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Insulin loaded microemulsions were developed adopting a low shear reverse micellar approach using
didoceyldimethylammonium bromide (DMAB) as the surfactant, propylene glycol (PG) as the co-surfac-
tant, triacetin (TA) as the oil phase and insulin solution as the aqueous phase. A ternary phase diagram
was constructed based on multiple cloud point titration to highlight the reverse micellar region. The
droplet sizes of the microemulsions were 161.7 ± 24.7 nm with PDI of 0.447 ± 0.076 and insulin entrap-
ment of �85%. Transmission electron microscopy (TEM) revealed the spherical nature and size homoge-
neity of the microemulsion droplets. The conformational stability of the entrapped insulin within
microemulsions was confirmed by fluorescence spectroscopy and circular dichroism. The microemul-
sions displayed a 10-fold enhancement in bioavailability compared with plain insulin solution adminis-
tered per oral in healthy rats. The short-term in vivo efficacy in STZ induced diabetic rats provided the
proof of concept by a modest glucose reduction at a dose of 20 IU/kg. Together this preliminary data indi-
cate the promise of microemulsions for oral delivery of insulin.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Since the discovery of insulin in the early 1920s [1], millions of
people with types 1 and 2 diabetes worldwide have used daily sub-
cutaneous injections to control blood glucose and/or prevent life-
threatening ketoacidosis. However, while these injections prolong
life and prevent complications, they cause discomfort and inconve-
nience (leading to problems with adherence to prescribed therapy)
and even lipohypertrophy (leading to unpredictable absorption)
[2]. Thus, oral delivery of insulin represents an exciting challenge
for drug delivery scientists [3], particularly with the prospect of
delivering the hormone more physiologically to the liver (via the
portal circulation), replicating the dynamics of endogenous release,
rather than creating universally high supraphysiological peripheral
concentrations as with the parenteral route. However, when
administered orally, insulin undergoes severe enzymatic degrada-
tion by gastric proteases [4] and undergoes first pass metabolism
in the liver [5]. Its high molecular weight renders it impermeable
across gastric mucosa, limiting its overall bioavailability and phar-
macological action.

Attempts have been made to deliver insulin orally without com-
promising its stability and pharmacological action. The hexyl-insu-
ll rights reserved.

te of Pharmacy and Biomed-
et, Glasgow G4 0NR, UK. Tel.:

Ravi Kumar).
lin monoconjugate was prepared to protect insulin from gastric
proteases and showed a dose dependent glucose-lowering effect
in type 1 diabetes patients [6], but detailed pharmacokinetic stud-
ies are needed. Incorporation of protease inhibitors were thought
to be an option [7], but the side effects such as systemic intoxica-
tion and disturbed digestion of food proteins are limitations of this
strategy. Complexation with cyclodextrins enhances insulin stabil-
ity [8], and permeation enhancers (e.g. bile salts and surfactants)
improve oral absorption [9], but their toxicity to intestinal mucosa
limits the development of clinically viable formulations.

The last few decades have seen overwhelming activity in pro-
tein and peptide drug delivery via the oral route, utilizing hydro-
gels [10], liposomes [11], microparticles [12] and nanoparticles
[13]. Controlled release colloidal drug carriers like microemulsions
that are the ternary systems of surfactant, oil and water [14] and
reverse micelles that are surfactant aggregates in an organic liquid,
also showed promise in improving oral bioavailability of insulin in
animal studies. Microemulsions are stable isotropic transparent
colloidal systems composed of surfactant molecules oriented with
their hydrophilic head inwards creating an aqueous core and their
hydrophobic tails directed towards outside solubilised in organic
phase forming the corona [15]. Formation of such systems is spon-
taneous and usually takes place above the critical micellar concen-
tration (CMC) of the surfactant at which the surfactant forms well
defined molecular structures based on the content of aqueous
phase, organic phase and the surfactant used. Microemulsions
and reverse micelles have long been used for stabilization of
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proteins in organic solvents [16], protein purification [17] and mi-
cro-reactors [18]. Their employment in drug delivery [19,20] lies in
their inherent thermodynamic stability, protection of drugs against
enzymes, ease of preparation, ability to encapsulate a wide spec-
trum of drugs with diverse physicochemical properties, and com-
patibility with oral route. The increase in insulin bioavailability
via these carriers has been attributed to protection afforded by
them against gastric enzymes, their prolonged retention in the
gut and their excellent penetration properties across the GI mucosa
[21].

The current report discusses the development of insulin loaded
microemulsions for oral delivery and evaluation of their glucose-
lowering ability in streptozotocin induced diabetic rats.
2. Materials and methods

2.1. Materials

Bovine serum insulin (nominal strength �27 units/mg) was
purchased from Fluka (UK). Didoceyldimethylammonium bromide
(DMAB, 98%) and streptozotocin (STZ) were purchased from Al-
drich (UK). Propylene glycol (PG), sodium hydroxide and hydro-
chloric acid were purchased from Fisher Scientific Corporation
(UK). Triacetin (TA) was purchased from Acordis Fine Chemicals
(UK). Bovine serum insulin specific ELISA kits were purchased from
Mercodia (UK). Distilled water was prepared in house and was
used for preparing all the solutions and dilutions. All the chemicals
were of reagent grade and were used as received.
Table 1
Calculation of percentage of oil, surfactant and water used in the construction of
phase diagram based on rapid screening approach. Oil:Smix (1:9).

