100
186

N/B

N'B

3

2
H1D
0
0
0

HAc
0.93
0.93
0.93

H26
1
1
1

H1A
0
0
0

DS %: Degree of Substitution.
DDAo/o: Degree of Deacetylation.
N/B: non detectable.

Table (3.2): The degree of butylation of the different molecular weight chitosan and their
different degrees of butylation
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tr'igure (3.9): Butylated chitosan 30 kDa 1:2 two step addition NMR graph.
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3.3 Differential Scanning Calorimetry @SC) Determination :

According to figures (3.10 - 3.15), it shows that the different molecular weight chitosan

*1.3, 13 and 30kDa" have two endothermic peaks in the region 220-240
"C, these peaks
indicate the thermal decomposition of the chitosan, where the chitosan and its derivatives
do not melt but degrade at elevated temperature and have high affinity to water (Harish P.
et a1.,2002).

The endothermic peak in the vicinity

of 100"C of different molecular weight chitosan

was due to the liberation of water contained in the chitosan.

The peaks obtained for the butylated chitosan (l:1) one step reaction

"l.3,

13, and

30kDa" was seen in the region 200-220 oC. The endothermic depression peaks are due to
the decomposition of crystalline regions in the molecule.

The endothermic depression peaks appeared at a temperature that is proportional with the

molecular weight, where as the molecular weight increases the temperature at which the
endothermic depression occur increases.
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3.4 U.V Characterization for Determining the Degree of Deacetylation:

According to the British pharmacopeia200T, the degree of deacetylation of chitosan can
be determined by the U.V measurement. The same procedure was tried for the butylated
chitosan to determine the degree of butylation.

The results obtained are illustrated in table 3.3, and the calibration curve shown in figure

(3.16) which was obtained by measuring known concentrations of the reference N-acetylD-Glucosamine. The absorbance was measured at wavelength 202nm.

The results were obtained by calculating the degree of deacetylation by the following
equations:

DDAYo:100 x Mr x (C1-C2) / (MrxCr)

-

(Mr-Mr) xC2.............(2)

Where:

Cr: the concentration of chitosan hydrochloride in the test solution in micrograms per ml.

Cz: the concentration

of N-acetyl

glucosamine

in the test solution

(obtained from

calibration curve of the reference solutions) in micrograms per ml.

Mr: the relative molecular mass of N-acetyl glucosamine unit (C6H1NO5:203) in
polymer.
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M3: the relative molecular mass of chitosan hydrochloride which is calculated according
to the equations by knowing the pH of the solution and considering pKa value:6.8.

p: l0 (pH-pKa) .............(5)

M2: the relative molecular mass of deacetylated unit (glucosamine C6H11NOa:l6l)

This method is used to determine the degree of deacetylation of chitosan as stated in the

British Pharmacopeia but can't be used to determine the degree of butylation, where the
results obtained using this method were different from those obtained by the NMR
calculations

in the three different equations

mentioned

in

calculations are considered more accurate were the peaks

section 3.3. The NMR

of the

samples and the

impurities peaks do not overlap. The degree of butylation was calculated using the NMR
method. This method is only reliable for the determination of the degree of deacetylation
of the chitosan.
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sample lD
Butylated Cs
1.3kDa

Butylated Cs
13kDa

Butylated Gs
30kDa

%DB

sample lD

%DDA

53.338

Gs 1.3kDa

97.894304

71.717

Cs l3kDa

97.1 51 957

72.698

Gs 30kDa

97.653592

o/oDDA : Degree of Deacetylation.
o/oDB: Degree of Butylation

Cs: Chitosan.

Table (3.3): Comparison between the chitosan degree of deacetylation and the butylated chitosan
degree ofbutylation

y=438.61x-0.5654
R2

= 0.9991
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Figure (3.16): Calibration curve obtained by measuring known concentrations of the reference
N-acetyl-D-G I ucosamine.
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3.5 Dynamic

Light Scattering Particle Size Determination:

Average particle size determination versus different concentrations of butylated chitosans

*1.3,13 and 30kDa" is illustrated in figure (3.17).

According to figure (3.17) the "13 and 30kDa" butylated chitosan showed micellar like
activity, while as the 1.3 kDa butylated chitosan showed no micellar like activity at the
highest concentration soluble in water obtained.

The critical micellar concentration (CMC) was inversely proportional to the molecular
weight. The butylated chitosan 13 kDa were found to have a CMC at l2mglml while the
butylated chitosan 30kDa was at 2mglml.
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Figure (3.17): Particle size Vs log concentration of the three different molecular weight chitosan
(1.3, 13 and 30 kDa) in different concentrations in water, data represent mean +SD, n:12 (Cs:
Chitosan).
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3.6 Surface Tension Effect Determination:

Surface tension was determined for the two butylated chitosan

"l3

and 30kDa" that

showed micellar like activiw.

