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a b s t r a c t

In continuation with our previous study using fluorescein-isothiocyanate (FITC)–Lys-Arg-Phe-Lys (KRFK)
peptide, the aim of this work was to study the interaction of the unlabelled KRFK with calcium alginate gel
microspheres coated with a serum albumin (HSA)-alginate membrane prepared using a transacylation
method. Coated microspheres were prepared with two main sizes and two gel strengths. Control micro-
spheres made of cross-linked alginate-HSA without calcium alginate gel were also prepared. A series
of loading and release assays conducted with methylene blue showed the requirement of inner gel for
binding the cationic molecule. Release experiments were performed in different media using unlabelled
KRFK and coated microspheres. A plateau was reached within 1 h, in contrast with the slow release of
the FITC-peptide observed in our previous work. This discrepancy was attributed to modified properties
of the labelled peptide. Adsorption assays of KRFK on coated microspheres were performed in the pres-
ence of growing concentrations of NaCl or imidazole. The ions were able to displace the peptide from
the particles, which demonstrated ionic interactions, probably involving carboxylate groups of alginate.
Adsorption isotherms showed that gel strength influenced affinity (4 × 105 L/mol or 8 × 105 L/mol for gela-

tion with 5% or 20% CaCl2, respectively). Binding site number doubled (from 2.6 × 10−7 mol/mg to more
than 5 × 10−7 mol/mg) when microsphere size decreased from 450 �m to 100 �m. Binding sites were
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. Introduction

Recently we reported on calcium alginate gel microspheres
oated with a human serum albumin (HSA)-alginate membrane
sing a transacylation reaction (Hurteaux et al., 2005). Initially
eveloped for large coated beads (Lévy and Edwards-Lévy, 1996;
dwards-Lévy and Lévy, 1999), the method was adapted to
he preparation of microspheres by introducing an emulsifica-
ion step of an aqueous solution of sodium alginate, propylene
lycol alginate (PGA) and HSA in an oily phase. Addition of cal-
ium chloride to the emulsion induced in situ gelation of the
roplets. The resulting gel microspheres were transferred in a

olution of HSA, and added with NaOH, which started the for-
ation of amide bonds between ester groups of PGA and amino

roups of the protein, giving a membrane around the particles.
e showed that these particles were biocompatible, and able

∗ Corresponding author. Tel.: +33 326 91 80 53; fax: +33 326 91 37 44.
E-mail address: florence.edwards@univ-reims.fr (F. Edwards-Lévy).
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l underneath the membrane.
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o release a fluorescein-isothiocyanate (FITC)-labelled biologically
ctive peptide (lysine-arginine-phenylalanine-lysine, KRFK) dur-
ng a prolonged period of time in vitro (Hurteaux et al., 2005).
he peptide-loaded microparticles were intended to be fixed to
prosthetic biomaterial so as to slowly release KRFK locally, for

n efficient stimulation of osteoblastic activity and of bone matrix
roduction (Adams, 2001; Centrella, 1994), leading to a better
steointegration of the biomaterial (Tabata, 2000).

The first aim of the present work was to study the release kinet-
cs of the unlabelled KRFK from the coated microparticles. After

preliminary study conducted with methylene blue chosen as a
odel of cationic molecule, several series of release experiments
ere performed with KRFK using different release media.

The second purpose of the work was to obtain information on
he nature of the interaction of the peptide with the particles.
First, a series of loading experiments with KRFK was conducted
n the presence of growing amounts of ions, namely NaCl or imida-
ole.

In the next step, KRFK adsorption assays were performed as a
unction of KRFK concentration. This study was conducted varying

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:florence.edwards@univ-reims.fr
dx.doi.org/10.1016/j.ijpharm.2008.09.011
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he preparation parameters of the microspheres in order to investi-
ate the influence of microsphere size (variation of stirring speed)
nd of gel strength of the core (variations of CaCl2 concentration)
n microsphere morphological characteristics on the one hand, and
n interactions with the peptide on the other hand.

