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▼ The discovery of insulin in 1922 by Banting
and Best (http://www.diabetes.ca/about_dia-
betes/banting) is one of the greatest discover-
ies in the history of medicine, and ushered in
a new discipline of ‘protein therapeutics’. The
1923 Nobel Prize in Physiology and Medicine
(http://www.nobel.se/medicine/laureates) was
awarded for this landmark discovery, and this
was the first time it had been awarded to 
a Canadian. Further, insulin has been the sub-
ject of two more Nobel prizes in Chemistry:
Sanger was recognized for elucidating the struc-
ture of insulin, and the prize was also given to
Hodgkin for determining the three-dimen-
sional structure using X-ray diffractometry
(http://www.nobel.se/chemistry/laureates).
Perhaps insulin is the only molecule known
to have been the subject of three Nobel prizes
in two different scientific disciplines.

After its discovery, crude extracts of the
pancreas of cow, pig or sheep1 were used for
more than a decade to treat diabetes until
Scott purified insulin in 1936 by crystallizing
it in the presence of zinc ions. This also

formed the basis for the development of 
insulin formulations with prolonged-action
(Lente insulins), using zinc ions in later years2.
However, a breakthrough in the purification
of insulins came in the 1960s, when chro-
matographic techniques were used to separate
the high molecular weight impurities found
in insulin, and which were later identified 
as the root cause of the immunogenicity of 
insulin preparations3. As a result, highly puri-
fied single component- or monocomponent-
insulins were introduced into the market4.

Standardization of insulin was traditionally
done by rabbit glucose or the mouse convul-
sion method, and in 1956 Berson and Yalow
developed a radioimmunoassay (RIA) for the
first time using insulin5. RIA is now a routine
immunochemical method for the assay of
hormones and drugs. Therefore, insulin has
been a ‘fancied protein’ for scientists all over
the world, and is thus one of the most exten-
sively studied proteins (Table 1). However, from
a patient’s point of view, non-invasive insulin
delivery remains a ‘mirage’. Nevertheless, based
on the rich experience gained from the past,
coupled to current technological advances6,
there is a great deal of optimism prevailing
within the scientific community with regard
to the improved management and treatment
of diabetes.

Beginning of the ‘biotech era’
Eli Lilly (Indianapolis, IN, USA) was the first
company to demonstrate the commercial fea-
sibility of recombinant DNA technology, with
the introduction of human insulin in 1982.
This marked a paradigm shift in drug discovery
and development, leading to the start of the
‘biotech era’, and it would not be an exagger-
ation to state that the genesis and development
of protein therapeutics is synonymous with
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the development of insulin7. There are
now 50 approved biotech drugs and
more than >350 in various phases of 
development (http://www.phrma.org),
and the biotech industry is expected to
remain the fastest growing industry in
the healthcare sector in the next 5–10
years8.

Modern advances in biotechnology
mean that it is possible to produce 
‘designer insulins’ of changed amino-
acid sequences, thereby imparting new
structural, physicochemical and bio-
logical properties9. So far, >300 insulin
analogues10 have been produced, and
some of these analogues have reached
the market or are in various stages of
development (Table 2). These modified
insulins have been designed for alter-
ing the duration of action and/or 
improving the stability of native 
insulins11. The ‘biotech era’, which
started with recombinant insulin, has
now reached a stage where the human genome stands
completely deciphered, thus offering numerous possibilities
in more than one branch of science12.

Non-invasive delivery of insulin
Despite the significant developments made in insulin ther-
apy over the past 60 years, non-invasive insulin delivery

remains an elusive goal. Insulin is the only molecule to
have attracted so much attention from drug delivery scien-
tists, as witnessed by >2,000 published articles and >100
granted patents on several aspects of insulin delivery.
Therefore, it is not surprising that every possible route has
been explored for insulin delivery4. Subcutaneous injections
continue to be the only viable option for diabetics, despite
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Table 1. Major milestones of insulin

Scientist Achievements* Year Ref.

Banting and Besta Isolation of insulin from pancreas 1922 52

Abel Insulin – first protein to be crystallized 1926 53

Scott Zinc – insulin crystallization 1936 54

Hagedorn et al. Protamine insulin 1936 55

Hallas-Moller et al. Lente insulins 1951–52 56

Sangerb Insulin primary structure elucidation 1955 57
(first protein)

Berson and Yalow Radioimmunoassay for insulin 1956 5
(first compound)

Hodgkinsc Three-dimensional structure of insulin 1969 58

Goeddel et al. Recombinant human insulin (first 1979–1982 59
healthcare product)

aNobel Prize for Medicine in 1923.
bNobel Prize for Chemistry in 1958.
cNobel Prize for Chemistry in 1964. 
*Landmarks given within parentheses.

