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Polyphosphazene microspheres for insulin delivery
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Abstract

Polyphosphazene based microspheres for insulin delivery were prepared following three different procedures: (A)
suspension-solvent evaporation; (B) double emulsion-solvent evaporation; (C) suspension/double emulsion-solvent
evaporation. Methods A and C allowed for higher protein loading than procedure B. Scanning electron microscopy
showed that all preparation procedures achieve microparticles with spherical shape, porous surface and internal
honeycomb structure. In all cases insulin was released ‘in vitro’ by a bi-modal behaviour: fast release during the first
2 hours followed by a slow release. However, both the physical properties and the ‘in vitro’ release profiles were found
to depend upon the preparation conditions. Subcutaneous administration to diabetic mice of microspheres obtained
with methods A and C rapidly reduced the glucose levels of about 80% but most of activity was lost in 100 hours.
Both preparations B induced a remarkable decrease in glucose levels and the activity was maintained throughout 1000
h. Finally all preparations stimulated anti-insulin antibody production that constantly increased over a period of 8
weeks. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Polyphosphazenes bearing amino acid deriva-
tives and amino acid derivatives/imidazole as sub-
stituents at the inorganic nitrogen/phosphorus
backbone are good candidates as materials for
preparation of prolonged drug delivery systems
(Allcock et al., 1990; Allcock, 1999; Caliceti et al.,
1994). Indeed, these polymers were found to be
biocompatible and to degrade to harmless low

molecular weight products at a rate that depends
upon the physico-chemical character of the side
groups (Crommen et al., 1992; Caliceti et al.,
1993; Ruiz et al., 1993).

Although to date polyphosphazenes have been
largely investigated for low molecular weight drug
release, only few examples are reported in the
literature for the formulation of proteins and
peptides (Laurencin et al., 1987; Caliceti et al.,
1997; Andrianov and Payne, 1998a). Nevertheless
protein delivery is an interesting challenge in
pharmaceutical technology and polymeric ma-
trixes can represent a satisfactory solution in over-
coming their poor biopharmaceutical and
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physico-chemical properties (Langer, 1990; Wear-
ley, 1991).

In order to exploit the advantages of
polyphosphazenes in pharmaceutical technology
their use in the preparation of protein delivery
systems was investigated. In particular the devel-
opment of formulations for sustained insulin de-
livery, a hormone of high therapeutic relevance,
was studied. Indeed, systems designed to main-
tain the basal glucose level for a long time are
usually required to allow for a proper managing
of diabetes (Chetty and Chien, 1998; Trehan and
Ali, 1998).

In this paper the preparation of insulin loaded
microspheres obtained with a polyphosphazene
derivatised with phenylalanine ethyl ester and
imidazole at a molar ratio of 80/20 is reported.
This polymer was selected, among the ones avail-
able in the laboratory, because of its high local
and systemic biocompatibility and suitable degra-
dation profile (Caliceti et al., 1994). Furthermore
this polymer was successfully used for prepara-
tion of naproxen sustained release systems (Con-
forti et al., 1995; Veronese et al., 1998).

Microspheres were prepared following different
preparation techniques and characterised for
drug loading, morphological properties and in
vitro drug release. In vivo studies were carried
out by subcutaneous administration of the mi-
croparticles to diabetic rats and the glucose in
blood as well as the anti insulin antibody levels
were estimated.

2. Materials and methods

Bovine insulin, streptozotocin, standard glu-
cose solution, glucose Trinder Kit and phos-
phatase conjugated goat anti insulin
IgG+IgM-Sigma (St. Louis, MO). The analyti-
cal Reverse Phase C-4 column-Vydac (Hesperia,
USA). All the other reagents of analytical grade-
FLUKA (Steinheim, Germany). Male Sprague
Dawley rats weighing 200–250 g used for in vivo
studies — Charles River (Calco, Italy). Animal
treatments were performed according to the Ital-
ian law (DL n. 116/92) and the institutional Eu-
ropean guidelines (EEC n. 86/609).

The polyphosphazene substituted at the phos-
phorus atoms with phenylalanine ethyl ester and
imidazole at a molar ratio of 80/20 was synthe-
sised according to the method reported in litera-
ture (Caliceti et al., 1994).

