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Solid lipid micro-particles carrying insulin formed by
solvent-in-water emulsion–diffusion technique
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Abstract

The study aimed to produce solid lipid insulin-loaded micro-particles by the solvent-in-water emulsion–diffusion technique,
using isobutyric acid as solvent phase, glyceryl monostearate or cetyl palmitate as lipid, soya lecithin and taurodeoxycholate as
emulsifiers. Isobutyric acid, a partially water-miscible solvent with low toxicity, was used due to its high insulin-solubilization
capacity. Solid lipid micro-particles of spherical shape were prepared by simple dilution of the emulsion with water. To increase
the lipid load the process was conducted at 50◦C, and in order to reach sub-micron size, a high-shear homogeniser was used.
Insulin encapsulation efficiency was about 80%. Analysis of microsphere content after processing showed that insulin did not
undergo any chemical modification within the micro-particles. The in vitro release of insulin from the micro-particles was very
low, and an initial burst effect of 20% of the dose was observed. After treatment of the solid lipid micro-particles with pepsin
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olution, an insulin loss of about 24% of the total englobed insulin was observed. The solid lipid micro-particles appea
nteresting possibilities as delivery systems for oral administration of insulin.
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. Introduction

Daily subcutaneous injection of insulin is trou-
lesome for patients with insulin-dependent diabetes.
mong the many routes investigated for insulin admin-

stration, the oral route seems to be the most convenient
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for ease of long-term administration, and because
peptide undergoes a hepatic first-pass effect by w
it contributes to the inhibition of the hepatic gluco
output (Alleman et al., 1998). However, after oral ad
ministration of free insulin, less than 0.5% of the d
is absorbed and the peptide is degraded by lumina
teolytic enzymes.

Incorporating or encapsulating peptides in p
meric or non-polymeric particles should have the
fect of protecting the drug against degradation
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the proteolytic enzymes present in the gastrointestinal
tract.

Several approaches have been investigated to pre-
pare drug-loaded micro-particles. Among them, the use
of polyalkyl cyanoacrylate (Damg̀e et al., 1988; Michel
et al., 1991) has been extensively reported. Particles
are generally prepared by the interfacial polymerisa-
tion technique (Al-Khouri et al., 1986), but a lack of
protection against proteolytic enzymes has been found
when they are suspended in water. These observations
indicate that, with the emulsion polymerisation tech-
nique, hydrophilic peptides tend to diffuse out to the
surface of the particles formed, which impedes their
protection.

Morishita et al. (1992, 1993)obtained better results
by coating microspheres of methacrylic acid copoly-
mer with Eudragit L100 to avoid dissolution of the
drug, which would have been adsorbed rather than in-
corporated. The highest efficiencies against trypsinic
and chymotrypsinic degradation were achieved with
insulin-loaded particles containing trypsin inhibitor
and chymostatin, respectively.

The use of alternative materials, such as lipids, as
matrix materials for sustained-release formulations for
peptides and proteins has rarely been reported (Domp,
1993; Amselm et al., 1992; Almeida et al., 1997). A
clear advantage of SLN is the fact that the lipid matrix
is made of physiological lipids which decreases the
danger of acute and chronic toxicity.

Different methods for the preparation of insulin-
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the solidification of the micro-particles (Westesen,
1996).

When insulin was incorporated as a solution to
form a W–O–W emulsion (Reithmeier et al., 2001),
the encapsulation efficiency was also closely depen-
dent on the organic solvent, ranging from 50% with
methylene chloride to 2.6% with ethyl acetate, and the
encapsulation efficiency was much lower compared
to the solid oil–water technique, suggesting that dis-
solved insulin was lost to the outer aqueous phase to
a higher degree as compared to a peptide in a solid
state.

With the melt dispersion technique (Mehnert, 2001),
a lipid melt is used instead of a solution of the lipid
matrix materials in an organic solvent. Homogenisa-
tion is carried out at a temperature above the melting
point of the lipid and can, therefore, be regarded as the
homogenisation of an emulsion. Solid particles are ex-
pected to be formed by the subsequent cooling of the
emulsion to room temperature or below. A large num-
ber of drugs, including very hydrophilic molecules,
have been postulated to be incorporated in lipid ma-
trixes, but few data exist on the localisation site and
the physical state of the drug molecule; in most cases,
burst release is also observed.