Three different types of coated microspheres were then pre-
ared: small-sized microspheres (≈100 �m in diameter) prepared
ith CaCl2 20% (standard conditions), small-sized microspheres
repared with CaCl2 5%, and large-sized microspheres (≈450 �m

n diameter) prepared with CaCl2 20%.
For comparison, control particles without calcium alginate gel

ere prepared by transacylation between PGA and HSA in emul-
ion. In this method, recently described (Callewaert et al., 2007),
n aqueous solution of PGA and HSA is emulsified in an oily phase.
hen an ethanolic solution of NaOH is added to the emulsion,
n order to start the transacylation reaction, which resulted in

icrospheres made of a network of crosslinked polymers without
alcium alginate gel.

. Materials and methods

.1. Materials

Sodium alginate (NaAlg, Manugel GHB®, supplier’s specifi-
ation: viscosity of a 1% (w/w) aqueous solution at 25 ◦C was
1 mPa s) and propylene glycol alginate (Kelcoloïd S®, supplier’s
pecification: viscosity of a 2% (w/w) aqueous solution at 25 ◦C
as 118 mPa s) were gifts from ISP. Human serum albumin was

rom Baxter. For the emulsion process, the oily phase was com-
osed of isopropyl myristate (SDF) added with 5% (w/v) surfactant
sorbitan trioleate, Seppic). Ethanol (95%, v/v) was supplied by
harbonneaux-Brabant. Water (Fresenius Kabi) was sterile. For the
ashing step, water was added with polysorbate (Seppic) 2% (w/v).
RFK (95% grade) was from Neo-MPS. Other reagents were provided
y Prolabo.

.2. Preparation of the microparticles

.2.1. Serum albumin-alginate coated microspheres
Microparticles consisting of an alginate gel core surrounded by

PGA–HSA membrane were prepared using a two-step method
escribed elsewhere (Hurteaux et al., 2005). Briefly, 10 mL of an
queous phase consisting of 2% (w/v) PGA, 1% NaAlg and 4% HSA
n saline was emulsified at a stirring speed of 4000 rpm (standard
onditions, batch 1, Table 1) or 1500 rpm in 50 mL of the oily phase.
fter 5 min stirring, 35 mL of an aqueous CaCl2 solution (20%) was
dded and agitation was continued for 15 min. After a centrifu-
ation step, calcium alginate microspheres were resuspended in
0 mL of a 2.5% HSA aqueous solution and magnetically stirred. Ten

illiliters of 0.5 M NaOH was added dropwise to the microsphere

uspension and the transacylation reaction was allowed to develop
or 15 min. The reaction was stopped by dispersing the coated

icrospheres in 50 mL of imidazole pH 7 buffer for 15 min. They
ere then washed (water + polysorbate, once) and rinsed (water,

able 1
embrane-coated alginate gel microspheres (batches 1–3) and control microparti-

les without calcium alginate gel (batch 4). Size of the microspheres as a function
f the preparation parameters. Batch 1: standard conditions.

atch Stirring speed
(rpm)

CaCl2 concentration (%) Diameter
mean ± S.D. (�m)

4000 20 104 ± 112
1500 20 436 ± 278
4000 5 94 ± 86
2500 – 96 ± 84
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hree times). Particles were either kept at 4 ◦C, or congealed and
yophilized (LabConco, Freezone 6).

.2.2. Control PGA–HSA microparticles
Control microparticles without calcium alginate gel were pre-

ared omitting the gelation step, as already described (Callewaert
t al., 2007). Briefly, 6 mL of an aqueous phase consisting of 2% PGA
nd 20% HSA in water was emulsified in 40 mL of the oily phase
t a stirring speed of 2500 rpm. After 5 min stirring, 2 mL of a 2%
aOH solution in 95% (v/v) ethanol was added and agitation was
ontinued for 15 min to allow the transacylation reaction to occur.
hen, 2 mL of an 8.5% (v/v) acetic acid solution in ethanol was added
or the neutralization of the emulsion. After 15 more min, agita-
ion was stopped and the microspheres were washed and rinsed
s described for coated microspheres, and either kept at 4 ◦C, or
ongealed and lyophilized.

