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 Introduction

By Patrick Crowley and Luigi Martini

Most medications are taken orally and pro-
vide a bolus of drug for rapid absorption. 
Such delivery may be satisfactory in many 
cases. However, absorption and distribu-
tion usually delivers drug to many tissues, 
organs and cells as well as to the site of 
activity. Such widespread presence may 
cause unwanted effects. Additionally, onset 
and duration of action may be sub-optimal. 

Better information during the early stag-
es of drug development should lead to better 
dosage form design and better medications. 
However, it has usually been impossible 

to generate much meaningful knowledge 
before efficacy and safety is established. 
Furthermore, not every drug is amenable 
to enhancement by formulation even when 
there is good clinical rationale for doing so.

It is important therefore to be aware of the 
opportunities and the limitations for design-
ing and administering formulations that 
are better targeted or otherwise controlled. 
Current approaches, initially in oral drug 
delivery but also in other delivery routes, are 
discussed in this review. Perspectives are also 
presented on future possibilities for novel 

ways of drug delivery to optimise efficacy 
and reduce unwanted effects. 

OPTIMISING DRUG DELIVERY/ 
TARGETING

The ideal medication provides the req-
uisite amount of drug at the site of its 
biological action and sustains its effect for a 
suitable time. Requirements may be dictated 
by the clinical condition, the mode and 
dynamics of the drug’s action and patient-
related considerations such as age, health, 

genetic makeup and presence 
of other clinical conditions. 
Drug delivery from the dos-
age form should ideally take 
account of such considerations. 
Historically, such dosage form 
design, particularly for novel 
structures, was constrained by 
lack of or limited information 
for optimising performance. 
Clinical assessment programs 
may have utilised dose frequen-
cies that were based on the 
pharmacokinetics of the drug, 
with doses reflecting what was 
tolerated in Phase I volunteer 
trials. Material was usually 
dosed orally to optimise patient 
convenience and compliance. 
Many potentially useful materi-

als may have failed to demonstrate safety 
and efficacy because of such modes of 
evaluation. Compound attrition was high

This situation is changing. New insights 
concerning drug-receptor relationships, bet-
ter diagnostic techniques to monitor perfor-
mance, technologies for improved delivery, 
along with advances in molecular biology, 
genomics and other sciences are providing 
opportunities for better dosage form design 
and better medications. It should lead to 
less attrition in novel drug development 
and identify possibilities for “re-inventing” 
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(repurposing) existing drugs to improve 
performance in approved conditions or use 
in other therapeutic areas.

DRUG DELIVERY: ORAL DOSAGE

Oral dosage is likely to remain the most 
popular mode of drug delivery route for a 
number of reasons. It is important then to 
be aware of the factors that might impede 
his mode of dosage:
•  It may not be possible to provide, and 

sustain optimum or consistent drug lev-
els at the intended target (site of activity)

•  Time of arrival at the target (and associ-
ated onset of action) may not be optimal.

•  Drug delivered to compartments other 
than site of action may evince undesir-
able effects. 

THE GASTROINTESTINAL TRACT

A drug dosed orally can encounter sev-
eral barriers, while en route to systemic 
compartments. It may be inactivated by low 
pH in the stomach or by digestive enzymes 
in the intestinal lumen. Designing a dosage 
unit to obviate such attrition may be only 
partially successful and confined to specific 
molecular constructs. Protection against pH-
related degradation can usually be achieved 
by coating with an acid-insoluble (enteric) 
coat. Other barriers are more difficult to 
surmount. Proteins and peptides are usu-
ally degraded by proteolytic enzymes in the 
small intestine such that there have been few 
successes in oral delivery of macromolecular 
entities. Consequently, most biopharmaceu-
ticals are administered parenterally. 

Rate of passage through the stomach 
and the intestinal tract may affect rate 
and extent of absorption. A unit, taken 
after food (full stomach) is likely to deliver 
drug later and less consistently to the small 
intestine, possibly delaying absorption and 
onset of action. The mechanism of drug 
action may be such that its effect can be 
sustained by maintaining plasma levels for 
longer periods than afforded by its pharma-
cokinetics. Hence, controlling drug release 
from the dosage form as the unit transits 
the gastrointestinal (GI) tract may prolong 
absorption and subsequent residence at the 
site of action. 