Whatever the preparation method, due to their hy-
drophobic nature lipid matrixes may be more appropri-
ate to incorporate lipophilic drugs, which can easily be
dissolved in melted lipids. On the contrary, hydrophilic
proteins are expected to be poorly micro-encapsulated
i ase
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oaded lipid micro-particles have been proposed. W
he classical solvent evaporation method (Reithmeie
t al., 2001), the drug is dispersed in an organic

ution of the matrix material, followed by emulsi
ation in an external aqueous phase to form a s
il–water emulsion. Choosing water-immiscible s
ents (e.g. methylene chloride) resulted in high
apsulation efficiencies, if the more hydrophilic et
cetate and ethyl methyl ketone had been used

er could have diffused from the external aque
hase into droplets, causing dissolution of the
ulin crystals and their subsequent diffusion into
xternal aqueous phase, thus reducing encapsu
fficiency. Regardless of the organic solvent u
icroscopic inspection revealed insulin crystals

ated on the surface of particles. This phenome
ould be explained by expulsion of the incorpora
nsulin crystals from the lipid crystal lattice duri
n lipid particles, tending to partition in the water ph
uring the process.

In previous work (Trotta et al., 2003), solid lipid
anoparticles were prepared by the emulsion–diffu

echnique using butyl lactate or benzyl alcohol as
hase. The process is based on the water misci
f these solvents. Upon transferring a transient oi
ater emulsion into water, lipophilic material dissolv

n the organic solvent solidifies instantly due to d
usion of the organic solvent from the droplets to
ontinuous phase. Using optimised formulations, g
ryl monostearate nanospheres below 200 nm wer

ained.
The present study aimed to encapsulate insul

ipid micro-particles by the emulsion–diffusion tec
ique using isobutyric acid as partially water-misc
olvent, and to evaluate its stability and in vitro rele
ehaviour.
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2. Experimental

2.1. Materials

Bovine insulin (Mw 5807), isobutyric acid, tau-
rodeoxycholic acid (TDC), trifluoroacetic acid (TFA),
lysozyme and pepsin were from Sigma Chemical
Co. (Milano, Italy). Cetylpalmitate (CP) and glyceryl
monostrearate (GMS) were from Goldschidt (Essen,
Germany). Soya lecithin (Epikuron 200) was from Lu-
cas Meyer (Hamburg, Germany). A-21 desamido in-
sulin was prepared by storing the bovine insulin in
0.01 M HCl at 50◦C for 48 h (Brange, 1987). Dis-
tilled water was purified using a Milli-Q system (Mil-
lipore, Bedford, MO). All other chemicals were of
analytical grade and used without further purifica-
tion.

2.2. Methods

2.2.1. GMS and CP apparent solubility
A series of samples were prepared by adding in-

creasing amount of GMS or CP to 1 ml of isobu-
tyric acid or 1 ml of water-saturated isobutyric acid.
The samples were sealed and stirred at 25± 1◦C or
50± 1◦C for 12 h. The lipid solubility of the sam-
ple was considered to be at highest GMS or CP con-
tent, which appeared transparent on visual observa-
tion.

2

i cid
w t of
s rug
a

2
de-

t lin
i lil-
i at-
u ken
f
s d by
R was
c

2.3. Insulin stability

Preliminary experiments on insulin stability in the
isobutyric acid-saturated water, in the presence and in
the absence of emulsifiers, were performed in order to
assess the optimal experimental conditions. A 0.01%
wt/V insulin solution in isobutyric acid-saturated water
in the absence and in the presence of 0.5% lecithin or
0.5% TDC was prepared. The samples were placed in a
thermostatic water bath (Tecno Galenica, Milano, Italy)
and kept at 50± 1◦C. At scheduled times, an aliquot
was withdrawn, filtered and analysed by RP-HPLC and
SE-HPLC.

2.4. Solid lipid micro-particles preparation

Isobutyric acid and water were mutually saturated
in order to ensure initial thermodynamic equilibrium
of both liquids. Typically, weighted amount of lipid
and insulin were dissolved in water-saturated isobu-
tyric acid and this organic solution was emulsified at
50± 1◦C with isobutyric acid-saturated water contain-
ing lecithin and TDC. The composition (% w/w) of the
O–W emulsion was: 10.0% water-saturated isobutyric
acid, 87.9% isobutyric acid-saturated water, 1.0% lipid,
0.5% lecithin, 0.5% TDC, 0.1% insulin. The emulsion
was emulsified using an Ultra Turrax (IKA, Staufen,
Germany) at 15000 rpm for 1 min. The lipid particles
were precipitated by quickly adding water (10.0 ml) to
the initial emulsion (5.0 ml) to extract the solvent into
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l
m ith
0

2
-

p ring
t re-
m -
s n or
w ed
c

by
T of
t with
a
a g the
.2.2. Insulin apparent solubility
The solubility of insulin at 25± 1◦C and 50± 1◦C

n isobutyric acid or in water-saturated isobutyric a
as evaluated by determining the minimum amoun
olvent required to solubilize a known amount of d
t the chosen temperature.