.3. Morphological characterization

.3.1. Optical microscopy
The microspheres were observed with a light microscope

Olympus, BH-2) equipped with interferential phase contrast and
sing a CCD camera (DP-50) coupled with the AnalySIS software
Soft Imaging System) for image recording. Photographs were
elected from several observations.

In order to observe the internal structure of control PGA–HSA
icroparticles more accurately, microsphere samples were incu-

ated 1 h at room temperature with tissue freezing medium (Jung,
eica Microsystems) before freezing at −20 ◦C. A series of trans-
erse sections (thickness: 10 �m) was cut with a cryostat (Leica
M 1850, Leica Microsystems). Internal morphological observa-
ions were made using optical microscopy as described above, after
taining with a 0.025% solution of Coomassie brilliant blue during
5 min, and rinsing with distilled water. This specific marker for
roteins was used with the aim of locating the HSA in the micro-
pheres. Such a study had already been performed with the coated
icrospheres in our previous work (Hurteaux et al., 2005).

.3.2. Scanning electron microscopy
SEM observations (JSM-5400LV, JEOL) were made after alcohol

ehydration of microsphere suspensions. The samples were then
oated with a layer of Au/Pd (12–40 nm).

.3.3. Size distribution
Diameter measurements were performed using a laser diffrac-

ion technique (Coulter Particle Sizer, type LS200, Beckman-
oulter).

.4. Interactions with methylene blue

This study was performed using small coated microspheres geli-
ed with 20% CaCl2 (batch 1) and control PGA–HSA microparticles
ithout calcium alginate gel (batch 4, Table 1), respectively.

For loading experiments, 5 mg of freeze-dried microspheres
ere suspended in 10 mL of a 5-�g/mL methylene blue solution

n water. The suspension was maintained at 37 ◦C and magneti-
ally agitated. At intervals, 1.5 mL of the suspension was removed
nd centrifuged at 2000 rpm for 2 min. The methylene blue con-
ent of the supernatant was measured by reading the absorbance
t 664 nm with a spectrophotometer (DU640B, Beckman).
For release experiments, 5 mg of freeze-dried microspheres
ere rehydrated with 20 �L of a 2.5-mg/mL methylene blue solu-

ion in water, according to the technique of Kawaï et al. (2000).
fter complete absorption of the liquid, the microspheres were sus-
ended in 10 mL of water and magnetically agitated. The methylene
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ig. 1. Microphotographs of coated microspheres: (a) small, CaCl2 5%, batch 3; (b) sm
atch 4.

lue release as a function of time was followed as for the loading
xperiment.

For the two series of assays, three independent experiments
ere made and data are presented as mean ± standard deviation.

.5. Peptide release kinetics from microparticles in various
queous solutions

Five milligrams of freeze-dried microparticles of batch 1 were
mpregnated with 20 �L of a 26.3-mg/mL KRFK solution in water.
he loaded particles (105.2 �g or 182 nmol KRFK/mg) were then
mmersed in 10 mL of release medium. Phosphate-buffered saline
PBS), imidazole pH 7 buffer and saline were tested. Release kinetics
f KRFK from the particles was determined at 37 ◦C, under mag-
etic agitation in each release medium. At intervals, aliquots were
entrifuged and the supernatants analyzed by HPLC.

The HPLC apparatus consisted of a binary HPLC pump (Waters
525) and a UV absorbance detector (Waters 2487) set at 210 nm.
hromatography was performed at room temperature on a reverse-
hase column (C18 Spherisorb ODS-2, 150 mm length, 4.6 mm
iameter, Alltech). The mobile phase consisted of a mixture
ater/acetonitrile 80/20 containing 0.5% of TFA. The flow rate was
mL/min.

