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Abstract

Poly(ether-ester)s composed of hydrophilic poly(ethylene glycol)-terephthalate (PEGT) blocks and hydrophobic

poly(butylene terephthalate) (PBT) blocks were studied as matrix for the controlled release of calcitonin. Salmon

calcitonin loaded PEGT/PBT films were prepared from water-in-oil emulsions. The initial calcitonin release rate could

be tailored by the copolymer composition, but incomplete release of calcitonin was observed. FTIR measurements

indicated aggregation of calcitonin in the matrix, which was not due to the preparation method of the matrices, but due

to the instability of calcitonin in an aqueous environment. Release experiments showed the susceptibility of calcitonin

towards the composition of the release medium, in particular to the presence of metal ions. With increasing amount of

sodium ions, a decrease in the total amount of released calcitonin was observed due to enhanced aggregation. The

calcitonin had to be stabilized in the matrix to prevent aggregation. Incorporation of sodium dodecyl sulphate (SDS) as

a stabilizer in PEGT/PBT matrices increased the percentage of calcitonin released, but could not avoid aggregation on a

longer term.
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1. Introduction

Calcitonin (CT), a polypeptide of 32 amino

acids (3500 Da) has a physiological role in the

regulation of calcium homeostasis and is a potent

inhibitor of osteoclastic bone resorption (Parfitt,

1987; Boden and Kaplan, 1990; Wallach et al.,

1999; Lee and Sinko, 2000; Torres-Lugo and

Peppas, 2000). The treatment of bone-related

diseases, including Paget’s disease, hypercalcemia

and osteoporosis, requires frequent administration
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of relatively high calcitonin dosages. Different
routes have been studied to deliver calcitonin

more effectively, including oral (Lee and Sinko,

2000; Torres-Lugo and Peppas, 2000), nasal (Mor-

imoto et al., 2001; Law and Shih, 2001) and

vaginal (Richardson et al., 1993) delivery.

To reduce the number of doses that have to be

administered, controlled release systems using

biodegradable polymers are under investigation.
Incorporation of the calcitonin in a polymeric

matrix can protect the peptide from rapid clear-

ance and provide a sustained release. Calcitonin

release systems based on poly(lactic acid) (Asano

et al., 1993; Millest et al., 1993), poly(lactic-

glycolic acid) (PLGA) (Diaz et al., 1999), poly(gly-

colic acid) (PGA) (Lee et al., 1991) and poly(ca-

prolactone) (PCL) (Vandamme and Gillard, 1993)
have been studied so far. In this study, poly(ether

ester) multiblock copolymers were investigated as

potential release matrix for calcitonin. The poly-

mers were composed of repeating blocks of

hydrophilic poly(ethylene glycol) terepththalate

(PEGT) and hydrophobic poly(butylene ter-

ephthalate) (PBT). These biocompatible and de-

gradable PEGT/PBT copolymers have successfully
been applied as matrix for the controlled release of

proteins and peptides (Bezemer et al., 2000; van

Dijkhuizen-Radersma et al., 2002). Quantitative

release of fully active lysozyme has been reported

from these multiblock copolymers (Bezemer et al.,

2000). An important advantage of this system is

that through modulation of the copolymer com-

position one can precisely tailor the release rate to
meet therapeutic requirements. A potential addi-

tional advantage of PEGT/PBT is the presence of

hydrophilic polymer chains, which may improve

the stability of calcitonin (Arvinte et al., 1997;

Sakuma et al., 1997).