Strategies for prolonging absorption 
include coating drug with polymeric materi-
als, through which the drug diffuses gradu-
ally during gastrointestinal transit. Polymer 
coatings with pH-dependent solubility may 
achieve the same effect, drug being released 

as “pulses” in the intestinal location where 
polymer is soluble. However, transit rates in 
the small intestine, while relatively consist-
ent are quite rapid viz 3-4 hours in healthy 
subjects.1 This relatively short transit time 
may militate against prolonging an effect if 
drug is rapidly eliminated and has a short 
duration of action. Lipidic materials such 
as oleic can reduce intestinal transit rate 
to some extent; the so-called “ileal brake” 
effect, but amounts required generally pre-
clude incorporation in a conveniently-sized 
dosage form.2 

Most drugs are absorbed from the small 
intestine, particularly the proximal region: 
absorption can be less efficient in distal 
parts.3 

A possible strategy in such cases might 
involve retaining the dosage unit in the 
stomach, drug being gradually released and 
passed to the intestine, prolonging absorp-
tion and extending plasma presence. Such 
gastro-retention might conceptually be 
achieved as follows:4 
•  The pyloric sphincter between the stom-

ach and intestine acts as ‘gatekeeper’, 
retaining larger particles in the stomach 
until they are suitably digested. A gastro 
retentive dosage form could be based on 
dosage unit size. Swellable polymers have 
been used to coat dosage forms so that 
unit size increases on ingestion, extend-
ing gastric residence. Drug released at 
a controlled rate from the retained unit 
sustains delivery to the intestine to pro-
long absorption; or

•  Formulation with mucoadhesive excipi-
ents that adhere to gastric mucosa, pro-
longing residence, drug being released 
from such units at appropriate rates; or

•  Systems based on so-called floating poly-
mers, or on high density beads to provide 
gastro retention.

Despite such imaginative approaches, 
gamma scintigraphic and other studies have 
shown that most if not all gastro-retentive 
systems perform no better than large non 
disintegrating dosage units, taken with a 
meal and possibly in the evening.4 

Furthermore, the gastric emptying pro-
cess can be highly variable due to factors 
such as food (content and nature), posture 
(standing/prone/sleeping/sleeping orienta-
tion) and conditions such as stress, illness 
and age. Such unreliability could be critical, 
particularly with medications where consist-
ent onset of action is important. Thus while 
the goal of prolonged gastric retention is 
a worthy one the promise remains largely 

unfulfilled  and the strategy has attained lit-
tle success as commercially viable products.

There have been suggestions that drug-
containing microparticles of the requisite 
dimensions and coated with suitable hydro-
philic polymers can lodge in intestinal villi 
and prolong intestinal residence.5 However, 
there is no direct evidence to demonstrate 
slower intestinal transit.

PHYSICOCHEMICAL PROPERTIES 
OF THE DRUG

Aqueous solubility:
A drug must be in solution to pass through 
the intestinal wall. In general terms, if solu-
bility is less than about 1-5 mg/ml absorp-
tion might be compromised.6 However, 
other factors may need to be explored or 
considered. Material available for solubility 
studies, during early discovery and com-
pound selection, may not be in the most 
thermodynamically stable form, or a mix-
ture of crystalline and amorphous forms. 
Such materials can be more soluble than the 
form ultimately used, improvements to puri-
fication, isolation, crystallisation techniques 
providing a more thermodynamically stable 
but less soluble form that may be less well 
absorbed. Transformations to these less sol-
uble forms are also possible during material 
storage or under stresses when processing. 

The dynamics of precipitation and dis-
solution may also be important. A drug 
with good solubility at gastric pH might be 
less soluble in neutral environments but may 
not immediately precipitate in the intestinal 
milieu; absorption may not be affected. 
Formation of super-saturated solutions with 
adequate kinetic stability (solubility) may 
be feasible using hydrophilic polymers.7,8 
There can be many exceptions to general 
maxims relating solubility to absorption. 
It is important therefore to develop good 
understanding of factors that contribute 
to and maintain supersaturation to avoid 
transformation to the less soluble state.   