.2.3. Insulin apparent partition coefficient
The apparent partition coefficient of insulin was

ermined by dissolving a weighed amount of insu
n isobutyric acid-saturated with water. Two mil
tres of this solution was added to 2 ml of water s
rated with isobutyric acid. This mixture was sha

or 5 min and then stored for 12 h at 50± 1◦C. The in-
ulin concentration in water phase was determine
P-HPLC and the apparent partition coefficient
alculated.
he continuous phase. Finally, the particles were
ated by centrifugation at 22000×g for 10 min (Beck-

an Coulter, California, USA) and washed twice w
.01 M HCl and three times with water.

.4.1. Particle characterization
The particle size andZ-potential of the lipid dis

ersions were determined by the laser light scatte
echnique (Brookheven, New York, USA). Measu
ents were obtained at an angle of 90◦. The disper

ions were diluted with water for size determinatio
ith 0.005 M KNO3, in order to achieve the prescrib
onductibility forZ-potential determination.

The morphology of the particles was determined
EM (CM 10 Philips, The Netherlands). An aliquot

he washed lipid suspension (2 ml) was incubated
solution of osmium tetroxide at 2% (15�l) for 75 min
nd then a uniform deposit was produced, sprayin
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suspension on to the microscope grid by means of an
aerosol-sampling device.

2.4.2. Differential scanning calorimetry (DSC)
DSC was performed with a Perkin-Elmer differen-

tial calorimeter (Norwalk, CT, USA). GMS bulk ma-
terial (1–1.2 mg) and a suspension of GMS micro-
particles obtained by ultracentrifugation (10–12 mg)
was placed in conventional aluminium pans and a scan
speed of 5◦C/min was employed.

2.4.3. Insulin encapsulation efficiency and insulin
stability in micro-particles

The amount of insulin loaded into the micro-
particles was determined after dissolution of a weighed
amount of dry micro-particles (5 mg) in 1.0 ml of
methanol and insulin was extracted in 2 ml of hy-
drochloric acid of concentration 0.01 M. The suspen-
sion was centrifuged at 22000× g for 10 min and the
solution was analysed for insulin content by reverse-
phase (RP-HPLC) and size exclusion (SE-HPLC) chro-
matography in order to detect the different degradation
products of insulin.

No insulin transformation products, such as A-21
desamido insulin and covalent dimer insulin, were
found by the above procedure using native insulin. The
results are expressed as encapsulation efficiency, i.e.
the ratio between the actual and theoretical insulin-
loading percent.

To determine the protective ability of the micro-
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20 ml, pH 2.2 phosphate-citrate buffer solution contain-
ing 0.02% (w/w) polysorbate 80 as dispersing agent.
During the experiment (24 h), the temperature and stir-
ring speed were maintained at 37± 1◦C and 100 rpm.
At scheduled times, 0.5 ml of the sample was removed
and centrifuged for 5 min at 22,000×g. Each sample
was analysed by RP-HPLC and the amount of insulin
was calculated by means of a calibration curve.

2.5. Insulin analysis

RP-HPLC and SE-HPLC were used to determine
the amount of insulin in the different samples. The
chromatograph was equipped with a Shimadzu HPLC
system (Shimadzu, Milano, Italy), set at 220 nm.
For the RP-HPLC mode a Kromasil C18 column
(TeKnokroma, Barcelona, Spain) was employed. The
mobile phase was a mixture of 0.1% TFA–acetonitrile
(75:25, v/v) and was delivered at 1 ml/min. The reten-
tion time was 11 min and 12.5 min for insulin and A-
21 desamido insulin, respectively. For the SE-HPLC,
a TSK gel G2000SWXL (Tosoh Bioscience, Stuttgart,
Germany) was employed. The mobile phase was an
aqueous solution of potassium phosphate monobasic
50 mM, adjusted to pH 6.8 with potassium hydrox-
ide. Flow rate was 1 ml/min and retention time was
10.2 min; lysozyme (MW 14.3 KDa), retention time
8.5 min, was used as reference to detect the presence
of insulin dimers.
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articles for insulin under conditions simulating
uman gastric environment, free insulin and mic
articles-incorporated insulin (5 mg) were placed
essel containing 5 ml of simulated gastric fluid, p
ared by dissolving 2.0 g of sodium chloride and 3
f pepsin in 7.0 ml of 1 M HCl, and water to 1000 m
uring the experiment, temperature and stirring sp
ere maintained at 37± 1◦C and 100 rpm. After 1 h