Oil (ll) Smix (ll) Water
(ll)

Total volume (ll) Oil% Smix% Water %

10 90 0 100 10.0 90.0 0.0
10 90 10 110 9.1 81.8 9.1
10 90 20 120 8.3 75.0 16.7
10 90 25 125 8.0 72.0 20.0
10 90 35 135 7.4 66.7 25.9
10 90 45 145 6.9 62.1 31.0
10 90 55 155 6.5 58.1 35.5
10 90 65 165 6.1 54.5 39.4
10 90 85 185 5.4 48.6 45.9
10 90 100 200 5.0 45.0 50.0
10 90 120 220 4.5 40.9 54.5
10 90 150 250 4.0 36.0 60.0
10 90 190 290 3.4 31.0 65.5

5 45 120 170 2.9 26.5 70.6
5 45 150 200 2.5 22.5 75.0
5 45 200 250 2.0 18.0 80.0
2.5 22.5 150 175 1.4 12.9 85.7
2.5 22.5 225 250 1.0 9.0 90.0
2.2. Ternary phase diagram construction

The existence of the microemulsion region was identified by
preparing various pseudoternary compositions and evaluating
the optical clarity of the compositions at 450 nm. Microemulsions
are characterized by transparent optically clear properties that are
indicative of stable isotropic phase throughout the formulation.
These systems are ternary phases where two immiscible phases
(water and oil) are present with a surfactant and a co-surfactant.
The surfactant molecules may form a monolayer at the interface
between the oil and water, with the hydrophobic tails of the sur-
factant molecules dissolved in the oil phase and the hydrophilic
head groups in the aqueous phase. To quantify the optical clarity
of an individual system at a number of compositions while mini-
mising the materials and experimental time, a rapid screening ap-
proach was adopted. Briefly, varying amounts of surfactant (2:3 w/
w DMAB/PG) (Smix) and oil (TA) were micropipetted into a glass
flat-bottomed, 96-well microplate (300 ll well capacity, Fisher,
UK) and mixed thoroughly. For each phase diagram, oil and Smix

were mixed in different volume ratios from 1:9 to 9:1. Seventeen
different ratios were screened to investigate increasing concentra-
tions of Smix to oil and oil to Smix (1:9,1:8, 1:7, 1:6, 1:5, 1:4, 1:3, 1:2,
1:1, 2:1, 3:1, 4:1, 5:1, 6:1, 7:1, 8:1 and 9:1). Pseudoternary phase
diagrams were constructed using aqueous titration method, where
water was added to each well containing oil and Smix, to give an
aqueous volume of 5–90% v/v (in 5% intervals) of the total well vol-
ume, the water phase contained insulin for insulin loaded micro-
emulsions. The plates were incubated at room temperature on a
plate shaker (700–900 rpm) for 10 min, allowing thorough mixing
of all components to give a desired ternary composition. Each com-
position was produced in triplicate. Absorbance readings for all the
compositions were obtained at a wavelength of 450 nm using a
microplate reader (Ascent Technologies, Alabama, US) to quantify
clarity of the systems. The calculation for the addition of aqueous
phase was done by calculating the percentage of each component
of the emulsion present at each 5% v/v addition. For the purpose
of explanation, a 1:9 ratio of oil and Smix was selected, and the
aqueous phase was added using a micropipette at around 5% v/v
intervals (Table 1) by mixing on a vortex mixer to give a desired
pseudoternary composition.
2.3. Visual observation studies

Following analysis of absorbance for different ternary composi-
tions, it was observed that certain regions varied greatly in compo-
sition but had similar absorbance ranges. It was believed that
further study on these specific compositions may highlight differ-
ences in physical state between these ratios. The results from rapid
screening technique were then carried forward to identify certain
ratios for further characterization. Larger quantities of these ratios
were made to visually observe the physical properties against a
dark background to assess the level of transparency. After each 5
% (v/v) addition of aqueous phase to oil and Smix mixture, visual
observations were made against a dark background, and different
phases were identified based on their observed properties; i.e.
clear transparent liquid (microemulsion), cloudy liquid, clear
transparent gel, white opaque liquid (macroemulsion), white opa-
que gel and phase separation. Combined together, the absorbance
readings for different phase compositions and associated visual
observations lead to generation of a ternary phase diagram that
was plotted using ProSim ternary diagram application Software
(Labege, Cedex, France).
2.4. Formulation selection

From the ternary diagram and visual observations, a precisely
defined composition was selected for fabrication of microemulsion.
Briefly, Smix was prepared by mixing DMAB and PG (warmed to
100 �C) in the ratio 3:2 (w/w), and the mixture was stirred at
600 rpm at 100 �C till DMAB dissolved completely in PG. Next, TA
was added in the Smix to obtain the desired ratio of 3:1 (Smix/TA)
and heating was continued for next 5 min after which the contents
were brought down to room temperature (25 �C). This was fol-
lowed by addition of aqueous phase (distilled water) in the Smix–
TA mixture while stirring, in a way that final concentration of
aqueous phase in the mixture was 20% v/v. The contents were fur-
ther stirred for 15 min to ensure microemulsion formation that
was monitored by checking the optical clarity and physical prop-
erty of the system. For preparing drug loaded microemulsion, same
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protocol was adopted with a single modification where distilled
water was replaced by insulin solution as the aqueous phase.
Briefly, 1 mg insulin was dissolved in 110 ll 0.05 M sodium
hydroxide, and this solution was diluted with distilled water to ad-
just the final volume required for addition to Smix–TA mixture.