Low solubility need not necessarily result 
in a compound being discarded. Strategies 
to enhance solubility, dissolution rate and 
absorption include using a more soluble salt, 
including solubilising excipients in the dos-
age form, reducing drug particle size among 
others.9 Particle size reduction, for instance 
to micro- or even nano-sized  particles can 
increase dissolution rate, aiding absorption 
if dissolved drug is readily removed from the 
drug/dissolving medium interface, allowing 
more drug to be dissolved. Success is not 
guaranteed as previously mentioned factors 
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such as site of absorption or intestinal tran-
sit rate can also be influential. Dose of drug 
can also be important, a high dose requiring 
greater volumes of dissolving medium for 
solubilisation. This can complicate devel-
opment programs where higher doses are 
tolerated and more effective than originally 
envisaged from preclinical studies. Dose 
responses may not be linear.

Permeability:
Passage from the intestine to systemic com-
partments may involve active transport, 
absorption via the paracellular route or, in 
most cases, permeation through intestinal 
epithelial cells (enterocytes). Drugs best suit-
ed to this latter mode of passage are of low 
molecular mass and relatively lipophilic (log 
P = 1-3).10 It may be difficult to design molec-
ular structures that accommodate seemingly 
competing requirements for good aqueous 
solubility for dissolution (hydrophilicity) 
and lipophilicity to facilitate absorption. 
Appropriate hydrophilic/lipophilic balance 
is also required for passage to organs and 
tissues that may be the locus of drug activity. 
It is difficult to design a drug molecule that is 
“all things to all biological sites”. 

INTESTINAL ENZYMATIC BARRIERS

The GI tract is replete with barriers, 
primed to degrade, transform or otherwise 
reject chemical, microbial and other harm-
ful agents. Peptide constructs are digested 
by peptidases in the small intestine. This is 
a major barrier to oral delivery of macro-
molecules such as monoclonal antibodies 
and other protein-based drugs. Strategies 
to improve protein and peptide absorption 
have considered enzyme inhibitors, permea-
tion enhancers, colloidal delivery systems, 
nanoparticulate systems and many more. 
All have largely failed. Indeed the wisdom of 
breaching defense systems to allow peptide 
and protein passage has been questioned 

because of the possibilities for opening the 
route to harmful viruses and the potential 
for disrupting digestive and absorptive pro-
cesses for dietary protein.11

Intestinal absorption can also be hin-
dered by interactions with the glycoprotein, 
P-glycoprotein (P-gp) and Cytochrome P450 
(CYP450) enzymes in the intestinal epithe-
lium. These can complicate and compromise 
absorption. Some drugs are also inhibitors 
of CYP450 enzymes, preventing co-admin-
istration. Non-drug materials such as com-
ponents in grapefruit juice and many herbal 
materials are also CYP450 inhibitors. These 
have been considered as formulation aids, to 
reduce or prevent CYP450 attrition but do 
not seem to have been used in dosage form 
design. CYP450 and P-gp enzymes also play 
major roles in other defense systems, being 
present in the liver, the blood-brain barrier 
and other tissues and organs. 

In summary, some attractive concepts 
are available to facilitate or optimise oral 
dosage. However, variables associated with 
the GI tract as well as patient-associated 
variables such as age, lifestyle, smoking, 
alcohol consumption, even sleep patterns 
and various co-morbidities, can make oral 
dosage less than ideal for some drugs and 
some clinical conditions. Furthermore, for 
drugs absorbed orally the first port of call is 
usually the liver. This organ plays a major 
role in transforming materials to active moi-
eties in the case of prodrugs, or to non-active 
materials for disposition. Metabolism may 
also occur in other tissues and organs, reduc-
ing or preventing effective drug levels reach-
ing a specific site. Other modes of delivery or 
targeting may warrant consideration.

NON-ORAL, NON-INVASIVE MODES 
OF DRUG DELIVERY 

The aforementioned vagaries of absorp-
tion and metabolic transformation can 
mean that only a small proportion of the 

drug dosed orally reaches the biological 
target. Moreover, drug presence in other tis-
sues or organs can cause unwanted effects. 
Collateral damage of this nature has prob-
ably limited the usefulness of many com-
pounds or arrested their progression. Prime 
examples concern drugs designed to be cyto-
toxic to cancer cells but that are also toxic 
to other organs, tissues or cells. 

COX-2 Inhibitors are excellent anti 
inflammatory agents but can also cause 
gastric bleeding; some can also have cardiac 
side effects. 

Parenteral administration provides a 
more reliable input of drug to the systemic 
circulation but also leads to hepatic metabo-
lism and can “flood” the system with drug. 
It will not be discussed further in this review 
because of space constraints.