Like many proteins and peptides (Cleland and

Jones, 1996; Zhu et al., 2000), the therapeutic use

of calcitonin is hampered by its physical instability
(Cholewinsky et al., 1996). In aqueous solutions

calcitonin has a pronounced tendency to aggregate

into long, thin fibrillar aggregates, yielding a

viscous and turbid dispersion (Bauer et al.,

1995). Extensive research has been performed on

stabilization of calcitonin in aqueous solutions

(Arvinte et al., 1997; Stern and Gilligan, 1999;

Veronesi et al., 2000; Lee et al., 1992; Baudyš et al.,
1996; Baudyš and Kim, 1998; Cudd et al., 1995;

Zhu et al., 2000), containing organic acids surfac-

tants, sugars, and polymers like polyvinylpyrroli-

done and polyvinylalcohol. Also other solvents,

like ethanol, methanol, propylene glycol and

dimethyl sulfoxide, have been evaluated (Arvinte

et al., 1997; Stevenson and Tan, 2000; Baudyš et

al., 1996). Stability problems may also occur in
sustained release systems, due to the high concen-

tration of calcitonin in the polymer matrix. There-

fore, this study focussed on the stabilization of

calcitonin in the matrix. Salmon calcitonin (sCT)

was used in this study because it is the most potent

of the calcitonins available, well tolerated and

clinically effective.

2. Materials and methods

2.1. Materials

A series of poly(ethylene glycol) terephthalate/

poly(butylene terephthalate) (PEGT/PBT) copoly-

mers were obtained from IsoTis NV (Bilthoven,

The Netherlands). The poly (ether-ester) copoly-
mers varied in PEGT/PBT weight ratio (80/20�/40/

60) at a constant PEG segment length (600 g

mole�1) and are indicated as aPEGTbPBTc, in

which a is the PEG molecular weight, b the wt.%

PEG-terephthalate and c (�/100-b) the wt.% PBT.

Phosphate buffered saline (PBS), (pH 7.4) and

sodium dodecyl sulphate (SDS) were purchased

from Life Technologies Ltd (Paisley, Scotland).
Merck (Darmstadt, Germany) supplied acetic acid

(100%), sodium chloride (NaCl) and sodium

dihydrogen phosphate (NaH2PO4). Chloroform

(analytical grade), carboxymethyl cellulose sodium

salt (CMC, medium viscosity) and D(�/)-mannitol

(extra pure) were purchased from Fluka Chemie

GmbH (Buchs, Switserland). Sigma Chemical Co

(St Louis, USA) supplied Tween 80 and dextran
(average mol wt. 41 272). Polyvinylalcohol (PVA,

13 000�/23 000 g mole�1, 87�/89% hydrolyzed) and

D(�/)-trehalose (dihydrate 99%) were obtained

from Aldrich Chemical Company, Inc. (Milwau-

kee, USA). Bachum AG (Bubendorf, Switzerland)

was the supplier of salmon calcitonin (sCT), which
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was a gift of PowderJect Pharmaceuticals PLC
(Oxford, UK).

2.2. Preparation of salmon calcitonin-loaded

PEGT/PBT films

For the preparation of salmon calcitonin loaded

films, an aqueous salmon calcitonin solution (0.6

ml, 20 mg ml�1) was emulsified with a polymer
solution (1 g PEGT/PBT in 7 ml CHCl3) using an

ultra turrax (IKA Labortechnik T25) for 30 s at 19

krpm. The resulting water-in-oil emulsion was cast

on a glass plate using a casting knife. After slow

evaporation of the solvent, the films were removed

from the glass plate and freeze dried for at least 16

h. The resulting films had a thickness of 50�/100

mm.
To study the influence of the matrix composi-

tion on the salmon calcitonin release behavior, the

wt.% PEGT was varied between 40 and 80 wt.%.

The aqueous calcitonin solution was varied to

evaluate the effect of the solution composition on

the calcitonin release. PBS (pH 7.4) was used as

the standard aqueous phase, while also experi-

ments with acetic acid (0.0002 M, pH 4.3) and a
phosphate buffer (0.1 M NaH2PO4, pH 4.3) as

water phase were carried out. SDS was added to a

acetic acid solution (0.0002 M, pH 4.3) to study

the effect of this additive on the calcitonin

stability.

