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2.1 Pain (Bonica et al., 1979)
Defining Pain

Pain is a perception that signals the individual that tissue damage has occurred or may
be occurring. It is subjective and very complex. The processes in the body that are
involved in the perception of pain are called "nociception." Basic and clinical research
during the past 50 years has confirmed that there are many mechanisms involved in
nociception.

Classifying Pain ‘

Pain can be -"acute"A or "chronic." Acute pain lasts a short time, or is expected to be
over soon. The time frame may be as brief as seconds or as long as weeks. Chronic
pain may be defined as pain that lasts beyond the healing of an injury, continues for a
period of several months or longer, or occurs frequently for at least months. To
develop the best treatment strategies, health care professionals also classify pain based
on its characteristics, its cause, or the mechanisms in the body or the mind that are
probably involved in sustaining it. One common classification based on mechanisms
distinguishes pain ihto categories called "nociceptive," "neuropathic," and

"psychogenic." |
Types of Pain 4
Nociceptive Pain: Nociceptive pain is believed to be caused by the ongoing
activation of pain receptors in either the surface or deep tissues of the body.

There are two types: somatic"pain and " visceral” pain.

"Somatic” pain is caused by injury to skin, muscleé, bone, joint, and connective
tissues. Deep somatic pain is usually described as dull or aching, and localized in'one
area. Somatic pain from injury to the skin or the tissues just below it often is sharper
and may have a burning or pricking quality. Somatic pain often involves
inflammation of injured tissue. Although inflammation is a normal response of the
body to injury, and is essential for healing, inflammation that does not disappear with
time can result in a chronically painful disease. The joint pain caused by rheumatoid
arthritis may be considered an example of this type of somatic nociceptivé pain.
"Visceral" pain refers to pain that originates from ongoing injury to the internal
organs or the tissues that support them. When the injured tissue is a hollow structure,
Tlike the intestine or the gall bladder, the pain often is poorly localized and cramping.
When the injured structure is not a hollow organ, the pain may be pressure-like, deep,

and stabbing.
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Neuropathic Pain: Neuropathic pain is believed to be caused by changes in the
nervous system that sustain pain even after an injury heals. In most cases, the injury
that starts the pain involves the peripheral nerves or the central nervous system itself.
It can be associated with trauma or with many different types of diseases, such as
diabetes. There are many neuropathic pain syndromes, such as diabetic neuropathy,
trigeminal neuralgia, postherpetic neuralgia ("shingles”), post-stroke pain, and
complex regional pain syndromes (also called reflex sympathetic dystrophy or "RSD"
and causalgia). Some patients who get neuropathic pain describe it as bizarre,
unfamiliar pain, which may be burning or like electricity. The pain may be associated
with sensitivity of the skin.

Psychogenic Pain: Most patients with chronic pain have some degree of
psychological disturbance. Patients may be anxious or depressed, or have trouble
coping. Psychological distress may not only be a consequence of the pain, but may
also contribute to the pain itself. "Psychogenic" pain is a simple label for all kinds of
pain that can be best explained by psychological problems. -

This close relationship between pain and psychological distress means that all patients
with chronic pain should have an assessment of these psychological factors, and
psychological treatments should be considered an important aspect of pain therapy. In
some cases, psychological problems appear to be a main cause of the pain. This does
not mean that the person is not actually experiencing the pain. Rather, the patient is
truly suffering but the main cause somehow relates to the emotions, or to learning, or .
to some other psychological process. Although doctors sometimes encounter patients
who pretend to be in.pain (some can be called malingerers), this appears to be a rare
occurrence. Most patients with pain that appears to be determined primarily by
psychological processes are hurting just like those who have pain associated with a
clear injury to the body. |

Sometimes, psychogenic pain occurs in the absence of any identifiable disease in the
body. More often, there is a physical problem but the psychological cause for the pain
is believed to be the major cause for the pain. The various types of psychogenic pain
can be diagnosed using a classification developed by psychiatrists (the Diagnostic and
Statistical Manual of the American Psychiatric Association).

General Principles of Pain Management

Pain results not only from a physical sensation but also from many contributing

psychosocial factors. The treatment of pain, therefore, should include medicinal and
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non medicinal stratagems. When choosing a medicinal strategy, remember to proceed
as the World Health Organization describes: 1) by the ladder, 2) by the mouth, and 3)
by the clock whenever possible.

By the ladder Figure 2.1 are useful guides for starting a patient on analgesics. The
key decision here is assessing the severity of the patient's pain.

By the mouth. Oral administration is the easiest route for an alert patient. The patient
is allowed a role in his or her own care and can feel empowered by this participation.
Intravenous or intramuscular routes of administration are useful for patients in
excruciating pain or who are vomiting, but these routes are more difficult to
administer, can cause pain themselves, and require more frequent dosing because of
more rapid metabolism. Transdermal administration is effective in patients who
cannot take medicines by mouth. There is a delay of 12-24 h until therapeutic levels
are reached once a patch is placed, and drug continues to be released for up to 24 h
once the patch is removed. The titration of the medicine should occur only at 72-h
intervals. A patient’s skin must also be clean, hairless, and dry. Profuse sweating can
impair adhesion and alter absorption rates. Many analgesic drugs are available as
rectal suppositories. This mode of delivery has a role to play in pain control, but
absorption of drugs by the rectal route can be inconsistent. Rectal medications should
not be wused in patients with neutropenia (low white blood cell levels) or

thrombocytopenia (low platelet counts) because of the risk of infection and bleeding.

Figure 2.1: WHO pain Ladder (from WHO Guidelines

(http://www.who.int/cancer/pallitative/painladder/en/)
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Problem associated in the cure of pain

While acute—particularly post-traumatic and post surgical pain can be treated
satisfactorily with available analgesics in most cases—chronic inflammatory and
neuropathic pain often responds only poorly. The identification of novel targets for
analgesic therapy is therefore a major focus in current pharmacological research.
Chronic pain states are frequently accompanied by an increased pain sensitivity,
which can appear as hyperalgesia, an increased sensitivity to noxious stimuli, or

allodynia, a painful sensation of usually innocuous stimuli (Figure 2.2).

Figure 2.2: Pain pathway

2.2. Migraine
Migraine headache is an episodic headache disorder. It is a common condition with a

prevalence of 17.6% in females and 5.7% in males. An American Migraine Study
estimated that 23 million persons older than 12 years of age have severe migraine
headaches; however, this condition is under-treated and under-diagnosed worldwide.
Not all headache sufferers seek medical attention, but those who do generally consult
family practitioners, internists or pediatricians, ophthalmologists, and neurologists.
The social and economic effects of migraine are staggering-perhaps $2 to $17.2
billion is lost in productivity per year. The treatment of migraine has not only medical
but also serious economic and social implications. Thus, primary-care physicians
should be well versed in the diagnosis and treatment of migraine. Rational migraine
treatment necessitates an accurate diagnosis, identification and removal of potential
triggering factors, non-pharmacological and if needed pharmacological intervention.
Both the avoidance of migraine trigger factors and the use of non-pharmacological

therapies have a part to play in overall migraine management. Effective management
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also includes establishing realistic expectations, patient reassurance, and education
(Capobianco et al., 1996).

Two types of migraines

While there are many variations, there are two main types of Migraines

 Migraine without aura (previously called common migraine). Almost 80 percent of
migraine sufferers have this type of migraine. ‘

» Migraine with aura (previously called classic migraine). This type of migraine
announces itself about a half-hour before the onset of head pain with an aura. Aura is
usually a visual disturbance that lasts about 15 minutes. If you have a visual aura, the
most common aura type, you may see flashing lights, bright spots, or zigzag lines; or
you may temporarily lose part of your vision. Other types of auras may include
numbness or tingling in the hand, tongue, or side of the face, or weakness in one arm.
Symptoms in Migraine _
Any attempt to explain the pathophysiology of migraine has to account for the
following components of the attack:

Premonitory Symptoms (Aura)

The aura may last 20 to 30 minutes and may include one or more of the following:

* Mood changes (commonly a sense of elation associated with hyperactivity)

* Increased appetite (particularly for sweet foods).

* Excessive yawning may precede migraine by as long as 24 hours, on at least some
occasions, in about one third of migraine patients.

* Blindspots (scotomata) or visual field cuts may have distinctive scintillations or
fortification patterns around them. Typically, the scotomata clear as the headache
appéars.

e Sensory hyperacuity (light may be perceived as dazzling or may provoke pain,
sounds may appear unnaturélly loud, and smells may be more intense during (or even
‘before) the headache phase).

Focal Neurological Symptoms

* These neurological symptoms may arise from the cerebral cbrtex, brain stem, or
cerebellum and may anticipate the onset of headache as in the prodromal phase of
classic migraine or may appear during the headache phase.

* Focal neurological symptoms of classic migraine, whether arising as a prodrome or
developing during the headache phase, are accompanied by diminished cortical

perfusion of the appropriate part of the opposite cerebral hemisphere. On some
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occasions a wave of hypo-perfusion may advance slowly over the cortex in
association with a slow march of visual or other neurological symptoms whereas on
other occasions it may persist as a local or diffuse cortical oligemia. It is clear that the
presence or absence of headache does not depend on changes in cerebral blood flow.
Headache

* It is unilateral in two thirds of patients. It commonly starts as a dull ache at the
occipito-nuchal junction, or in one temple and then spreads over that side of the head
or the whole head or may remain localized as a "bar of pain" extending from the eye
to the occiput. The pain is usually constant and unremitting but assumes a pulsatile ;)r
throbbing quality when sever, it may consistently affect the same side of the head or
may move from side to side, even in the one migraine episode. Pain may radiate down
the neck to the shoulder or, in some cases, to the arms and even the leg on the same
side of the body, suggesting that the spinothalamic tract has collaborated with
trigeminal pathways in the production of pain.

* The frontal branches of the superficial temporal artery become distended in about
one third of patients, venous exlgorgement may be seen, and heat loss increases from
the affected area. Most patients appear pale and "dark under the eyes” as the headache
worsens, although exceptional patients flush before or during the attack. Sensitivity of
the scalp to touch and muscular hyperalgesia may develop during, and outlast, the
headache phase.

* However headache of migraine is not necessarily associated with vascular pulsation,
dilation of extra-cranial arteries or increased cerebral perfusion.

Gastrointestinal symptoms

* Nausea sometimes precedes the onset of headache but commonly evolves as the
attack progresses and may culminate in vomiting. Diarrhea is associated in about 20
% of patients. Such gastrointestinal symptoms are mediated by an enzyme, dopamine
beta-hydroxylase(DBH) that is the final enzyme in the synthesis of noradrenaline.

* Pain-Sensitive Cranial Structure

* The foundation for any study of the causes and treatments of headache is knowledge
of the pain-sensitive structures and pain-conducting pathways within the cranium.

* All available evidence supports an orderly somatotopic representation of the
supratentorial pain-sensitive meningeal and vascular structares within the trigeminal
system. Pain sensation from posterior fossa structures is carried centrally by the vagus

nerve, the upper three cervical nerves, and possibly by trigeminal afferents as well.
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The Origin of Migraine Headache

The bones of the skull and brain substance are insensitive to pain because they lack
pain sensitive nerve fibers. Pain is referred to the frontotemporal area of the skull,
from the following structures:

« The dura.

* The intracranial segment of the internal carotid artery.

_* The proximal few centimetres of the anterior and middle cerebral arteries.

* A portion of the cerebral veins and venous sinuses.

* The middle meningeal artery.

» The superficial temporal artery.

The previously mentioned structures contain pain sensitive nerves with the
nociceptors at their ends. The latter can be stimulated by stress, muscular tension,
dilated blood vessels and other triggers of headache. Once stimulated, the nociceptor
sends a message up the length of the nerve fiber to the nerve cells in the brain,
signalling that a part of the body hurts. In periarterial fluid sampled during migraine
headache, a polypeptide was found, named "neurokinin". This bradykinin—like
substance was postulated to set up a sterile inflammatory response in the vessel,
which became pain-sensitive, and is responsible for the transmission of the pain
impulse to the brain nerve cells.

Platelets aggregation takes place in subgroups of migraine patients and may be a
factor in the vascular thrombosis of "complicated migraine". However the blood
platelets in most patients seem to be remarkably normal and their role in migraine is
probably limited to aggregation in some instances and to serotonin releases which
potentiate the pain-producing effect of bradykinin. Dilation of scalp arteries in this
area contributes to the intensify of headache, and

compression of the temporal artery eases the pain. Platelet serotonin content increases
before migraine attacks and falls during the headache phase in most migraine patients.
A serotonin-releasing factor was found present in the blood during migraine
headache. The main metabolite of serotonin, 5-hydroxyindoleacetic acid, is excreted
in excess in the urine of some patients during migraine attacks. However it seems
unlikely that the amount of serotonin released from platelets during migraine
héadache would be sufficient to cause any vascular constriction, but it may possibly

combine with bradykinin to render the arterial wall
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sensitive to painful dilation. It has been postulated that free fatty acids might be
responsible for the release of serotonin from blood platelets in migraine. Blood
histamine is significantly increased after migraine headache. It is claimed that
liberated histamine might contribute to the vascular component of migraine.
Prostaglandins, long-chain unsaturated fatty acids derived from arachidonic acid, have
potent constrictor and dilator effects. During migraine headache, plasma levels of
PGE1 do not alter, but the level of PGE2-like substances has been shown to fall
significantly, in contrast with its elevation found in cluster headache.
The Mechanisms of Migraine
Hypotheses for the mechanisms of many aspects of migraine have been extensively
studied (Welch et al., 1997). The aura symptoms are, most likely caused by a
mechanism similar to spreading excitation and depression (Spierings et al., 1995). Itis
_has been believed that migraine attack is a specific reaction pattem to an episode of
focal cerebral hypoxia. This hypothesis holds that any type of focal brain hypoxia
(and thus not oniy a vasospasm) may provoke a migraine attack. Indeed, as hypoxia is
a result of an imbalance between energy supply and energy use, the former can be
decreased and/or the latter be increased. Spreading cortical depression, leading to the
aura, is'believed to be a consequence of brain hypoxia occurring in classical migraine.
There are no genuine differences between classical and common migraine, according
to the cerebral hypoxia theory. The latter theory may improve our understanding of
the mode of action of antimfgraine drugs. Certain calcium entry blockers have a direct
protective effect on brain hypoxia, but some other pharmacotherapeutic approaches
may also prevent cerebral hypoxia via an effect on brain metabolism, vasomotion or
platelet behaviour (Amery et al,, 1985). It has been postulated that the classic
migraine is both spreading cortical depression and localized ischemia linked in a
vicious cycle by potassium induced vasoconstriction. The cycle can be initiated by
any event that raises the local cortical ECF (extracellular fluid) potassium
concentration to approximately 20 mM. Such an event could be a localized burst of
activity of a group of cells, localized metabolic impairment, or a transient reduction in
blood flow to a region of the cortex. Once this level of potassium concentration is
reached, it may result in localized depolarization of neurons, releasing more
potassium into the ECF. As the concentration continues to rise, vasoconstriction
becomes more intense, perpetuatiﬁg the cycle that results in localized depression of

cortical neuronal activity and ischemia. The condition is propagated to adjacent
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regions of the cortex by diffusion and glial-mediated spread of potassium (Young et
al., 1992).

Neuronal hyperexcitability between attacks may be due to:

» Mitochondrial disorder.

* Magnesium deficiency.

» Abnormality of presynaptic calcium channels.

Like many others neurological diseases, mitochondrial involvement, by means of
abnormalities in cerebral oxidative metabolism, may play a role in migraine (Lanteri-
Minet et al., 1996). The importance of magnesium in the pathogenesis of migraine
headaches is clearly established by a large number of clinical and experimental
studies. However, the precise role of various effects of low magnesium levels in the
development of migraines remains to be discovered. Magnesium concentration has an
effect on:

« Serotonin receptors.

* Nitric oxide synthesis and release.

* A variety of migraine related receptors and neurotransmitters.

The available evidence suggests that up to 50% of patients during an acute migraine
attack have lowered levels of ionized magnesium. Infusion of magnesium results in a
rapid and sustained relief of an acute migraine in such patients. Two double-blind
studies suggest that chronic oral magnesium supplementation may also reduce the
frequency of migraine headaches (Mauskop et al., 1998). Increased tissue levels of
taurine, as well as increased extracellular magnesium, could be expected to:

» Dampen neuronal hyperexcitation.

» Counteract vasospasm.

* Increase tolerance to focal hypoxia.

» Stabilize platelets.

« Taurine may also lessen sympathetic outflow.

Thus it is reasonable to speculate that supplemental magnesium taurate will have
preventive value in the treatment of migraine.

Treatment of pain and migraine:

Opioids remain the mainstay for the management of pain like post operative pain.
Opioids are the first-line drugs for the treatment of moderate to severe pain but
opioids- must be administered with care. The effective dose required varies from

individual to individual. As a result, the dose used must be titrated to avoid dose-
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related adverse side effects as well as inadequate analgesia. As with all afraTgesics, the \
effects of treatment must be constantly monitored, and changes in therapy should be
made as indicated. Unfortunately, opioid-induced adverse side effects Yaré (;ommdn
and can be serious. Common side effects of opioids include nausea, vxhttitmgr”
sedation, and pruritus. Less common but more serious side effects include respiratory
depression and sometimes cardiac arrest. Clearly, patient care includes appropriate
monitoring and therapy for these events. In an effort to improve pain control and
decrease the incidence and severity of drug-induced adverse side effects, many
clinicians have introduced the use of non-opioids drugs like Tizanidine HC1 and
Cyclobenzaprine HC1 for the management of pain (Ashburn et al., 1994).

