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Transmucosal Drug Delivery to the Brain via the Nose

The nose is divided into two nasal cavities by the septum,
each with a volume of approximately 7.5ml and a surface area
of 75cm?45. There are three distinct functional zones in the
nose: the vestibular, respiratory and olfactory regions. The
respiratory region is the largest and comprises approximately
65cm?2. It is highly vascularised and is the principal site of
systemic drug absorption“. The respiratory epithelium consists
of basal cells, mucus-containing goblet cells, ciliated columnar
cells and non-ciliated columnar cells*>. The cilia are surrounded
by a film of mucus and move in a continuous wavelike fashion
to transport mucus and entrapped particles to the pharynx for
ingestion*. Mucus is a viscous colloid composed of mucins
(glycoproteins) mixed with antibacterial proteins such as
lysozyme and lactoferrin,immunoglobulins and inorganic salts ®.
The constantly regenerating mucus coating moves at 5-6
mm/min’ and serves to protect epithelial cells from external
viruses, bacteria and chemical irritants. By restricting drop
size in nasally administered sprays to a diameter >10um,
deposition is typically targeted to the nasal cavity and
lung exposure is minimised®. The pH of the nasal cavity is
approximately 5.5-6.5 — hence nasal irritation is minimised
when products are formulated within this pH range®°. The total
spray volume that can be reliably delivered to each nostril is
150pl and the upper limit of a drug dose has been suggested
to be 25mg/dose?°.

The olfactory mucosa is situated within the recesses of
the skull under the cribriform plate of the ethmoid bone that
forms the roof of the nose, situated 7cm from the nostril,
being positioned partly on the nasal septum and partly on
the superior turbinate (Figure 1).It is not easily accessible??
hence, therapeutic agents need to be delivered to this narrow

passage to treat CNS afflictions. The olfactory mucosa is made
up of a mucus layer situated on the top of the receptor cells,
supporting cells between the receptor cell, basal cells below
the receptor and supporting cells, and goblet cells extending
from the lamina propria opening on the olfactory mucosa
supplying the mucosal coating to the olfactory mucosa. The
lamina propria, which is below the receptor and basal cells, has
20 olfactory nerve bundles with BV (ethmoidal) and lymphatics
(deep cervical) surrounded by connective tissue, which form
the epineural and perineural connective tissue around the 20
olfactory nerve trunks that are connected to olfactory bulb
leptomeninges and dura.

FIGURE 1

Cnbriform plate of ethmoid bone

f nmmuwwm ottactory | /. taciny et oo e
| su -
\._connected 1o the olf nerves  Bub v '_{m"""
St ;.;;j
ra ..I""'l-tz ..h L .
Qf'k ” h’ - DIFadEu‘y mucosa
i) it [N thmoidal
o Ih 1 N
d‘q“_ ™ e smal

Shows the olfactory mucosa and other nerve structures
on the walls of the nasal cavity. Note the olfactory
mucosa (circled] is the solitary structure that is directly
exposed to therapeutic agents, microorganisms, and
amoeba that are transported rapidly to the CNS by 20
olfactory nerves from the olfactory mucosa to the
olfactory bulb from where they are transported to the
CNS, bypassing the BBB (Modified from Gray's
Anatomy).

Absorption Enhancing Excipients

There are two primary mechanisms for absorption through the
mucosa: Paracellular transport via opening of tight junctions
between cells; and transcellular transport (or transcytosis)
through cells via vesicle carriers that may be receptor
mediated?®:. Potential barriers include that the compound
is metabolised before reaching the systemic circulation and
mechanical washout due to limited residence time in the
nasal cavity. Some absorption enhancers may function by
altering either or both the paracellular and transcellular
routes, while others serve to extend time in the nasal cavity
or alter or resist metabolic pathways of degradation (e.g.
unwanted peptide hydrolysis).
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Several excipients have been tested as absorption enhancers
over the past three decades, but almost all of them have been
found to elicit significant toxic responses and irritation. The
mechanisms through which the tested excipients open cellular
junctions often result in damage that cannot easily be reversed.

One of the primary factors for the lack of a broad acceptance
for nasal delivery has been damage to the nasal mucosa,
coupled with poor transmucosal absorption due to a shortened
residence time and active mechanical washout due to irritation
and resultant mucus flow. Therefore, the primary functions
of a suitable excipient for nasal delivery would be I) lack of
inflammation and irritation and Il) increased residence time
in the nasal cavity.

Selected excipients that have been used in clinical trials for
nasal delivery are shown in Table 1.

Excipient Used in Clinical Trials [Reference) Additional Irritation [Yes/No)

Benzalkonium chioride (14) No
Chitosan (15} Mo
Cyclodextring (16) No

Degaycholic acid (17) Yeg |
Alkylsachhandes (1B) Mo
Gheacholic acid, sodium salt (19) Yios
Laurath-8 [30] fos
Tauracholic acid, sodium salt (21] Yies
Taurgdilvywdrofusidic acid, sodium salt {12} Yes

Some were not deemed suitable for further research.
Bile salts, such as glycocholic acid, taurocholic acid and
taurodihydrofusidic acid, can enhance absorption by
increasing the fluidity of apical and basolateral membranes.
However, they induce irritation, albeit to a lesser extent than
compromising gap junctions. Likewise, while Benzalkonium
chloride is a non-irritant, it has a direct inhibitory effect on
cilia beat frequency and is typically used as a preservative
rather than an enhancer.