The same concentrations used through the Dynamic Light Scattering method were used

in this expirement. The surface tension versus different concentrations of both 13 and 30

kDa butylated chitosan are illustrated in figures (3.1S) and (3.19). Both compounds
showed surface activity which was illustrated by the decrease in the surface tension of the
water. Where as chitosan alone does not show anv surface activitv.

Any substance exsibiting surface activity should have a critical micellar concentration.
This CMC point can be determined from the figures 3.18 and 3.19. These points are the
same points that were determined in the Dynamic

Light Scattering method.

Moreover, comparing figures (3.17 , 3. I 8 and 3. I 9), all three figures illustrated the surface

activity curve and the CMC points are clearly distinguished.
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Figure (3.18): Srnface tension Vs log concentration of the butylated chitosan 13 kDa in water,
data represent mean *sD, n=3.
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Figure (3.19): Surface tension Vs log concentration of the butylated chitosan 30 kDa in water,
data represent mean *SD, n=3.

76

3.7 Solubility Determination of the Different Molecular Weight Butylated Chitosan
1:2 Two Step Reaction:

The butylated chitosan (l:2) two step reaction showed different solubility characteristics
than that obtained with the

(l:l)

and 30kDa" obtained from the
water nor in

oil even

one step reaction. The tlree molecular weights

"l.3,

13,

(l:2) two step reaction showed no solubility neither in

at very low concentrations and

butylated chitosan was the same

I hr mixing.

I gm that was added inetially

The weight of the dried

to water and to oil. This

indicates that the molecule is nonsoluble in both water and oil.

The degree of substitution in these compounds were 100olo as obtained by NMR, and
being not soluble neither in water nor in oil, which are the main two solvents in this
study, these compounds were not used further.

3.8 Determination of Aggregation Size in Oleic Acid:

ln this section a comparison of the aggregation size of chitosan, butylated chitosan and
insulin butylated chitosan complex using l3 and 30kDa in oleic acid was performed.

According to the data presented in figures (3.20) and (3.21), it indicates that the chitosan
alone in both molecular weights gave the largest particle size, while the size decreases
when using the butylated chitosan.
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The complexation of insulin with the butylated chitosan showed further decrease in the

particle size when compared to both the butylated chitosan and chitosan alone of the
same molecular weight. This decrease

in particle size is due to the aggregation of the

insulin particles in the aqueous phase and away from the oil phase which ensures more
stability to insulin.

The solutions of the chitosan and the butylated chitosan were prepared in the same
concentration "8mg/ml"

to exclude the effect of concentration and to

ensure that the

change in the aggregation size is due to the polymer itself.
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Figure (3.20): The comparison between average particle size of chitosan, butylated chitosan and
insulin-butylated chitosan complex 13 kDa

in oleic acid,

data represent mean *SD, n=8 (Cs:

Chitosan).
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3.9In Vivo Pharmacodynamic activity of oral butylated chitosan insulin
preparations:

3.9.1 Pharmacological

Activify of Insulin Loaded Nanoparticles:

The experiment was done using the two molecular weight butylated chitosans namely,

l3

and 30kDa, complexed with the insulin in aqueous media and loaded in oleic acid. Two

different particle size region of each molecular weight "around 100 and 300 nm" were
tested

to determine the effect of the particle size and molecular weight on the oral

absorption of insulin.

The in vivo study of the pharmacological effect of oral insulin was carried out using STZ
diabetic rats as a model. The experiments were done using 6 groups where group
received the insulin butylated chitosan l3kDa with a particle size

(l)

of I l2nm (lolo aqueous

loaded), group (2) received the insulin butylated chitosan 30 kDa with a particle size

of

l48nm (l% aqueous loaded), group (3) received the insulin butylated chitosan 13 kDa
with the particle size 3l7nm (2.4% aqueous Loaded) and group (4) received the insulin
butylated chitosan 30 kDa with the particle size 3l 1nm (4.8% aqueous loaded). Where as

group (5) received subcateneous insulin as a reference and group (6) the placebo as a
control that received the formula without the insulin.

According to figure (3.22), it can be seen that all formulas did lower glucose level except
for the insulin butylated chitosan 30kDa with the 3l

It

I nm particle size and placebo

group.

seems that the particle size of the formed micelles prevented its absorption. Moreover,

it was seen that the butylated chitosan 30 kDa with a 3l

I

nm particle size showed a late

8l

effect after 12 hours this could be due to two reasons, either there is late absorption of the
higher particle size from the lower intestinal segment or hyperglycemic shock that lead to
death

ofthe rats.