2.3 Drug Delivery to the Central Nervous System (Misra et al., 2005)

The brain is a delicate organ, and evolution bfjilt very efficient ways to protect it.
Unfortunately, the same mechanism protect it against intrusive chemicals can also
frustrate therapeutic interventions. Despite enormous advances in brain research,
brain and central nervous system disorders remain the world’s leading cause of
disability, and account for more hospitalizations and prolonged care than almost all
other diseases combined. The major problem in drug delivery to brain is the presence
of the BBB. Drugs that are effective against diseases in the CNS and reach brain via

the blood compartment must pass the BBB.

2.3.1. Barriers to CNS deliver
The failure of systemically delivered drugs to effectively treat many CNS diseases

can be rationalized by considering a number of barriers that inhibit drug delivery to
the CNS.

i. Blood brain barrier:

It is now well established that the BBB is a unique membranous barrier that tightly
segregates the brain from the circulating blood. The CNS consists of blood capillaries
which are structurally different from the blood capillaries in other tissues; these
structural differences result a permeability barrier between the blood within brain
capillaries and the extra cellular fluid in brain tissue. Capillaries of the vertebrate
brain and spinal cord lack the small pores that allow rapid movement of solutes from
circulation into other organs; these capillaries are lined with a layer of special
endothelial cells that lack fenestrations and are sealed with tight junctions. Tight

epithelium, similar in nature to this barrier, is also found in other organs (skin,
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bladder, colon, and lung). This permeability barrier, comprising, the brain capillary

endothelium, is known as the BBB (Figure 2.3).
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Figure 2.3: Schematic representation of BBB
Ependymal cells lining the cerebral ventricles and glial cells are of three types.
Astrocytes from the structural frame work for the neurons and control their
biochemical environment. Astrocytes foot processes or limbs that spread out and
abutting one other, encapsulate the capillaries are closely associated with the blood
vessels to form the BBB (Figure 2.4). Oligodendrocytes are responsible for the
formation and maintenance of the myelin sheath, which surrounds axons and is
essential for the fast transmission of action potentials by salutatory conduction.
Microglias are blood derived mononuclear macrophages. The tight junctions between
endothelial cells result in a very high trans-endothelial electrical resistance of 1500-
2000 Qcnr compared to 3-33 Qetrr of other tissues which reduces the aqueous based

para-cellular diffusion that is observed in other organs.
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Figure 2.4: Schematic comparison between brain (left) and general (right)

capillaries
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Some regions of the CNS do not express the classical BBB capillary endothelial cells,
but have micro-vessels similar to those of periphery. These areas are adjacent to the
ventricles of the brain and are termed the circumventricular organs (CVOs). The
CVOs include the choroid plexus, the median eminence, neurohypophysis,
subfornical organ, subcommisaral organ and the area postrema. Though in the CVO
brain regions the capillaries are more permeable to solutes, the epithelial cells of the
choroid plexus and the tanycytes of other regions from right junctions prevent
transport from th;: aluminal extracellular fluid (ECF) to the brain ECF. The choroid
plexus may be of importance when considering the transport of peptide drugs,
because it is the major site of cerebrospinal fluid (CSF) production and both the CSF
freely exchange. The BBB also has an additional enzymatic aspect. Solutes crossing
the cell membrane are subsequently exposed to degrading enzymes present in large
numbers inside the endothelial cells that contain large densities of mitochondria,
metabolically highly active organelles. BBB venzymes alsovrecognize and rapidly
degrade most peptides, including naturally occurring neuropeptides. Finally, the BBB
is- further reinforced by a high concentration of P-glycoprotein (Pgp), active-drug-
efflux-transporter protein in the luminal membfahcs of the cerebral capillary
endothelium. This efflux transporter actively removes a broad range of drug
molecules from the endothelial cell cytoplasm before they cross into the brain
parenchyma. Figure-1 gives a schematic representation of all these BBB properties
using a comparison between brain and general capillaries. |

ii. Blood-cerebrospinal fluid barrier

The second barrier that systemically administered drug encounters before entering
the CNS is known as the blood-cerebrospinal fluid ‘barr_ier (BCB). Since the CSF can
exchange molecules with the interstitial fluid of the brain parenchyma, the passage of
blood-borne . molecules into the CSF is also carefully regulated by the BCB.
Physiologically, the BCB is found in the epithelium of the choroid plexus, which are
arranged in a manner that limits the passage of molecules and cells into the CSF. The
choroid plexus and the arachnoid membrane act together at the barriers between the
blood and CSF. On the external surface of the brain, the ependymal cells fold over on
to themselves to form a double layered structure, which lies between the dura and pié,
this is called the arachnoid membrane. Within the double layer is the subarachnoid
space, which participates in CSF drainage. Passage of substances from the blood

through the arachnoid membrane is prevented by tight junctions. The arachnoid
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membrane is generally impermeable to hydrophilic substances, and its role is forming’
the Blood-CSF barrier is largely passive. The choroid plexus forms the CSF and
actively regulates the concentration of molecules in the CSF. The choroid plexus
consists of highly vascularized, “cauliflower — like” masses of pia mater tissue that
dip into pockets formed by ependymal cells (Figure 2.5). The preponderance of
choroid plexus is distributed throughout the fourth ventricle near the base of the brain
and in the lateral ventricles inside the right and left cerebral hemispheres. The cells of
the choroidal epithelium are modified and have epithelial characteristics. These
ependymal cells have microvilli on the CSF side, basolateral interdigitations, and
abundant mitochondria. The ependymal cells, which line the ventricles, form a
continuous sheet around the choroid plexus. While the capillaries of the choroid
plexus are fenestrated, non-continuous and have gaps between the capillary
endothelial cells allowing the free-movement of small molecules, the adjacent
choroidal epithelial cells form tight junctions preventing most macromolecules from
effecti{zely passing into the CSF from the blood. However these epithelial-like cells
have shown a low resistance as compared the cerebral endothelial cells,
approximately 200Qcm?, between blood and CSF.

In addition, the BCB is fortified by an active organic acid transporter system in the
choroid plexus capable of driiring CSF-borne organic acids into the blood. As aresult
a variety of therapeutic organic acids such as the antibiotic penicillin, the anti-
neoplastic agent methotrexate, and the antiviral agent zidovudine are actively
removed from the CSF and therefore inhibited from diffusing into the brain
parenchyma. Furthermore, substantial inconsistencies often exist between .the
composition of the CSF and interstitial fluid of the brain parenchyma, suggesting the
presence of what is sometimes called the CSF-brain barrier. This barrier is attributed
to the insurmountable diffusion distances required for equilibration between the CSF
and the brain interstitial fluid. Therefore, entry into the CSF does not guarantee a

drug’s penetration into the brain.
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(ISF- Interstitial fluid, CSF- Cerebro spinal fluid)

Figure 2.5: (A) Blood Brain Barrier (B) Blood cerebrospinal fluid Barrier
iii. Blood-tumor barrier

Intracranial drug delivery is even more challenging when the target is a VNS tumor.
The presence of the BBB in the microvasculature of CNS tumors has clinical
consequences. For example, even when primary and secondary systemic tumors
respond to chemotherapeutic agents delivered via the cardiovascular system,
intracranial metastases often continue to grow. In CNS malignancies where the BBB
is significantly compromised, a variety of physiological barriers common to all solid
tumors inhibit drug delivery via the cardiovascular system. Drug delivery to
neoplastic cells in a solid tumor is compromised by a heterogeneous distribution of
microvasculature throughout the tumour interstitial, which leads to spatially
inconsistent drug delivery. Furthermore, as a tumor grows large, the vascular surface
area decreases, leading to a reduction in trans-vascular exchange of blood-borne
molecules. At the same time, intra-capillary distance increases, leading to greater
diffusion requirements for drug delivery to neoplastic cells and due to high interstitial
tumor pressure and the associated peri-turmoral edema leads to increase in hydrostatic
pressure in the normal brain parenchyma adjacent to the tumor. As a result the
cerebral microvasculature in these tumor adjacent regions of normal brain may be
even less permeable to drugs than normal brain endothelium leading to exceptionally
low extra - tumoral interstitial drug concentrations. Brain tumors may also disrupt

BBB. but these are also local and nonhomogeneous disruptions. In conclusion, the
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delivery of drugs to the CNS via the cardiovascular system is often precluded by a
variety of formidable barriers including the BBB, the BCB and the BTB.
2.3.2. Strategies for Enhanced CNS Drug Delivery (Misra et al., 2005)

1.

Lipophilic analogs: CNS penetration is favored by low molecular weight, lack of
ionization at physiological pH and lipohilicity. ' Octanol / water partition
coefficient, log P o4 is very commonly acceptable and convenient approach to
predict lipophilicity of any system. However, log P . alone seems to have a very
limited application in predicting brain/blood concentration ratios but in order to
reach near to success it is essential that combiﬁations with other parameters like
capillary membrane permeability first pass metabolism and volume distribution.

Prodrugs: Prodrugs are pharmacologically inactive compound that result from

transient chemical modifications of biologically active species.  After

_administration, the prodrug, by virtue of its improved characteristics, is brought

closer to the receptor site and is maintained there for longer period of time. Here
it gets converted to the active form usually via a single activation step.

Receptor mediated transport: The receptor transport is mainly based on the
formation of chimeric peptides by conjugation of ‘the drugs that has to be
delivered to a transport vector that undergoes BBB-transport via receptor. Or may
be via absorptive — mediated transcytosis. This approach is intended to provide

brain delivery of large peptides. Since this approach involves stoichiometry, only

* limited number of molecules fit in to this category.

Chemical drug delivery: They are inactive chemical derivative of a drug
obtained by one or more chemical modification so that the newly attached
moieties are monomolecular units and provide a .site specific delivery of drug
through multistep enzymatic transformation. ’

BBB disruption: (Osmotic BBBD, Biochemical BBBD and Ultrasound-
induced disruption): One of the approaches to circumvent the dense
microvasculature of the brain is by delivery using a transient osmotic opening.
Hyperosmolar substance like mannitol, arabinose is likely to cause disruption of
BBB due to migration of water from endothelial cells to capillaries, which in turn
cause shrinkage of the cells and results in intracellular gaps. The approach was
resulted and breaks down the self defence mechanism of the brain and leaves it
vulnerable. The other approaches are BBB kdisi'uption using use of labradimil

which has selectivity for bradykinn B, receptor and Ultrasound induced mild

26



Chapter 2 Literature review

hyperthermia which can be controlled and localized to a small volume within the
tissue. The former approach may lead to membrane permeability due to
hyperthermia and the later one is under consideration and at a considerable
distance from practical application.

Biodegradable polymer Wafers, Microspheres and Nanoparticles: Polymeric
or lipid-based devices that can deliver drug molecules at defined rates for specific
periods of time are now making a tremendous impact in clinical medicine. Drug
delivery directly to the brain interstitium using polyanhydride wafers can
circumvent the BBB and release unprecedented levels of drug directly to an
intracranial target in a sustained fashion for extended periods of time. The fate of
a drug delivered to the brain interstitium from the biodegradable polymer wafer
was predicted by a mathematical model based on (a) rates of drug transport via
diffusion and fluid convection; (b) rates of elimination from the brain via
degradation, metabolism and permeation through capillary networks; and (c) rates
of local binding and internalization. Such models are used to predict the
intracranial drug concentrations that result from BCNU-loaded pCPP:SA (1,3 bis-
para-carboxy phenoxy propane:sebacic acid) wafers as Well as other drug-polymer
combinations, paving the way for the rational design of drugs specifically for

intracranial éolymeric delivery. Conjugation of a polymerically delivered

‘chemotherapeutic agent to a water-soluble macromolecule increases drug

penetration into the brain by increasing the period of drug retention in brain tissue.
Hanes et al (1997) have recently developed IL-2-loaded biodegradable polymer
microspheres for local cytokine delivery to improve the immunotherapeutic
approach to brain tumor treatment. Nanoparticles have been employed ‘as a.
delivery system for compounds like dalargin, kyotorphin, loperamide and
doxorubicin in some animals. The probable mechanism could be endocytic
uptake or transcytosis. The pafticles are usually 10 to 100 mm diameter, made
from natural or artificial polymers; drugs are bound in form of solid solution or
dispersion. .

Cell-penetrating peptides: Recently this approach has been empioyed by
scientists and several peptides like Tat derived peptides, Transportan, Penetratin
etc. have been found to translocate across the plasma membrane of eukaryotic
cells, but even can be used for intracellular, and may be even transcellular,

transport of large cargo macromolecules. For example, Tat fragments that are part
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of the cell-membrane transduction domain of the human immunodeficiency virus

(HIV) have been shown in animal studies to provide enhanced brain delivery.

8. Molecular packaging: Delivering the peptides like enkephalin, TRH
(thyrotrbpin»releasing hormone), and Kyotorphin analogs through the BBB is an
even more complex problem because they can be rapidly inactivated by
ubiquitous peptidases (Bodor et al., 1992, Brownlees et al., 1993). Three issues
are to be solved simultaneously to enhance penetration through BBB. They are, to
enhance passive transport by increasing the lipophilicity, assure enzymatic
stability to prevent premature degradation, and exploit the lock-in mechanism to
provide targeting. This complex approach is known as molecular packaging
strategy, where the peptide unit is part of a bulky molecule, dominated by groups
that direct BBB penetration and prevent recognition by’péptidases. In general, a
brain targeter packaged peptide delivery system contains a red-ox targeter (T), a
spacer function (S), consisting of strategically used amino acids to ensure timely
removal of the charged targeter from the peptide, the i)eptide itself (Pj and a bulky
lipophilic moiety (L) attached through an ester bond or sometimes through a C-
terminal adjuster (A) at the carboxy terminal to enhance lipid solubility and to
disguise the peptide nature of the molecule. The first successful delivery with a
package was for Tyr-D-Ala-Gly-Phe-D-Leu (DADLE), an analoglie of leucine
enkephalin, a naturally occurring linear pentapeptide (Tyr-Gly-Gly-Phe-Leu) that
binds to opioid receptors. A similar strategy was used to deliver a thyrotropin-
releasing hormone (TRH) analogue to the CNS (Prokai et al., 1996). These
analogues are potential agents for treating neurodegenerative disorders such as
Alzheimer’s disease. |

9. Alternative routes for CNS drug delivery ‘

i. Intracerebral delivery: BBB can be successfuliy bypassed using the most
direct and invasive approach like intracerebral delivery of broad class of drugs
using traditional z;nd novel drug delivery system based dosage forms like
injectables controlled release éolymers / nﬁcrcs._pheres_‘ or Qventuéﬂy
microencapsulated recombinant cells. The basic impédimehi is véry limited
and slow diffusion within the brain due to very compact, tightly packed brain
cells having limited interstitial space and unusually tortuous pathways.

ii. Intracerebroventricular delivery: Cerecbrospinal fluid is in direct

communication with the interstitial fluid of the brain, to the major extent
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alternative invasive strategy to bypass BBB is to deliver drugs directly into
cerebral ventricles. The drug penetration is hindered by slow diffusion
‘especially with the human brain is one of the serious drawback. Moreover,
rapid ventricular CSF clearance renders the delivery system equivalent to slow
intravenous infusion.
Intranasal delivery: Intranasal delivery is being gaining a remarkable
importance for CNS targeting. Nasal mucosa is having connection with CNS
through intraneuronal or e;ctraneurenal pathways.
Intraneuronal - It involves internalization into primary neurons of the olfactory
epithelium, followed by distribution into other CNS areas.
Extraneuronal - It involves absorption across the nasal epithelium to
submucosa, followed by direct access to CSF or extra cellular transport within
perineuronal  channels into CNS.
Interstitial delivery: This route of administration Bypasses BBB. High CNS
drug concentrations can be obtained with minimal 'sy»stemic exposure and
toxicity. Intracranial drug concentrations can be sustained, which is crucial in
the treatment of many neurodegenerative disorders and for the antitumor
efficacy of many chemotherapeutic agents. Ommaya reservoir, infusaid pump,
MiniMed PIMS system and Medtronic SynchroMed system are some of the
systems, which have been developed for delivering drugs directly to the brain
interstitium. Until recently the most widely used method has been the interstitiai
injection or infusion of drugs using an ommaya reservoir or implantable pump.
The adaptation of the ommaya reservoir to achieve interstitial drug delivery
simply involves placing the outlet catheter directly in the intracranial target area.

This technique has often been applied to neurooncological patients in whom the

~ outlet catheter is placed in the resection cavity following surgical de-bulking of

a brain tumor. Chemotherapeutic agents can be periodically injected into the
subcutaneous reservoir and then delivered directly to the tumor bed. This
technique, howéver, does not achieve. truly continuous drug deliVery. The
omimaya reservoir or infusion pumps have thus far been used in various clinical
trials with brain tumor patients to interstitially deliver the chemotherapeutic
agents BCNU or its analogs, methotrexate, adriamycin, bleomycin, B
uodeoxyuridine, cisplatin, and interleukin 2(IL-2). In most of these studies the

intratumoral drug concentrations were often high, and the side effects of the
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therapy were mild. The success of these techniques is limited by catheter
clogging or blocking by tissue debris, inadequate distribution throughout the
tumor, and a high degree of burden to the patient.