2.3. Salmon calcitonin release from PEGT/PBT

films

The salmon calcitonin release from the salmon

calcitonin loaded PEGT/PBT films was investi-

gated by incubating pieces of the films (9/1.77

cm2) in 1 ml release medium. Vials were continu-

ously shaken at 37 8C and samples of the release

medium were taken at various time points. The

salmon calcitonin concentration of the buffer was

determined using a micro bichinchoninic acid
(BCA) protein assay on an EL 312e microplate

bio-kinetics reader (l�/570 nm). The buffer was

refreshed after sampling.

The standard in vitro release buffer used in this

study was PBS (0.16 M Na�, pH 7.4). The release

of calcitonin was also measured in acetic acid

(0.0002 M, pH 4.3) and a phosphate buffer (0.1 M
NaH2PO4, pH 4.3). The influence of the presence

of sodium ions in the release medium was eval-

uated by varying the amount of sodium chloride in

water.

2.4. Infrared spectroscopy and calcitonin structure

analysis

Infrared spectroscopy of calcitonin loaded and

unloaded PEGT/PBT films were performed in

transmission mode on a Bio-Rad FTS6000 FTIR

spectrometer (Cambridge, USA), equipped with a

dTGS detector. 2048 scans were averaged at 2

cm�1 resolution. The calcitonin loaded film was

measured in dry state directly after preparation

and after incubation in PBS for 2 days at 37 8C.
Calcitonin, dissolved in PBS, was measured in a

transmission cell with CaF2 windows and a 6 mm

mylar† spacer (Graseby SpecAc, Orpington, UK).

Peptide conformation was analyzed by the second

derivative in the Amide I region Susi and Byler,

1983), after a 13-point Savitzky�/Golay smoothing

to remove white noise. For the calcitonin in PBS

solution, the solvent background was first inter-
actively subtracted to obtain a flat baseline in the

region 2300�/1800 cm�1. Any polymer contribu-

tion to the solid state spectra was interactively

subtracted to obtain a flat baseline between 1710

and 1730 cm�1 (Yang et al., 1999; van de Weert et

al., 2000, 2002).

2.5. Screening of stabilizers to reduce calcitonin

aggregation

The stability of salmon calcitonin in solution

was evaluated by using UV spectroscopy (Lee et

al., 1992; Baudyš et al., 1996; Van de Weert et al.,

2000). The optical dispersion of calcitonin solu-

tions (20 mg ml�1) in PBS or acetic acid (0.0002

M, pH 4.3) was recorded on a Lambda 40 UV�/Vis

spectrometer (Perkin�/Elmer, Norwalk, USA).
Aggregation of the calcitonin was monitored by

measuring the increase in turbidity at 340 nm as a

function of time. The calcitonin solutions were

stored at 37 8C between the measurements. Var-

ious stabilizers were evaluated for their ability to

prevent calcitonin aggregation. Surface-active
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compounds (Tween 80, SDS), sugars (trehalose,
mannitol) and large organic molecules (CMC,

PVA, dextran) were added at different concentra-

tions to freshly prepared calcitonin (20 mg ml�1)

solutions in PBS or acetic acid (0.0002 M, pH 4.3).

3. Results and discussion

3.1. Calcitonin release in PBS from PEGT/PBT

films

Calcitonin release kinetics from PEGT/PBT

films were first evaluated as a function of copoly-

mer composition. Previous studies with vitamin

B12 (1355 D), showed a constant release over 12
weeks from PEGT/PBT copolymers with 300 g

mole�1 PEG-segments (van Dijkhuizen-Radersma

et al., 2002). These copolymer compositions had a

very low equilibrium swelling ratio. Being three

times the size of vitamin B12, salmon calcitonin

release would require more swollen matrices to

allow diffusion. Therefore, copolymers with PEG-

segment lengths of 600 g mole�1 were selected for
this study. The PEGT/PBT copolymers varied

between 40 and 80 wt.% PEGT. A higher wt.%

PEGT resulted in a higher swelling of the matrix

(Bezemer et al., 2000; van Dijkhuizen-Radersma et

al., 2002).