2.5. Microemulsion droplet size analysis

The droplet size and polydispersity index (PDI) was determined
using dynamic light scattering technique employing Zetasizer
(Nano ZS, Malvern, UK) taking the average of three measurements.
Light scattering was monitored using back scattering angle of 173�
at 25 �C, with polystyrene beads used as a standard. In this study, a
cumulants analysis algorithm was used that fitted a single expo-
nential to the correlation function to obtain mean size (Z-average
diameter) and an estimate of the width of the distribution (PDI).
Both undiluted and diluted formulations were used for the study.

2.6. Entrapment efficiency

The percentage of insulin incorporated in microemulsion was
determined by centrifuging the insulin loaded microemulsions
and separating the supernatant. The centrifugation step precipi-
tated the droplets that were then broken down using 500 ll of
1 M hydrochloric acid. The system was then stirred for 1 h to en-
sure complete breakage of micelles; following stirring, the solution
was centrifuged at 14,000g for 30 min. The waxy layer of precipi-
tated DMAB was discarded and then 100 ll of the remaining liquid
was diluted in 4.9 ml of water. This solution was then analysed for
insulin content using the spectrofluorimetry method having a lin-
earity range of 1–10 lg/ml and 0.9987 as correlation coefficient.
Samples were loaded into a 1 ml glass cuvette, and insulin was ex-
cited at 280 nm and emission was monitored between 290 and
390 nm. The excitation and emission slits were set at 5 nm each,
and scan rate of 600 nm/min was used with photomultiplier tube
detector voltage at 600 V.

2.7. Microemulsion droplet size as a function of the ternary
components

To determine the effect of concentration of different formula-
tion excipients on size and PDI of microemulsions, six different sets
of experiments were performed where TA, PG and DMAB each in
turn were altered with respect to their concentrations from the se-
lected composition without changing the concentration of other
components of the formulation. Each of the three components
were in turn doubled and then tripled with respect to their original
quantity. The change in particle size and PDI was monitored using
dynamic light scattering in triplicate as described earlier.

2.8. Effect of insulin loading on droplet size of microemulsion

Microemulsions were prepared by varying the amount of initial
insulin loading. Six different loadings of insulin were selected for
these studies: 1.1%, 2.2%, 4.4%, 6.6%, 8.8% and 11.1% w/v with re-
spect to final formulation volume of 450 ll. For each group, formu-
lations were prepared in triplicate as described in previous section.
For each drug loading, the size and PDI of prepared microemulsions
was monitored and analysed to determine whether drug loading
had any significant effect on properties of microemulsion formed.

2.9. Effect of dilution on droplet size of microemulsion

Dilution has a significant effect on the physiochemical proper-
ties of microemulsion. Accounted for the fact, dilution causes
change in the concentration of aqueous phase which in turn dis-
turbs its ratio with oil phase and surfactant, thereby leading to
change in properties of such systems. Herein, we investigated the
effect of dilution on droplet size and PDI. Microemulsions were
prepared as described in previous section with 2.2% w/v insulin
loading. Three different volumes of microemulsion, 50, 25 and
5 ll, were diluted in 5 ml of distilled water after which droplet size
and PDI analysis were carried out using the dynamic light
scattering.

2.10. Fluorescence spectroscopy

Intrinsic fluorescence spectroscopic experiments were carried
out to assess any change in the three-dimensional structure (the
local environment of aromatic residues) of insulin. Measurements
were carried out at 25 �C in 1 cm path length quartz cuvettes using
a fluorescence spectrophotometer (Cary Eclipse, Varian Ltd., UK).
The excitation wavelength was 280 nm and intrinsic fluorescence
emission was measured in the range 290–390 nm. The excitation
and emission slits were set at both 5.0 nm and the scan rate was
kept at 600 nm/min with photomultiplier tube detector voltage
at 600 V. Insulin was recovered from microemulsions by following
similar extraction process discussed under Section 2.6. The fluores-
cence spectrum of extracted insulin was compared with native
insulin of same concentration to study any changes in the mole-
cule. An average of three scans was performed for each sample.

2.11. Circular dichroism (CD)

To verify the integrity of the secondary structure of insulin
when entrapped in microemulsion, CD studies were carried out.
CD spectra were acquired at 25 �C using a Chirascan Spectropolar-
imeter (Applied Photophysics, Surrey, UK) in the far UV region
(190–250 nm) in a 0.01 cm pathlength cell using a step size of
1 nm. The lamp housing purged with nitrogen, and an average of
three scans was obtained. Insulin was extracted from the micro-
emulsions using the previously stated protocol (Section 2.6). CD
spectra of the appropriate blank reference were recorded and sub-
tracted from the insulin spectra, to eliminate contributions from
the aqueous phase. The mean residual molar ellipticity was calcu-
lated from the raw CD signal using a mean residue weight of
116 Da and insulin concentration calculated from the corrected
absorbance of the insulin solution at 280 nm.

2.12. Transmission electron microscopy (TEM)

The morphology of insulin loaded microemulsions was investi-
gated using TEM (LEO 912, Cambridge, UK). Formvar/Carbon-
coated 200 mesh copper grids were glow discharged and speci-
mens in distilled water were dried down to a thin layer onto the
hydrophilic support film. Twenty microlitres of 1% aqueous
methylamine vanadate (Nanovan; Nanoprobes, Stony Brook, NY,
USA) stain was applied, and the mixture dried down immediately
with filter paper to remove excess liquid. The dried specimens
were imaged with a LEO 912 energy filtering transmission electron
microscope at 120 kV. Contrast enhanced, zero-loss energy filtered
digital images were recorded with a 14 bit/2 K Proscan CCD
camera.