10. Biotechnological approaches:

i

ii

Gene therapy has also been attempted to deliver drugs to the CNS. Prior to
implantation, cells will be genetically modified to synthesize and release
specific therapeutic agents. The therapeutic potential of this technique in the
treatment of brain tumor was demonstrated. The utility of non-neuronal cells for .
therapeutic protein delivery to the CNS has been reviewed recently by Snyder et
al (1997). The survival of foreign tissue grafts may be improved by
advancements in techniques for éulturing distinct cell types. Co-grafted cells
engineered to release neurotropic factors with cells engineered to release
therapeutic proteins may enhance the survival and development of foreign
tissue. Direct application of protein-based therapeutics to the Brain could soon
include variations of diphtheria toxin to combat refractory gliobastomas and
engineered anti-apoptotic factor (FNK) with powerful cytoprotective activity, to
protect against ischemia (Cohen et al.,, 2003, Asoh et al, 2002). As for
neurodegeneration, one seemingly attractive new therapy has been the use of
growth factors, such as glial-derived neurotrophic factor (GDNF) as a potential
means of reducing the depletion of certain key population of cells lost in
Alzheimer’s or Parkinson’s diseases (Alexi et al., 1997, Susan et al., 2005).
Antisense drug delivery is another recent technology in CNS drug delivery.
Peptide nucleic acids (PNAs) are antisense oligonucleotides containing a
polypeptide backbone. Receptor mediated transcytosis has been exploited to
promote PNA delivery to the CNS. For example, the attachment of PNAs to the
anti-transferrin (OX26) receptor antibodies has been shown to increase the brain
uptake of the PNAs, with out loss of the ability of the PNAs to hybridize to
target mRNA (Banks et al., 2001).

2.4. Intranasal drug deliver for brain ta_i'geting

In recent years, the nasal mucosa has been considered as an administration route to

achieve faster and higher level of drug absorption. The richly supplied vascular nature

of the nasal mucosa coupled with its high drug permeation makes the nasal route of

administration attractive for centrally acting drugs, which are not being effectively

and efficiently delivered using conventional drug delivery approach to brain or central
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nervous system (CNS) due to its complexity. Intranasal drug delivery is one of the
focused delivery options for brain targeting, as the brain and nose compartments are
connected to each other via the olfactory route ‘and via peripheral circulation.
Realization of nose-to-brain transport and the therapeutic viability of this route can be
traced from the ancient times and has been investigated for rapid and effective
transport in the last tow decades. Various models have been designed and studied by
scientists to establish the qualitative and quantitative transport through nasal mucosa
to brain. The development of nasal drug products for brain targeting is still faced with
enormous challenges. A better understanding in terms of properties of the drug
candidate, nose-to-brain transport mechanism, and tranéport to and within the brain is
of utmost importance (Smith et al., 1958).

For somé time the BBB has impeded the development of many potentially interesting
CNS drug candidates due to their poor distribution into the CNS. Owing to the
unique connection of the nose -and the CNS, the intranasal route .can deliver
therapeutic agents to the brain bypassing‘ the BBB. Absorption of drug across the
olfactory region of the nose provides a unique feature and superior option to target
drugs to brain. Many scientists have reported evidence of nose-to-brain transport.
Many previously abandoned potent CNS drug candidates promise to become
successful CNS therapeutic drugs vial intranasal delivery. The world market has seen
an increasing nﬁmber of systemically acting drugs being marketed as nasal
formulations. For example, sumatriptan (GlaxoSmithKline‘, http://www.gsk.com),
zolmitriptan (AstraZeneca, http:// www.astrazeneca.com), ergdtamine (Novartis,
http://www.novartis.com), butorphanol (Bristol- MyersSquibb, http://www.bms.com),
all with the indication for treatment of migraine, where a rapid onset of action is
beneficial; estradiol (Servier, http://www.servier.com), .where an improved
bioavailability as compared to oral delivery has been achieved; and desmopressin
(Ferring, http://www.ferring.se), buserelin (Aventis, http://www.aventis.com) and
calcitonin (Novartis), all peptides normally only administered by injection because of
low membrane permeability and susceptibility. to degradation by enzymes in :,.the
gastrointestinal tract. A range of companies speciaiizing' in the development: of
innovative nasal delivery systems and formulation problems has come to the fore:
- Nastech (http://www.nastech. com), Britannia Pharmaceuticals (http://wxx?w.
britannia-pharm.co.uk), Intranasal Technologies (http://www.intranasal.com), Bentley

Pharmaceuticals (http://www.bentleypharm.com) and West Pharmaceutical Services
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(http://www. westdrugdelivery.com) are actively developing novel nasal formulations
for conventional generic drugs (e.g. apombrphine, triptans, morphine, midazolam,
fentanyl, non-steroid anti-inflammatory drugs), as well as for peptides and proteins
(e.g. leuprolide, parathyroid hormone, insulin, interferon) in situations where the nasal
route would be beneficial for the therapeutic efﬁc_acy of the drug.

Scientists have also focused their research toward intranasal administration for drug
delivery to the brain especially for the treatment of diseases, such as pain, epilepsy,
migraine, emesis, depression and erectile dysfunction. The investigation till datc; has
attracted researchers to place the intranasal drug delivery option under the
microscope. Nevertheless, it is imperative to understand the uptéke of drug across the
nasal mucosa. From a kinetic point of view, nose is a complex organ since three
different processes, such 'a_s disposition, clearance and Aabsorption of drugs,v
simultaneously occur inside nasal cavity. For effective absorption of drugs across
nasal mucosa, it is essential to comprehend the nasal anatomy and related
physiological features of the nose (Lisbeth Ilum et al., 2002).

2.4.1, Nasal Anatomy and Physiology .

The human nasal cavity has a total volume of about 16 to 19 ml, and a total surface
area of about 180 cm2, and is divided into two nasal cavities via the septum. The
volume of each cavity is approximately 75 ml, having a surface area around 75 cm?.
Post drug administration into the nasal cavity, a solute can be deposited at one or
more of here anatomically distinct regions, the vestibular, respiratory and olfactory
region (Figure.2.6). A _
The vestibular region:- The vestibular region is located at the opening of nasal
passages and is responsible for filtering out the air borne particles. It is considered to
be the least important of the three regions with regard to drug absorption.

The respiratory region:- The respiratofy region is the largest having the highest
degrée of vascularity and is mainly responsible for systemic drug absorption.

The olfactory region:- The olfactory region is of about 10 cm? in surface area, and it
plays a vital role in transportation of drugs to the brain and the CSF. Human olfactory
region comprises of thick connective tissue lamina p;opria, upon which rests the
olfactory epithelium. The olfactory epithelium is situated between the trans-nasal
septum and the lateral wall of each side of the two nasal cavities and just below the
cribriform plate of ethmoid bone separating the nasal cavity from the cranial cavity.

Lamina propria has axons, bowans bundle and blood vessels whereas epithelium
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consists of three different cells i.e. basal cells, supporting cells and olfactory receptor
cells (fig.2.6). Neurons are interspersed between supporting cells. The olfactory
receptor cells are bipolar neurons with a single dendritic and extending from the cell
body to the free apical surface where it ends in an olfactory knob carrying non-motile
cilia, which extend above the epithelium. Neurons are 5-6 cells thick and at the basal
end neuron tapers into slender non-myelated axon that joins with other axons into a
bundle to form glomeruli (fillia olfactoria) in lamina propria region surrounded by
glial cells (and CSR), and penetrates into the cranial cavity through small holes in the
cribriform plate (Figure 2.7).

The epithelium of the nasal passage is covered by a mucus layer, which entraps
particles. The mucus layer is cleared from the nasal cavity by cilia, and is renewed
every 10 to 15 minutes. The pH of the mucosal secretions ranges from 5.5 to 6.5 in
adults and 5.0 to 6.7 in children. The mucus moves through the nose at an
approximate rate of 5 to 6 mm/min resulting in particle clearance within the nose
every 15 to 20 minutes. Numerous enzymes for instance, cytochrome P450 enzymes
isoforms (CYPIA, CYPZA, and CYP2E), carboxylesterases and glutathione S-

transferases are found in nasal cavity.
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Figure 2.6: Nasal vascular supply
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Figure 2.7: Location of the olfactory bulb, the olfactory mucosa and the olfactory
nerve cells in humans Modified picture from the Nobel Prize official homepage
(Nobelprize.org)

2.4.2. Mechanism of Nose to Brain Drug Transport
It is important to examine the pathway/mechanisms (Fisher et al.. 1985. Wheatley et

al., 1988. Tengamnuay et ah, 1988) involved prior to addressing the possibilities to
improve transnasal uptake by the brain. The olfactory region is known to be the
portal for a drug substance to enter from nose-to-brain following nasal absorption
(figure 2.8). Thus, transport across the olfactory epithelium is the predominant
concern for brain targeted intranasal delivery. Nasal mucosa and subarachnoid space;
lymphatic plexus located in nasal mucosa and subarachnoid space along with
perineural sheaths in olfactory nerve filaments and subarachnoid space appears to
have communications between them. The nasal drug delivery to he CNS is thought to
involve either an intraneuronal or extraneuronal pathway (Thorne et ah, 2001,
BormLange et ah, 2002). A drug can cross the olfactory path by one or more
mechanism/pathways. These include paracellular transport by movement of drug
through interstitial space of cells transcellular or simple diffusion across the
membrane or receptor / fluid phase mediated endocytosis and transcytosis by vesicle
carrier (McMartin et ah, 1987) and neuronal transport. The paracellular transport
mechanism/route is slow and passive. It mainly uses an aqueous mode of transport.
Usually, the drug passes through the tight junctions and the open clefts of the
epithelial cells present in the nasal mucosa. There is an inverse log-log correlation

between intranasal absorption and the molecular weight of water soluble compounds.
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Compounds, which are highly hydrophilic in nature and/or of low molecular weight, -
are most appropriate for paracellular transport. A sharp reduction in absorption and
poor bioavailability was observed for the drugs )having molecular weight greater than

1000 Da. Mofeover, drugs can also cross cell membranes by a carrier — mediated |
active transport route. For example, chitosan, a natural biopolymer from shellfish,
stretches and opens up the tight junctions between epithelial cells to facilitate drug
transport. The transcellular transport mechanism / pathway mainly encompass
transport via a lipoidal route. The drug can be transported across the nasal
mucosa/epithelium by either receptor mediated endocytbsis or passive diffusion or
fluid phase endocytosis transcellular route. Highly lipophilic drugs are expected to
have rapid/complete transnasal uptake. The olfactory neuron cells facilitate the drug

transport principally to the olfactory bulb.

JBrain tissue

Clearance] L
E: iE!iminaticnl

Figure 2.8: Nose to brain trhnsport routes
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Table 2.1: Nose-to-brain transport of drug molecules and possible pathways

S.No. Pathways Molecules

1. Nasal mucosa —ssensory nerve cells of olfactory Albumin

epithelium — subarachoid space — blood stream

2. Nasal mucosa— olfactory nerve fiber Amino acids

3. Nasopharyngeal epithelium— lymphatic— cervical Rabbit virulent type III
lymphatic vessel— blood vessel pneumococci

4, Nasal mucosa— cerebrospinal fluid and serum . Dopamine, Estradiol

Nasal mucosa— olfactory neurons— brain and CSF  Estradiol, Neutropic virus’

and poliomyelitis virus.
6. Nasal membrane— olfactory dendrites— nervous Norethisterone,
system— supporting cells in the olfactory mucosa Progesterone
— sub mucosal blood vascular system
7. Nasal membrane— peripheral circulation and Norethisterone
CSF— CNS ‘
8. Nasal mucosa— peripheral and cranial nerves Herpes virus encephalitis
— CNS
9. Nasal mucosa— cranial nerve— CNS Hérpes virus simplex
10. Nasal mucosa— trigeminal and olfactory Mouse passage strain of
pathways— CNS : herpes virus
11. Nasal mucosa— sub mucous lymphatic— cervical Vaccina virus
lymphatic pathway— CNS
12 Nasopharynx— cervical lymph Water

Advantages of intranasal drug delivery (Illum et al., 2003)
e Non- invﬁsive, répid and comfortable
¢ Bypasses the BBB and targets the CNS, reducing systemic exposure and thus
systemic exposure and thus systemic side effects.
e Does not require nay modification of the therapeutic agent being delivered
neurological and psychiatric disorders.
* Rich vasculature and highly permeable structure of the nasal mucosa greatly

enhance drug absorption.
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Problem of degradation of peptide drugs in minimized up to a certain extent.
Easy accessibility to blood capillaries
Avoid destruction in the gastrointestinal tract, hepatic first pass metabolism

and increased bioavailability.

Limitations of intranasal drug delivery (Illum et al., 2003)

Concentration achievable in different regions of the brain and spinal cord
varies with each agent.

Delivery is expected to decrease with increasing molecular weight of drug.
Some therapeutic agents may be susceptible to partial degradation in the nasal
mucosa or may cause irritation to the mucosa.

Nasal congestion due to cold or allergies may interfere with this method of
delivery.

Frequent use of this route may result in mucosal damage.

2.4.3 Factors Affecting Brain-Targeted Nasal Delivery Systems

Some of the physicochemical, formulation and physiological factors are imperative

and must be considered prior to designing intranasal delivery for brain targeting.

Some of the physicochemical factors are chemical form, polymorphism, particle size,

solubility and most importantly molecular weight. Moreover several other factors like

formulation factors in addition to physiological factors are also having decisive

repercussion on the in vivo result/performance of the product and in turn influence the

uptake of drug at targeted site. Some of the imperative physicochemical, formulation

and biological factors are described.

I'

Physicochemical properties of drugs:

i Chemical form: The chemical form of a drug is important in determining

absorption. For example, conversion of the drug into a salt or ester form can
also alter its absorption. Huang et al. (1985) studied. the effect of structural
modification of drug on absorption. It was observed that in-situ nasal
absorption of carboxylic acid esters of L—Tyrosine was significantly greater

than that of L.-Tyrosine.

ii Polymorphism: Polymorphism is known to affect the dissolution rate and

solubility of drugs and thus their absorption through biological membranes. It
is therefore advisable to study the polymorphic stability and purity of drugs

for nasal powders and / or suspensions.
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iii Molecular Weight: A linear inverse correlation has been reported between

iv

the absorption of drugs and molecular weight up to 300 Da. Absorption
decreases significantly if the molecular weight is greater than 1000 Da except
with the use of absorption enhancers. Nasal drug absorption is affected by
molecular weight, size, formulation pH, pKa of molecule and delivery volume
among other formulation characteristics. Molecular weight still presents the
best correlation to absorption. The apparent cut-off point for molecular
weight is ai)proximately 1,000 with molecules less than 1,000 having better
absorption. Shape is also important. Linear molecules have lower absorption
than cyclic — shaped molecules. Additionally, particles should be larger than
10 mm, and otherwise the drug may be deposited in the lungs. Hydrophilicity
has been found to decrease drug bioavailability.

Particle Size: It has been reported that particle sizes greater than 10pm are
deposited in the nasal cavity. Particles that are 2 to 10 um can be retained in
the lungs and particles of less than 1 um are exhaled.

Solubility & dissolution Rate: Drug solubility and dissolution rates are
important factor sin determining nasal absorption from powders and
suspensions. The particles deposited in the nasal cavity need to be dissolved
prior to absorption. If a drug remains as particles or is cléared away, no
absorption occurs.

Formulation factors:

i pH of the formulation: Another formulation factor important for absorption is

pH. Both the pH of the nasal cavity and pKa of a particular drug need to be
considered to optimize systemic absorption. Nasal irritation is minimized
when products are delivered with a pH range of 4.5 to 6.5. Also, volume and
concentration is important to consider. The delivery volume is limited by the
size of the nasal cavity. An upper limit of 25 mg/dose and a volume of 25 to
150 ml/nostril have been suggested.

To avoid irritation of nasél mucosa;

To allow the drug to be available in unioniied form for absorption;

To prevent growth of pathogenic bacteria in the nasal passage;

To maintain functionality of excipients such as preservatives; and

To sustain normal physiological ciliary movement.
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Lysozyme is found in nasal secretions, which is responsible for destroying

certain bacteria at acidic pH. Under alkaline conditions, lysozyme is inactivated

and the nasal tissue is susceptible to microbial infection. It is therefore

advisable to keep the formulation at a pH of 4.5 to 6.5 keeping in mind the

physicochemical properties of the drug as drugs are absorbed in the unionized

form.

i

i

v

Buffer Capacity: Nasal formulations are generally administered in small
volumes ranging from 25 to 200uL with 100 pL being the most common dose
volume. Hence, nasal secretions may alter the pH of the administrated dose.
This can affects the concentration of unionized drug available for absorption.

Therefore, an adequate formulation buffer capacity may be required to

‘maintain the pH in-situ.

Osmolarity: Drug absorption can be affected by tonicity of formulation.
Shrinkage of epithelial cells has been observed in the presence of hypertonic
solutions. Hypertonic saline solutions also inhibit or cease ciliary activity.
Low pH has a similar effect as that of a hypertonic solution.