Drugs that may warrant consideration 
for non invasive delivery that avoids the 
GI tract must usually be potent as access 
via “less-travelled” routes is limited, these 
being designed to protect against ingress 
of harmful agents. Drug dose needs to be 
low. Consistency of amount delivered can 
also be a challenge. Nevertheless, judicious 
choice of drug, its form and formulation can 
lead to useful treatments for some clinical 
conditions. 

INTRA-ORAL DELIVERY

Some drugs may be absorbed directly 
from the oral cavity. Amounts are modest so 
the route is generally only suited to low dose 
(potent) drugs. An additional, seemingly 
mundane but important requirement is that 
the drug should not be bitter-tasting or have 
other unacceptable organoleptic properties 
if used to treat chronic, non-acute clinical 
conditions. Otherwise, patient compliance 
may be compromised. 

The sublingual region of the oral cavity 
possesses two vein complexes close to the 
surface that drain through facial and jugular 
veins, carrying drug directly to the heart and  
avoiding hepatic and gastrointestinal tract 
attrition: the route can be “drug sparing” 
as a consequence. Absorption is rapid and 
direct transport to cardiac muscle can pro-
vide prompt relief when treating conditions 
such as angina (glyceryl trinitrate) or pain. 

Absorption from the buccal region of the 
oral cavity is slower so may provide more 
“controlled release”. Hepatic metabolism is 
also avoided. Absorption can be sustained 
over time by formulating as bioadhesive 
films, possibly  release controlling excipients 
to prolong adhesion and sustain the phar-

Drug Delivery Site Indication/Category Presentation

Nitroglycerine

Sublingual
Angina

Tablet
Erythrityl

Isosorbide

Fentanyl Analgesia

Testosterone
Buccal

Hypogonadism Buccal Patch

Miconazole Antifungal Mucoadhesive tablet

Verapamil

Sublingual/Buccal

Antihypertensive

Chewing GumNoscapine Cough Suppression 

Dimenhydrinate Motion Sickness

Figure 1: Products for intra-oral delivery.
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macological effect (it is difficult to retain 
biodhesive  systems sublingually; buccal 
presence is less intrusive). Dosing can be 
terminated by removing the film or bioad-
hesive compact. 

Other examples of buccal delivery sys-
tems concern chewing gums (nicotine), buc-
cal tablets and “fast-dissolving systems” 
(see Figure 1).  

This route is generally only suited to high 
potency, low dose drugs due to the limited 
surface area for absorption, removal of drug 
in swallowed saliva and the low permeabil-
ity of buccal tissue. The presence of pepti-
dases within the buccal mucosa is a also bar-
rier to absorption of proteins as is their large 
molecular mass (low diffusion co-efficients). 
Formulation with protease/peptidase inhibi-
tors has been considered but success, in 
terms of commercial products has eluded 
researchers to date. A comprehensive review 
of possibilities and challenges concerning 
this mode of drug delivery from Repka et al 
was published in 2011.12  

TOPICAL DELIVERY

Topical applications may be used to treat 
skin bacterial and fungal infections or inflam-
matory conditions such as psoriasis. Product 
can be formulated as semi solids (creams or 
ointments) to prolong contact or as aerosols, 
foams or sprays for ease of application where 
skin may be sore. The formulation should 
be designed such that drug readily parti-
tions from the vehicle to the outer skin layer 
(stratum corneum), where it may act as a 
reservoir for diffusion to dermal, sub dermal, 
possibly subcutaneous locations. 

Ideally, there should be little or no 
systemic absorption although some might 
reach systemic compartments if skin is dam-
aged, for instance. Preclinical safety studies 
should take account of such possibilities. 

TRANSDERMAL DELIVERY SYSTEMS 

Transdermal systems deliver drug 
through the skin to evince a systemic rather 
than local effect. Many transdermal medica-
tions are designed in the form of an adhesive 
patch, providing prolonged contact and an 
accurate delivery area to help dose accuracy. 