2.13. Pharmacokinetic studies

Pharmacokinetic studies were carried out in healthy male Spra-
gue Dawley (SD) rats weighing between 250 and 300 g with n = 3
animals per time point at an insulin dose of 20 IU/kg body weight
of the animal. All the rats used in the pharmacokinetic studies had
access to food and water ad libitum, and no change was made in
their natural homeostasis. All animal experiments were performed
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Fig. 1. Ternary diagram constructed using rapid screening procedure using Smix

DMAB/PG ratio of 3:2 (w/w)) oil (TA) and water (aqueous phase). Optical clarity was
measured at k = 450 nm. The key shows the absorbance ranges measured for
delineating different regions in the ternary phase diagram.
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according to project licence duly approved by the Home Office
(UK). Animals were divided into 6 groups. Groups I, II and III re-
ceived insulin microemulsions orally using gavage needle, whereas
groups IV, V and VI received same dose of insulin solution in phos-
phate buffer orally. Blood (50 ll) was withdrawn from tail vein and
was centrifuged at 10,000g for 5 min, and plasma was separated
and stored at �20 �C until further analysis. Multiple blood sam-
pling was carried out in groups I and IV at 0.25, 1, 6 and 12 h with
final sampling at 24 h after which animals were sacrificed. To gen-
erate the pharmacokinetic profile over 3 days, II, III, V and VI
groups were incorporated in the study. Blood sampling in groups
II and V was carried out at a single time point (48 h from dosing)
after which animals were sacrificed. Similarly, blood sampling in
groups III and VI was carried out at a single time point (72 h from
dosing) after which animals were sacrificed. After sacrificing the
animals, their tissues (spleen, kidneys, liver, pancreas and intes-
tine) were collected for organ pharmacokinetic analysis. All tissues
were cleaned, removing any blood and connective tissue and were
then weighed and to which phosphate buffer saline was added
(volume used equals four times the weight of the tissue). Each tis-
sue was then homogenised (Polytron PT 4000, Kinematica) for
2 min at 25,000 rpm after which it was centrifuged at 14,000g for
30 min. The pellet obtained was rejected and supernatant was
stored at �20 �C until further analysis. Insulin was quantified in
blood samples and in tissue homogenates using bovine serum
insulin specific ELISA kits (Mercodia, UK). Statistical analysis of
the data was performed via unpaired T-test using SigmaStat 2.0
software (Jindal Scientific); a value of p < 0.05 was considered
significant.
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A: Microemulsion
B: Cloudy liquid
C: Clear gel
D: Milky liquid
E: Macroemulsion
F: Phase separation

Fig. 2. Different phase obtained in the ternary diagram constructed using rapid
screening procedure in combination with visual observations using Smix DMAB/PG
ratio of 3:2 (w/w)) oil (TA) and water (aqueous phase). Optical clarity was measured
at k = 450 nm. The phases were checked for their flow ability and gelling behaviour
using the slide tilt method at 45�. A = reverse micellar systems or microemulsion
region characterized by clarity and flow ability; B = cloudy liquid, optically unclear
with flow properties. This is the region where formation of macroemulsion starts;
C = clear gel phase, optically clear but no flow ability, region of swollen reverse
2.14. Pharmacodynamic studies in streptozotocin induced diabetes
model

Pharmacodynamic studies were carried out in diabetic male
Sprague Dawley (SD) rats weighing between 250 and 300 g with
n = 6 animals per group at an insulin dose of 20 IU/kg body weight
of the animal. All animal experiments were performed according to
project licence duly approved by the Home Office (UK). Animals
were made diabetic by a single intraperitoneal injection of STZ
(in 10 mM ice cold citrate buffer, pH 4.5) at a dose of 55 mg/kg
body weight of the animals. All rats were allowed to stabilize for
2 days and housed with 12 h dark–light cycle and access to food
and water ad libitum. Only the rats with plasma glucose levels
(PGL) > 2.5 mg/ml were considered diabetic and used in the study.
Animals were divided into four groups with group I as the positive
control without any treatment, group II received insulin loaded
microemulsions orally, group III was administered insulin loaded
microemulsions subcutaneously and group IV was administered
with plain insulin solution (in phosphate buffer saline) subcutane-
ously. Blood (50 ll) was withdrawn from tail vein at 2, 6, 12, 24, 48
and on 72 h from all the groups, and PGL were estimated using the
Accu-Check Aviva Nano� Glucometer (Roche diagnostics, Ger-
many). Statistical analysis of the data was performed via unpaired
T-test using SigmaStat 2.0 software (Jindal Scientific); a value of
p < 0.05 was considered significant.
micelles; D = milky liquid, highly opaque with flow properties, region of macro-
emulsion; E = milky gel, swollen macroemulsion with opaqueness and poor flow
properties; F = phase separation, region where the whole system breaks down and
aqueous and oil layers separate out forming two distinct layers.
3. Results and discussion