.6. Interactions between KRFK and microspheres in the presence
f growing concentrations of ions

The assays were performed at a constant concentration of KRFK
18.3 �g/mL, i.e., 31.7 �mol/L), using a 1-h incubation time. Five mil-

igrams of freeze-dried microspheres of batch 1 were rehydrated
n 10 mL of water for 1 h at 37 ◦C under magnetic agitation. One

illiliter of the suspension was then transferred in 5 mL of KRFK
olutions in NaCl solutions (NaCl concentration: 0–85 mmol/L)
r pH 7 buffer dilutions (imidazole concentration: 0–50 mmol/L).

4
w
w
w
T

Cl2 20% batch 1; (c) large, CaCl2 20% batch 2; (d) of control PGA–HSA microparticles

fter 1 h at 37 ◦C under magnetic agitation, 600 �L aliquots were
entrifuged and the supernatants were analyzed by HPLC. Each
oint represents the mean of three measurements ± standard devi-
tion.

.7. Adsorption assays varying KRFK concentration

The assays were performed in pure water, at a concentration
f KRFK varying from 5 �g/mL to 75 �g/mL, using a 1-h incubation
ime. Five milligrams of freeze-dried microspheres were rehydrated
n 10 mL of water for 1 h at 37 ◦C under magnetic agitation. One

illiliter of the suspension was then transferred in 5 mL of KRFK
olutions of known concentrations in pure water (KRFK final con-
entration: 5–75 �g/mL, i.e., 8.65–129.8 �mol/L). After 1 h at 37 ◦C
nder magnetic agitation, 600 �L aliquots were centrifuged and
he supernatants were analyzed by HPLC. Each point represents
he mean of three measurements ± standard deviation.

This study was applied to the four different types of micro-
pheres appearing in Table 1, namely three types of coated
icrospheres and control PGA–HSA microspheres without calcium

lginate gel.

. Results and discussion

.1. Microparticle size

For this study, we set stirring speeds in order to prepare small
icrospheres (4000 rpm for particles of about 100 �m in diam-

ter), and larger ones (1500 rpm for a mean diameter of about

50 �m). Combining the variations in the preparation parameters,
e thus prepared small strongly gelified particles (batch 1), small
eakly gelified particles and large strongly gelified particles, for
hich mean diameters and standard deviations are summarized in

able 1.
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properties with the peptide, i.e., a global positive charge and a close
molecular weight.

Fig. 4 presents the results of interaction studies between methy-
lene blue molecules and coated microspheres of batch 1, or control
ig. 2. SEM observations of coated microsphere surface: (a) small, CaCl2 5% batch 3;
ar = 10 �m.

For the preparation of control microparticles lacking calcium
lginate gel, the stirring speed had to be set at 2500 rpm to pro-
uce particles with a diameter close to the size of the small coated
icrospheres (Table 1).

.2. Influence of preparation parameters on microparticle
orphological characteristics

Using light microscopy, no significant difference could be
bserved between weakly (CaCl2 5%) and strongly (CaCl2 20%) small
elified microspheres (Fig. 1a and b). Raising the mean diameter of
he microspheres did not alter the general morphological aspect
Fig. 1c). The control PGA–HSA microspheres looked very similar to
he former ones (Fig. 1d).

SEM observations revealed that microsphere surface of coated
icrospheres presented different profiles depending on the CaCl2

oncentration used for the gelation step (Fig. 2). The surface of the
eakly gelified microspheres was deeply rumpled (Fig. 2a) whereas

hat of strongly gelified microspheres was finely rugged (Fig. 2b).
his observation can be related to the microsphere internal gel
roperties: a stronger gel prevents membrane deformation during
ample dehydration for SEM examination. Furthermore, a denser
ross-linked calcium alginate gel is expected to retain more HSA and
GA available for the transacylation step, leading to the formation
f a stiffer and smoother membrane (Hurteaux et al., 2005).