Gelling / Viscosity building agents or gel-forming carriers: Pennington et al.
(1988) studied that increase in solution viscosity may provide a means of
prolonging the therapeutic effect of nasal preparations. Suzuki et al.(1999)
showed that a drug carrier such as hydroxypropyl cellulose was effective for
improving the absorption of low molecular weight drugs but did not produce
the same effect for high molecular weight peptides. Use of a combination of
carriers is often recommended from a safety (nasal irritancy) point of view.
For gelling to occur in the nasal cavity with a liquid composition comprising
excipients which gels in the presence of ions, such as pectin or gellan gom, it
is likely to be necessary to add monovalent and/or divalent cations to the
composition so that it is close to the point of electrolyte induced gelation.
When such a composition is administered to the nasal cavity, the endogenous
cations present in the nasal fluids will cause the mobile liquid composition to
get. In other words, the ionic étrength of the composition is kept sufficiently
low to obtain a low viscosity formulation that is easy to administer, but
sufficiently high to ensure gelation once administered into the nasal cavity
where gelation will take place due to the presence of cations in the nasal
fluids.
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Solubilizers: Aqueous solubility of drug is always a limitation for nasal drug
delivery in solution. Conventioﬁal solvents or co-solvents such as glycols,
small quantities of alcohol, Transcutol (diethylene glycol monoethyl ether),
medium chain glycerides and Labrasol (saturated polyglycolyzed Cg-Cio
glyceride) can be used to enhance the solubility of drugs (Gattefosse bulletin,
1997). Other options include the use of surfactants or cyclodextrins such as
HP-B-cyclodextrin that serve as a biocompatible solubilizer and stabilizer in
combination with lipophilic absorption enhancers. In such cases, their impact
on nasal irritancy should be considered.

Preservatives: Most nasal formulations are aqueous based and need
preservatives to prevent microbial growth. Parabens, benzalkonium chloride,
phenyl ethyl alcohol, EDTA and benzoyl alcohol are some of the commonly
used preservatives in nasal formulations. Van De Donk et al (1980) have
shown that mercury containing preservatives have a fast and irreversible effect
on ciliary movement and should not be used in the nasal systems.
Antioxidants: A small quantity of antioxidants may be required to prevent
drug oxidation. | Commonly used antioxidants are sodium metabisulfite,
sodium bisulfite, butylated hydroxyl toluene and tocopherol. Usually,
antioxidants do not affect drug absorption or cause nasal irritation. Chemical /
physical interaction of antioxidants and preservatives with drugs, excipients,
manufacturing equipment and packaging components should be considered as
part of the formulation development program. '

Humectants: Many allergic and chronic diseases are often connected with
crusts and drying of mucous membrane. Certain preservatives / antioxidants
among other excipients are also likely to cause nasal irritation especially when

used in higher quantities. Adequate intranasal moisture is essential for

preventing dehydration. Therefore humectants can be added especially in gel-

based nasal products. Humectants avoid nasal irritation and are not likely to
affect drug absorption. Common examples include glycerin, sorbitol and

mannitol.

ix Drug Concentration, Dose & Dose Volume: Drug concentration, dose and

volume of administration are three interrelated parameters that impact the

performance of the nasal delivery performance. Nasal absorption of L-
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Tyrosine was shown to increase with drug concentration in nasal perfusion
experiments.

X Role of Absorption Enhancers: In typical scenarios where desired absorption
profile is not attained by the nasal product, the use of absorption enhancers is
recommended. The selection of absorption enhancers is based upon their
‘acceptability by regulatory agencies and their impact on the physiological
functioning of nose. Absorption enhancers may be required when a drug
exhibits poor membrane permeability, large molecular size, lack of
lipophilicity and enzymatic degradation by aminopeptidases.

Generally, the absorption enhancers act via one of the following mechanism:

. Inhibit enzyme activity;

] Reduce mucus viscosity or elasticity;
. Decrease mlicociliary clearance;

. 'Open tight junctions; and

. Solubilize or stabilize the drug.

Absorption enhancers are generally classified as physical and chemical
Enhancers:

Chemical enhancers act by destructing the nasal mucosa very often in an
irreversible way, whereas physical enhancers affect nasal clearance reversibly
by forming a gel. The enhancing effect continues until the gel is swallowed.
Examples of chemical enhancers are chelating agents, fatty acids, bile acid
Asalts, surfactants, and preservatives. Osmolarity and pH may accelerate the
enhancing effect. One major of focus has been the incorporation of absorption
enhancers to increase bioavailability. Examples of enhancing agents are -
surfactants, glycosides, cyclodextrins, and glycols. Absorption enhancers
improve absorption through many different mechanisms, such as increasing
membrane fluidity, increasing nasal blood flow, decreasing mucus viscosity,
and enzyme inhibition. A classic example of a polypeptide compound with
low (-3%) nasal bioavailability is calcitonin. Calcitonin has 32 amino acids in
length and is approximately 3,500 Da, when given intranasally to rats and
rabbits using a number of different cyclodextrins, its absorption, as measured

by decrease in serum calcium concentrations, was significant in comparison to
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the formulation without additive and thus, demonstrating the usefulness of
absorption enhancers.
Physiological factors:

i  Effect of Deposition on Absorption: Deposition of the formulation in
the anterior portion of the nose provides a longer nasal residence time. The
anterior portion of the nose is an area of low permeability while posterior
portion of the nose where the drug permeability is generally higher, provides
shorter residence time. The method of administration and properties of
formulation determine the deposition site.

it Nasal blood flow: Nasal mucosal membrane is very rich in vasculature
and plays a vital role in the thermal regulation and humidification of the
inhaled air. Turbinate and septum has dense network of erectile cavernous
tissues. The network is rich in vasculature and it is excellent membrane for
drug absorption. The blood flow and therefore the drug absorption will
depend upon the vasoconstriction and vasodilatation of the blood vessels.

iii  Effect of Mucociliary Clearance: 1t is important that the integrity of
the nasal clearance mechanism is maintained to perform normal physiological
functions such as the removal of dust, allergens and bacteria. The ciliary
activity is the driving force of the secretory transport in the nose to constantly
remove particles that are trapped on the mucus blanket during inhalation. The
absorption of drugs is influenced by the residence (contact) time between the
drug and the epithelial tissue. The muéociliary clearance is inversely related
to the residence time and therefore inversely proportional to the absorption of
drugs administered. A prolonged residence time in the nasal cavity may also
be achieved by using bioadhesive polymers, microspheres, chitosan and
polycarbophil or by increasing the viscosity of the formulation. Nasal
mucociliary clearance can also be stimulated or inhibited by drugs, excipients,
preservatives and / or absorpﬁon enhancers and thus affect drug delivery to the
absorption site. ‘ |

iv  Effect of Enzymatic Activity: Several enzymes that are present in the
nasal mucosa might affect the stability of drugs. For example, proteins and
peptides are subjected to degradation by proteases and amino-peptidase at the
mucosal membrane. The level of amino-peptidase present is much lower than

that in the gastrointestinal tract. Peptides may also form complexes with
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immunoglobulin (Igs) in the nasal cavity leading to an increase in the
molecular weight and a reduction of permeability.

v Effect of Pathological Condition: Intranasal. pathologies such as
allergic rhinitis, infections, or pervious nasal surgery may affect the nasal
mucociliary transport process and/or capacity for nasal absorption. During the
common cold, the efficiency of an intranasal medication is often
compromised. Nasal clearance is reduced in insulin-dependent diabetes.
Nasal pathology can also alter mucosal pH and thus affect absorption of drugs.

2.4.4. Nasal Dosage Forms

Due to typical anatomy and physiology of the nasal cavity, with non-ciliated part of
nasal cavity and a cﬂiated region in the more posterior part of the nose, the site of
deposition is extremely important for mucociliary clearance and in turn resident time
of the formulation in nose; the most critical parameter for drug absorption. The
deposition and deposition area are mainly a function of delivery system and delivery
device. It predominantly affects many factors such as mode of administration,
particle size of formulation, velocity of the delivered particles, spray angle and cone.
The selection of delivery system depends upon the drug being used, proposed
indication, patient population and last but not least, marketing preferences. Some of
these delivery systems and their salient features are summarized below:

Liquid dosage forms

Nasal Emulsions & Ointments: Nasal efnulsions and ointments have not been studied
in detail as other nasal delivery systems. They offer advantages for local application
mainly due to their viscosity. One of the major advantages is poor patient
acceptability. The physical stability of emulsion formulations and precise delivery are
some of the main formulation issues.

>Specialized Delivery System: Microsphere technology is one of the specialized
systems becoming popular for designing nasal products. Micro spheres may provide
more prolonged contact with the nasal mucosa and thus enhance absorption.
Microspheres for nasal applications have prepared using biocompatible materials,
such as starch, albumin, dextran and gelatin. However, their toxicity / irritancy
should be evaluated. It was hypothesized that in the presence of starch microspheres,
the nasal mucosa is dehydrated due to moisture uptake by the micro spheres. This
results in reversible “shrinkage” of the cells, providing a tempbrary physical

separation of the tight (intercellular) junctions that increases the absorption of drugs.
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Nasal Drops: Nasal drops one of the most simple and convenient systems developed
for nasal delivery. The main disadvantage of this system is the lack of the dose
precision and therefore nasal drops may not be suitable for prescription products. It
has been reported that nasal drops deposit human serum albumin in the nostrils more
efficiently than nasal sprays. '
Nasal sprays: Both solution and suspension formulations can be formulated into nasal
sprays. Due to the availability of metered dose pumps and actuators, a nasal spray
can deliver an exact dose from 25 to 200 pL.. The particle size and morphology (for
suspensions) of the drug and viscosity of the formulation determine tlole choice of
pump and actuator assembly.
Semi solid dosage forms
Nasal Gels: Nasal gels are high-viscosity thickened solutions or suspensions. Until
the recent development of precise dosing devices, there was not much interest in this
system. The advantages of a nasal gel include the reduction of post — nasal drip due
to high viscosity, reduction of taste impact due to reduced swallowing, reduction of
anterior leakage of the formulation, reduction of irritation by using soothing /
» emollient excipients and target delivery to mucosa for better absorption. Vitamin By,
gel has been recently developed as a prescription product.

Solid dosage forms

Nasal Powders: This dosage form may be developed if solution and suspension
dosage forms cannot be developed e.g. due td lack of drug stability. The advantages
to the nasal powder dosage form are the absence of pre#ervative and superior stability
of the formulation. However, the suitability of the powder formulation is dependent
on the solubility particle size, aerodynamic properties and nasal irritancy of the active
drug and/or excipients. Local application of drug is another advantage of this system
but nasal mucosa irritancy and metered dose delivery are some of the challenges for
formulation scientists and device manufacturers.

2.4.5. Animal Models for Evaluation of Nasal Drug Absorption Studies

Nasal absorption studies can be evaluated using two animal models vis. (1) whole
animal or in vivo model and (2) isolated organ perfusion or ex vivo model. The
models are commonly employed as per the needs of experiment. These models are

described in the sections 2.2.10.1 onwards.
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1) Whole animal or in vivo model Rat model:
The surgical preparation of rat for in vivo nasal absorption study carried out by
anaesthetizing the rat by intraperitoneal injection of sodium Phenobarbital. An
incision is made in the neck and the trachea is canulated using polyethylene tube.
Another tube is inserted through the esophagus towards the posterior region of nasal
cavity. The passage of the nasopalatine tract is sealed so that the drug solution does
not get drained from the nasal cavity through mouth. The drug solution is delivered to
nasal cavity through nostril or throngh the polyethylene canula. The blood samples
are collected from the femoral vein. The drug will be trénsported through nasal cavity
to systemic circulation or to other organs/tissues only as all the possible outlets are
blocked. | '
Rabbit model: Rabbits weighing approximately 3 kg are either anaesthetized or
maintained in a conscious state depending on the need of an experiment.The rabbits
are anasthetized by intramuscular injection of a combination of ketamine or xylene.
The drug solution is sprayed in form of nasal spray into each nostril. The head of the
rabbit is upheld in upright position. During the study, rabbits are allowed to breathe
naturally througﬁ the nostrils. The body temperature of the rabbits shall be
maintained at 37 ° C with aid of heating pad. The blood samples are collected using
an indwelling catheter from the marginal car vein or artery as per the experimental
protocol (Corbo et al., 1998).
Rabbit model has several advantages as stated below.
| e Relatively cheap, easily available and does not require dediéated laboratory
facility.
* Permits extrapolation of the data when studied using larger animal such as
monkey. _
® Due to larger blood volume (approx. 300 ml), it allows frequent sampling (1 to
2 ml)
Dog model: The dog is either anaesthetized or maintained in the conscious stage
depending on the purpose of the experiment. In the anaesthetized model, the dog is
anaesthetized using i.v. injection of sodium thiopental and maintained with sodium
Phenobarbital. A positive pressure pump provides ventilation through a cuffed
endotracheal tube. The temperature is maintained 37 0 C with aid of heating pad. The

blood samples are collected from the jugular vein according to the design of
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experimental protocol.The dog model has been used to study nasal absorption of
propranolol, insulin and few other drugs (Lee et al., 1991).

Sheep model: The in vivo sheep model for nasal drug delivery is similar to that
discussed for dog model. Male in-house bred sheep are selected devoid of nasal
diseases. The sheep model has been used for studying nasal absorption of
metkephamid and few other drugs (Visor et al., 1987).

Monkey model: Monkey (approximately 8kg) is anaesthetized tranquilized or
maintained in the conscious stage as per the protocol of the experiment. - The monkey
is tranquilized by intramuscular injection of ketamine hydrochloride or anaehetized
by intravenous injection of sodium Phenobarbital. The head of the monkey is held in
the upright position and drug solution is administered in each nostril. Post drug
administration, monkey is placed in a supine position in a metabolism chair for 5 to
10 minutes. Throughout the study, monkey is allowed to breathe naturally through
the nostrils. The blood samples are collected via an indwelling catheter mounted in
the vein as per the design of protocol. The monkey model has been used in studying
the nasal absorption of insulin, leutinizing releasing hormone and nicardipine etc.

2) Ex-vivo nasal perfusion models

Surgical preparation is the same as defined under in vivo rat model. During
perfusion studies, a funnel is placed between the nose and reservoir to minimize the‘
loss of drug solution. The drug solution is filled in reservoir and temperature is
maintained at 37~ C. The drug solution is circulated using peristaltic pump. The drug
solution is dripped on the nostril and collected via funnel to the reservoir. The drug
solution in the reservoir is stirred constantly and circulated for a pfedetermined, time
period as per the design of the protocol. The amount of drug transported cross the
nasal cavity is back calculated from the concentration of drug remained in the
reservoir. One of the drawbacks of this model is that unstable drugs may lead to
incorrect results. This model is used to determine the nasal absorption of salicylic
acid,” aminopyrine, phenol red, phenobarbial, secobarbital, 1-tyrosine, Propranolol
hydrochloride, polyethylene glycol 4000 etc. Rabbit model can also be employed for
studying ex vivo nasal absorption of drugs (Chien et al., 1985).
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2.5. Novel nasal delivery systems

Chitosan and other chitosan positively charged derivatives, its use in the
pharmaceutical field

In recent years, the polysaccharide material, chitosan has attracted much interest as a
nasal delivery system that is able to efficiently deliver polar drugs (including
peptides) to the systemic - circulation and provide therapeutically relevant
bioavailability. Chitosan is produced, by a process of deacetylation, from the chitin
found in crustacean shells. The resultant free amino groups enable the formation of
positively charged chitosan salts with organic and inorganic acids.

2.5.1. Chitosan ‘

Chitosan (poly[ P ~(1-4)~2~amino—2—deoxy—D-glucopyranose]) is a biodegradable
cationic polysaccharide produced by partial deacetylation of chitin derived from
naturally occurring crustacean shells. The molecular formula is CeH;O4N and its
structure of chitin and chitosan are shown in Fi gure 2.9. The polymer is comprised of
copolymers of glucosamine and N-acetyl glucosamine. The term chitosan embraces a
series of polymers that vary in molecular weight (from approximately 10,000 to 1
million Dalton) and degree of deacetylation (in the range of 50-95%). Since chitosan
displays mucoadhesive properties, strong permeation enhancing capabilities for
hydrophilic compounds and a safe toxicity profile (Singla et al., 2001), it has received
considerable attention as a novel excipient in drug delivery system and has been
included in the European Pharmacopoeia since 2002. Its applications are summarized
in Table 2.2.
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Figure 2.9: Structure of chitin and chitosan
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Table 2.2: Application of chitosan in the pharmaceutical field

Conventional formulations Novel formulations

Direct compression tablet Bioadhesion ‘
Controlled release matrix tablet Transmucosal drug transport
Wet granulation Vaccine delivery

Gels Non-viral DNA delivery
Films ‘

Emulsions

Wetting agent

Coating agent

Microspheres and microcapsules

Targeting

Despite its biocompatibility, the uses of chitosan in biomedical fields are limited by
its poor solubility in physiological media. Chitosan has an apparent pKa value
between 5.5 and 6.5 and upon dissolution in acid media the amino groups of the
polymer are protonated rendering the molecule positively charged. At neutral and
alkaline pH, most chitosan molecules lose their charge and precipitate from solution.
To improve the poor water-solubility of chitosan at physiological pH, several
derivatives have been studied, For example, the modification of chitosan by
quaterhization of the amino gfoups (Sieval et al., 1998, Le Dung et a., 1994), N-
carboxymethylation (Muzzarelli et al., 1982) and PEGylation (Saito et al., 1997, Ohya
et al., 2000) have been reported. Moreover, chitosan was used to modify the surface
of poly (D, L-lactic acid) (PDLLA) in order to enhance its cell affinity (Cai et al.,
2002). ' ‘
Mechanism

The absorption promoting effect of chitosan has been found to be a combination of
mucoadhesion and a transient opening of the tight junctions in the fnucosal cell
membrane, as shown in Figure 2.10. The mucoadhesive properties of chitosan are a
consequence of an interaction between the positively charged chitosan and }negatively
charged sialic acid groups on the mucin. Such interactions encourage prolonged '
contact time between the drug substance and the absorptive surface, thereby
-permitting the absorption of drug molecules via the paracellular (Figure 2.10A, 1), |
transcellular pathway (Figure 2.10A, 3), or through endo- and transcytosis (Figure
2.10A, 2). Generally, only small, hydrophilic molecules with a molecular weight
below 500 g/mol are able to penetrate via a paracellular pathway through the tight
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junction. Most compounds are absorbed via a transcellular pathway through the cell
membrane of the epithelial cells due to the high surface area. Endo- and transcytosis
is characterized by the engulfment of the extracellular material, followed by the
pinching of the membrane vesicles from the plasma membrane (Figure 2.10A. 2).
Adsorptive endocytosis of chitosan nanoparticles has previously been demonstrated

(Huang et ah, 1999).