As a major function of the skin is as a 
protective barrier there are formidable bar-
riers to this mode of drug delivery. Rate 
of delivery is slow so contact with the skin 
needs to be prolonged and the pharma-
cokinetics or duration of action of the drug 
should be relatively long. At the same time 

the “continuous” (zero order) that may be 
associated with this mode of delivery may 
suit some clinical conditions or mode of drug 
action. Peaks and troughs may be avoided 
and dosing can be terminated by patch 
removal. It may also be feasible to provide a 
loading dose of drug by another route (oral/
parenteral) with concomitant or follow-up 
transdermal application to sustain long-term 
presence at the site of action. Other chal-
lenges associated with transdermal delivery 
can concern skin sensitisation by the drug or 
by penetration enhancers used in the formu-
lation to improve absorption. Site of applica-
tion can also determine rate of delivery.  

Various techniques and technologies 
have been developed to enhance transdermal 
delivery. Organic solvents such as propyl-
ene glycol, incorporated in the formulation 
can disrupt the stratum corneum barrier 
and improve penetration. Iontophoresis may 
boost the flux of ionisable structures, a 
micro current device being incorporated in 
the application patch. Ultrasound along with 
“semi-invasive” modes of delivery, such 
as electropororation, mechanical ablation 
and perforation using microneedle devices 
have all been considered as delivery aids.13 
Such innovative concepts and activities may 
reflect the interest in using this route as a 
(relatively) non-invasive mode of delivering 
proteins, peptides and oligonucleotides. 

Microneedle-based systems are being eval-
uated as, for example, a means of delivering 
insulin for diabetes management. However, 
skin and subdermal layers present formida-
ble metabolic entry barriers. These include 
peptidases (as well as CYP450 metabolising 
enzymes) in addition to diffusional barriers 
(molecular size) to delivery of large mol-
ecules.14 The relatively narrow therapeutic 
index of insulin also requires that amounts 

delivered be precise. To date no insulin-based 
transdermal systems are available. 

Figure 2 lists examples of some 
Transdermal medications. A number of 
other products are also available for hor-
mone replacement therapy, some containing 
more than one drug. These are not included 
in the interests of brevity.

INHALATION

Alveolar and associated vascular epithelia 
are readily permeable, with abundant blood 
flow and large surface areas for absorption. 
Drug delivery to such tissue can be effective, 
particularly in treating local diseases and 
conditions. Onset of action can be rapid, 
and gastrointestinal and first-pass / first-
attrition  avoided. If the site of action is 
lung tissue there can be a “dose-sparing” 
effect, with reduced exposure to other sites. 
Well-established examples concern selective 
beta agonists such as salbutamol that read-
ily relax bronchial smooth muscle: these 
are often used in combination with slower 
acting anti inflammatory agents such as glu-
cocorticoids. Doses by inhalation are in the 
microgram range, rather than the mg levels 
required for oral administration that might 
have more widespread and undesirable long-
term effects. 

There was much concern when inhaled 
corticosteroids were first introduced for 
treating asthma but no significant unwanted 
effects have been manifested over several 
decades of use.

A major delivery challenge, whether the 
inhaled medication is in solid or droplet 
form concerns the tortuousity of the bron-
chial airways. If particle or droplet size is 
too large there are losses due to inertial 
impaction. Particles that are too small fail 

Drug Indication Comment

Clonidine Hypertension

Fentanyl Post-operative pain
Iontophoresis (dosing can be 
adjusted)

Granisetron
Chemotherapy -induced 
nausea and vomiting

Methylphenidate Attention Deficit Disorder

Nicotine Smoking Cessation

Nitroglycerin Angina

Rivastigmine Dementia
“Continuous” (zero order”) 
delivery

Rotigatine
Parkinsonism/Restless Leg 
Syndrome

Continuous delivery

Scopolamine Motion Sickness

Selegline Depression

Figure 2: Examples of drugs formulated for transdermal delivery.
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to “settle” and are exhaled. Amounts 
delivered to alveolar tissue may accord-
ingly be as low as 10-20% of the 
inhaled dose. Clinical states such as 
asthma and emphysema can also affect 
delivery of dose. This has led to the 
development of sophisticated particle-
generating and delivery devices, actu-
ated by inspiration or propelled from an 
aerosolised container to optimise deliv-
ery attributes such as plume geometry 
and particle velocity, enabling more 
reliable, accurate and consistent dosing. 
An additional and important advantage 
with such delivery devices is capability 
for dose adjustment, by appropriate 
technology-based programming of the 
delivery system, providing a “personal-
ised” dose of medication.