In contrast, control microspheres revealed a very smooth and
egular surface after dehydration (Fig. 2c). It seems to indicate that
he PGA–HSA network constituting the spheres was rigid enough
o withstand the dehydration step without deformation. This was
onfirmed by observation of the internal structure of the parti-

les. In contrast with our previous study of slices of coated beads
howing an intensely stained external layer (Hurteaux et al., 2005),
lices of control microspheres revealed a more homogeneous inner
orphology. They presented a blue color gradient up to the cen-

er, indicating that the protein was also present in deep regions

F
4
t

all, CaCl2 20%, batch 1; (c) of control PGA–HSA microparticle surface, batch 4. Scale

f the microparticles (Fig. 3). The morphology of these PGA–HSA
icroparticles as a function of preparation parameters will be fur-

her investigated.

.3. Interactions with methylene blue

Before evaluating the binding parameters of the microspheres
ith KRFK, preliminary studies were performed to examine the

eneral behaviour of the microspheres towards a charged molecule.
e chose methylene blue as a model, because it shares some similar
ig. 3. Microphotograph of a section (thickness 10 �m) of a control PGA–HSA batch
microparticle stained with Coomassie blue. (For interpretation of the references

o color in text, the reader is referred to the web version of the article.)
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ig. 4. Free fraction of methylene blue as a function of time, 5 mg microparticles in
nd (B) release experiment. Circles, small coated microspheres, batch 1 (CaCl2 20%); d
xperiments ± standard deviations.

GA–HSA microparticles (batch 4). Two experiments were per-
ormed, i.e., loading (Fig. 4A) and release (Fig. 4B) assays.

In the two series of experiments, the curves reveal that an equi-
ibrium situation was reached after about a 1-h contact.

The control PGA–HSA microparticles appeared to have no strong
nteraction with methylene blue. The loading experiment showed
hat the control microspheres absorbed only a small amount
f methylene blue after 2 h (free fraction: 0.9), which did not
ncrease after 4 h. In the release experiment, a burst effect was
bserved: after only 15 min, more than 90% of the methylene blue
as released in the surrounding water, indicating a fast exchange
etween the microspheres and water. The fraction of molecules
resent in solution was close to 0.9 at the plateau.

The coated microspheres presented a different behaviour. Dur-
ng the first minutes of loading experiments, the microspheres
aptured a higher amount of molecules, a small part of which being
eleased during the following hour until a plateau was reached (free
eptide fraction: 0.49). This observation could be related to the
welling of freeze-dried microspheres during the first minutes of
mmersion in the solution, before the equilibrium situation. In the
ase of release, a plateau value was reached within about 1 h (free
eptide fraction: 0.40).

These close plateau values show that both loading and release
xperiments led to comparable equilibrium situations. This obser-
ation is consistent with the existence of a maximal binding
apacity for the molecule. The plateau values indicate that micro-
pheres containing an alginate gel core presented a higher binding
apacity for methylene blue than microspheres made of PGA and
SA only.

This preliminary study shows that interactions between a
ationic small molecule and the microspheres results in an equi-
ibrium situation. This makes loading and release experiments, as
efined above, equivalent for the equilibrium characterization.

Moreover, comparing the methylene blue fraction fixed onto
embrane-coated alginate gel microspheres with the small frac-

ion fixed by particles without alginate gel (control particles), the
inding of this cationic molecule was thought to concern the gel,
nd more precisely was hypothesized to occur via ionic interactions
nto negatively charged carboxylate groups of alginate, as already
bserved (Martinsen et al., 1992; Gombotz and Wee, 1998; Chrétien
t al., 2004).
.4. KRFK release kinetics from microparticles in various aqueous
olutions

When peptide-loaded microparticles of batch 1, were soaked in
ifferent ionic solutions, i.e., saline, PBS or imidazole pH 7 buffer,

f
a
f
c
K

aqueous medium, maximum dye concentration = 5 �g/mL: (A) loading experiment
nds, control PGA–HSA microparticles, batch 4. Data are means of three independent

eptide release was surprisingly rapid in the 3 media and a plateau
alue was reached in less than 1 h (Fig. 5).