3.1. Ternary phase diagram

Fig. 1 shows the ternary phase diagram constructed from our
rapid screening approach that coincides with ternary systems re-
ported in the literature [22]. This rapid approach allowed fast
throughput of 17 ratios with 18 different volumes of aqueous
phase. Fig. 2 depicts the ternary phase diagram constructed using
the combination of absorbance readings at 450 nm with visually
observed physical properties of different ternary compositions.
The combined approaches lead to clear isotropic microemulsion
(region A in the ternary phase diagram in Fig. 2) with good cover-
age of total ternary diagram area. No change was found in the
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A: Microemulsion
B: Clear gel
C: Cloudy macroemulsion
D: Phase separation
E: Macroemulsion
F: Macroemulsion gel
G: Gel (close up)
H: Phase separation (close up)

Fig. 3. Visual observation of different phases attained during construction of ternary phase diagram constructed using rapid screening procedure using Smix DMAB/PG ratio of
3:2 (w/w)) oil (TA) and water (aqueous phase). Optical clarity was measured at k = 450 nm. [A] = Smix/oil 2:1 with aqueous phase making 35% of the total volume
(microemulsion). [B] = Smix/oil 9:1 with aqueous phase making 25% of the total volume (clear gel). [C] = Smix/oil 1:7 with aqueous phase making 20% of the total volume
(cloudy macroemulsion). [D] = Smix/oil 1:8 with aqueous phase making 75% of the total volume (phase separation). [E] = Smix/oil 1:6 with aqueous phase making 50% of the
total volume (macroemulsion). [F] = Smix/oil 8:1with aqueous phase making 35% of the total volume (swollen macroemulsion gel). [G] = Slide inclined at 45� having the
formulation showing gel formation. [H] = Phase separation phenomenon as seen more closely using glass cuvette.
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phase behaviour of the ternary phase diagram when insulin solu-
tion was included in the formulation as the aqueous phase, which
may be due to the fact that the formation and stability of micro-
emulsion consisting of combination of non-ionic PG and cationic
DMAB surfactants are not affected by the change in pH or ionic
strength.

3.2. Visual observations

The ternary compositions were also analysed visually for their
physical state since formulations with similar absorbance readings
differed markedly in their actual ternary compositions (Fig. 3).
Clear isotropic microemulsions were formed when Smix:oil ratio
was kept at 2:1 with aqueous phase forming 35% v/v of total com-
position. When Smix:oil ratio was increased to 9:1 with aqueous
phase volume making 25% v/v of total composition, transparent
gel formulations were formed, and this may be described due to
high surfactant content of the ternary composition that causes
hydration and swelling of surfactants resulting in formation of
macromolecular gels. On the other hand, when Smix:oil ratio was
reduced to 1:7 with aqueous phase making 20% v/v of total compo-
sition, cloudy macroemulsions were formed and on further reduc-
ing the Smix:oil ratio to 1:6 with aqueous phase making 50% v/v of
total composition, milky macroemulsions were formed. This indi-
cated that when Smix:oil ratio was changed from 1:7 to 1:6 with
subsequent increase in aqueous phase volume from 20 to 50% v/
v, the system underwent destabilization resulting in aggregation
of water droplets to form structures like macroemulsions which
was evident by development of turbidity (as the droplet size was
greater than domains of visible light) that increased on further
changing the Smix:oil ratio from 1:7 to 1:6. When Smix:oil ratio
was changed from 6:1 to 1:1, more absorbance readings were ob-
tained for clear microemulsion phase, but this was limited to total
aqueous phase content below 35%. Hydration and swelling of sur-
factant molecules was evident when Smix:oil ratio was kept at 8:1
with aqueous phase making 35% v/v of total composition, and this
resulted in formation of swollen macroemulsion gels. Complete
phase separation was observed when Smix:oil ratio was 1:8 with
aqueous phase forming 75% v/v of total composition, and this
may be attributed to complete destabilization and aggregation of
microemulsion droplets (aqueous phase) due to inability of the
Smix to stabilize the relatively large aqueous phase content in large
amounts of oil.

3.3. Formulation development and insulin entrapment

The use of microemulsions for protein solubilisation is well re-
ported in the literature, and they have been defined as L-2 phases
capable of solubilising 10% (w/w) of water. The emulsions (w/o
type) based on reverse micellar approach can be defined by the
classical definition given by Danielsson and Lindman [23] where
water, oil and surfactant together form thermodynamically stable
isotropic clear systems with droplet size in the nanometre range.
Herein, we developed DMAB based microemulsions with a low
shear process that involved mixing of components in a sequential
manner and where a polyol (PG) was used as the co-surfactant and
TA was used as the oil phase. Insulin was entrapped inside the re-
verse micellar systems in the aqueous core. DMAB is a cationic sur-
factant with HLB values around 18 [24], and this affords
considerable lowering of interfacial tension allowing water mole-
cules to be solubilised in the internal core of the micelles; it is also
safe and non-toxic at the concentrations used [25]. PG was incor-
porated as a co-surfactant, increasing interfacial fluidity by pene-
tration into the DMAB film and creating disorder. TA is routinely
used in oral pharmaceutical formulations being regarded as a
non-toxic, non-irritating, with good biocompatible properties
[26], and its solubility in water (1 in 14 parts) makes it ideal oil
phase in this study.