Other considerations for inhalation 
delivery include potential to elicit allergic 
reactions in lung tissue (drug or components 
such as propellants). A drug with irritant 
properties or which is bitter tasting is also 
less likely to be suitable for inhalation deliv-
ery as taste buds in the pharynx could be 
impacted on inspiration. 

Two insulin-containing aerosol inhala-
tion products have been approved in the US. 
One was withdrawn because of poor patient 
acceptance and suggestions, unproven, that it 
was associated with lung cancer risks due to 
deposition of insulin on lung tissue. A second 
product, Mannkind’s Affrezza, was launched 

recently but long-term sales data is not avail-
able at the time of writing. Judgement on 
non-invasive delivery of insulin has accord-
ingly to be deferred at this time.  

INTRANASAL DELIVERY

Advantages associated with intranasal 
delivery concern high permeability of nasal 
epithelia for hydrophobic drugs, an exten-
sive underlying vascular bed, avoidance 
of “first-pass” hepatic metabolism and of 
gastro intestinal attrition. 

The susceptibility of biopharmaceuti-
cal products to degradation when dosed 
via the GI tract, along with their increas-
ing prominence as medicinal agents has 
spurred much interest in non-invasive routes 
for delivering these to systemic compart-
ments. The intranasal route is no exception. 
However, permeation of polar drugs and 
macromolecular entities like proteins and 
peptides is low.15 Furthermore, the nasal 
airways are designed to protect pulmonary 
tissue from hazardous materials and to 
hinder systemic absorption. Aerodynamic 
behaviors and anatomical features of the 
nasal regions, with the majority of droplets 
deposited in the anterior nasal mucosa due 

to inertial impaction and sedimentation pre-
sent significant barriers to efficient delivery. 
Ciliary motion and a protective mucous 
layer designed to intercept particles, micro-
organisms and other unwanted materials 
are additional hurdles.16 The nasal cavities 
can be highly sensitive to the presence of 
irritants; sneezing in response to a stimulus 
can expel a medication. The enzymatic bar-
riers in the nasal epithelium are also similar 
to those hindering other modes of systemic 
entry: CYP450 enzymes are present at even 
higher levels than in liver. Peptidases and 

proteases are also present.17 
Reliable and efficient delivery of pro-

tein-based biopharmaceuticals by this 
route may be as challenging as for other 
non invasive modes of dosage. So-called 
absorption enhancers have been evalu-
ated as a means of increasing amounts 
of drug that are absorbed. These present 
their own challenges. Bioadhesives to 
prolong contact may also cause mucosal 
damage if used chronically. 

Vaccines can be administered intra-
nasally as there is potential for induc-
ing superior antibody response in the 
upper respiratory tract.18 They may be 
formulated as a spray mist containing 
muco-adhesive polymers, adhesion to 
the nasal mucosa improving immune 
response.19 Available space prevents 

discussion of other modes of non-invasive 
delivery such as rectal, ocular, vaginal, and 
colonic delivery.

FUTURE PERSPECTIVES

The  locus of activity for many medicines 
may be within a specific organ or cell type 
and precise targeting by molecular design 
may not be feasible. In such cases drug 
delivery strategies warrant consideration. 
Two topics are considered here, namely 
delivery to the brain and intracellular tar-
geting to illustrate delivery concepts being 
considered. These should be viewed as illus-
trative as they do not represent the extent of 
activities in the area. Many other innovative 
approaches are also being explored. 

DELIVERY TO THE BRAIN

Anxiety, Depression, neurodegenera-
tive conditions such as Alzheimer’s and 
Parkinsonism, eating disorders, drug 
addiction and other clinical conditions 
are considered to be brain-associated.20,21 

Neurodegenerative conditions in particular 
respond poorly to current medications. This 
has serious sociological and societal impli-
cations for future healthcare. Dementia-
related conditions increase exponentially 
with age; almost 40% of people aged 75-84 
or older in the US are estimated as suffering 
from Alzheimer’s disease. 

Total healthcare spending on geriatric 
healthcare currently consumes approximate-
ly 16% of US GDP, 75% being spent on 
treating chronic illnesses. Longer lifespans 
are likely to inflate such numbers. Trends in 
many other countries are probably similar. 
Societal burdens could become immense.

Figure 3: Nose-to brain delivery. (Adapted from 
original image sourced with permission from 
Boundless Learning, www.boundless.com).