It should be pointed out that this result is very different from the
elease profile we previously observed with the FITC-labelled KRFK,
here the release out of similar microspheres lasted more than 8
ays in the imidazole pH 7 buffer. Recent studies indicate that flu-
rescent labels such as FITC appear to change the surface charge
f proteins significantly, and thereby influence their behaviour in
olution and their interactions with oppositely charged polyelec-
rolytes (Ramasamy et al., 2007). This phenomenon should be even

ore pronounced when the molecular weight of the fluorescent
roup used for the labelling is in the same range as the molec-
lar weight of the labelled molecule, as it is the case for FITC
MW = 389.4 Da) and KRFK (MW = 577.7 Da). In addition, the FITC
roup is assumed to slow down diffusion of the peptide out of
he microparticles due to steric hindrance reasons. This observa-
ion emphasizes the importance of using unlabelled molecules for
elease studies from drug delivery systems.

The fraction of KRFK released at the plateau was shown to
epend on the release medium. When the experiment was per-
ormed in saline, 80% of the encapsulated peptide was released in
5 min. In PBS, the plateau value hardly reached 90% after 30 min.
hen using the imidazole buffer, 45% of the KRFK was released in

0 min. No further release of KRFK could be observed in the three
ifferent aqueous media after 20 days (480 h).

The plateau value depending on the aqueous solution compo-
ition, it was decided to study the nature of interactions between
RFK and the microspheres as a function of preparation parameters.

.5. Interactions between KRFK and microspheres in the presence
f growing concentrations of ions

KRFK adsorption experiments were performed in particle sus-
ensions (0.5 mg microparticles in 6 mL of a 31.7-�mol/L KRFK
olution) containing NaCl at different concentrations, in order to
valuate after 1 h a competitive effect of Na+ ions towards KRFK. In
he hypothesis of ionic interactions between KRFK and alginate, a
isplacement by other positive ions should be observed. The free
eptide concentration was measured as a function of Na+ concen-
ration in the solution and the results are presented in Fig. 6.

In pure water, the free fraction of KRFK was 0.089 ± 0.003. For the
ost diluted saline solutions, the presence of Na+ had no effect on
ree peptide fraction. For concentrations higher than 10−3 M NaCl,
n increase in Na+ concentration induced a progressive increase in
ree peptide fraction. As Na+ and KRFK molecules are both positively
harged, this observation can be explained by a displacement of
RFK by Na+. This type of behaviour had already been described for
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Fig. 7. Adsorption isotherms of KRFK on microparticles, 0.5 mg microparticles in
6 mL of KRFK solutions of various concentrations. Circles, small coated microspheres,
gelation with CaCl2 20%, batch 1; squares, small coated microspheres, gelation with
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ig. 5. Release kinetics of KRFK (910 nmol) from 5 mg of small coated microspheres,
elified with CaCl2 20%, batch 1, in 10 mL of saline (circles), PBS (triangles) or imi-
azole pH 7 buffer (squares).

alcium alginate microspheres loaded with a cationic drug (Tomida
t al., 1993). It was also reported for hydrophilic albumin micro-
pheres loaded with a salt of basic antitumour agent (Goldberg
t al., 1984; Sawaya et al., 1987a, 1988). The coated microspheres
hen seemed to behave as ion-exchange resins. The most probable
inding sites in the microspheres should be the carboxylate groups
vailable in the alginate gel.

Fig. 6 shows that a Na+ concentration of 85 mmol/L led to a KRFK
ree fraction of 0.72, corresponding to 0.023 mmol/L. An even higher
a + concentration would be required to release the whole amount
f peptide. This observation could be indicative of a higher affinity
f the microspheres for the peptide, as compared to Na+ ions. Pre-
ious studies mentioned that the electrostatic interaction between
ivalent cations and their binding sites is stronger as compared
ith monovalent compounds, due to dual site binding (Sawaya et

l., 1987a; Hänninen et al., 2007). The �-amino groups of the two
ysine residues of the KRFK, charged at neutral pH (pKa = 10.54),
robably bind two carboxylate groups of the particles leading to a
tronger interaction.