The recommended excipients for further evaluation are
therefore: chitosan, cyclodextrins and alkylsaccharides.

In the absence of an absorption enhancer, the apparent
molecular weight cut-off for nasal absorption is approximately
1000 Da, with molecules less than 1000 Da showing better
absorption?3. Co-administration of drugs with absorption
enhancers assists with the delivery of drugs ranging from
1000 Da to 31,000 Da. To summarise, the major mechanisms
for increased absorption are loosening of the tight junctions
between cells, vesicular transcytotic transport (which may be
receptor-mediated), alteration of the rheological properties
of mucus, alteration of surface (apical) membrane fluidity
of epithelial cells, and/or alteration of ciliary beating or
removal of cilia from the epithelial cells lining the nasal
cavity?+ 25,

Toxicity Assessment

Extensive in vitro studies to examine the safety of
approximately 50 absorption enhancers were conducted by
Chen et al.*¢, using a measurement of transepithelial electrical
resistance across confluent cell layers composed of cultured
human bronchial/tracheal epithelial cells in a microtiter well
format. A reduction in transepithelial electrical resistance
(TEER) across the cell layer was interpreted as an opening of
tight junctions between cells. Attempts to use this cell-based

model for toxicity assessment in vivo were not successful. It
is not predictive due to major differences between the in vitro
and in situ cell environments.

Within the nasal cavity, the epithelial cells are bathed in a
constantly regenerating mucus coating that, in combination
with the beat frequency of cilia, acts as a mucociliatory
escalator, resulting in a clearance time of 15 minutes. As a
result, both contact time of exposure to the nasal epithelium
and the concentration of the drug and associated excipient
are progressively reduced by three mechanisms — dilution
into the mucus, absorption into the systemic circulation and
mucociliary clearance.

Alkylsaccharides

Alkylglycosides and sucrose esters of fatty acids are nonionic
alkylsaccharide surfactants consisting of an aliphatic
hydrocarbon chain linked to a sugar moiety by a glycosidic or
an ester bond, respectively. They provide controlled transient
permeation of the nasal mucosal barrier with no irritation.
Following absorption or ingestion, they metabolise to CO,
and H, 0 through the corresponding sugar and fatty acid?6?’.

Alkylglycosides are widely used in the food industry. They
are sprayed on fruits and vegetables to prevent the growth
of bacteria and fungi or to clean food processing equipment
due to their antibacterial potency and lack of toxicity. The EPA
has determined that there is no need to establish an upper
limit of exposure for adults, children or infants22. Similarly,
sucrose esters are widely used as food grade emulsifiers and
in cosmetics. The No Observed Adverse Effect Level (NOAEL)
in some of these molecules can be as high as 2000mg/kg
body weight and are designated as Generally Recognised as
Safe (GRAS) substances for food applications?4. The World
Health Organization (WHO) allowable daily intake (ADI) (oral)
is 10,000 times the amount that would be used in a typical
nasal spray-i.e. 2g/day ADI vs 200ug/spray?.

The mechanism of action of enhancement of uptake by
alkylglycosides is not clear. Transmission electron micrographs
(TEM) of the nasal septa of rats show unstained regions
consistent with cellular internalisation and areas of thinned
cilia associated with vesicle formation3°. The transcellular
pathway is supported by fluorescence light micrographs
showing the internalisation of fluorescein-labelled insulin
administered intranasally with an alkyl maltoside3°.

Studies have shown that alkylglycosides and sucrose
esters are effective nasal absorption enhancers for a variety
of peptide, protein and non-peptide macromolecular drugs
in rats, mice, cats, dogs and monkeys33233 Dose-escalation
studies conducted in rats showed that shorter chain
alkylsaccharides coupled to glucose such as hexyl, heptyl, octyl
or nonyl glucoses were ineffective or minimally effective at
promoting insulin absorption from the nose32. Intermediate-
length alkylsaccharides such as decanoyl sucrose were more
effective in promoting nasal insulin absorption, and longer
chain alkylsaccharides such as sucrose dodecanoate were very
potent absorption enhancers even at concentrations as low as
0.03-0.06%. However, increasing the alkyl chain length beyond
14 carbons with excipients such as pentadecylmaltoside or
hexadecyl maltoside decreased insulin absorption3233.
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Cyclodextrins

Cyclodextrins are cyclic oligosaccharides composed of six or
more monosaccharide units with a central cavity. They can form
inclusion complexes with hydrophobic molecules and have
been used to increase drug solubility and dissolution and to
enhance low molecular weight drug absorption3*35. Among
the cyclodextrin (CD) derivatives evaluated as potential nasal
insulin absorption enhancers, dimethyl-beta-cyclodextrin
was found to be the most effective, while alpha-CD was less
effective and beta- and gamma-CD had negligible effects on
insulin absorption?®.