he micro-particles were collected by centrifugat
ransferred to 1 ml of methanol, and insulin was
racted with 2 ml of hydrochloric acid 0.01 M and t
uspension was centrifuged. The solution and the
le of free insulin were analysed for insulin conten
P-HPLC and SE-HPLC.

.4.4. In vitro release studies
Release experiments were performed by suspen

weighed amount of dried micro-particles (10 mg
.6. Data report

Each set of experiments described so far wa
eated at least three times. Results were report
ean± standard deviation (S.D.) in text, and stati

al analysis was performed using a two-tailed Stude
-test.

. Results and discussion

The solvent-in-water emulsion–diffusion techniq
as chosen to encapsulate insulin; insulin was ch
s an unstable, water-soluble model protein for w

he physical stability issues have been studied in
ail (Brange, 1994). The primary requirement to obta
olid lipid micro-particles with high insulin entrapme
fficiency is to use a solvent with high solubilization
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Table 1
Insulin and lipid apparent solubility at different temperatures

Isobutyric acid Water-saturated
isobutyric acid

50◦C 25◦C 25◦C 50◦C

Insulin Insoluble Insoluble 54 mg/ml 178 mg/ml
GMS < 50 mg/ml 2200 mg/ml < 50 mg/ml 420 mg/ml
CP < 50 mg/ml 5200 mg/ml < 50 mg/ml 380 mg/ml

pacity, both for insulin and for the lipid. Moreover, this
solvent must easily be removed (extraction or evapora-
tion) from the emulsion. Toxicologic problems arising
from solvent residues should also be considered.

After exploratory experiments, isobutyric acid as
solvent, and cetylpalmitate and glyceryl monostearate
as lipid, were chosen to investigate the possibility of
preparing insulin-loaded lipid micro-particles.

Table 1reports the solubility of insulin and of the
lipids in isobutyric acid and in water-saturated isobu-
tyric acid. Drug and lipid solubilities were only found
to be acceptable for preparing the primary emulsion at
about 50◦C and, in particular, a very high solubility
was noted for insulin in the water-saturated solvent.

To confirm the possibility of using this solvent to
prepare the transient insulin-loaded emulsion, the ap-
parent partition coefficient between isobutyric acid and
water was determined. The value found (73± 6) indi-
cates that most of the peptide was in the internal phase
of the emulsion.

Moreover, the solubility in water of isobutyric acid
(w/w) was about 16%: this made this solvent of interest
in the preparation of micro-particles by the solvent-
diffusion technique.

Insulin in solution is susceptible to chemical and
physical degradation; deamidation at A-21 has been
shown to be the main degradation product of insulin at
low pH values; insulin can also form covalent aqueous
soluble dimers.

The influence of isobutyric acid on the stability of in-
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Fig. 1. Insulin stability in isobutyric acid-saturated water (�) by RP-
HPLC in the presence of lecithin (×) by RP-HPLC; (�) by SE-HPLC
or TDC (�) by RP-HPLC; (�) by SE-HPLC.

implies that, for a short period of time, the operative
conditions did not significantly affect the stability of
the peptide.

In the preparation of micro-particles from emul-
sions by the solvent-diffusion technique, the formu-
lation of the emulsified systems to be used is of
fundamental importance (Sah, 2000). Many attempts
were therefore necessary to obtain O–W emulsions
that were relatively stable at the working tempera-
ture. The emulsion composition and process param-
eters used were thus the result of this formulative study
aimed at optimising the production of lipid micro-
particles.

Fig. 2shows a typical photomicrograph of the emul-
sion containing GMS. As can be seen, the majority of
droplets were between 1 and 3�m.

The subsequent dilution under a standard stirring
rate of 5.0 ml of emulsion with an additional 10.0 ml of
distilled water converted the micro-droplets into solid
particles. The amount of water used was calculated
such that it was sufficient to extract all the isobutyric
acid from the oil phase of the emulsion.