“The GI tract is replete with barriers, primed to degrade, 
transform or otherwise reject chemical, microbial and 

other harmful agents. Peptide constructs are digested by 
peptidases in the small intestine. This is a major barrier 

to oral delivery of macromolecules such as monoclonal 
antibodies and other protein based drugs”
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The less-than-stellar records of many 
current medications may be due inadequate 
levels of drug reaching the site of activity. 
The blood-brain barrier (BBB) presents for-
midable hurdles to passage of many agents, 
particularly those that are polar in nature. It 
has been estimated that more than 98% of 
current drugs do not surmount this hurdle 
to any significant extent.23 

The BBB is more readily crossed by non-
polar (lipophilic) entities but these are likely 
to be poorly absorbed from the GI due to 
their low solubility, or are metabolised in 
hepatic and other locations to polar struc-
tures for ready elimination. Consequently, 
drug discovery programs have focused to 
some extent on providing water-soluble 
drugs. Plasma protein binding also militates 
against brain delivery. 

Drugs administered by the oral route and 
others already discussed in this paper are 
invariably transported via the bloodstream 
(lymph in some instances). They encounter 
the BBB so passage to the brain is limited. 
Molecular design may help lower the bar-
rier but higher doses may be required so 
that sufficient passes to the brain. This may 
lead to “drug overload” and side effects 
in other organs and tissues throughout the 
body. Consequently there is much interest in 
strategies for better-targeted brain delivery.

One possibility, meriting consider-
ation concerns passage from the upper 
nasal cavity via trigeminal and olfactory 
pathways, thereby avoiding the BBB.20,24 
Aromatherapy, based on using volatile oils 
and other aromatic compounds as mood-
altering agents is based on such concepts. 
Vapours rapidly reach the brain and a 
much lower dose than delivered convention-
ally might provide effective therapy if drug 
could be delivered as vapour.

Figure 3 provides a schematic for dis-
position and fate of drug administered 
intranasally. A fraction may be eliminated 
by degradation or mucociliary clearance, 
more may be absorbed through the anterior 
nasal mucosa, or by swallowing. Absorbed 
materials encounter and are largely recycled 
(rejected) at the BBB. A fraction may reach 
the upper nasal region and, if in suitable 
form, some may enter the brain via the 
olfactory and trigeminal conduits. 

Thus, mucociliary clearance, enzymatic 
degradation, swallowing, possibly other 
modes of disposition are likely to reduce 
amounts reaching the upper nasal cavity. 
Furthermore, drug in solution or particulate 
form may not be in a suitable state to enter the 
olfactory/trigeminal pathways are unlikely to 

facilitate passage of liquids or solids (the usual 
way to effect delivery). These are structured to 
allow passage of vapours. Ideally, potentially 
useful drugs for delivery by the nose-to-brain 
route would be in the vapour state but few 
drugs are likely to have been designed with 
such properties in mind. Crystalline solids 
of good purity are usually favoured in drug 
discovery and development, ideally in soluble 
form for acceptable oral absorption. 

There is evidence that brain pathol-
ogy associated with conditions such as 

Alzheimer’s disease, depression and 
Parkinsonism may be related to chronic 
inflammatory processes. It has also become 
evident that the nonsteroidal anti-inflamma-
tory agents, COX-2 Inhibitors appear to be 
beneficial in such conditions.21,25,26

However, small pilot trials with NSAIDs 
dosed orally, while providing encourag-
ing results with Alzheimer’s patients, were 
compromised by high dropout rate due to 
GI side effects.27,28

Other trials provided similarly confound-
ing results. It would seem that the GI and 
other side effects of NSAID’s dosed orally 
would constrain their use for treating or pre-
venting such chronic conditions. However, 
better targeted delivery to the brain via the 
upper nasal cavity could avoid widespread 
disposition in other tissues, require much 
lower dosage and have a significantly better 
side effect profile. 

The NSAID ibuprofen, and possibly 
other NSAID’s, reportedly exhibit vapour 
pressure.29,30,31 Evidence of volatility of other 
drugs is somewhat lacking but few exist-
ing drugs would have been intentionally 
designed to be volatile. It is possible, how-
ever, that other well-established drugs could 
be isolated in volatile form; free base or acid 
rather than salt for instance.