Since not all cyclodextrins are equally effective as absorption
enhancers for peptides, it appears that the structure of the
central cavity could play a possible role in its mechanism of
action. Dimethyl beta-cyclodextrin has been shown to be
effective at enhancing the delivery of insulin®’, calcitonin??and
low molecular weight heparin3.

Chitosan

Chitosan is a linear cationic polysaccharide produced from
deacetylation of chitin, composed of randomly distributed
B-(1, 4)-linked D-glucosamine and N-acetyl-D-glucosamine
joined by glycosidic bonds. Chitosan has been shown to increase
the bioavailability of insulin and other small peptides and polar
macromolecules in animal models3® 4. Additionally, chitosan
exhibits bioadhesive properties and interacts strongly with
the nasal mucus layer, enhancing contact times for drug with
the membrane. The addition of 0.2-0.5% chitosan to nasal
formulations of insulin resulted in significant increases in
plasma insulin and reductions in blood glucose in both sheep
and rat models.

Studies in human volunteers demonstrated that nasal
administration of chitosan formulations results in significantly
longer nasal clearance times?, suggesting that chitosan prolongs
the residence time of peptides within the nasal cavity*2.

Conclusions

The three types of absorption enhancers that have been
studied most extensively — alkylsaccharides, cyclodextrins
and chitosan — have proven useful for nasal delivery of small
molecule drugs as well as for peptide drugs. Each offers
potential advantages in specific applications, e.g. chitosan
may be used as an absorption enhancer in both aqueous and
dry powder formats. Cyclodextrins can increase the solubility
of hydrophobic drugs and enhance transmucosal absorption.
Alkylsaccharides which provide the greatest degree of
absorption enhancement are soluble in aqueous and oil
based/organic liquid formulations and can be used in both
formats.

Sinswat et al.** compared the absolute bioavailability of
calcitonin administered nasally to rats using cyclodextrins and
chitosan as absorption enhancers to intravenous calcitonin as
the control. Ahsan et al. carried out a similar study in rats using
the alkylsaccharide tetradecylmaltoside as the absorption
enhancer, while using intravenous administration as the
control*4. In these side-by-side comparisons, the formulation
containing the alkylsaccharide excipient tetradecyl maltoside
was found to be significantly more effective than either of the
formulations containing chitosan or dimethyl beta cyclodextrin.

Alkylsaccharides, cyclodextrins and chitosan have emerged
as the leading candidates for broad clinical applications. Specific
molecules of each type are able to exert the desired effects
without causing transmucosal damage. All also have shown
clinical utility in human studies together with demonstrated
safety and lack of intranasal toxicity. A major mechanistic
benefit shared by these excipients is the fact that they function
independently of the drug and do not require a modification of
the drug substance®.

Due to the primary emphasis on safety, it is recommended
that excipients which cause even a transient opening of gap
junctions not be considered due to significant toxic effects
following both acute and chronic (repeat) dosing.

| cCompound | Class NS Indication
Apoerdrpliing Dopamine aganist Parkinsan's disease (on-af
| | symiploms)
Butarphanal Dipiate Migraine
| Dazepam | Benzodiazapens Sedation//andolysis
| Fentanyl | Dplate Analgesiapostoperative pain
Ketamine NBADA antagonist Analgesis
L-Dopa Nonproteinogenic aming Parkinson's disease
acid
: Matodopramide [, receptor antagonist Antiemasis
| Midazolam 1 Benzodiazapens Sedationanxialysis
| Mo pbine 1 Dpiate Analpesis
Nicotine Dopamine aganist Smaking cessation
|addictive)
| Sildenafil | PDE inhebitar Erectile dysfunction
| Sumatriptan | Triptan Migraine
| Zalmitriptan 1 Tripgtan Migraine

Table 2: Selected small molecule APIs in registered products administered via
intranasal delivery (NMDA = N-methyl-D-aspartate; PDE = phosphodiesterase)

Lipophilic small molecules are in general absorbed
efficiently across the nasal mucosa, but the rate of absorption
decreases with increasing molecular weight until about 1kDa.
The extent of absorption for lipophilic molecules > 1kDa is
significantly lower.

Absorption of hydrophilic drugs is relatively low and
highly dependent on molecular weight. Absorption through
membranes is not only affected by lipophilicity/hydrophobicity
and molecular weight, but also by the amount of drug existing
as an uncharged species. This depends on the drug pKa and pH
at and in the absorption site — the non-ionised fraction of the
drug being more permeable than the ionised one. The pH of
the nasal epithelium is 5.5-6.5. A pH lower than 5.5 or higher
than 6.5 combined with a buffer capacity higher than that
of the nasal epithelium may cause local adverse effects and
may therefore affect drug permeation. As only the molecular
species of the drug at the absorption site can cross the nasal
epithelium, sufficient drug solubility is a prerequisite for any
absorption“t. Drug candidates that fit the Class | classification
profile (high permeability, high solubility) therefore have the
best potential for being good candidates for nasal delivery.
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