Table 2. New analogues of insulin

Insulin analogue Properties Status Company Ref.

Short-acting 

Insulin Lysproa Short-acting and rapidly absorbed Introduced in 1996 Eli Lilly, Indianapolis, IN, USA 60

Insulin Aspartb Short-acting and rapidly absorbed Introduced in 1999 Novo Nordisk, Bagsvaerd, Denmark 61

Long acting 

Insulin glarginec Once-a-day long-acting insulin Introduced in 2001 Aventis Pharmaceuticals, Parsippany, NJ, USA 62  

N (epsilon) – Long-acting, less variable and Preclinical and early Eli Lilly, Indianapolis, IN, USA 63
palmitoyl Lys highly reproducible clinical trials
(B29) pharmacokinetic profile

Lys B-29, Long-acting, peakless action and Preclinical and early Novo Nordisk, Bagsvaerd, Denmark 64
tetradecanoyl. less pharmacokinetic variability clinical trials
des (B30)d

aInsulin Lyspro: transposition of proline and lysine in positions 28 and 29 of B-chain. 
bInsulin Aspart: Substitution of proline with charged aspartic acid at position 28 of B-chain.
cInsulin glargine: Glycine at position 21 of A-chain and arginine at positions 31 and 32 of B-chain.
dNon-esterified fatty-acid-coupled insulins can bind to albumin in the body and prolong the absorption of insulin.



improvements in treatment regimens and hormone prepa-
rations. Surveys have repeatedly shown that the complex-
ity of the syringe and vial system is a huge hindrance to
compliance for diabetics, and the factors mainly influenc-
ing patient compliance (in decreasing order of importance)
include perception of a regimen’s complexity, difficulty,
duration, safety and cost13. 

Several advances, in the form of newer, long-acting in-
sulins, short-acting insulins, and innovations such as pen

injectors and insulin pumps have, to some extent, allevi-
ated the discomfort associated with insulin injections14,15.
Meanwhile, there have been numerous attempts to deliver
insulin non-invasively through other routes of adminis-
tration, although these have met with limited success16. In
this regard, oral delivery and use of the respiratory tract
have been a major attraction because of the convenience
and perceived advantages. Some of the potential insulin
delivery technologies under current investigation are listed
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Table 3. New technologies for insulin delivery

Technology Company Status Source 

Peroral delivery of insulin using amphiphilic Nobex Corporationa Phase II http://www.nobexcorp.com
polymer conjugates

Peroral delivery of insulin using novel carriers Emisphereb Phase II http://www.emisphere.com

Macrulin™ – peroral delivery of encapsulated insulin Provalisc Phase I http://www.cortecs.com

Orasome™ – liposome-based formulation to protect Endorexd Preclinical http://www.endorex.com
insulin from harsh GI tract conditions

Insulin delivery through oral cavity (Oralgen™/Oralin™) Generex Bioteche Phase II/III http://www.generex.com
using RapidMist™ device

Pulmonary delivery of insulin using PulmoSol Inhale Therapeuticsf Phase III http://www.inhale.com
powder technology

Pulmonary delivery of insulin using microprocessor Aradigm Corporationg Phase II http://www.aradigm.com
based AERx iDMSq

Pulmonary delivery of insulin using battery powered Dura Pharmaceuticalsh Phase II http://www.durapharm.com
Spiros System™

Pulmonary delivery of insulin using low density Alkermesi Phase I http://www.alkermes.com
porous particles (AIR™ technologyr )

Powdered insulin through skin using helium gas PowderJectj Preclinical http://www.powderject.com

Iontophoretic delivery of insulin (E-Trans™) Alzak Preclinical http://www.alza.com

MicroPor™ technology – creates tiny pores for Altea Developmentl Preclinical http://www.alteatech.com
milliseconds using thermal process

Biphasix™ microencapsulated system for transdermal Helix Biopharmam Preclinical http://www.helixbio.com
delivery of insulin

Transferosomes™ – liposome-based formulation for Idean Preclinical http://www.idea-ag.de
insulin delivery

Basulin™ – long-acting insulin using nanoparticles Flamel Technologieso Phase I http://www.flamel.com

Depofoam™ – sustained release multivesicular DepoTechp Preclinical http://www.depotech.com
liposomal formulations of insulin