The copolymer composition determined the

calcitonin release in PBS to a large extent (Fig.

1). Sixty percent of the encapsulated calcitonin was
released within 2 days for the 600PEGT80PBT20

film, whereas a slower initial release was observed

for the copolymers with lower wt.% PEGT. For all

compositions, the calcitonin release was incom-

plete. The slower release of calcitonin from

600PEGT60PBT40 and the 600PEGT40PBT60

copolymers can be explained by the lower degree

of swelling of the polymer matrix.
The slow diffusion through the PEGT/PBT

matrix does not explain the observed incomplete

calcitonin release (Fig. 1). Possibly, calcitonin

aggregation has occurred in the matrices, either

during the release experiments or during the

preparation process. FTIR measurements have

been preformed on calcitonin loaded PEGT/PBT

films to investigate this further. Bauer et al.
already showed that FTIR spectroscopy provides

a sensitive analytical tool to monitor aggregation

phenomena of calcitonin in aqueous solutions

(Bauer et al., 1994).

3.2. Integrity of calcitonin in PEGT/PBT matrix

Calcitonin loaded films and aqueous calcitonin

solutions were analyzed by FTIR to detect con-
formation changes of calcitonin. FTIR analysis of

the calcitonin-loaded films was somewhat ham-

pered by the low amount of calcitonin in the film.

Within that limitation, the FTIR spectrum did not

indicate any obvious change in secondary struc-

ture of calcitonin directly after preparation of the

films (Fig. 2). However, when the film was

incubated for 2 days in PBS, the secondary
structure of the calcitonin remaining in the film

was markedly different. A clear band at 1630

cm�1 is observed, which is typical of intermole-

cular b-sheet formation (non-covalent aggrega-

tion). A calcitonin solution stored for 20 h at

room temperature also indicated the early onset of

aggregation (Fig. 2). It is well-known that calcito-

nin is unstable upon incubation in aqueous solu-
tion (Wallach et al., 1999; Morimoto et al., 2001;

Law and Shih, 2001; Cholewinsky et al., 1996).

Bauer et al. reported an increase in time for both a
and b-contents in human calcitonin solutions

determined by ATR-FTIR (Bauer et al., 1994).

Arvinte et al. related these a helical and b-sheet

Fig. 1. Salmon calcitonin release from 600PEGT40PBT60 (m),

600PEGT60PBT40 (j) and 600PEG80PBT20 (') films in PBS

(n�/3; 9/Standard Deviation (S.D.)).

R. van Dijkhuizen-Radersma et al. / International Journal of Pharmaceutics 248 (2002) 229�/237232



components to the fibrillated state of aggregated
calcitonin (Arvinte et al., 1993). Thus, the aggre-

gation of calcitonin in PEGT/PBT films is most

likely caused by incubation in solution, rather than

by the preparation method.

Cholewinsky et al. have described several de-

gradation pathways of calcitonin in aqueous solu-

tions (Cholewinsky et al., 1996). Besides pH and

temperature, the presence of metal ions is known
to facilitate aggregation of calcitonin. The PEGT/

PBT films described above contained a significant

amount of sodium ions, as the calcitonin was

incorporated in these films as a solution in PBS. In

addition, the release experiments have been carried

out in PBS as release medium as well. To study the

effect of the presence of sodium ions on the release

of calcitonin from PEGT/PBT films, the composi-
tion of both the incorporated aqueous calcitonin

solution as well as the release medium have been

varied.

3.3. Effect of sodium ions on calcitonin release

For the release experiments described below the

600PEGT60PBT40 copolymer was selected. The

release of calcitonin was measured as a function of

the inner phase and release buffer compositions.