A comparison between different particle
illustrated in figures (3.23)

sizes

of butylated chitosan 30 and 13 kDa

nd Q.2$ respectively. The particle

are

size of the molecule have

affected the oral insulin absorbance where it showed that the smaller the particle size the

better the absorption. This also indicates that as the

o/o

aqueous loading increase the

particle size of the molecule also increase, rendering it less absorbable.

To determine the effect of the molecular weight in the oral absorption of insulin,

a

comparison between the l3kDa insulin butylated chitosan (l 12 nm particle size) with the

30 kDa insulin butylated chitosan (148 nm particle size) showed that the smaller the
molecular weight the better the absorption and the lower the glucose levels. The same
glucose reduction pattern was observed when comparing group (3) and (4). These results
are illustrated in figure (3.22).

As concerning the particle size,
increase, the particle size

it

can be concluded that as the

%o

aqueous loading

of the molecule increases as well. This fact also affected the

insulin absorption and enhanced the hypoglycemic effect. Where it was found that the
smaller the particle size the beffer the absorption and the better the hypoglycemic effect.

Comparing the four oral formulas with the subcutaneous insulin,

it was found that the

oral formulas did lower the glucose level gradually. Whileas the SC insulin showed
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intence decrease that reached 39 + 7 mgldl after 2 hrs of injection. Glucose level went
back to normal after 8 hrs
rats at

l0

@: 0.058 according to tukey).

Nevertheless, after feeding the

hrs there was an increase in the blood glucose level in the SC insulin above the

base line for the placebo.

On the other hand, placebo group showed a normal behaviour where the glucose level
was stable during the whole period of experiment except the first hour, this increase was
seen

with other groups receiving oral insulin. This phenomenon could be explained by

the increase of glucose level in rats due to stress.

Through statistical analysis, it was determined that both butylated chitosan 13 kDa (100

and 300 nm) showed significant decrease (p<0.05) in absorption and hypoglycemic
effects when compared to placebo. Whileas when comparing the particle size effect in
butylated chitosan l3 kDa no significance was observed (p>0.05).

Moreover, comparing the particle size effect on the butylated chitosan 30 kDa showed
that the smaller particle size significantly decreased the glucose level and enhanced the
absorption of insulin G<0.05).

On the other hand, comparing the two molecular weights 13 and 30 kDa butylated
chitosan showed significant decrease in the glucose level with the smaller molecular
weight.
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Figure Q.22\: Comparison between different molecular weight insulin- butylated chitosan
formulas with trvo different particle size of each molecular weight, data represent mean +SEM,
n=10 (PS: Particle Size, But: Butylated).
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tr'igure (3.23): Comparing the effect of the particle size on the insulin- burylated chitosan 30 kDa

with 148 and 3llnm particles size, data re,present mean *SEM, n=10 (PS: Particle Size, But:
Butylated).
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Figure (3.24)z Comparing the effect of the particle size on the insulin- butylated chitosan 13 kDa
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lI2

and

3l7nm particles size, data represent mean 4 SEM, n:10 (PS: Particle Size, But:

Butylated).
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Chapter Four
General Discussion
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4. General Discussion:

Throughout several years, oral protein delivery has been investigated to develop a beffer

route for its administration without the need of needles. The problem of oral protein
administration is the low bioavailability, which is the active amount

of protein that

reaches the blood circulation, due to many factors among which is the enzymatic barrier

in the stomach and its acidic media together with the impermeability of protein through
the intestinal epithelial cells due to its high molecular weight.

Different affempts have been made to develop new route for the administration of insulin
among which was the nasal, transdermal, oral, buccal and pulmonary. The only two
routes that showed promising results were the oral and the pulmonary @ave K. et al.,
2007). The inhaled insulin reached the market but due to many drawbacks, the reduced

efficacy

of the delivery device and the

increased incidence

of the

immunological

diseases. it was withdrawn.

The research to develop an oral insulin system has been intensified after the failure of the

inhaled insulin. And still, the subcutaneous injection of the insulin resulted

in

great

discomfort to the patient and poor compliance. The side effects associated with the
subcutaneous route encouraged

the intensive research to develop oral insulin

system

which is more favorable than the subcutaneous to the patients and much better in respect
to compliance due to easier self administration and reduced complications (Pollack A.A.
et al.,1967).