A apical
UWL
Mucous layer
Tight junction
B
before after
Mucous layer
Tight junction
-Z0-1,2,3
A-Cingulin / Occludin
m-Claudin

-Catenins / E-Cadherin

A. Mucoadhesion.
B. Opening the tight junction.
Figure 2.10: Schematic overview of the mechanism of chitosan as a
permeation enhancer
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Tight junctions are located between apical and basolateral domains in epithelial cells,
and appear as a continuous apical belt around the cell periphery. They regulate the
passage of molecules across these natural barriers. Large molecular weight drugs need
to pass through these tissue barriers in order to reach their targeted sites. As part of
the body’s normal activity, tight junctions selectively open and close in response to
various signals both inside and outside the cells. This permits the passage of large
molecules across the tight junction barrier. On a molecular level, tight junctions
consist of proteins, for example, claudins, occludins and junctional adhesion
molecules. Such molecules are anchored in the membranes of two adjacent cells and
interact with one other to hold the cells together, preventing other molecules from
passing between them. In intact tight junctions, these proteins are strongly associated
with the plasma membrane (Dodane et al., 1999). However under conditions
precluding tight junction formation, these proteins appear to be relocated from the
membrane into other cellular compartments. It has been shown in both cell culture
(Caco-2) and animal models that chitosan is able to induce a transient opening of tight
junctions, thus increasing membrane permeability particularly to polar drugs,
including peptides and proteins (Dodane et al., 1999). The opening of the tight
Jjunctions has been demonstrated by a loss of ZO-1 proteins and occludins from the
cytosolic and membrane fractions into the cytoskeletal fraction (Schipper et al., 1987,
Smith et al., 2004).

Toxicity

Although a number of investigations have been performed to elucidate the
cytotoxicity of chitosan, the results were controversial. A series of toxicity studies
indicated that chitosan was toxic, with fhe extent of toxicity being dependent upon the
molecular weight, degree of deacetylation and salt form (Sgouras et al.,, 1990,
Carrefio-Gdémez et al., 1997). By contrast, other investigations have suggested that the
toxicity of chitosan is negligible, with experiments investigating the effects on cilia
beat frequency (CBF) in guinea pigs after 28 days application, effect on mucociliary
clearance rates on human nasal tissue and effect on nasal membranes in rats (Aspden
et al., 1996, Aspden et al., 1997). A ten-day acute toxicity study in rabbits showed "
neither macroscopic nor microscopic effects on organs or tissues, and oral toxicity of
chitosan was reported to be 16 g/kg body weight (LDsg). The mucociliary clearance
rate in man, measured by a saccharine clearance test, was found to be unaffected after

daily nasal application of chitosan (Soane et al., 1999).
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The efficacy of many drugs is often limited by their potential to reécA m Site of

. . . |
therapeutic action. In most cases (conventional dosage forms), only a srll’JtI) amount of .

administered dose reaches the target site, while the majority of the drug ‘cfisfcribtiteS
throughout the rest of the body in accordance with its physicochemical and
biochemical properties. Therefore, developing a drug delivery system that optimizes
the pharmaceutical action of a drug while reducing its toxic side effects in vivo is a
challenging task. One approach is the use of colloidal drug carriers that can provide
site specific or targeted drug delivery combined with optimal drug release profiles.
The idea of using submicron drug delivery systems for drug targeting was conceived
and developed after Paul Ehrlich originally proposed the idea of tiny drug-loaded
magic bullets over a hundred year ago (Kumar et al., 1996).

Among these carriers, liposomes and micro/nanoparticles have been the most
extensively investigated. Liposomes present some technological limitations including
poor reproducibility and stability, and low drug entrapment efficiency. Nevertheless,
several low molecular weight drugs are now commercially available which employ
this technology. Polymeric nanoparticles, which possess a better reproducibility and
stability profiles than liposomes, have been proposed as alternative drug carriers that
overcome many of these problems. Nanoparticles are solid colloidal particles with
diameters ranging from 1-1000 nm. They consist of macromolecular materials and
can be used therapeutically as adjuvant in vaccines or drug carriers, in which the
active ingredient is dissolved, entrapped, encapsulated, adsorbed or chemically
attached. Polymers used to form nanoparticles can be both synthetic and natural
polymers. There are two types of nanoparticles depending on the preparation process:
nanospheres and nanocapsules (Allemann et al.. 1993).

Nanospheres have a monolithic-type structure (matrix) in which drugs are dispersed
or adsorbed onto their surfaces (Figure 2.1 1). Nanocapsules exhibit a membrane-wall
structure and drugs are entrapped in the core or adsorbed onto their exterior (Figure
2.11).The term “panoparticles” is adopted because it is often very difficult to
unambiguously establish whether these particles are of a matrix or a membrane type.
Nanoparticles not only have potential as drug delivery carriers as they offer non-
invasive routes of administration such as oral, nasal and ocular routes, but also show
to be good adjuvant for vaccines. Despite these advantages, there is no ideal
nanoparticles system available. Most of nanoparticles prepared from water-insoluble

polymers are involved heat, organic solvent or high shear force that can be harmful to
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the drug stability. Moreover, some preparation methods such as emulsion
polymerization and solvent evaporation are complex and require a number of
preparation steps that are more time and energy consuming. In contrast, water-soluble
polymers offer mild and simple preparation methods without the use of organic
solvent and high shear force.

Among water-soluble polymers available, chitosan is one of the most extensively
studied. This is because chitosan possesses some ideal properties of polymeric carriers
for nanoparticles (Table 2.3) such as biocompatible, biodegradable, nontoxic, and
inexpensive. Furthermore, it possesses positively charge and exhibits absorption
enhancing effect. These properties render chitosan a very attractive material as a drug
delivery carrier. In the last two decades, chitosan nanoparticles (chitosan NP) have
been extensively developed and explored for pharmaceutical applications.
Preparation method & ‘

Over the past 30 years, chitosan NP ,pf%pﬁr’ation technique has been developed based
on chitosan microparticles technology. There are at least four methods available:
ionotropic  gelation, microemulsion, emulsification solvent diffusion and
polyelectrolyte complex.- The most widely developed methods are ionotropic gelation
and self assemble polyelectrolytes. These methods offer many advantages such as
simple and mild preparation method without the use of organic solvent or high shear
force. Thus, they would be applicable to a broad categories of drugs including
macromolecules which notorious as labile drugs. In general, the factors found to
affect nanoparticles formation including particle size and surface charge are molecular
weight and degree of deacetylation of chitosan. The entrapment efficiency is found to
be dependent on the pKa and solubility of entrapped drugs. The drug is mostly found
to be associated with chitosan via electrostatic interaction, hydrogen bonding, and

hydrophobic interaction.

52



Chapter 2 Literature review

Table 2.3: Criteria for ideal polymeric carriers for nanoparticles &

nanoparticles delivery systems

Polymeric carriers Nanoparticles delivery systems
* Easy to synthesize and characterize » Simple and inexpensive to manufacture
* Inexpensive and scale-up
* Biocompatible * No heat, high shear forces or organic
* Biodegradable solvents involved in their preparation
* Non-immunogenic process
* Non-toxic * Reproducible and stable
» Water soluble * Applicable to a broad category of drugs;
small molecules, proteins and
polynucleotides
* Ability to lyophilize
» Stable after administration
*» Non-toxic
[ ]
Nanospheres
entrapped adsorbed
drug drug

E % \M‘J’

Nanocapsules
Figure 2.11: Various type of drug loaded hanoparticles (Allemann et al. 1993)

Ionotropic gelation

Chitosan NP prepared by ionotropic gelation technique was first reported by Calvo et
al., (1997b) and has been widely examined and developed (Janes et al., 2001, Pan et
al., 2002). The mechanism of chitosan nanoparticles formation is based on
electrostatic interaction between amine group of chitosan and negatively charge group
of polyanion such as tripolyphosphate (Bodmeier et al., 1989). This technique offers a
simple and mild preparation method in the aqueous ehvironment. First, chitosan can
be dissolved in acetic acid in the absence or presence of stabilizing agent, such as
poloxamer, which can be added in the chitosan solution before or after the addition of
polyanion. Polyanion or anionic polymers was then added and nanoparticles Weré

spontaneously formed under mechanical stirring at room temperature. The size and

53




Chapter 2 Literature review

surface charge of particles can be modified by varying the ratio of chitosan and
stabilizer (Calvo et al., 1997a) (Figure 2.12).

N > grm— )- H wedd stiteer
Chitosan solation > High spood stivrer

W Polyanidnic sotition .

L 4
S e o * e by Chifessnpericis

Figure 2.12: Preparation method of chitosan nanoparticles using Ioniotropic
gelation method (Agnihotri ét al., 2004)

Microemulsion method
Chitosan NP prepared by microemulsion techniQue was first deVeIopéd by Maitra et
al (1999). This technique is based on formation of chitosan nanoparticles in the
aqueous core of reverse micellar droplets and subsequently cross-linked through
glutaraldehyde. In this method, a surfactant was dissolved in N-hexane. Then, chitoan
in acetic solution and glutaraldehyde were added to surfactant/hexane mixture under
continuous stirring at room temperature. Nanoparticles were formed in the presence of
surfactant. The system was stirred overnight to complete the cross-linking process,
which the free amine group of chitosan conjugate with glutai'aldehyde. The organic
solvent is then removed by evaporatibn under low pressure. The yields obtained were
the cross-linked chitosan NP and excess surfactant. The excess surfactant was then
removed by iarecipitate with CaCl, and then the precipitant was removed by
centrifugation. The final nanoparticles suspension was dialyzed before lyophilyzation.
This technique offers a narrow size distribution of less than 100 nm and the particle
size can be controlled by varying the amount of glutaraldehyde that alter the degree of
cross-linking. Nevertheless, some disadvantages exist such as the use of organic .~
solvent, time-consuming preparation process, and complexity in the washing step;
Emulsification solvent diffusion method
El-Shabouri reported chitosan NPs prepared by emulsion solvent diffusion method,
(El-Shabouri et al., 2002) which originally developed by Niwa et al (1993) employing
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PLGA (Niwa et al., 1993). This method is based on the partial miscibility of an
organic solvent with water. An o/w emulsion is obtained upon injection an organic
phase into chitosan solution containing a stabilizing agent (i.e. poloxamer) under
mechanical stirring, follow by high pressure homogenization. The emulsion is then
diluted with a large amount of water to overcome organic solvent miscibility in water.
Polymer precipitation occurs as a result of the diffusion of organic solvent into water,
leading to the formation of nanoparticles. This method is suitable for hydrophobic
drug and showed high processing conditions (e.g., the use of organic solvents) and the
high shear forces used during nanoparticles preparation. |
Polyelectrolyte complex (PEC)
Polyelectrolyte complex or self assemble polyelectrolyte is a term to describe |
complexes formed by self-assembly of the cationic charged polymer and plasmid
DNA. Mechanism of PEC formation involves charge neutralization between cationic
polymer and DNA leading to a fall in hydrophilicity as the polyelectrolyte component
self assembly. Several cationic polymers (i.e. gelatin, i)olyethylenimine) also possess
this property. Generally, this technique offers: simple and mild preparation method
without harsh conditions involved. The nanoparticles spontaneously formed after
addition of DNA solution into chitosan dissolved in acetic acid solution, under
mechanical stirring at or under room temperature (Erbacher et al.,, 1998). The
complexes size can be varied from 50 nm to 700 nm:. '
2.5.2. Thiolated Chitosans: Novel Polymers for Mucoadhesive .Drug Delivery
Mucoadhesion can be defined as the ability of synthetic or biological macromolecules
to adhere to mucosal tissueé such as the mucosa of the small intestine. Since the early
1980s, the concept of mucoadhesion has gained considerable interest in
pharmaceutical technology; ij this concept can reach its full potential, it might open
the door for novel, highly efficient dosage forms especially for oral drug delivery.
Mucoadhesive drug delivery systems promise several advantages that arise from
localization at a given target site, prolonged residence time at the site of drug
| absorption, and an intensified contact with the mucosa increasing the drug
concentration gradientl Hence, uptake and consequently bioavailability of the drug
may be increased and frequency of dosing reduced with the result that patient
compliance is improved. Various natural and synthetic polymers have been
discovered as mucoadhesive excipients. Their mucoadhesive properties can be

explained by their interaction with the glycoproteins of the mucus, based mainly on
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non-covalent bonds such as ionic interactions, hydrogen bonds and van der Waals
forces (Thanou et al., 2000).

Chitosan has been studied as a biomaterial and as a pharmaceutical excipient for drug
delivery, because of its favourable biological properties such as biodegradability and
low toxicity (Illum et al., 1998). Moreover, its ability to facilitate paracellular
transport of drugs across mucosal barriers (Borchard et al., 1996, Lee et al., 1995).
Because of its complimentary properties, such as enzymatic biodegradability, non-
toxicity and biocompatibility chitosan has received considerable interest as a novel
excipient in drug delivery systems, and has been included in the European
Pharmacopoeia since 2002. In spite of its reported successes, a major downside of
chitosan is that is insoluble at physiological pH, whereas it is soluble and active as an
absorption enhancer only in its protonated form in acidic environments (Kotze et al.,
1999).

Recently, it has been shown that polymers with thiol groups provide much higher
adhesive properties than polymers generally considered to be mucoadhesive. The
enhancement of mucoadhesion can be explained by the formation of covalent bonds
between the polymer and the mucus layer which are stronger than non-covalent
bonds. These thiolated polymers (see Figure 2.13), known as thiomers, interact with
cysteine rich subdomains of mucus glycoproteins via disulfide exchange reactions or
via simple oxidation process as shown in Figure. 2.14. To further enhance the
solubility of chitosan and to improve its mucoadhesive and/or permeation enhancing
properties, various derivatives such as trimethylated chitosan, (Thanou et al., 2000)
mono-N-carboxymethyl chitosan. (Thanou et al., 2001), N-sulfochitosan (Baumann et
al., 2001) and chitosan-EDTA conjugates (Andreas et al,, 1998) were developed. A
further modification is based on the immobilization of thiol bearing moieties on the
polymeric backbone of chitosan. To date, three different thiolated chitosan derivatives
have been synthesized: chitosan-thioglycolic acid conjugates (Andreas et a].,.2001,
Hornof et al., 2003) chitosan-cysteine conjugates (Andreas et al., 1999) and chitosan-
4-thio-butyl-amidine (chitosan- TBA) conjugates. These ‘thiolated chitosans have
numerous advantageous features in comparison to unmodified chitosan, such as
significantly improved mucoadhesive and permeation enhancing properties (Andreas
et al., 1999, Andreas et al 2003., Roldo et al., 2()04_, Langoth et al., 2004). The strong
cohesive properties of thiolated chitosans make them highly suitable excipients for

controlled drug release dosage forms (Andreas et al, 2003, Kast et al., 2003).
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Moreover, solutions of thiolated chitosans display in situ gelling properties at
physiological pH values (Hornof et al., 2003). It is the aim of this review to provide
an overview about different thiolated chitosan derivatives that have been synthesized
so far as well as their characterization and optimization utilizing various in vifro test
systems. The performance of thiolated chitosan in in vivo studies, providing proof of

their applicability in peroral peptide delivery systems, will be discussed as well.
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Figure 2.13: Simple diagrammatic representation of preparing thiolated polymer
(Sreenivas et al., 2008)
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Figure 2.14: Mechanism of disulphide bond formation between thiomer and

mucus glycoproteins (Mucins) (Sreenivas et al., 2008)
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Synthesis of thiclated chitosan

The primary amino group at the 2-position (Figure 2.15) of the glucosamine subunit
of chitosan is the main target for the immobilization of thiol groups. As shown in
Figure 2.15 sulfhydryl bearing agents can be covalently attached to this primary
amino group via the formation of amide or amidine bonds. In case of the formation of
amide bonds the carboxylic acid group of the ligands cysteine and thioglycolic acid
reacts with the primary amino group of chitosan mediated by a water soluble
carbodiimide (Kast et al., 2001). The formation of disulfide bonds by air oxidation
during synthesis is avoided by performing the process at a pH below 5. At this pH-
range the concentration of thiolate anions, representing the reactive form for oxidation
of thiol groups, is low, and the formation of disulfide bonds can be almost excluded.
Aliernatively, the coupling reaction can be performed under inert conditions. In the
case of the formation of amidine bonds, 2-iminothiolane is used as a coupling reagent
(Andreas et al., 2003). It offers the advantage of a simple one step coupling reaction.
In addition, the thiol group of the reagent is protected against oxidation because of the
chemical structure of the reagent. Orientating studies with all these thiolated chitosans -
showed that a degree of modification of 25-250 mmol thiol groups per gram chitosan
leads to the highest improvement in the mucoadhesive and permeation enhancing
properties. The amount of immobilized thiol groups in reduced and oxidized form can
be determined via Ellmén’s reagent (Hornof et al., 2003) with and without previous

quantitative reduction of disulfide bonds with borohydride (Leitner et al., 2003).
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Figure 2.15: Structure of chitosan and thiolated chitosan (Sreenivas et al., 2008)