The above companies are specialized drug delivery companies with platform technologies for the delivery of insulin. 
aResearch Triangle Park, NC, USA; bTarrytown, NY, USA; cDeeside, UK; dLake Forest, IL, USA; eOntario, Canada; fSan Carlos, CA, USA; gHayward, CA, USA;
hSan Diego, CA, USA; iCambridge, MA, USA; jOxford, UK; kMountain View, CA, USA; lAtlanta, GA, USA; mOntario, Canada; nMunich, Germany; oCedex, France; 
pSan Diego, CA, USA; qAERx iDMS, this insulin diabetes management system is a proprietary device and dosage form combination for pulmonary delivery of human
insulin solutions; rAIR, unique dry, porous-particle aerosol technology developed for both fast and slow-acting pulmonary insulin formulations.
Abbreviations: GI, gastrointestinal.



in Table 3. Of these, the pulmonary route offers promise
because of the large surface area (comparable to a tennis
court!), rich blood-supply low proteolytic activity17. Several
companies have products in the late-stages of clinical 
trials, and insulin aerosols can be expected to be in the 
market within the next few years18.

An interesting approach is the delivery of insulin
through the buccal mucosa, where the wastage of aerosol
particles in the oral cavity has been exploited for insulin
delivery. This was achieved by the careful control of par-
ticle size so as to retain the particles in the oral cavity, and
the rich blood-supply of the buccal mucosa can result in
rapid absorption and onset (http://www.generex.com). The
quest for oral delivery of insulin has been underway since
its discovery, and most of the strategies have been focused
on surpassing one of the three barriers to intestinal absorp-
tion; namely the epithelial cell layer, proteolytic enzymes
and chemical environment19. Delivery approaches that
have been investigated for insulin include liposomes,
nanocapsules, liquid emulsions, prodrugs, polymer–in-
hibitor conjugates and colon targeting, and these have met
with little to moderate success19–24. Microspheres are po-
tential carrier systems, and these can be custom-designed
to provide both protease inhibitory and permeation en-
hancement characteristics20. A recent novel approach de-
veloped by Emisphere Technologies (Tarrytown, NY, USA)
includes ‘protenoid microspheres’, which use modified
amino acids or peptides as carriers for biologically active
molecules, including insulin, for delivery through the 
intestine25. Although there are significant challenges, the
potential therapeutic and commercial benefits in terms 
of patient convenience and the market potential for non-
invasive insulin delivery remains high.

Physiological replacement of insulin
Simulating the physiological release and kinetics of insulin
has been the Holy Grail of diabetes therapy26. Insulin in
the body is secreted according to a circadian rhythm, with
higher levels in the hepatic portal than in the peripheral
circulation. By contrast, insulin injected into a subcuta-
neous depot seeps into the general circulation, exposing all
tissues to an equal concentration of insulin for a prolonged
time period, thus leading to the development of a nexus of
metabolic and cardiovascular complications that might
manifest as a part of the diabetic complications27. Although
the introduction of large doses of insulin into the gastro-
intestinal (GI) tract is shown to result in the absorption of
some intact insulin (from the upper intestinal tract) into
the blood with a consequent reduction in blood-glucose
levels, it could upset a physiological control system, in
which locally produced insulin in the GI tract and insulin

receptors plays an important role28. The deep rectal (colon)
and intraperitoneal routes are the only routes that can
empty insulin directly into the portal circulation, but is-
sues of patient convenience and compliance prevent the
routine delivery of insulin via these routes16. It is pertinent
to note here that insulin is the first and only molecule for
which the presence of first-pass effect, inherent to the 
rectal anatomy, has been exploited beneficially to elicit a
pharmacological response29.

One of the major difficulties with insulin delivery is the
associated risk of severe hypoglycemia, especially in cases
where stable and tighter glycemic control is the target. In
1970, the design of the first implantable pump for intra-
venous infusion30 led to the concept of glycemia-con-
trolled insulin infusion31 (artificial pancreas). As a sequel
to this, the first implantation of a pump in diabetic pa-
tients in 1979 led to expectations that a fully implantable
closed-loop system would be available soon32. Unfortunately,
glucose sensors are still under development and implantable
insulin pumps are not widely used, although they have
been tested in randomized trials for type 1 and type 2 
diabetes33. 