There may be scope for innovative 
chemistry to provide material in a volatile 
form that retains its molecular integrity. 
Functional requirements for so-called odor-
ants have been defined in terms of vapour 

pressure, polarity, lipophilicity and surface 
activity.32 Such definitions might provide 
useful templates for molecular design, or 
searches for existing agents. 

Other possibilities for facilitating brain 
entry via olfactory/trigeminal routes might 
utilise solutions of drug in propellants of 
the kind currently used for lung delivery of 
anti-asthma medications. The rapid vapori-
sation of such propellants might leave drug 
in vapour form for sufficiently long for pas-
sage to the brain to occur. 

The extracellular-transport-nature of deliv-
ery as vapour via the upper nasal region might 
also facilitate rapid onset of drug action, a 
major benefit in brain-related conditions such 
as migraine or seizures. It is difficult how-
ever to conceive that macromolecular entities 
might be delivered in this way. Molecular mass 
considerations suggest that they would be 
unlikely to be volatile. However, claims have 
been made that the interferon, IFN beta -1b  
bypasses the BBB, being delivered preferen-
tially to the brain via the olfactory/trigemi-
nal route, albeit in rats.33 No reports could 
be found on successful delivery in humans 
despite the ten-year gap to this publication. 
Interest remains high however.

INTRACELLULAR DELIVERY

The locus for activity of many drugs is 
likely to be intracellular. However, many 
protective systems impede cell entry very 
effectively. Drug constructs are being 
designed to overcome such barriers using 
strategies to capitalise on modes of cell 
recognition and transport, and many oth-
ers. Much such activity (and innovative 
approaches) concern oncology drugs, solid 
tumours in particular being resistant to 
entry. At the same time the cytotoxic nature 
of many anticancer agents is such that the 
ideal drug or medication should be non-
cytotoxic to non-cancer cells and tissues 
but be activated, within the cancerous tis-
sue or cells.

“Ideally, potentially useful drugs for delivery by the  
nose-to-brain route would be in the vapour state but 
few drugs are likely to have been designed with such 
properties in mind. Crystalline solids of good purity are 
usually favoured in drug discovery and development, 
ideally in soluble form for acceptable oral absorption” 
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Nano robots (“nanobots”) have been 
conceived and designed with such require-
ments in mind, being assembled from DNA 
strands. DNA nanobots, in addition to 
being “biocompatible” also have valuable 
“design capability”, a long single strand 
of DNA being capable of coupling with 
shorter strands to provide a suitably “sized  
and shaped DNA cage” to accommodate a 
drug. “DNA hinges” in such clam-shell-like 
constructs provide capability to exist in 
open or closed form (see Figure 4a & 4b). 
The closed shell, in conjunction with anchor 
strands within the cage and complimentary 
DNA linker strands attached to the drug, 
secure drug retention. The cage is locked by 
DNA double helices.34

The external surface of the nanobot is 
designed to recognise and dock only to 
cancer cells. On cell entry by the nano-

bot, a cancer specific protein within the 
cell “unlocks the cage” to release drug in 
a “trojan horse-like” manner. Such con-
structs have been shown in vitro to target a 
series of six different cancer cell lines: cage-
containing antibody fragments consistently 
induced cell apoptosis.34 Such imaginative 
delivery concepts might conceivably serve 
as “platform technologies” for intracellular 
targeting of other therapeutic agents.  

Many other innovative approaches, too 
numerous to reference here, are being pro-
pounded and tested for better-targeted drug 
delivery. Some will ultimately be successful-
ly trialled in clinical programs and become 
part of the armamentarium of medical sci-
entists in treating illness and disease.

CONCLUSIONS

Systems that are currently available to 
target or modify the delivery of drug have 
advantages and limitations that can be 
associated with the clinical condition, the 
patient or the molecular biology/mode of 
action and physical characteristics of the 
specific drug. There is no “one size fits all”. 

This review has accordingly focused on 
the limitations as well as the possibilities 
for dosage-form design so that informed 
choices can be considered in oral formula-
tion programs. There is also much interest 
and associated activity in concepts that may 
provide more precise and localised drug 
delivery to render such materials more effec-
tive and safer. Such insights, along with bet-
ter diagnostic concepts and technologies can 
greatly help in assessing the utility of novel 

constructs as drugs or in improving the per-
formance of those already being used.
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