2.1. Insulin loaded microsphere preparation

Insulin loaded polyphosphazene microspheres
were obtained using the apparatus described by
Goedemoed et al. (1991). The preparation was
carried out following three different procedures:

(A) Suspension-sol6ent e6aporation. Twenty
milligrams of insulin were suspended under stir-
ring in 2 ml of polymer solution (200 mg/ml of
polyphosphazene in dichloromethane). The sus-
pension was sonicated for 5 min and then in-
jected at a rate of 1.25 ml/min into the vessel of
the apparatus containing 200 ml of 0.01 M of
CH3COONH4, 2.5% Tween 80, pH 5.4, main-
tained under stirring at 800 rpm. After injection,
a vacuum was applied to the apparatus and stir-
ring was maintained at 1500 rpm for 5 min and
at 500 rpm for further 5 min. The suspension
was decanted and the precipitate was collected,
filtered, washed with 10 ml of 0.01 M
CH3COONH4, pH 5.4 and centrifuged at 2500
rpm for 2 min. The washing procedure was re-
peated three times. Finally the microspheres were
lyophilised for 20 h.

(B) Double emulsion-sol6ent e6aporation.
Twenty milligrams or 80 mg of insulin were dis-
solved in 200 ml of 0.01 M CH3COOH pH 3.0
and added under stirring to 2 ml of polymer
solution (200 mg/ml of polyphosphazene in
dichloromethane). The emulsion was sonicated
for 5 min and the microspheres were prepared
following the procedure reported in A.

(C) Suspension/double emulsion-sol6ent e6apo-
ration. Twenty milligrams of insulin were sus-
pended in 200 ml of 0.01 M CH3COONH4, pH
5.4 under stirring. The suspension was sonicated
for 5 min and then added under stirring to 2 ml
of polymer solution (200 mg/ml of polyphos-
phazene in dichloromethane). The emulsion was
sonicated for 5 min and microspheres were ob-
tained following the procedure reported in A.

Each preparation was repeated five times.
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2.2. Microsphere characterisation

Scanning electron microscopy was performed
on the intact lyophilised microspheres and on
the microspheres after fracture in liquid nitro-
gen.

The particle size distribution analysis was car-
ried out using an optical microscope (Laborlux,
Sleitz, Germany) and a computer aided system
(software by Casti Imaging, Venice, Italy). The
statistical elaboration was performed using the
computer programs Lotus and S.A.S. on the ba-
sis of 800 measurements of each sample ran-
domly obtained by 100 images.

2.3. Insulin loading determination

Ten milligrams of microspheres were dissolved
in 1 ml of CH2Cl2 and insulin was extracted
with 1 ml of H2O, 0.05% TFA. The amount of
insulin in the aqueous phase was determined by
HPLC using a reverse phase C-4 column isocrat-
ically eluted with 27.5:72.5 acetonitrile/0.05%
TFA in water. The protein was detected at 220
nm and the protein concentration was calculated
on the basis of the peak area using a titration
standard curve.

The reliability of the method used for insulin
determination in the microspheres was verified
as follows: 100 ml CH2Cl2 containing 20 mg of
polymer and 10 ml of H2O/0.05% TFA contain-
ing insulin in the range of 0.2–1 mg were mixed
and lyophilised. The dry samples were added of
100 ml of CH2Cl2 and 100 ml of H2O/0.05%
TFA and insulin was extracted as described
above and analysed by HPLC. The insulin re-
covery was found to be 91.4910.6% with re-
spect to the theoretical value.

2.4. In 6itro release study

Twenty milligrams of microspheres were sus-
pended in 2 ml of 0.02 M phosphate buffer, 0.15
M NaCl, pH 7.2 and maintained under gentle
shaking at 37°C. At scheduled times the micro-
spheres were centrifuged and 1 ml of superna-
tant was removed and replaced with 1 ml of

fresh buffer. The samples were lyophilised and
dissolved in 100 ml of 27.5:72.5 acetonitrile/
0.05% TFA in water and the insulin content was
determined by HPLC as reported above.

2.5. In 6i6o release e6aluations

Sprague Dawley male rats weighting 200–250
g were intraperitoneously treated with 65 mg/kg
of streptozotocin (40 mg/ml in saline solution).
After 5 days the animals were anaesthetised with
ethyl ether and 50 ml of blood was taken by
intracardiac puncture. Five microliters of serum,
obtained by blood centrifugation for 2 min at
3500 rpm, were added to 45 ml of 20 mM phos-
phate buffer, 0.15 M NaCl, pH 7.2 and 20 ml of
the diluted serum were added to 200 ml of
Trinder Kit. The samples were prepared in du-
plicate and the O.D. at 505 nm was determined
after 30 min using an UV-VIS spectrophotome-
ter.

The animals were randomly divided into four
groups of ten rats each: A, B1, B2 and C.