Despite some technical problems, such as insulin pre-
cipitation in catheters, pumps and tubings, the long-term
safety and efficacy of insulin pumps has been demon-
strated in a large cohort of patients34. Closed-loop delivery
systems contain glucose biosensors capable of measuring
the blood-glucose level, and adjust the insulin delivery rate
based on a computer algorithm. Insulin is released from
the pump and is rapidly absorbed through the peritoneum,
mimicking normal insulin secretion in the body, and this
comes with a decreased risk of the side effects associated
with intensive insulin therapy35. In contrast, in open-loop
delivery systems the patient has to adjust the insulin de-
livery rate in the pump, according to the blood-glucose 
levels36.

‘Intelligent stimuli-responsive’ delivery systems using
hydrogels have been investigated that can release insulin
in a pulsatile fashion in response to blood glucose levels37.
One such approach is based on immobilized glucose oxi-
dase in pH-sensitive polymers that can swell in response to
glucose and release the entrapped insulin in a pulsatile
fashion. Another approach is based on competitive bind-
ing of glycosylated insulin and glucose to a fixed number
of binding sites in concanavalin, where insulin is displaced
in response to glucose stimuli, thus functioning as a 
self-regulating insulin delivery system.

Iontophoresis coupled to reverse iontophoresis through
the skin appears to be one of the potential areas for devel-
oping a truly closed-loop insulin delivery system38. A 
glucose-monitoring system using reverse iontophoresis,
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which can extract glucose through the skin under the 
influence of electric current, has been approved by the US
FDA and will soon be available for the continuous moni-
toring of blood glucose (http://www.glucowatch.com).
However, several bottlenecks must be overcome if coupling
reverse iontophoresis (for glucose monitoring) to ion-
tophoretic insulin delivery is to become a reality, thereby
setting a new standard for diabetes management39.

Rapid advances in molecular biology hold some promise
for realizing the long-term goal of physiological replace-
ment of insulin40. Bioengineered islet cells encapsulated in
various polymer-matrix systems have been successful in
the laboratory41. A recently reported novel approach is the
use of fusion proteins to cluster insulin within the endo-
plasmic reticulum, which can be cleaved to release insulin
according to physiological need by oral administration of a
small molecule42. The implications of these findings sug-
gest that insulin can be made to secrete from any non-pan-
creatic cell, thereby avoiding the issues of tissue rejection
and the short supply of pancreas for transplantation.
Further, the possibility of producing expanded human
pancreatic islet cells has led to a conceptually appealing
approach of implanting islet cells with a regulatable 
insulin gene that can respond to a range of glucose con-
centrations similar to stimulation of normal beta-islet
cells43,44.

Closing thoughts
Based on the findings of Diabetes Control and Complications
Trial (DCCT) research group*, it is now recognized that
there is a need for tighter control of blood glucose to avoid
the complications associated with diabetes, a major con-
tributing factor to the mortality caused by the disease45. In
this regard, it would be more realistic to combine two dif-
ferent routes of administration, such as rapid post-prandial
insulin levels with pulmonary delivery and sustained basal
levels with new long-acting insulins. Bearing in mind the
current pace of developments in biotechnology, in future
we should see many ‘tailor-made insulins’ for improving
stability and reducing pharmacokinetic and pharmacody-
namic variability, leading to selective action on the liver
and thereby reducing the metabolic effects on peripheral
tissues46. Further efforts are also being directed to produce
insulins suited for different delivery approaches. 

Newer strategies based on computer-aided drug design
should lead to insulin ‘mimetic’ small molecules from both
natural sources47 and synthetic routes that can be adminis-
tered in the form of an oral pill. When the tangible ben-
efits of the Human Genome Project are realized, it will not
be surprising to find ‘personalized insulin genes’ on the
market48. Alternatively, there will be novel ways of admin-
istering insulin through the skin using iontophoresis, ul-
trasound waves and electroporation, with more emphasis
on chronopharmacokinetics-directed insulin delivery, mim-
icking the pulsatile release from the pancreas49. Advances
in microelectronics and material sciences will also give rise
to more sophisticated next-generation insulin delivery sys-
tems, including ‘insulin-on-a-chip’ and ‘microfabricated
needles’ for controlled or pulsatile insulin delivery in 
response to external- or feedback-stimuli50,51. Therefore, it
is the belief of the authors that by 2020, marking 100 years
of insulin discovery, a diabetic will have several options to
deliver insulin according to his or her choice. Until that
time, the ‘Flame of Hope’ at Banting Museum, Ontario,
Canada continues to be a hope not only for the millions of
diabetics, but also for scientists around the world.
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