Properties of Thiolated Chitosan

Mucoadhesive properties

The improved mucéadheéive'properties of thiolated chitosans are explained by the
formation of covalent bonds between thiol groups of the polymer and cysteine rich
subdomains of glycoproteins'in the mucus layer (Leitner et al., 2003). These covalent
bonds are supposedly stronger than noncovalent bonds such as ionic interactions of
chitosan with anionic substructures of the mucus layer. This theory was supported by
the results of tensile studies with tablets of thiolated chitosans which demonstrated a
positive correlation between the degree of modification with thiol bearing moieties
and the adhesive properties of the polymer (Roldo ét al., 2004). These findings were
confirmed by another in vitro mucoadhesion test system where the time of adhesion
of tablets on intestinal mucosa was determined. The contact time of the thiolated
chitosan derivatives increased with increasing amounts of immobilized thiol groups
(Andreas et al., 2003). With chitosan-thioglycolic acid conjugates a 5-10-fold ’
increase in mucoadhesion in comparison to unmodified chitosan was achieved. The
mucoadhesive properties of chitosan-TBA (chitosan-4-thio-butyl-amidine) conjugates
were even further improved. One explanation for this phenomenon can be given by

the theory that chitosan-TBA conjugates additionally increased mucoadhesive

59



Chapter 2 Literature review

properties due to improved ionic interactions between the additional cationic amidine
substructure of the conjugate (see Figure 2.15) and anionic substructures within the
mucus layer. Tensile studies with chitosan-TBA conjugates of low, medium and high
molecular mass (150, 400 and 600 kDa) furthermore indicated that medium molecular
mass thiolated chitosans displayed relatively, the highest mucoadhesiveness. Utilizing
a medium molecular mass chitosan-TBA conjugate displaying 264 mM thiol groups
per gram polymer led to a more than 100-fold improvement in mucoadhesion
compared to unmodified chitosan. This represents the greatest progress made so far in
the development of mucoadhesive polymers (Roldo et al., 2004).

Permeation enhancing effect

In 1994 Illum et al showed the permeation enhancing capabilities of éhitosan for the
first time Chitosan is able to enhance the paracellu}ar route of absorption, which is
important for the transport of hydrophilic compounds such as therapeutic peptides and
antisense oligonucleotides across the membrane. Various studies carried out on Caco-
2 cell monolayers demonstrated a significant decrease in the transepithelial electrical
resistance after the addition of chitosan (Artursson et al., 1994). The mechanism
underlying this permeation enhancing effect seems to be based on the positive charges
of the polymer which interact with the cell membrane resulting in a structural
reorganization of tight junction-associated proteins(Schipper et al., 1997). In the
presence of the mucus layer, however, this permeation enhancing effect is
comparatively lower, as chitosan cannot reach the epithelium because of size limited
diffusion and/or competitive charge interactions with mucin (Schipper et al., 1999).
Nevertheless, these results obtained on Caco-2 cell monolayers could be confirmed by
in vivo studies, showing an enhanéed intestinal absorption of thé peptide drug,
- buserelin, in rats due to the co-administration of chitosan hydrochloride (Luessen et
al., 1996). The permeation enhancing effect of chitosan can be greatly improved by
the immobilization of thiol groups. The effect of thiolated chitosans has been shown
in various permeation studies in Ussing type chambers using freshly excised intestinal
mucosa (Andreas et al.,, 1999). The uptake of fluorescence-labelled bacitracin, for
instance, was improved 1.6-fold utilizing 0.5% of chitosan-cysteine conjugate instead -
of unmodified chitosan (Andreas et al, 1999). In another study, the permeation
enhancing effect of chitosan-TBA, in comparison to the permeation enhancing effect
of unmodified chitosan, was shown. The uptake of the cationic marker compound,

rthodamine-123 was 3-fold higher in the presence of thiolated chitosan than in

4
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unmodified chitosan (Langoth et al., 2004). The likely mechanism responsible for this
improved permeation enhancement has been attributed to the inhibition of the protein,
tyrosine phosphatase. This enzyme seems to be involved in the opening and closing
process of the tight junctions. Tyrosine phosphatase is responsible for the
dephosphorylation of tyrosine subunits of occludin, representing an essential
transmembrane protein of the tight junctions. When these tyrosine subunits of
occludin are dephosphorylated, the tight junctions are closed. In contrast, when these
tyrosine subunits are phosphorylated, the tight junctions are opened. The inhibition of
tyrosine phosphatase by compounds such as phenylarsine oxide, pervanadate or
reduced glutathione leads consequently to phosphorylation and opening of the tight
junctions. In ‘contrast to the stable but toxic tyrosine phosphatase inhibitors
phenylarsine oxide and pervanadate, the inhibitory effect of glutathione is lower as it
is rapidly oxidized on the cell surface, loosing its inhibitory activity (Grafstrom et al.,
1980). Due to the combination of reduced glutathione with thiolated chitosans,
however, the oxidation of the inhibitor on the membrane can be restricted, as thiomers
are capable of reducing oxidized glutathione (Clausen et al., 2002).

Mechanisms being responsible for improved mucoadhesion (Andreas et al., 2005)
Formation of disulfidé bonds with the mucus gel layer

The formation of disulfide bonds between the thiomer and the mucus gel layer takes
place either via thiol/disulfide exchange reactions (1) or via a simple oxidation
prc;cess of free thiol groups (2). The different types of mucus glycolproteins or
designated mucins exhibiting cysteine-rich subdomains have been reviewed
previously. Generally there are no mucosal surfaces in which mucins with cysteine
rich subdomains are not present. In contrast to noncovalent bonds disulfide bonds are
not influenced by factors such as ionic strength and pH. Velocity and extent of
disulfide bond formation depends on the concentration of thiolate anions representing
the reactive form for thiol/disulfide exchange reactions and oxidation processes. The
concentration of thiolate anions in turn depends on:

The pKa value of the thiol group. In dependence on the polym_é_r backbone and the
chemical structure of the ligand, more or less reactive thiomers can be designed. Thiol |
groups of the chitosan—thiobutylamidine conjugate, for instance, exhibit a pKa value
of 9.9, whereas the pKa value of the thiol groups of poly(acrylate)-cysteine

conjugates is 8.35.
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The pH of the thiomer. As only ionic thiomers are used, they all display a high buffer
capacity. The buffer capacity of a sodium poly(acrylate)‘ matrix tablet, for instance,
can be compared with that of an at least 25 M acetate buffer. As all charged groups
remain concentrated on the polymeric network a kind of dmicroclimateT can be
established. The reactivity of thiol groups can consequently be controlled by adjusting
the pH of the polymer to a certain level. The higher the pH is adjusted, the more
reactive are the thiol groups and vice versa. ‘

The pH of the surrounding medium. The reactivity of thiol groups inside the
polymeric network is mainly controlled by the pH of the thiomer, whereas the
reactivity on the surface of the polymer is more controlled by the pH of the
surrounding medium. As the mucus gel layer being close to the epithelium has a pH
around 7, thiol groups penetrating into the mucus are always sufficiently reactive.
Evidence for the formation of covalent bonds between thiomers and the mucus gel
layer has been provided recently. Leitner et al (2003) could show by four different
methods including rheological, diffusion, gel permeation and certain mucoadhesion
studies the formation of disulfide bonds between thiolated polymers and mucus
glycoproteins. In another publication it was also shown that mucin can be effectively
bound to thiolated p6lyacrylate, while it is not at all bound to unmodified
polyacrylate. Due to the addition of the disulfide bond breaker dithiothreitol already
iglmobilized mucin could be completely removed from the thiolated polymer

In situ cross-linking process |
Another likely mechanism. being responsible for the improved mucoadhesive
properties of thiomers is based on their in situ cross-linking properties. During and
after the interpenetration process, which could be verified for mucoadhesive polymers
such as poly(acrylic acid) recently, disulfide bonds are formed within the thiomer
itself leading to additional anchors via chaining up with the mucus gel layer. The

" mechanism is illustrated in Figure 2.16.
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Figure 2.16: Schematic presentation of improved mucoadhesion by an insitu
cross-linking in comparison to chain links (Andreas et al., 2005)

It is similar to the mechanism on which the adhesive property of most adhesive is
based on, i.e. a penetration of the adhesive into a certain surface structure followed by
a stabilization process of the adheéive. In case of superglues, for instance, monomeric
cyanoacrylates penetrate into raw surfaces foﬂowed by a polymerization process.
Thiolated polymers display in situ gelling properties due to the oxidation of thiol
groups at physiological pH-values, which results in the formation of inter- and
intramolecular disulfide bonds. The in sita gelling behaviour of thiomers was
characterized in vitro by rheological measurements. The sol-gel transition of thiolated
chitosan, for instance, was completed at pH 5.5 after 2 h, when highly cross linked
gels were formed. In parallel, a significant decrease in the thiol group content of the
polymers was observed, indicating ther formation of disulfide bonds. The rheological
properties of unmodﬁéd chitosan remained constant over the whole observation
period. Rheological investigation of thiolated chitosans furthermore demonstrated a
clear correlation between the total amount of polymer-linked thiol groups and the
increase in elasticity of the formed gel. The more thiol groups were immobilized on,
chitosan, the higher was the increase in elastic modulus G’ in solutions of thiolated
chitosan. These in situ gelling properties are in particular of interest for liquid or
semisolid vaginal, nasal and ocular formulations, which should stabilize themselves

once, applied on the site of drug delivery.
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Future Trends

Non-invasive peptide delivery

The incorporation of peptide drugs exhibiting a cationic net charge in anionic
mucoadhesive polymers on the one hand leads to a strong reduction in the
mucoadhesive properties and, on the other hand, may hinder drug release as a result of
strong ionic interactions between the therapeutic ingredient and the polymeric
network. Consequently, cationic therapeutic peptides or peptidomimetics such as
calcitonin or desmopressin need to be embedded in cationic or non-ionic
mucoadhesive polymers. As non-ionic polymers cannot provide sufficient high
mucoadhesion and thiolated chitosans display comparatively the highest
mucoadhesive properties among cationic polymers, this type of thiomer seems to be a
favourable tool for the oral administration of cationic hydrophilic macromolecules.
Apart from oral delivery systems thiolated chitosans seem to be useful also for other
non-invasive routes of peptide drug administration. In particular, the nasal, vaginal,
buccal and ocular mucosas are interesting targets.

Production of micro- and nano-particles

Microparticles based on chitosan disintegrate very rapidly unless they are combined
with multivalent anionic compounds such as sodium sulfate (Lubben et al., 2001) or
alginate leading to stabilization by an ionic cross-linking process. Due to the addition
of such multivalent anionic compounds, however, the mucoadhesive properties of
chitosan are strongly reduced. In contrast, microparticles that are based on thiolated
chitosan do not disintegrate. Because of the formation of disulfide bonds within the
polymeric network, microparticles are strongly stabilized. Consequently, a controlled
drug release out of thiolated chitosan microparticles can be provided. In contrast to
the addition of multivalent anionic compounds, the immobilization of thiol groups on
chitosan leads to si:rongly improved mucoadhesive properties.

Tissue engineering

A further interesting application of thiolated chitosans is their use in tissue
engineering. The expanding field of tissue engineering applications has accelerated
the need for materials which are tissue compatible, biodegradable and with(
mechanical properties similar to the target tissues. Biodegradable and biocompatible
polymers have been attractive candidates for scaffolding materials because they
degrade as the new tissues are formed, eventually without inflammatory reactions or

toxic degradation. Further, studies in this direction were performed with L-929 mouse
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fibroblasts seeded onto chitosan thioglycolic acid sheets. The results of this study
showed that thiolated chitosan can provide a porous scaffold structure guaranteeing
cell anchorage, proliferation and tissue formation in three dimensions. (Ma et al.,
2001). Due to the in situ gelling properties, it seems possible to provide a certain
shape of the scaffold material by pouring a liquid thiolated chitosan (Kast et al., 2003)
cell suspension in a mold. Furthermore, liquid polymer cell suspensions may be
applied by injection forming semi-solid scaffolds at the site of tissue damage. Since
low concentrated aqueous solutions of thiolated chitosan remain liquid when stored
under inert conditionsv and are rapidly gels under access of oxygen, they seem to be
promising candidates for such applications. .

Coating of stents

Another promising application of thiolated chitosans is their use as coating material
for stents. Polymer-coated drug-eluting stents are a potential technique to achieve
high local tissue concentrations of an effective drug at the precise site and at the time
of vessel injury. First orientating studies demonstrated that by simply dipping the
stent in a thiolated chitosan solution and drying it on air, a stable coating could be '
achieved. During the drying process, cross-linking of chitosan by the formation of
disulfide bonds due to air oxidation, takes place. The polyrheric network is thereby
stabilized on the stent. The chitosan coating should allow sustained release of
incorporated drugs such as anti-inflammatory agents or agents avoiding cell
proliferation. Recently, it was shown that stents can be successfully coated with
thiolated pbly(acrylic acid) and that sustained release of a mode peptide drug out of
this thiomeric coating can be provided. Similar results can be expected for thiolated
chitosans but have to be verified by ongoing studies. |

2.5.3. Trimethyl chitosan and its applications in drug delivery

Chitosan in its protonated form facilitates the paracellular transport of hydrophilic
drugs by combination of bioadhesion and a transient widerﬁng of the: tight junctions in
the membrane. Although it is incapable of enhancing absorption across the nasal
mucosa. Kotze et al put forward the hypothesis that polymers such as unmodified
chitosan with a primary amino group may not be the optimal ones in opening tight
junctions, but the polymers or derivatives with different substituent, different
basicities, or different charged densities will have the same or even increased efficacy
in this respect (Kotze” et al., 1999). Kotze et al further stated in this regard that there

was a need for chitosan derivatives with increased solubility, especially at neutral and
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basic pH values, for use as absorption enhancers aimed at the delivery of therapeutic
compounds in the more basic environments (Kotze” et al., 1998, Kotze” et al., 1997).
Attempts to boost up the positive chargé on the polymer chain appear to be consistent
with this rationale. The quaternization of amino group with simplest alkyl group i.e.
methyl is the unambiguous step towards comprehending the hypothesis.