Appropriate amounts of microspheres pre-
pared by method A were suspended in 500 ml
saline solution and subcutaneously injected to
the animals of group A to administer a dose of
3 mg of insulin/kg. Similarly, microspheres pre-
pared by method B using 5% insulin/polymer
were administered to animals of group B1, mi-
crospheres prepared by method B using 20% in-
sulin/polymer were administered to animals of
group B2 and microspheres prepared by method
C were administered to animals of group C. At
scheduled times 50 ml of blood were taken by
intracardiac puncture and the glucose concentra-
tion in serum were estimated.

The accuracy of the Trinder Kit based method
used for estimation of the glucose levels in the
serum was verified by analysis of mouse serum
containing increasing glucose amounts. Each
point was repeated five times and the mean val-
ues as well as the relative standard deviations
(RSD) were calculated. The RSD was found to
be of 1.2–2.3% of the mean values and the O.D.
values reported as function of the glucose con-
centrations in the samples were found to fit a
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linear plot with a linear correlation of R2 of
0.998.

2.6. Immunological characterisations

Ten microlitres of serum obtained from the
animals treated with microspheres for the in vivo
release studies were used for estimation of anti
insulin antibodies.

ELISA microplates were incubated overnight at
4°C with 100 ml/well of a 1 mg/ml insulin coating
solution in 0.1 M NaHCO3, pH 9.5. The wells
were washed three times with 200 ml of PBS,
0.05% Tween 20, pH 7.2 (PBS-T) and then incu-
bated for 2 h at room temperature with 200 ml of
a 50 mg/ml bovine serum albumin solution in 0.1
M NaHCO3, pH 9.5. The wells were washed and
then incubated for 2 h at room temperature with
100 ml of serum samples serially diluted in PBS-T
and, after washing, for 2 h with 100 ml of alkaline
phophatase conjugated goat anti mouse IgG+
IgM properly diluted in PBS-T. The wells were
washed and 100 ml of a 1 mg/ml of p-nitrophenol
phosphate (SIGMA104) solution in 1 M di-
ethanolamine, 0.5 mM MgCl2, pH 9.8 were
added. The enzymatic reaction was stopped after
1 h by addition of 50 ml of 3 N NaOH and the
O.D. at 405 nm was determined.

3. Results and discussion

3.1. Microsphere preparation and characterisation

Three different preparation procedures were
followed for obtaining insulin loaded polyphos-
phazene microspheres. Table 1 shows the mi-
croparticle preparation conditions and their main
physical properties. All the preparation proce-
dures were found to be reproducible where both
product yield and microparticle physical proper-
ties are concerned.

The incomplete drug loading obtained by all
the preparation procedures may be ascribed to the
rapid insulin diffusion to the continuous phase
during the microparticle formation. Indeed the
adjustment of the external phase pH at 5.4 do not
prevent the rapid diffusion of the protein to the
continuous buffer since at this pH the insulin
solubility is still very high (about 2 mg/ml). How-
ever when insulin in aggregate state was used
during the preparation (methods A and C) the
massive drug diffusion to the external phase was
partially prevented probably because the drug
dissolution takes place at a lower rate than mi-
croparticle hardening. On the other hand, solu-
bilised insulin used in method B is available to
diffusion to the continuous phase and conse-
quently a low loading yield is obtained.

Table 1
Preparation procedures and main properties of microspheres: insulin loading yield and mean particle sizea

Method of preparationPreparation Insulin/polymer mixture Mean particleLoaded insulin (mg ofInsulin loading
insulin/100 mg ofyield (%)used in the preparation size (mm)

(w/w) (%) polymer)

55.44917.783.0690.2361.094.6A 5Suspension-solvent
evaporation
DoubleB1 5 35.093.8 1.7590.19 43.15918.34
emulsion-solvent
evaporation
Double 8.7290.84B2 60.17930.0820 43.594.2
emulsion-solvent
evaporation

3.3490.29Suspension/double 43.3918.615 66.995.8C
emulsion-solvent
evaporation

a The data were obtained by five different preparation lots that were examined in double.
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Fig. 1. Scanning electron microscopy of intact (A) and (B)
fractured microspheres obtained by double emulsion-solvent
evaporation using 20% insulin/polymer (preparation B2).

preparation method slightly affects both the mean
particle size and the particle distribution profiles.
Preparation A presents a Gaussian like particle
distribution profile with over 90% of microparticles
in the range of 30–90 mm; preparation B1 presents
a main population with 20–30 mm diameter and
over 90% of microparticles in the range of 10–60
mm; preparation C displays similar fractions in the
range of 10–50 mm and over 90% of the micropar-
ticles in the range of 0–60 mm. Remarkable differ-
ences were instead found between preparations B1
and B2 indicating that the insulin/polymer ratio
used in the preparation plays an important role in
obtaining microparticles with defined morphologi-
cal properties. Microparticles of preparation B2
present, in fact, higher mean particle size and
broader distribution profiles with respect to prepa-
ration B1. This behaviour could be due to an
inefficient dispersion of the discontinuous phase
during the microparticle formation because of the
high density of the double emulsion inner phase.