88

To develop an oral insulin system, the technique applied should protect the insulin
against the acidic and enzymatic actions of the stomach and enhance the permeation

the insulin to reach the blood stream. Researchers in the laboratories of

of

Jordanian

Pharmaceutical Manufacturing Company (JPIO developed a system that can overcome
these obstacles through the use

of a natural polymer

as a carrier system to the insulin.

This natural polymer that gave biocompatible and biodegradable and non toxic
characteristics is the chitosan.

Through previous research attempts performed at JPM, new chitosan derivatives were
prepared from the chitosan polymer to study their effect on enhancing the chitosan action
as a carrier and permeability enhancing agent. Among these polymers they were able to

produce acetylated chitosan which showed very promising results. The glucose levels in

diabetic rats decreased after the administration of the oral insulin acetylated chitosan
complex in a microemulsion dosage form (Hessen Q.G, 2009)

Whereas

in this study, and through the modification of the carbon

chain, the

incorporation of a butyl group to the chitosan polymer resulted in the modification of the

chitosan polymer into

a

surface active agent. This characteristic was used

in

the

enhancement of the permeation and absorption of the insulin.

The importance of the molecular weight of the chitosan polymer on its characteristics
was also revealed in this investigation. From a chemical point of view, the molecular
weight affected the butylation of the polymer. The affinity of the chitosan to the reaction
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with the butyric anhydride was different for different molecular weights which proposed
that each molecular weieht have a different conformation in the solution state even at the
same pH.

The low molecular weight chitosans showed surface activity pattern and a critical
micellar concentration was determined as seen in figures (3.18 and 3.19). This property
was used with the butylated chitosan 30 kDa where its CMC value was low. This will
help to incorporate the insulin into the micelles formed and protect it from degradation.
Moreover the particle size of the micelles was small enough to enhance the absorption

of

insulin. Whereas, the butylated chitosan 13 kDa, the insulin was incorporated within the
structure of the polymer to protect

it from degradation,

due to the CMC point being

higher than that of the butylated chitosan 30 kDa and the solubility of the molecule
rendered the use of a concentration above the CMC point.

The question of importance was raised, what affects the absorption of insulin: the particle

size or the molecular weight? Through the pharmacological study, it was proposed that
the particle size has little effect on the butylated chitosan 13 kDa, while the molecular

weight showed substantial difference in the response in the butylated chitosan 13 kDa
rather than the butylated chitosan 30 kDa. Among the tested formulas,
the insulin butylated chitosan complex

l3 kDa

It was found that

showed the best results regarding lowering

the blood glucose levels. The particle size was found to affect the absorption of the
insulin where the lowest particle size showed the highest absorption of insulin and the
lowest glucose sugar levels in the diabetic rats only with the butylated chitosan 30 kDa
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whileas the butylated chitosan 13 kDa showed no hypoglycemic difference with different

particle size.

This proposed that the molecular weight is very important factor in the enhancement of

insulin absorption and penetration to reach the blood stream. The smaller molecular
weight showed better activity and better lowering effect on the glucose blood levels.

Furthermore, when the insulin was complexed with the butylated chitosan 13 and 30 kDa

it

showed smaller particle size than that of the butylated chitosan alone. This suggests

that the insulin aggregates toward the center to avoid contact with the oleic acid vehicle

giving a smaller particle size. This phenomenon was seen in both molecular weights.

In conclusion, this work showed that the modified low molecular weight

butylated

chitosan could enhance the oral absorption of insulin, in addition to the protecting effect

from the GIT harsh conditions. The butylated chitosan 13 kDa was found to have the best

effect in the insulin penetration and lowering blood glucose levels. Moreover, the
molecular weight showed extensive effect on the absorption of the insulin, where as the
molecular weight increase the absorption of insulin and the lowering effect on the blood
glucose levels decrease.

The insulin butylated chitosan complex 13 kDathat showed the best lowering of blood
glucose levels when compared to the SC insulin, it was found that the insulin butylated

chitosan complex l3kDa caused gradual decrease

in the blood

glucose level that

9l

continued

to

decrease after

4 hours of administering the oral dose. Whereas the

SC

insulin, the blood glucose level decreased to the minimum in two hours then started
increasing to reach its base line values around
chitosan kept decreasing after

l0 hours later. The oral insulin butylated

l0 hours.

Finally, after this experiment it could be suggested that further work can be done in the
following areas:

-

Study the mechanism by which the penetration of insulin occur in vivo.

-

Study the stability of the system obtained.

-

The establishment of different degree of butylation and its effect on both the
particle size and the pharmacological action on the insulin.

-

Optimizing the insulin concentration according

to the

butylated chitosan

concentration.

-

Study the effect of the unbound insulin in the system.
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