Either a 0.1 M phosphate or a 0.0002 M acetic acid

buffer was used, both formulated at pH 4.3 to
exclude pH effects. It is known that calcitonin is

less prone to aggregation at acidic pH (Lee et al.,

1992) in acetic acid solutions (Arvinte et al., 1997;

Baudyš et al., 1996). As shown in Fig. 3, variation

of the composition of the release buffer composi-

tion has a major influence on the calcitonin

release. Using phosphate buffer as release medium,

the total calcitonin release is only 20�/25%,

whereas acetic acid buffer results in a release of

80�/100%. Variation of the inner phase composi-

tion has much less influence on the total amount of

calcitonin released, with acetic acid buffer as inner

phase yielding a slightly higher total release than

phosphate buffer. This suggests that the calcitonin

release profile is mainly determined by the release

medium composition. The complete release in the

acetic acid release medium indicated that no

aggregation of the calcitonin had occurred, possi-

bly due to the absence of metal ions.

The effect of the sodium ions in the release

medium on the calcitonin release was evaluated in

more detail. Samples of the calcitonin loaded films

were incubated in aqueous solutions containing
various sodium chloride concentrations. In water

without sodium chloride, the release was complete

within 2 days (Fig. 4). With increasing sodium

concentration, however, the calcitonin release

Fig. 2. Inverted second derivative spectra in the Amide I region

of calcitonin in solution (solid line), in a 600PEGT60PBT40

film (dashed line) directly after preparation, in a

600PEGT60PBT40 film (dotted line) after 1 day incubation in

PBS at 37 8C, and in solution after 1 day incubation at room

temperature (dash�/dotted line).

Fig. 3. Salmon calcitonin release from 600PEGT60PBT40 films

with phosphate buffer (') and acetic acid (m) as inner phase.

Release medium: 0.1 M NaH2PO4 (open symbols) and 0.0002

M acetic acid (filled symbols) (n�/3; 9/S.D.).
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became incomplete, indicating calcitonin aggrega-
tion in the matrix (Fig. 4). In a release medium

containing 150 mM sodium chloride, only 15% of

the calcitonin was released from

600PEGT60PBT40 matrices. Apparently, the so-

dium ions had diffused from the release buffer into

the polymer matrix, inducing calcitonin aggrega-

tion. As the sodium ion concentration in blood is

142 mM, the calcitonin should be stabilized in the
matrix to avoid aggregation.

3.4. Effect of additives on calcitonin stability and

long term release

To be able to select the proper stabilizer for

calcitonin in the matrix, several additives have
been investigated in solutions of calcitonin in PBS

and acetic acid. The samples were checked peri-

odically for the presence of a precipitate, a gel or

turbidity, which are indicative of fibrillation (Ar-

vinte et al., 1993). Table 1 shows the effect on the

stability of calcitonin solutions with several addi-

tives. Sodium dodecyl sulphate (SDS) was the only

additive that showed a long-term stabilizing effect.
Therefore, the effect of SDS was studied in more

detail in both PBS and acetic acid (Table 2). By

increasing the concentration of the SDS from 0 to

2% (w/v), the stability of the calcitonin solutions

varied. Surprisingly, the stability of the solutions

decreased with increasing SDS concentration up to

0.5% (w/v), while the stability increased at higher

SDS concentrations. Baudyš et al. attributed the

stabilizing effect of SDS to the formation of a very

stable complex between calcitonin and SDS in

SDS micelles (Baudyš et al., 1996; Baudyš and

Kim, 1998). Although the critical micelle concen-

tration value for SDS is 0.24%, we only observed a

long-term stabilizing effect at SDS concentrations

of 1% and higher. This might be due to the

relatively high calcitonin concentration used in

our study. Possibly, at lower SDS concentrations,

the number of potential calcitonin binding sites in

SDS micelles was exhausted due to the high

calcitonin concentration (Baudyš and Kim,

1998). Partial stabilized calcitonin molecules ap-

parently aggregate even faster than unstabilized

calcitonin (no SDS).

Fig. 4. Effect of sodium ions in release medium on the total

amount of salmon calcitonin released from 600PEGT60PBT40

films within 2 days.