Insulin entrapment in microemulsions was evaluated after sed-
imenting and cracking the micelles using centrifugation and
hydrochloric acid, respectively. The extracted insulin was then di-
luted with distilled water and analysed. The results indicated more
than 85% of insulin was entrapped in the system, in agreement
with the physicochemical properties of the system. Insulin is solu-
ble in both acidic and alkaline solutions, sparingly soluble in non-
buffered water and completely insoluble in hydrophobic oils like
TA that makes the environment inside reverse micellar core an
ideal place to partition insulin from the oil phase (TA).
3.4. Microemulsion droplet size as a function of the ternary
components

Fig. 4 depicts the size distribution intensity curves obtained for
blank and insulin loaded microemulsions. The Z-average diameter
obtained from these size distribution histograms clearly showed
that blank formulations had an average droplet size of
104.8 ± 3.05 nm with a PDI of 0.302 ± 0.006, whereas insulin
loaded systems had an average droplet size of 161.7 ± 24.7 nm
with a PDI 0.447 ± 0.076. The microemulsion state is characterized
by a delicate balance between the oil, surfactant and aqueous
phase. Any change in the composition can affect the microemul-
sion structure both in terms of size and physicochemical proper-
ties. Fig. 5 shows the effect of DMAB concentration on droplet
size of microemulsion. When DMAB concentration was doubled,
there was a very large increase in droplet size from
161.7 + 24.7 nm to 24.6 + 2.1 lm, and this effect was more pro-
nounced when the amount of DMAB was tripled compared to the
original formulation. Similarly, PDI of formulations displayed an
increasing trend with an increase in DMAB concentration. Increase
in particle size and PDI of microemulsion droplets with an increase
in DMAB concentration can be attributed to the following reasons:
(i) increase in the amount of water solubilised with an increase in
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surfactant concentration resulting in formation of bigger emulsion
droplets leading to development of heterogeneity in droplet sizes
which subsequently causes increase in PDI of microemulsion and
(ii) enhanced molecular diffusion of aqueous phase from smaller
to larger droplets through continuous oil phase which causes an in-
crease in size of larger droplets at the expense of smaller droplets
[27].

Morphological characterization of the droplets was acquired by
TEM, to complement the DLS data acquired above. TEM images of
the formulations are presented in Fig. 6 which confirmed that
droplets were well dispersed without any aggregation or cluster
formation, spherical in shape, appreciably homogeneous with sub-
micron sizes. The diameters of the droplets determined by TEM
were slightly smaller than determined by DLS, and this can be
attributed to the differences in sample preparation: DLS being car-
ried out in the liquid state where the micelles are relatively hy-
drated/swollen, with TEM involving a drying step that results in
micelle dehydration/shrinkage [28].
When the amount of PG was doubled, there was an increase in
the droplet size from 161.7 ± 24.7 nm to 1005.8 ± 221.3 nm (Fig. 7).
This may be attributed to the fact that the addition of co-surfactant
leads to greater penetration of the aqueous phase in the hydro-
philic region of the surfactant monomers. On increasing the
amount of PG threefold, no change in droplet size was seen, and
this may be due to the saturation of voids between DMAB mole-
cules by PG at the interface. It should be noted that the increase
in PG was accompanied by changes in the PDI, although the mech-
anisms for this are unclear.

When the amount of TA was doubled, there was a very large in-
crease in droplet size and PDI (Fig. 8), possibly due to the reduction
in overall Smix concentration compared with original composition,
such that larger droplets were generated in order to minimise the
surface area of the oil–water interface [29]. Interestingly, when the
amount of TA was tripled, there was a decrease in droplet size and
an increase in PDI, which may be attributed to dilution of a heter-
ogeneous mix of droplet sizes, less likely to coalesce through re-
duced probability of contact.

3.5. Effect of insulin loading and dilution on microemulsion droplet size

Fig. 9 shows that loading of insulin in the aqueous phase in-
creased the droplet size compared to the blank. This was attributed
to the amphiphilic nature of polypeptides such as insulin facilitat-
ing its adsorption at the interface within emulsion systems [30]. In
this case, insulin adsorption at the interface may partially displace
surfactant/co-surfactant, destabilizing the microemulsions and so
increasing droplet size. When insulin was loaded from 1.1% to
4.4% w/v into the aqueous core, there was no statistical difference
in the size of droplets but above 4.4% w/v insulin loading, droplet
size increased significantly. Insulin loading above 4.4% w/v may
therefore represent a particular saturation of insulin within the
aqueous phase such that partition to the interface or oil phase itself
leads to destabilization of the microemulsion system.

For insulin loadings of 4.4% w/v, there was no significant change
in droplet size and PDI of microemulsion upon dilution with water
(Fig. 10). The mechanism underlying droplet stability during phase
inversion is thought to involve initial merger of the water droplets
forming a bilamellar continuous phase [31] followed by break-
down into droplets facilitated by the lowest interfacial tension
near the inversion point. The high Smix (DMAB + PG) content of
our formulation allowed for the complete solubilisation of TA near
the inversion point, but to achieve this a large amount of water was
required for dilution.

3.6. Conformational integrity of insulin

Insulin contains tyrosine residue positions 14 and 19, which
fluoresce upon excitation at 280 nm; the emission maximum and
intensity being dependent on the local environment, since water
causes a red-shift and quenching of their intrinsic fluorescence
[32]. Therefore, fluorescence spectroscopy can be used to monitor
changes in the structure of insulin. Fig. 11 shows the fluorescence
emission spectra of native insulin compared with fluorescence
spectra of insulin extracted from the microemulsion. The small de-
crease in emission intensity without red-shift is suggestive of a
minor change in the local environment of the tyrosine residues,
the wavelength of the emission maximum being consistent with
previous data for insulin microemulsion [33].