Synthesis of trimethyl chitosan

Quaternization (methylation) of amino groups in chitosan can be achieved with
methyl iodide at elevated temperature in strong alkaline environment to bind the acid
being generated during the reaction taking place and to avoid protonation of the
unreacted primary amino groups (Figure 2.17). The degree of quaternization (DQ) can
be altered by increasing the number of reaction steps or by increasing the reaction
time or by controlling the reaction steps or by using different deacetylation grades of
chitosan. At higher degrees of quaternization however evidence of O-methylation on
the 3 and 6 hydroxyl groups of chitosan is found. In general, O-methylation led to less
soluble products. It is desirable hence to prepare trimethyl chitosan (TMC) polymers
with a high DQ but with a low degree of O-methylation. ‘

HOH.C
HOHC AOH, i"’ \ 0 mnsﬁchangg HOR, C\/
\ f}/ \ A, HCH e (] X/\f{}\ Q/Y\ l/
Oy ' 0 o
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Figure 2.17: Synthesis of trimethyl chitosan (Mourya et al., 2009)

The synthesis of N,N,N-trimethyl chitosan was reported by Domard et al (1986)
based on the dispersion of 5 g chitosan in 250 ml N-methyl-2 pyrrolidinone reacting
with CH3I and NaOH (chitosan:CH3I:NaOH in molar ratio 1:15:2) for 3 h at 36°C
(Domard et al., 1986). This method however caused extensive depolymerization of
chitosan. The process was modified by Le Dung with respect to the ratio of reactants
(chitosan:CH3I : NaOH in molar ratio 1:15:3.45) to reduce polymer degradation and
control the different parameters affecting quaternization. The 1H-NMR examination
however suggests that such procedure would mainly result in dimethylated polymer

with only 10-15% of quaternization. Sieval et al (1998) modified the process with
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respect to the solvent/reagent addition sequence and reported one step and two step
syntheses. In one step synthesis, chitosan was dispersed in NMP with CH3I, and Nal
and then the mixture was made alkaline by adding aqueous NaOH solution (Sieval et
al., 1998). In two step synthesis, chitosan was dispersed in aqueous NaOH with Nal
and then CH3I mixed with NMP was added. The resultant product was washed with
ethanol and ether and subjected to methylation again but with less quantity of CH3I
this time. Dimethylation is significantly decreased by repeating the basic reaction. To
~ get the higher degree of substitution Snyman et al (2002) carried out the reaction in
repetition of one, two, three or four times with same or different quantity of CH3I: the
starting polymer for each subsequent step was the product of previous reaction step
washed with ethanol (Snyman et al., 2002). The modifications were done by Hamman
et al (2001) and employed by Polnok et al (2004) for varying the numbér of reaction
steps and the type of base (Hamman et al., 2001, Polnok et al., 2004). The bases used
were NaOH and dimethylaminopyridine along with NMP. The degrees of
quaternization of TMC polymers obtained from the processes using
dimethylaminopyridine as the base were lower than those using sodium hydrdxide.
The polymer degradation also was lower. This may be explained by the weaker
alkaline properties of dimethylaminopyridine compared to sodium hydroxide. A
combination of the two bases did not reduce polymer degradation, while the DQ was
limited to relatively low values (12.5-34.4%). The attempts to increase the DQ by
increasing the number of steps are accompanied by O-methylation. Moreover an
increased number of reaction steps- decreased dimethylation also. However an
extended duration of reaction increased both DQ and dimethylation (Jintapattanakit et
al., 2008). Runarsson et al (2007) changed the solvent system to DMF/H20 mixture
(50:50) and performed the reaction without the aid of a catalyst-sodium iodide
(Runarsson et al., 2007). This significantly reduced O-methylation since DMF/water
seems to lowers the reactivity of the hydroxyl group enough to keep the O-
methylation down. The DQ, however, was always low in the materials obtained. The
DQ varied from O to 74% depending on the reaction conditions accompanied by
monomethylation, dimethylation and O-methylation (chitosan:CH31:NaOH in molar
ratio 1: 6 or 12:1.5 to 9, time 0.5 to 48 h, temperature 21, 50, 75 C). Based on this
solvent system recently they also claimed to get high degree of substitution 81 to 88%
by ‘one pot’ synthesis procedure (chitosan:CH3I:NaOH in molar ratio 1:6:3, timé 48

h, room temperature) (Ru'narsson et al., 2008). They suggested protection group
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strategy for more selective N-quaternization (sequence of N-phtahloylation, O-
tritylation, N-deprotection, N-methylation and O-deprotection). The exchange of
counter ion iodide with chloride was done finally by dissolving the quaternized
polymer in a small quantity of water followed by the addition of HCI in methanol or
by dissolving in NaCl solution. The exchange can be achieved by dialysis too against -
NaCl solution and water. All these methods of methylation make use of methyl jodide
which despite being efficient is a highly volatile, carcinogenic and expensive reagent.
In addition it offers limited control over a perilously chemical reaction. In an attempt
to overcome these disadvantages, an alternative sequence for the synthesis of chitosan
quaternized derivatives is proposed by Britto et al {2006) using dimethylsulfate as the
reactive agent Wherein the polymer in solution of NaOH and NaCl is mixed and
refluxed with methylating agent at RT or at 70°C (de Britto et al., 2006). Here also
the quaternization intensity was time and temperature dependent. The undesirable O-
methylation and polymeric degradation were observed to take place for the reaction
also. Other synthetic strategies have been reported to produce TMC derivatives but
are not as widely used as the Domard reaction. One such method utilizes sequence of
formation of Schiff’s base and reduction reported by Muzzarelli et al (1985) (Figure
2.18) (Muzzarelli et al., 1985). The trimethylation up to 60% of the amine groups
could be accomplished by Schiff’s base formation with formaldehyde, followed by
reduction with sodium borohydride and quaternization in alkaline condition with
methyl iodide. This two-step method likely prevents chain scission and deacetylation
of remaining N-acetyl groups, and might result in TMC without O-methylation. With
this, quaternization with different alkyl groups is also possible as in synthesis of N-
diethylmethylchitosan (Avadi et al., 2005) N-N-propyl-N,N dimethyl chitosan and N-
furfuryl-N,N-dimethyl chitosan (Jia et al., 2001), N-butyl NN dimethyl chitosan
(Ignatova et al., 2007) and N-phenyl or N-(substituted phenyl) N,N-dimethyl chitosan
(Guo et al., 2007). In an attempt to synthesize O-methyl free TMC, Verheul et al
(2008) synthesized dimethylated chitosan first and quaternized it (Verheul et al,,
2008). The procedure was based on the method of Muzzarelli et al 1985, with
modifications in solvent and reducing agent system as use of a formic acid-
formaldehyde methylation and quaternization by CHsl in NMP without assistance of
catalyst.
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Figure 2.18: Aikylatibn of chitosan followed by quaternization (Mourya et al.,
2009)

Physicochemical properties of trimethyl chitosan

- 'TMC proved to be a derivative of chitosan with superior solubility and basicity, even
at low degrees of quaternization, compared to chitosan and salts. The chitosan and
salts are only soluble in acidic pH levels Even at these low pH levels, it was difficult
to prepare 1.5% (w/v) solutions due to the high viscosity of the solutions. TMC, even
with a DQ as low as 10%, on the other hand is soluble either in acidic, basic or neutral
medium (pH range 1-9 up to 10% w/v concentration). The highest solubility is
reported with TMC of an intermediate DQ (40%) regardless of DD and molecular
weight (Jintapattanakit et al., 2008). The increase in solubility was attributed to the
replacement of the priméry amino group on the C-2 position of chitosan with
quaternary amino groups. The absolute molecular weights, radius and polydispersity
of a range of TMC polymers with different degrees of quaternization (22.1, 36.3, 48.0
and 59.2%) were determined with size exclusion chromatography (SEC) and multi-
angle laser light scattering (MALLS). The absolute molecular weight of the TMC
polymers decreased with an increase in the DQ. The respective absolute molecular
weights measured for each of the polymers were 2.02, 1.95, 1.66 and 1.43 g/mol. It
should be noted that the molecular weight of the polymer chain increases during the
reductive methylation process due to the addition of methyl groups to the amino
group of the repeating monomers. However, a net decrease in the absolute molecular
weight is observed due to degradation of the polymer chain caused by exposure to the
reaction conditions such as the strong alkaline environment and elevated experimental

temperatures during the synthesis (Snyman et al., 2002). The intrinsic viscosity, as an
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indication of molecular weight, also decreases with an increase in the DQ of the
polymer. Like the native chitosan, TMC has the mucoadhesive properties (Cardile et
al., 2008). The intrinsié mucoadhesivity of TMC was found to be lower than the
~ chitosan salts, chitosan hydrdchloride and glutamate, but if compared to the reference
polymer, pectin, TMC possessed superior mucoadhesive properties (Snyman et al.,
2003). The mucoadhesive properties of TMC with different DQ have been explored
but the results are controversial. Sandri et al (2005) have reported the increase in
mucoadhesive properties towards buccal mucosa with increase in DQ in the study of
fluorescien isothiocyanate dextran (MW 4,400 Dé) as a model drug (Sandri et al.,,
2005). On the other hand Symﬁan et al., had found that the mucoadhesive properties
of TMC decreased with an increase in DQ between 22.1 and 48.8% (Snyman et al.,
2002). This may be due to the presence of ﬁxéd positive charges and their interaction
with the negative sialic groups on the mucus protein - structure. The decrease in
mucoadhesion with an ‘increase in the DQ may be explained by changes in the
confbrmation of the respective TMC polymers due to interactions.between the fixed
- positive charges on the C-2 position of each polymer. These interactions may force
the polymer to change its conformation with a decrease in polymer-chain flexibility.
Furthermore, steric effects caused by the attached methyl groups may also hide the
positive charges on the amino groups. This decrease in flexibility and screening effect
inﬂﬁences both the rate and amount of charge exchange between the negatively
charged sialic groups of the mucus and the fixed positive charge of the TMC
~ polymers and the interpenetration into the mucus layer with a subsequent lower
mucoadhesivity. |

Characterization of trimethyl chitosan

FTIR

The FTIR spectrum of TMC is obtained by dissolution of the TMC sample in
deionized water and chitosan in aqueous acetic acid and casting in Petri dishes. The
FTIR spectrum of TMC provides the evidence for the occurrence of methylation
especially in the region 1,700-1,200 cm™ (Figure 2.19). The evidences are: (a) the
band centered at 1,475 cm™ in the spectrum of TMC, which is attributed to the
asymmetric angular deformation of C-H bonds of methyl groups, is absent in the
spectrum of chitosan (de Britto et al., 2007) and (b) the band due to the angular
deformation of N-H bond of amino groups occurs in both spectra, at 1,577 cm-!

(1,500-1,620 cm™) for chitosan and at 1,559 cm-!  for TMC, but it is weaker or
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disappears due to the occurrence of N-methylation (Domard et al,, 1986). A new
peak appears at a high wave number 1,630-1,660 cm-' which are assigned to the
quaternary ammonium salt (de Britto et al., 2007). There are peaks at about 1,415~
1,430 cm-', which are assigned to the characteristic absorption of N-CH3.
Characteristic peaks of alcohol and second alcohol between 1,160 and 1,030 cm-, if
do not change, confirms the lack of the

introduction of an alkyl group at C-3 and C;6 in the chitosan.
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Figure 2.19: FTIR spectra of the chitosan DD 96% (____ ), TMCDQ 52.5% (- - -
-y and TMC DQ 27% (...... ) (Mourya et al., 2009)

'H NMR (Sieval et al., 1998, de Britto et al., 2007)

'H NMR spectra were measured with a 300 or 600 MHz spectrometer by dissolving
TMC samples in D50 at 80°C The residual water in the NMR sample does not pose a
difficulty since at 80°C this peak does not int;erfere with the spectrum of the polymer.
The signals assigned include a peak at 3.4 ppm for quaternized aﬁﬁno group and a
peak at 2.5 ppm for dimethyl amino group, as well as at 3.36-3.56 ppm for O-
methylated group. (Apart from these, the signal of native monomers are evidenced as
peaks at, 4.5-5.0 ppm for hydrogen bonded to the anomeric carbon 1; at 3.4-4.0 due
to hydrogen bonded to the carbon atoms 3, 4, 5 and 6 of the glycopyranose unit; 3.18
attributed to the hydrogen atom bonded to the carbon 2 of the glycopyranose ring and
~2 corresponding to the hydrogen atoms of the methyl moieties of the acetamido
groups). The NMR spectroscopy can be employed to determine the pattern of
substitution as DQ, degree of dimethylation and degree of acetylation. The concept is
illustrated as follows DQ%

D% = [l x 100
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where DQ% is the DQ as a percentage, [(CHs)s] is the integral of the trimethyl amino
group (quaternary amino) peak at 3.1-3.4 ppm, and [H] is the integral of the 1H peaks
between 4.7 and 5.7 ppm on the '""-NMR spectrum. The later corresponds to the
hydrogen bonded to C; of the glycoside ring. The degree of dimethylation can be

calculated by equation:

DM% = {E%M x é—}; x 100

where % DM is the degree of dimethylation as a percentage, [(CHs),] is the integral of
the dimethyl amino peak at 3.1-3.4 ppm. Curti et al (2006) reported a new method of |
calculating TMC’s DQ ba,séd on the intensities of all methyl hydrogen signals on the
1H NMR spectrum that does not require the use of the Cl hydrogen signal as
reference (Curti et al., 2006). It is important to note however, that in using this
method, the intensity of the signal referent to dimethyl site is superestimated, once the

signals of the C2 hydrogen in the glycoside ring and that of the dimethyl site are

overlapped.
o [leBs)] o1
¢ [(CHa)] | [(CHy),] | [(NHCOCH)]
9 6 3

[(NHCOCH3) is thé intensity of the signal due to the hydrogen of the methyl groups
of the acetamido moieties. With these parameters Curti et al (2006) also reported

degree of acetylation of TMC with following expressibn (Curti et al., 2006).

e = [(NHCOC 1)

3 S
'H NMR spectroscopy demands the use of a suitable deutered solvent. Besides,
concentrated chitosan solutions results 'in a very viscous solutions or are even
insoluble for some derivatives, requiring measurements at 80°C in order to obtain
narrow spectral line widths.
Solid-state CP-MAS C NMR
The solid-state CP-MAS C NMR technique has mostly been applied to characterize

chitosan and its derivatives; the characteristic signals can be identified for TMC. The
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DQ can be calculated by following equation where, Ix is the intensity of the signal (de
Britto et al., 2008).

forty,

(Tev+ Iea+ Iy +Tes +1os +Ips) /6

3C NMR (Sieval et al., 1998)

3C NMR spectra were measured in D,0 at 80°C at 150 MHz. The signals assigned
include the dimethylated signal at 43.7 ppm, and the trimethylated signal, at 55.1
ppm. ' ,
Determination of degree of quaternization (DQ) by titratien (Curti et al., 2006)
The average DQ of the sample TMC was also determined from its titration with
aqueous 0.1 M AgNOs. Thus, an aliquot of the aqueous solution of TMC (CP = 1.2
g/l) was transferred to a glass cell maintainéd at 25°C # 0.1°C and the solution
conductivity was measured upon the addition of aqueous AgNOs. The average DQ

was then determined by using the expression:

, My x V x [AgNO
QQ%:[ T™vC [AgNO;)

- } x 100

where Mmuvc is the molecular weight (g/mol) of the repeating unit of TMC containing

the quaternized site, V (dmj or  and [AgNOs] (mol/dms or mol/l) are the equivalent

volume and concentration of AgNO3 aqueous sblution, respectively, and m (g) is the

- mass of TMC,
DSC (de Britto et al., 2004)

.The DTG curves of chitosan and TMC samples with increasing DQ, respectively
recorded in nitrogen atmosphere from room temperature to 500 and hydrophilicity of
the polymers. The study of mass loss corresponding to the evaporation of water
indicated direct dependence of water content on the presence and number of charges |
on the polymer chains. The second thermal event occurs in the temperature range

* 200-400°C for chitosan and 190-350°C for the TMC samples, and it is attributed to
the thermal degradation of the polymers, including the deacetylation of chitosan and
the decomposition of the substituted sites in the methylated derivatives. The complete
thermal decomposition of the polymers, involving the depolymerization and pyrolytic
processes, is attained at temperatures higher than 350°C and 400°C for the TMC

samples and chitosan, respectively. This stage of the thermal decomposition begins at
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lower temperatures for the TMC samples, showing that these derivatives are less
thermally stable than the parent chitosan.

Applications of trimethyl chitosan

The nanoparticles as a nasal delivery system were prepared by ionic gelation
technique with TMC and tripolyphosphate. The nanoparticles prepared had an
average size of about 350 nm and a positive zeta-potential, a loading efficiency up to
95% and a loading capacity up to 50% (w/w) for model compound ovalbumin with
preservation of its integrity. Release studies showed that more than 70% of the protein
remained associated with the TMC nanoparticles for at least 3 h on incubation in
phosphate buffer solution (pH 7.4) at 37°C. In vivo uptake studies indicated the
transport of fluorescin isothiocyanatealbumin associated TMC nanoparticles across
the nasal mucosa. Cytotoxicity tests with Calu-3 cells showed no toxic effects of the
nanoparticles, whereas a partially reversible cilio-inhibiting effect on the ciliary beat
frequency (CBF) of chicken trachea was observed (Amidi et al., 2006). The procedure
of nanoparticle preparation was extended for monovalent influenza subunit HsN;
antigen TMC nanoparticle.