Supercooled melts are not unusual in solid lipid
nanoparticles systems (Bunjes et al., 1998); the term
describes a phenomenon wherein lipid crystallization
may not occur although the sample is stored at a tem-
perature below the melting point of the lipid. As the
advantage for SLN drug-carrier systems is essentially
based on the solid state of the particles, solidification
of the particles after dilution of the emulsions must be
v

ted
u

ulin was next verified. Note that the term ‘stability’,
sed here with regard to insulin, is defined as the ab
f this peptide not to undergo transformation into A
esamido-insulin, assessed by RP-HPLC, and w
oluble aggregates assessed by SE-HPLC. HPLC
ses of samples from isobutyric acid-saturated w
olutions of insulin were performed over time, and
esults are reported inFig. 1. As can be seen, no che
cal degradation of insulin was found to occur. T
erified.
The status of the lipid particles was investiga

sing differential scanning calorimetry (DSC).Fig. 3
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Fig. 2. Photomicrograph at 50± 2◦C of the emulsion containing GMS (bar = 5�m).

shows the DSC thermograms of GMS bulk material,
and of GMS particle suspension. The peak location
of GMS particles is slightly shifted towards lower
temperatures compared to that of the bulk material,
probably because of the presence of residual solvent
and surfactants into the GMS suspension. From the
DSC results for the systems considered, it may be
assumed that crystallization of the GMS particles began
at room temperature after dilution of the emulsions.

Fig. 3. Differential scanning calorimetry of GMS bulk material
(– – –) and insulin-loaded GMS suspension (—).

Fig. 4shows the transmission electron micrographs
of the GMS particles. The TEM micrographs show that
the solvent dilution process leads to the formation of
spherical micro-particles with a smooth surface.

Table 2 reports the physicochemical properties,
insulin-encapsulation efficiency and insulin protection
towards pepsinogenic degradation of the loaded lipid
micro-particles. As shown, these particles were found
to be in the sub-2�m size range, irrespective of lipid
composition. Likewise, the type of lipid did not af-
fect the encapsulation efficiency values achieved for
insulin, which ranged from 78 to 84%. The micro-
particles were negatively charged at their surface, as
reflected in theZ-potential values, this charge not be-
ing significantly affected by the lipid composition of
the micro-particles.

It is well known that insulin is easily destroyed
and inactivated by digestive enzymes such as pepsin,
trypsin and chymotrypsin, and blood glucose levels are
not reduced following oral administration of free in-
sulin alone. Thus, in order to enhance insulin’s bioavail-
ability, preparations, which can circumvent these enzy-
matic barriers, are required.

To assess the protective effect of lipid micro-
particles against enzymatic degradation, the lipid
preparations were incubated in the presence of pepsin.
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Fig. 4. Transmission electron microscopy (TEM) of insulin-loaded GMS particles (bar = 1�m).

Insulin was found to be completely degraded during
incubation in pepsin solution. On the other hand, with
the lipid preparations, insulin loss was about 24% when
they were exposed to pepsin solution. The protective
efficiencies under the chosen experimental conditions
were similar, for both GMS and CP particles.

The in vitro insulin-loaded particle-insulin release
showed an initial bust of about 20% of the incorpo-
rated peptide and a continuous slow release thereafter
(Fig. 5). A high percentage of the incorporated insulin
was not released during the time period monitored. The
initial burst value was quite similar to that observed in
the stability studies in simulated gastric fluids, indicat-
ing that this percentage located on the surface of the
particles was not removed by washing procedure.

These preliminary studies indicate that insulin can
indeed be loaded within lipid micro-particles, however,

Fig. 5. In vitro release of insulin from GMS (�) and CP (�) particles
and insulin powder (�).

Table 2
Physicochemical properties of insulin-loaded GMS and CP particles

Lipid Mean particle size
(nm)

Z-potenzial
(mV)

Encapsulation
efficiency (%)

Insulin loss (%) following incubation
in pepsin solution

GMS 1335± 310 −12± 2 78± 5 24± 3
CP 1526± 388 −10± 2 84± 4 22± 4
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more studies need to be performed in order to define the
appropriate conditions for the in vitro release studies
and to further optimize the release behaviour of lipid
micro-particles.

4. Conclusions

The present study has shown that it is possible
to produce insulin-loaded micro-particles with high
encapsulation efficiency, with the emulsification-
diffusion process, using isobutyric acid. A relatively
high lipid load was obtained by increasing the process
temperature. These micro-particles partially protected
insulin from proteolytic degradation under the exper-
imental conditions. The dosage forms reported here
might be considered to be an interesting tool for the
development of alternatives to parental administration.
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