To correlate the small change in the aromatic environment ob-
served above, with possible change in the secondary structure of
insulin, we used CD in the far UV region, which corresponds to pep-
tide backbone. Fig. 12 shows the CD spectrum of native insulin
compared with CD spectrum of insulin extracted from microemul-
sions. Both spectra show clear minima of similar magnitude at 209
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Fig. 7. Effect of PG (co-surfactant) concentration on droplet size and PDI of
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Fig. 6. Transmission electron micrographs of blank microemulsion droplets (a) and insulin loaded microemulsion droplets (b). The micrograph clearly shows the spherical
nature of droplets, absence of any aggregation and increased polydispersity in insulin loaded systems. The formulations had 2.2% w/v as insulin loading in 0.05 M sodium
hydroxide making 20% aqueous phase. Scale bar 200 nm and magnification 12,500�.
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and 222 nm, which are indicative of the known a-helical confor-
mation of insulin [34]. The reduced maxima at 195 nm indicate a
relative loss of helical structure for insulin following encapsulation
and extraction from the microemulsion system. This suggests that
insulin underwent adsorption at the interface within the emulsion
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Fig. 8. Effect of TA (oil phase) concentration on droplet size and PDI of
microemulsion droplets at 25 �C. The original formulations had 2.2% w/v as insulin
loading in 0.05 M sodium hydroxide making 20% aqueous phase. Data represents
mean with standard deviation at n = 3. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
system, which is commonly associated with some degree of
unfolding [30]. Nevertheless, the close similarity of the fluores-
cence and CD spectra of the native and extracted insulin samples
indicates only minor conformational changes in the secondary
and tertiary structure of insulin during the encapsulation process.

3.7. Pharmacokinetic studies

Blood levels of insulin after oral administration of microemul-
sions and plain insulin solution were compared using bovine ser-
um insulin specific ELISA kits. Fig. 13 depicts the plasma
concentration versus time profile of insulin obtained from the
microemulsions compared with plain insulin solution in phosphate
buffer saline, administered orally. The microemulsions demon-
strated a higher Cmax (18.4 ± 2.6 lIU/ml) and a longer Tmax (6 h)
compared with plain insulin solution (Cmax � 1.84 ± 0.1 lIU/ml
and Tmax � 1 h) and sustained the release of insulin over 3 days,
whereas plain insulin was not detected after 24 h. The main phar-
macokinetic parameters obtained from both, microemulsions and
insulin solutions have been summarized in Table 2. Area under
the curve (AUC) for microemulsions showed almost a 10-fold
increment from AUC generated after administering plain insulin
solution indicating a significant enhancement of insulin’s bioavail-
ability when given orally as microemulsions. AUCs were generated
using standard trapezoidal rule applicable for pharmacokinetics of
oral formulations. The enhanced absorption may be explained in
terms of (a) huge specific surface area of the microemulsion drop-
lets, (b) altered permeability of the intestinal mucosa because of
DMAB which promotes improved permeation of insulin across
the gastric barrier, (c) reduction in the interfacial tension between
the formulation and lipophilic mucosal layers and (d) due to en-
hanced stability of insulin inside the core of microemulsion against
gastric proteases and acidic microenvironment. Furthermore, the
other components of the microemulsion formulations (TA and
PG) are expected to promote permeation due to their interaction
with intestinal lipids making them suitable excipients for such for-
mulations [35]. On the other hand, the microemulsion uptake by
most widely accepted path, the M cells of the Peyer’s patches in
the intestinal region cannot be overruled. Moreover, the aqueous
milieu inside the core of microemulsions provide an ambient envi-
ronment free from changes in pH and ionic conditions, which fur-
ther protects the insulin and accounts for its stability inside the
core. In fact, a small amount of insulin after oral solution adminis-
tration was detected in the blood by ELISA indicating that it was di-
rectly absorbed, and this direct uptake of insulin has been
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Fig. 11. Intrinsic fluorescence emission spectra of native bovine insulin (solid line)
and bovine insulin extracted from the nano-droplets (dotted line). The solutions
were excited at 280 nm, and emission was monitored from 290 to 300 nm.
Excitation and emission slits widths were 5 nm each. Each spectrum is the mean of
three scans at 25 �C.

Fig. 12. Circular dichroism spectra of native bovine insulin solution (solid line) and
bovine insulin extracted from the nano-droplets (dotted line) in the far UV region.
The concentration of insulin used was 100 lg/ml for the native solution, and the
extracted insulin was diluted to the same amount. The path length was 0.01 cm,
and the data shows the mean of three scans at 25 �C.
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Fig. 13. Comparative in vivo profiles of insulin loaded microemulsions and plain
insulin solution in phosphate buffer saline, administered orally at a dose of 20 IU/
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figure legend, the reader is referred to the web version of this article.)
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attributed to specific insulin receptors in intestinal enterocytes and
rapid internalization by the epithelial cells to the interstitial space
from which it reached the blood circulation [36]. Tissue distribu-
tion analysis revealed significant levels of insulin in various tissues
over 72 h in microemulsion group, whereas group administered
with plain insulin solution had very low levels of insulin which
were not detected after 24 h (Fig. 14). It appears that microemul-
sion had longer residence time in the body compared to the plain
insulin solution that was cleared rapidly, and no more insulin
was detected from this group, which demonstrated altered phar-
macokinetic profile of orally administered insulin when given as
microemulsion when compared to rats orally administered with
plain insulin solution. Microemulsions offered distinct advantage
over plain insulin when given orally because of their fine particle
size (in nm range) that prevented their rapid clearance from sys-
temic circulation, and additionally the surfactant (DMAB) and oil
phase (TA) coating on microemulsions protected the aqueous core
of microemulsions against proteolytic enzymes in the blood. More-
over, the enhanced systemic absorption of insulin from orally
administered microemulsions can be attributed to the increased
solubility of insulin at a pH between 5 and 7 normally at which
insulin is insoluble and precipitates out of solution. The altered tis-
sue distribution of insulin from microemulsion formulations re-
sulted in increased sequestration of insulin in tissues including
the spleen, pancreas, heart, liver, brain, lungs and kidney (till
72 h compared with 24 h from plain insulin solution), which has
well known physiological significance with respect to normal insu-
lin function in different tissues as insulin is required in spleen for
lipogenesis, it modulates the pancreatic juice with respect to amy-
lase, lipase and trypsin content, prevents cardiomyopathy in car-
diac tissues. In liver, insulin stimulates glycogenesis by