Table 1

Stability of salmon calcitonin (20 mg ml�1) in PBS with several

additives

Additive Concentration (% w/v) Stabilization perioda

�/ �/ 2 h

Trehalose 1 4 h

Mannitol 1 B/1 h

SDS 1 5 days

Tween 80 1 6 h

PVA 1 B/1 h

Dextran 1 6 h

CMC 0.5 B/1 h

a Time period in which no turbidity change was observed.

Table 2

Stability of calcitonin solution (20 mg ml�1) in PBS or 0.0002

M acetic acid at various SDS concentrations

SDS (% w/v) Buffer Stabilization perioda

0 PBS 2 h

0.24 PBS 1 h

0.5 PBS B/1 h

1.0 PBS 5 days

2.0 PBS �/2 months

0 Acetic acid �/2 months

0.24 Acetic acid 2 h

0.5 Acetic acid B/1 h

1.0 Acetic acid �/2 months

2.0 Acetic acid �/2 months

a Time period in which no turbidity change was observed.
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Compared with the PBS solutions, an increased

calcitonin stability was already observed for acetic

acid containing solutions in the absence of SDS.

Several other groups, therefore, have added acetic

acid to stabilize calcitonin in solution (Arvinte et

al., 1997; Baudyš et al., 1996; Baudyš and Kim,

1998; Cudd et al., 1995). In our release experi-

ments described above, we also observed a (small)

positive effect of acetic acid in the inner phase on

the total amount of calcitonin released (Fig. 3).

Therefore, acetic acid was chosen as inner phase to

evaluate the effect of SDS on the sustained release

of calcitonin from PEGT/PBT films. The release

from 600PEGT60PBT40 films, containing 0, 1 and

2% SDS in the inner phase, has been measured in

PBS. Fig. 5 shows an increase in total amount of

calcitonin released with increasing SDS concentra-

tion. However, similar to the PEGT/PBT matrices

without SDS (Fig. 1), the release stops after 2

days, indicating that the calcitonin has aggregated

during the release period. Apparently, the SDS

concentration was not high enough to fully

stabilize the calcitonin in the matrix. This could

be either due to the diffusion of SDS out of the

matrix during the release experiment, or due to the

high concentration of calcitonin in the matrix

compared with the solutions used in the turbidity

experiment. The increasing amount of calcitonin

released with increasing SDS concentration may

be the result of the stabilizing effect of the SDS on

the calcitonin, but it could also be due to a more
open matrix structure. The presence of SDS in the

water-in-oil emulsion may destabilize the emul-

sion, resulting in more open matrix, which in turn

will increase the calcitonin diffusion rate. Conse-

quently, a larger amount of calcitonin will be

released before aggregation has started.

4. Conclusion

In order to obtain a sustained release system for

salmon calcitonin, calcitonin loaded PEGT/PBT

films were prepared from water-in-oil emulsions.

Although the initial calcitonin release rate could be
tailored by the copolymer composition, no com-

plete release of calcitonin was observed. FTIR

measurements indicated aggregation of calcitonin

in the matrix, which was not due to the prepara-

tion method of the matrices, but due to the

instability of calcitonin in an aqueous environ-

ment. Release experiments showed the suscept-

ibility of calcitonin towards the release medium, in
particular to the presence of metal ions in the

release medium. With increasing amount of so-

dium ions, a decrease in the total amount of

released calcitonin was observed due to aggrega-

tion. The calcitonin had to be stabilized in the

matrix to prevent aggregation. Comparison of

several additives in absorption experiments

showed that sodium dodecyl sulphate (SDS) had
a long-term stabilizing effect on calcitonin in

solution. Incorporation of SDS in PEGT/PBT

matrices indeed increased the percentage of calci-

tonin released, but still no sustained release of

calcitonin was obtained.

Further experiments will focus on the stabilizing

calcitonin in the matrix by incorporation of other

additives. In addition, the activity of calcitonin
after release from PEGT/PBT matrices will be

investigated by in-vivo experiments.
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