3.2. In 6itro insulin release

The in vitro insulin release time courses de-
picted in Fig. 2 indicate that the hormone is
released from all preparations with a two-phase
behaviour: fast release in the range of 0–2 h and

Fig. 2. In vitro insulin release time courses of microspheres
obtained by: suspension-solvent evaporation (�); double
emulsion-solvent evaporation using 5% insulin/polymer mix-
ture (�); double emulsion-solvent evaporation using 20%
insulin/polymer mixture (	); suspension/double emulsion-sol-
vent evaporation (
). The mean value and the S.D. were
calculated on the basis of ten experiments carried out using
five different preparation lots.

Scanning electron microscopy analysis demon-
strated that all the preparation procedures achieve
spherical microparticles with a porous surface and
honeycomb internal structure (Fig. 1). The high
porosity of preparations B and C is due to the
elimination of the water microdrops of the double
emulsion inner phase during the hardening of the
microparticles. However, also preparation A pre-
sents high porosity indicating that microdrops of
the continuous phase can be entrapped into the
polymeric matrix during the microparticle forma-
tion, a behaviour already observed in preparations
by emulsion-solvent evaporation (Veronese et al.,
1998).

The data reported in Table 1 indicate that the
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slow release in the range of 2–70 h. Furthermore
the complete hormone release was never observed.

The lower burst effect and a lower amount of
released insulin obtained with preparations A and
C as compared to preparations B1 and B2 can be
ascribed to the uneven distribution of insulin in
the polymeric matrices. Indeed, it is reasonable to
think that in the case of preparations B1 and B2
most of the insulin is molecularly dispersed in the
pores that are rapidly perfused by the releasing
buffer. On the other hand, in the case of prepara-
tion A most of insulin is present in solid state in
the matrix network and therefore it is not easily
available to the releasing buffer. Of interest are
the results obtained with preparation C where
insulin should be localised in the pores partially as
molecular dispersion and partially in the solid
state. The significantly lower burst effect obtained
with this preparation as compared to the prepara-
tions B1 and B2 seems to indicate that the drug
release is determined by the protein dissolution
process.

It is worth noting that the hormone physically
entrapped in the polymeric network is probably
released by matrix erosion mechanism that takes
place at a very slow rate and is reflected in the
apparent absence of drug release (plateau) be-
cause undetectable amounts of drug are released
over the time.
3.3. In 6i6o studies

Fig. 3 describes the in vivo hypoglycaemic
profiles obtained by subcutaneous injection of the
microspheres obtained by the various techniques
to diabetic rats. The results point out the key role
played by the physical state of the protein in the
matrix on the therapeutic performance of the
formulation.

The short hypoglycaemic activity displayed by
preparations A and C seems in good agreement
with the in vitro release profile. The maximal
activity was observed after 2 h from administra-
tion according to the burst effect observed in
vitro. After this period of time, the glucose level
slowly increased to recover the initial value in
300–400 h.

The rapid decrease in the glucose concentration
in serum obtained with preparations A and C can

be ascribed to a little amount of promptly avail-
able protein molecularly dispersed on the mi-
croparticle surface. Instead, the release of the
main protein amount, entrapped in the aggregate
state into the polymeric network or in the matrix
channels, takes place by slower processes, namely
polymer degradation, that reflect in a poor hor-
mone availability as already observed in the in
vitro studies.

Interesting results were obtained with the mi-
crospheres prepared by procedure B which dis-
played a prolonged hypoglycaemic activity (Fig.
3B1 and B2). After 1 h from administration,
preparation B1 induced a remarkable reduction of
glycaemia (80% of the initial glucose level). The
glucose concentration was maintained in the
range of 80 and 50% of the starting value for
about 500 h and then the glycaemia slowly in-
creased to achieve the starting hyperglycaemic
value in 1000 h. Microspheres prepared by
method B using 20% of insulin/polymer mixture
(preparation B2) showed a reduction to 20% of
the glucose level after 1 h from administration but
the starting glycaemia was recovered in 48 h.
After this time the glucose level decreased to 40%
in the following 24 h and then to 20% in 400 h.
Finally the initial glycaemia was slowly recovered
in 1000 h.