The intranasal administered of antigen-TMC nanoparticles induced higher immune
responses induced significant IgA levels in nasal washes of all mice as compared to
other tested antigen formulations (Amidi et al, 2007). The protective immune
responses in terms of bactericidal activity to meningococcal C conjugate vaccine was
observed after intranasal immunization of mice with the LTK63 mutant plus chitosan
or TMC as novel delivery platform (microparticles or powder suspensions) (Baudner
et al., 2005). The analogous results were obtained for entrapment of tetanus toxoid in
nanoparticles formulated with TMC by tripolyphosphate (ionic) gelation technique
(loading efficacy [90%, particle size within the range of 40-400 nm}], ex-vivo studies
for cellular uptake of nanoparticles by J774A.1 cells and in vivo studies for adjuvant
effect on nasal application (Saymn et al., 2008). The influence of DQ of TMC on level
of immune induction was demonstrated with use of TMC DQ 40% and TMC DQ 60
the level of immune induction It has been demonstrated that responses as adjuvants
for inducing immune respons relies upon DQ of TMC. In demonstration of such
influence on the level of immune induction, TMC DQ 40% appeared to be the most

potent adjuvant for intranasal administration with ovalbumin (Boonyo et al., 2007).
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Table 2.4: Application of trimethyl chitosan (Mourya et al., 2009)

Use

Result

Nanoparticles

Self-assembled nanoparticles prepared by
TMC and poly(gamma-glutamic acid) for
oral delivery of insulin. Superior stability
of nanoparticles in a broader pH range
and sustained release profile of insulin
with permeation enhancement observed

Micropartilces

Microparticles of TMC prepared by a
supercritical floid drying technique as a
carrier for pulmonary delivery of insulin.
Enhanced bioavailabilty of insulin
observed without local adverse reactions
after single administration of insulin
powders

Micropartilces

Microparticles of TMC prepared by a
supercritical fluid. drying technique as a
carrier for pulmonary = delivery of
diphtheria toxoid. The induction of
immune response  observed  was
equivalent to subcutaneous toxoid
administration  and  superior  for
1gG2/1gG1 ratioand IgA level

Nanoparticles

Thymopentin-loaded TMC nanoparticles
on oral administration show higher
efficiency for ratio of lymphocyte

.| CD47/CD8 than thymopentin alone

Nanocomplexes,
nanoparticles

PEC and nanoparticles prepared with
TMC and PEG-graft-TMC copolymer for
peroral insulin delivery. Comparision of
their properties suggest PEC as a
potentially useful technique to achieve
the objective

Absorption enhancer

Superporous hydrogel based systems
developed for desmopressin with TMC
which increased absorption of the drug
across intestinal cells

Absorption enhancer

The combinations of TMC DQ 48 and
64%, dicarboxymethyl _chitosan
oligosaccharide, and chitosan lactate
oligomer with monocaprin and melittin
showed synergistic performance in terms
of absorption across Caco-2, intestinal
epithelial cells and TEER as compared to
the individual absorption enhancers

Film for food
application

Biocide against Listeria monocytogenes
and Salmonella typhimurium
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Chitosan and its derivatives are the subject of investigation since long. Despite of
significant academic exploration of TMC, significant scope exists in creating IPR
wealth in the area of applications of TMC. It has been used in designing
gastroretantive systems due to its bioadhesive properties. An interesting application
has been mentioned in using TMC as tissue permeability enhancer in fabricating
implantable patch. More recently in a collaborative project of industry and academics,
nanoparticles fabrication of peptide drugs using TMC is found to deliver the drug in
trans-ocular and trans-nasal delivery of drug. Significant information on regulatory
aspects of chitosan is still needed. Commercial exploitation of chitosan native faces
significant barriers as difficulties in preparing uniformly reproducible charges in bulk
quantities from various marine organisms and the high prices of the polymers.
Trimethylation and quaternization by various methods further add up to cost and may
. forbid the wider usage of such derivatives. High cost of TMC and unavailability of
vendors thus is still a constrain in developing applications. |

Table 2.5: US patents of quatrenized chitesan (Mourya et al., 2009)

Patent Description

US Patent 4,921,949 Process for making quaternary chitosan derivatives for cosmetic agents
US Patent 5,770,712 Crosslinked hydrogel beads from chitosan

US Patent 6,306,835 Biocidal chitosan derivatives

US Patent 7,381,716
US Patent 7,291,598
US Patent 7,282,194
US Patent 6,726,920
US Patent 6,410,046
US Patent 6,328,967
US Patent 6,207,197

Nanoparticles for protein drug delivery
Nanoparticles for protein drug delivery

‘Nanoparticles for protein drug delivery

Implantable drug delivery patch

Administering pharmaceuticals to the mammalian central nervous system
Delivery system to modulate immune response A

Gastroretentive controlled release microspheres for improved drug
delivery
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2.6. Drug profile

2.6.1 Tizanidine HCl

Chemical name: 5-chloro-4-(2-imidazolin-2-ylamino)-2,1,3-benzothiodiazole
hydrochloride.

Molecular fermula: CoHgCINsS-HCl

Molecular weight: 290.2

Melting point: 280 °C _

Solubility: Tizanidine HCI is slightly soluble in water and methanol; solubility in
water decreaseé as the pH increases.

Description: Tizanidine HCl hydrochloride is a centrally acting o2-adrenergic
agonist. Tizanidine HCI is a white to off-white, fine crystalline powder, which is

odorless or with a faint characteristic odor. Structural formula;

Mechanism of Action: Tizanidine HCI is an agonist at op-adrenergic receptor sites
and presumably reduces -spasticity by increasing presynaptic inhibition of motor
neurons. In animal models, Tizanidine HCl has no direct effect on skeletal muscle
fibers or the neuromuscular junction, and no major effect on monosynaptic spinal
reflexes. The effects of
Tizanidine HCI are greatest on polysynaptic pathways. The overall effect of these
actions is thought to reduce facilitation of spinal motor neurons. The imidazoline
chemical structure of Tizanidine HCI is related to that of the anti-hypertensive drug
clonidine and other a,-adrenergic agonists. Pharmacological studies in animals show
similarities between the two compounds, but Tizanidine HCl was found to have one-

tenth to one-fiftieth (1/50) of the potency of clonidine in lowering blood pressure.
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Pharmacokinetics
Absorption and Distribution
Following oral administration, Tizanidine HCI is essentially completely absorbed.
The absolute oral bioavailability of Tizanidine HCl is approximately 40% (CV =
24%), due to extensive first-pass hepatic metabolism. Tizanidine HCI is extensively
distributed throughout the body with a mean steady state volume of distribution of 2.4
L/kg (CV = 21%) following intravenous administration in healthy adult volunteers.
- Tizanidine HCl is approximately 30% bound to plasma proteins.
Pharmacokinetics, Metabolism and Excretion
Tizanidine HCI has linear pharmacokinetics over a dose of 1 to 20 mg. Tizanidine
HCI has a half-life of approximately 2.5 hours (CV=33%). Approximately 95% of an
administered dose is metabolized. The primary cytochrome P450 isoenzyme involved
in Tizanidine HC1 metabolism is CYP1A2. Tizanidine HCI metabolites are not known
to be active; their half-lives range from 20 to 40 hours. Following single and multiple
oral dosing of 14C-Tizanidine HCI, an average of 60% and 20% of total radioactivity
was recovered in the urine and feces, respectively
Dosage and Administration:
A single dose of 8 mg of Tizanidine HC] reduces muscle tone in patients with
spasticity for a period of seileral hours. The effect peaks at épproximately 1 to 2 hours
and dissipates between 3 to 6 hours. Effects are dose-related. Althoﬁgh single doses of
less than 8 mg have not been demonstrated to be effective in controlled clinical
studies, the dose-related nature of Tizanidine HCl's common adverse events make it
prudent to begin treatment with single oral doses of 4 mg. Increase the dose gradually
(2 to 4 mg steps) to optimum effect (satisfactory reduction of muscle tone at a
tolerated dose). The dose can be repeated at 6 to 8 hour intervals, as needed, to a
maximum of three doses in 24 hours. The total daily dose should not exceed 36 mg.
Experience with single doses exceeding 8 mg and daily doses exceeding 24 mg is
limited There is essentially no experience with repeated, single, daytime doses greater
than 12 mg or total daily doses greater than 36 mg. ‘
Use: Tizanidine HCI is a centrally acting skeletal muscle relaxant, used for the
symptomatic treatment of painful muscle spasms and spasticity. Furthermore,'
Tizanidine HCI HC1 has analgesic properties and is used for the treatment of chronic

headache, back pain and post operative pain.
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Special Populations

Age Effects

No specific pharmacokinetic study was conducted to investigate age effects. Cross
study comparison of pharmacokinetic data following single dose administration of 6
mg Tizanidine HCI showed that younger subjects cleared the drug four times faster
than the elderly subjects. Tizanidine HCI has not been evaluated in children.

Hepatic Impairment ‘

The influence of hepatic impairment on the pharmacokinetics of Tizanidine HCI has
not been evaluated. Because Tizanidine HCl is extensively metabolized in the liver,
hepatic impairment would be expected to have significant effects on pharmacokinetics
of Tizanidine HCl. Tizanidine HCI should ordinarily be avoided or used with extreme
caution in this patient population.

Renal Impairment

Tizanidine HCI clearance is reduced by more than 50% in elderly patients with renal
insufficiency (creatinine clearance < 25 ml/min) compared to healthy elderly
subjects; this would be expected to lead to a longer duration of clinical effect.
Tizanidine HCI should be used with caution in renally impaired patients

Gender Effects

No specific pharmacokinetic study was conducted to investigate gender effects.
Retrospective analysis of pharmacokinetic data, however, following single and
multiple dose administration of 4 mg Tizanidine HCl showed that gender had no -
-effect on the pharmacokinetics of Tizanidine HCL

Drug Interaction:

Tell your doctor of all prescription and non-prescription medications you may take,
especially of: blood pressure drugs (e.g., water pills, clonidine, methyldopa,
guanabenz, guanfacine), MAO inhibitors (e.g., linezolid, furazolidone, phenelzine,
selegiline), sleep medicines, sedatives (e.g., diazepam), tranquilizers, anti-anxiety
drugs, narcotic pain relievers (e.g., codeine, morphine), barbiturates (e.g.,
phenobarbital), certain antihistamines (e.g., diphenhydramine), other muscle relaxants
(e.g., Cyclobenzaprine HCI), certain antidepressants (e.g., imipramine, amitriptyline,
trazodone), phenothiazine psychiatric drugs (e.g., chlorpromazine),birth control pills,
rofecoxib.

Acetaminophen.; Tizanidine HCI delayed the Tmax of acetaminophen by 16 minutes.

Acetaminophen did not affect the pharmacokinetics of Tizanidine HCI.
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Alcohol: Alcohol increased the AUC of Tizanidine HC1 by approximately 20% while
also increasing its Cmax by approximately 15%. This was associated with an increase
in side effects of Tizanidine HCL. The CNS depressant effects of Tizanidine HCI and
alcohol are additive.

Fluvoxamine: Clinically significant hypotension (decreases in both systolic and
diastolic pressure) has been reported with concomitant administration of fluvoxamine
following single doses of 4 mg.Caution is recommended when considering
concomitant use of Tizanidine HCl with other inhibitors of CYP1A2, such as,
antiarrhythmics (amiodarone, mexiletine, propafenone), cimetidinc, fluoroquinolones
(ciprofloxacin, norfloxacin), rofecoxib, oral cOntraceptives, and ticlopidine.

Oral Contraceptives: No specific pharmacokinetic study was conducted to investigate
interaction between oral contraceptives and Tizanidine HCI, but retrospective analysis
of population pharmacokinetic data following single and multiple dose administration
of 4 mg Tizanidine HCl showed that women concurrently taking oral contraceptives
had 50% lower clearance of Tizanidine HCI than women not on oral contraceptives.
Side Effects: Constipation, dry mouth, drowsiness, dizziness, weakness and fatigue
may occur. If any of these effects persist or worsen, éontact your doctor or pharmacist
promptly. To relieve dry mouth, suck on (sugarless) hard candy or ice chips, chew
(sugarless) gum, drink water or use a saliva substitute. Remember that your doctor has
prescribed this medication because he of she has judged that the benefit to you is
greater than the risk of side effects. Many people using this medication do not have
serious side effects.

Tizanidine HCI rarely has caused very serious (possibly fatal) liver disease. Tell your
doctor immediately if you develop symptoms of liver disease, including persistent
nausea, stomach/abdominal pain, dark urine, yellowing eyes/skin. A serious allergic
reaction to this drug is unlikely, but seeks immediate medical attention if it occurs.
Symptoms of a serious allergic reaction include: rash, itching/swelling (especially of
the face/tongue/throat), severe dizziness, trouble breathing.

Packaging and storages: preserve in tight container and store at room temperature.
2.6.2 Cyclobenzaprine HCI

Chemical name: 3-(5H-dibenzo[a,d]cyclohepten-5-ylidene)-N, N-dimethyl-1-
propanamine hydrochloride

Molecular formula: C;0H; NHC1

Molecular weight: 311.9
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pKa: 8.47 at 25°C

Melting point: 217°C

Solubility: It is freely soluble in water and alcohol, sparingly soluble in isopropanol,
and insoluble in hydrocarbon solvents. If aqueous solutions are made alkaline, the free
base separates

Description: Cyclobenzaprine HC! hydrochloride is a white, crystalline tricyclic
amine salt.

‘Structural formula:

|
HCCH,CH,N(CHs); - HCI

Mechanism of Action: Cyclobenzaprine HCI relieves skeletal muscle spasm of local
origin without interfering with muscle function. It is ineffective in muscle spasm due
to central nervous system disease. Cyclobenzaprine HCI reduced or abolished skeletal
muscle hyperactivity in several animal models. Animal studies indicate that
Cyclobenzaprine HCI does not act at the neuromuscular junction or directly on
skeletal muscle. Such studies show that Cyclobenzaprine HCI acts primarily within
the central nervous system at brain stem as opposed to spinal cord levels, although its
action on the latter may contribute to its overall skeletal muscle relaxant activity.
Evideﬁce suggests that the net effect of Cyclobenzaprine HCI is a reduction of tonic
somatic motor activity, influencing both gamma (y) and alpha (&) motor systems.
Pharmacological studies in animals showed a similarity between the effects of
Cyclobenzaprine HCI and the structurally related tricyclic antidepressants, including
reserpine antagonism, norepinephrine potentiation, potent peripheral and central
anticholinergic effects, and sedation. Cyclobenzaprine HCl caused slight to moderate
increase in heart rate in animals.

Pharmacokinetics: Estimates of mean oral bioavailability of Cyclobenzaprine i—ICl
range from 33% to 55%. Cyclobenzaprine HCI exhibits linear phannacolﬁnctics over
the dose range 2.5 mg to 10 mg, and is subject to enterohepatic circulation. It is highly
* bound to plasma profeins. Drug accumulates when dosed three times a day, reaching

steady-state within 3-4 days at plasma concentrations about four-fold higher than after
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a single dose. At steady state in healthy subjects receiving 10 mg t.i.d. (n=18), peak
plasma concentration was 25.9 ng/mL (range, 12.8-46.1 ng/mL), and area under the
concentration-time (AUC) curve over an 8-hour dosing interval was 177 ng.hr/mL
(range, 80-319 ng.hr/mlL). Cyclobenzaprine HCI is extensively metabolized, and is
excreted primarily as glucuronides via the kidney. Cytochromes P-450 3A4, 1A,, and,
to a lesser extent, 2Dg, mediate N-demethylation, one of the oxidative pathways for
Cyclobenzaprine HCl. Cyclobenzaprine HCI is eliminated quite slowly, with an
effective half-life of 18 hours (range 8-37 hours; n=18); plasma clearance is 0.7
L/min. The plasma concentration of Cyclobenzaprine HCl is generally higher in the
elderly and in patients with hepatic impairment.

Dosage and Administration: For most patients, the recommended dose of
Cyclobenzaprine HCl is 5 mg three times a day. Based on individual patient response,
the dose may be increased to 10 mg three times a day. Use of Cyclobenzaprine HCl
for periods longer than two or three weeks is not recommended. Less frequent dosing
should be considered for hepatically impaired or elderly patients.

Use: Cyclobenzaprine HCl is used together with rest and physical therapy to treat
skeletal muscle conditions such as pain or injury. It is not useful for spasticity due to
neurologic conditions such as cerebral palsy. Although centrally acting muscle
relaxants like Cyclobenzaprine HCI are also helpful in aborting a migraine headache.
Precautions:

General

Because of its atropine-like action, Cyclobenzaprine HCI should be used with caution
in patients with a history of urinary retention, angle-closure glaucoma, increased
intraocular pressure, and in patients taking anticholinergic medication.

Impaired Hepatic Function

The plasma concentration of Cyclobenzaprine HCI is increased in patients with
hepatic impairment. These patients are generally more susceptible to drugs with
potentially sedating effects, including Cyclobenzaprine HCl. Cyclobenzaprine HCl
should be used with caution in subjects with mild hepatic impairment starting with a 5
mg dose and titrating slowly upward. Due to the lack of data in subjects with more
severe hepatic insufficiency, the use of Cyclobenzaprine HCl in subjects with

~ moderate to severe impairment is not recommended.
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Carcinogenesis, Mutagenesis, Impairment of Fertility

In rats treated with Cyclobenzaprine HCI for up to 67 weeks at doses of
approximately 5 to 40 times the maximum recommended human dose, pale,
sometimes enlarged, livers were noted and there was a dose-related hepatocyte
vacuolation with lipidosis. In the higher dose groups this microscopic change was
seen after 26 weeks and even earlier in rats which died prior to 26 weeks; at lower
doses, the change was not seen until after 26 weeks. Cyclobenzaprine HCl1 did not
affect the onset, incidence or distribution of neoplasia in an 81-week study in the
mouse or in a 105-week study in the rat.

At oral doses of up to 10 times the human dose, Cyclobeniaprine HCI did not
adversely affect the reproductive performance or fertility of male or female rats.
Cyclobenzaprine HC1 did not demonstrate mutagenic activity in the male mouse at
dose levels of up to 20 times the human dose.

Pregnancy

Pregnancy Category B: Reproduction studies have been performed in rats, mice and
rabbits at doses up to 20 times the human dose, and have revealed no evidence of
impaired fertility or harm to the fetus due to Cyclobenzaprine HCl. There are,
however, no adequate and well-controlled studies in pregnant women. Because animal
reproduction studies are not always predictiye of hung@) response, this drug should be
used during pregnancy only if clearly needed.

,Nursiﬁg Mothers

It is not known whether this drug is excreted in human milk. Because
Cyclobenzaprine HCl is closely related to the tricyclic antidepressants, some of which
are known to be excreted in human milk, caution should be exercised when
Cyclobenzaprine HCl is administered to a nursing woman. -

Pediatric Use

Safety and effectiveness of Cyclobenzaprine HCl in pediatric patients below 15 years
of age have not been established.

Drug Interaction: Cyclobenzaprine HCl may have life-threatening interactions with
MAO inhibitors. Cyclobénzaprine HCl may enhance the effects of alcohol,
barbiturates, and other CNS depressants. Tricyclic antidepressants may block the
antihypertensive action of guanethidine and similarly acting compounds. Tricyclic

antidepressants may enhance the seizure risk in patients taking tramadol.
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Side Effects: Abdominal pain, acid regurgitation, constipation, diarrhea, dizziness,
nausea, irritability, mental acuity decreased, nervousness, upper respiratory infection,
and pharyngitis, fatigue/tiredness, asthenia, nausea, constipation, dyspepsia,
unpleasant taste, blurred vision, headache, nervousness, and confusion.

Packaging and storages: preserve in tight container and Store at 25°C. (77°F);
excursions permitted to 15-30°C (59-86°F).
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