Table 2
Pharmacokinetic parameters of insulin after oral administration of pure drug solution and microemulsion formulations.

Formulations Cmax (lIU/ml) Tmax (h) AUC0–t (lIU/ml h) T1/2 a (h) T1/2 e (h) Cl (ml/h) Vd (ml)

Plain insulin solution 1.84 ± 0.1 1 ± 0.0 36.7 0.084 15.72 0.646 14.66
Microemulsion* 18.4 ± 2.6 6 ± 0.0 356.1 0.483 20.08 0.151 4.38

Data presented as mean ± standard deviation (n = 3).
Cmax: maximum plasma concentration, Tmax: time taken to attain Cmax, AUC: areas under the plasma concentration–time curve; AUCs were calculated using the standard
trapezoidal rule.
p < 0.05 versus plain insulin solution.
T1/2 a: T half absorption.
T1/2 e: T half elimination.
Cl: clearance.
Vd: volume of distribution.
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promoting the enzyme glycogen synthase which is responsible for
conversion of glucose to glycogen. In brain, insulin increases glu-
cose uptake in cortical areas, promotes memory and learning, pre-
vents dementia and is required for normal synaptic functioning
and brain plasticity. In lungs, insulin regulates energy homeostasis
and inflammation by modulating levels of PPAR-a and PPAR-d,
whereas in kidneys insulin is required physiologically for the pro-
liferation of renal cells and stimulates the production of other
important growth factors such as insulin-like growth factor-1
and transforming growth factor-b.
3.8. Pharmacodynamic studies in streptozotocin induced diabetes
model

Fig. 15 shows PGL obtained in STZ induced diabetic rats after
administration of insulin loaded microemulsion via oral and sub-
cutaneous route and plain insulin solution administered via subcu-
taneous route at a dose of 20 IU/kg. In group I (positive control), no
significant change in PGL was observed till the studied period
(72 h) except for few insignificant fluctuations. Group II adminis-
tered orally with insulin loaded microemulsion displayed PGL
around 3.0 mg/ml at 6 h, which corresponded to 37.5% reduction
in PGL (value compared with PGL before the treatment at 0 time
point), and it returned to hyperglycaemic levels by 72 h, whereas
in group treated subcutaneously with insulin loaded microemul-
sions (group III), PGL was decreased to 2.24 mg/ml by 2 h (corre-
sponding to 52.3% reduction in PGL compared with PGL values
before the treatment), and it returned to hyperglycaemic levels
by 48 h. This demonstrated the potential of insulin loaded micro-
emulsions in controlling hyperglycaemia via oral and subcutane-
ous route. Group administered with plain insulin solution
subcutaneously showed the maximum reduction in PGL
(�1.1 mg/ml corresponding to 76.59% reduction in PGL compared
with PGL values before the treatment) by 2 h and hyperglycaemic
levels were returned by 48 h. All the glucose reduction values in
formulation treated rats were biologically and statistically signifi-
cant and represented the ability of these colloidal carriers in con-
trolling hyperglycaemia and releasing insulin in vivo when
administered via oral and subcutaneous route. Combined with
pharmacokinetic results where microemulsions displayed longer
T1/2 elimination of 20 h (compared to �15 h with plain insulin
solution) and reduced clearance (0.151 from microemulsion com-
pared to 0.646 ml/h from plain insulin solution), a significant alter-
ation in pharmacokinetic profile of insulin was observed which in
fact was also reflected in the streptozotocin induced diabetic study
where microemulsions displayed glucose-lowering potential via
both oral and subcutaneous routes. Insulin loaded microemulsions
(via subcutaneous and oral route) displayed a sustained hypogly-
caemic activity illustrating the pharmacodynamic efficacy of the
formulations with maximum reduction in PGL (37.5%) at 6 h at
20 IU/kg dose of insulin.
4. Conclusions

Microemulsions encapsulating insulin can be made by a reverse
micellar approach under low shear process conditions that are able
to preserve the secondary structure of insulin in the short term.
This preliminary data clearly indicates the ability of microemul-
sions to improve the oral bioavailability of insulin with modest ef-
fects on blood glucose levels in diabetic rats. Moreover, an oral
formulation like this would certainly improve patient compliance
and adherence to the insulin therapy because of its non-invasive
and painless nature compared to insulin injections. Further studies
are required to examine the potential of reverse micellar systems
for efficient management of hyperglycaemia.
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