It is worth noting that the insulin molecular
dispersion into the matrix pores obtained in
preparations B1 and B2 permits a protein release
kinetic that allows for a sustained pharmacologi-
cal performance. However, the prolonged activity
obtained with both preparations B does not
reflect the rapid in vitro release probably because
in vivo a slower insulin diffusion throughout the
embedded pores takes place. Furthermore the re-
sults obtained with preparations B1 and B2 un-
derline the effect of the protein/polymer ratio on
the therapeutic performance of the preparations.
Preparation B2 displays a pharmacological burst
followed by a prolonged hypoglycaemic effect
indicating that insulin is partially promptly and
partially slowly available. This behaviour is prob-
ably due to the high protein concentration used in
the microparticle preparation that on side pro-
mote the localisation of the protein on the mi-
croparticle surface (promptly available insulin)
and on the other induces the partial protein pre-



P. Caliceti et al. / International Journal of Pharmaceutics 211 (2000) 57–65 63

Fig. 3. Hypoglycaemic time courses after subcutaneous administration to diabetic rats of microspheres obtained by: suspension-sol-
vent evaporation (A); double emulsion-solvent evaporation using 5% insulin/polymer mixture (B1); double emulsion-solvent
evaporation using 20% insulin/polymer mixture (B1); suspension/double emulsion-solvent evaporation (C). The mean value and the
S.D. were calculated on the basis of ten experiments.

cipitation (slow insulin release). Instead, using
lower protein/polymer ratios more constant gly-
caemic levels are maintained over the first 400 h
indicating that in this case a homogeneous disper-
sion of the protein in the polymeric system has
been obtained.

3.4. Immunogenic profiles

The bovine insulin used in the present study
possesses a potential immunogenic character
when administered to rats because of its signifi-
cant structural differences as compared to rat

insulin (Randle et al., 1964). Furthermore poly-
meric systems providing for slow and prolonged
drug release have been often observed to possess
adjuvant properties in immunostimulation
(Ohagan et al., 1998). Polyphosphazenes, in par-
ticular, have been demonstrated to act as adju-
vant materials useful in preparation of vaccines
(Andrianov and Payne, 1998b; Gupta et al.,
1998). For such a reason anti insulin antibody
levels were evaluated in the animals treated with
the microspheres.

The anti insulin immunoresponse was tested in
the serum of the rats treated with the various
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preparations by ELISA (Fig. 4). All formulations
were found to induce anti insulin immunore-
sponse from the 1st week of administration and
the antibody levels increased constantly through-
out the 8-week experiment. It is interesting to note
that formulations A and C display a longer im-
munogenic activity with respect to the pharmaco-
logical one. Indeed anti insulin immunoresponse
is continuously stimulated for 8 weeks, while hy-
poglycaemic activity terminated after 3 weeks.
This demonstrates that, although insulin is re-
leased at an unsuitable rate for displaying the
pharmacological activity, a slow release is main-
tained for a long time. In this respect it is, in fact,
important to note that the antigen amount neces-
sary to stimulate the immunoresponse is much
lower than that required to maintain a prolonged
pharmacological activity.

4. Conclusions

Although biodegradable polyphosphazenes are
largely investigated for the preparation of low
molecular weight drug release systems, they can
be also successfully used to develop polymeric
matrixes for protein delivery providing for a suit-
able alternative to polyesters.

In the present investigation it was demonstrated
that it is possible to prepare insulin loaded micro-
spheres by using a biodegradable and biocompat-
ible polyphosphazene allowing for the
exploitation of new insulin formulations useful in
diabetes management. In particular impressive in
vivo results were obtained with the microspheres
prepared by double emulsion that permitted the
glucose level control for over 1 month. However,
the manufacturing process was found to be crucial
in the preparation of microspheres with the de-
sired requisites, namely high drug loading yield
and suitable physical properties. Furthermore the
preparation conditions dictate the protein physi-
cal state and localisation into the polymeric ma-
trix that deeply affect the pharmacological
performance of the formulation.

It is also important to remember that the phys-
ical properties as well as the therapeutic perfor-
mance of these systems depend strictly also upon
the polymer chemical composition. In this respect
a broad variety of polyphosphazenes with differ-
ent physico-chemical properties, namely degrada-
tion rate and hydrophilic/hydrophobic balance,
can be synthesised by careful choice of the sub-
stituents at the inorganic backbone. It is therefore
possible to prepare tailored systems that can sat-
isfy the specific requirements for a proper diabetes
control on the basis of the individual disease
condition.

Finally of interest is also the anti protein im-
munoresponse obtained with these formulations
that, aside any consideration on the adjuvant
effect of these polymers, confirm the potential
application of these materials in the development
for one shot vaccines as already pointed out by
other researches.
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