This experiment was reproduced with imidazole buffer dilu-
ions (Fig. 6). The values of free peptide compared for equivalent

oncentrations of Na+ and imidazole showed similar trends, indi-
ating that positively charged molecules with a higher molecular
eight than sodium ion, like imidazole, can also exchange with
eptide molecules

ig. 6. Free fraction of peptide KRFK as a function of NaCl concentration (circles)
r imidazole concentration (squares) after adsorption of KRFK on small coated
icrospheres, gelified with CaCl2 20%, batch 1, 0.5 mg microparticles in 6 mL of
31.7-�mol/L KRFK solution. Data are means of three measurements ± standard

eviations.
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aCl2 5%, batch 3; triangles, large coated microspheres, gelation with CaCl2 20%,
atch 2; diamonds, PGA–HSA microparticles, batch 4. Data are means of three mea-
urements ± standard deviations.

.6. Adsorption as a function of KRFK concentration

The adsorption isotherms of KRFK onto the different micro-
phere types were determined using initial concentrations of KRFK
n pure water in the 5–75 �g/mL range, i.e., 8.65–129.8 �mol/L. The
esults are presented in Fig. 7. The isotherm of KRFK adsorption
nto control microparticles lacking calcium alginate gel showed
hat very low adsorption occurred in the concentration range used
n this study. It confirms the results obtained with methylene blue
nd points out the requirement of an alginate gel for KRFK binding.

For the different coated microspheres, the amount of bound
RFK progressively increased with the initial peptide concentra-

ion. The gel strength influence was studied on small microspheres.
he particles, strongly or weakly gelified, presented close adsorp-
ion isotherms. The maximal value was of about 5.5 × 10−7 mol/mg
f microspheres. Adsorption of KRFK was significantly lower onto
arge microspheres (p < 0.01). For equal KRFK concentrations, the
ound peptide amount was about twice smaller than for small
icrospheres. The maximal value was of about 2.5 × 10−7 mol/mg

f microspheres.
The data obtained from isotherms of KRFK adsorption onto

icrospheres were processed according to the Scatchard plot’s
nalysis in order to determine the binding site properties
Scatchard et al., 1950; Sawaya et al., 1987b). Scatchard described
he equilibrium binding parameters by the equation:

B

F
= K(n − B)

here B is the amount of KRFK moles bound to 1 mg of micro-
pheres, F is the concentration of free peptide in solution, n is the
aximum site number on 1 mg of microspheres and K the equilib-

ium constant of the system.
For control microparticles, adsorption was so low that no

catchard plot could be drawn. Control microspheres were made
f a network of PGA and HSA cross-linked through amide bonds. As
ompared to alginate, the PGA molecule presents much fewer bind-
ng sites (free carboxylates) able to link with a cation like KRFK,
specially when linked to a protein. In this respect, the addition

f PGA to alginate is known to decrease ionic interactions with
ivalent cations (Sugawara et al., 1994; Tateshita et al., 1993).

Values of K and n, obtained for the three types of coated micro-
pheres and determined from the graph, are given in Table 2.
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Table 2
Values determined from the Scatchard representation: equilibrium constant (K) and total binding sites number (n) as a function of size and gelation of coated microspheres

Small MS, CaCl2 5% (�) (batch 2) Small MS, CaCl2 20% (�) (batch 1) Large MS, CaCl2 20% (�) (batch 3)

K 8.0 ±
n 5.3 ±
#

w
t
f
(
a
a
g
K
n
i
a
i
e
M
w

t
t
v
s
i
t
i
s

c
t
m
K
t
e
s
P
f
m
t

i
t
t
t
c
o
f
a

a
m
a
w
t
c
a
M
s
s

o
o
a
e
o
o
a
i

g
t

l
m
a
t
h
t
b
m

A

a
t

R

A

C

C

C

E

G

G

H

H

K

L

(L/mol) 4.2 ± 1.9.105#

(mol/mg) 5.8 ± 2.0.10−7

: p < 0.01; *: p < 0.01.

In contrast with the maximum number of binding sites, which
as not modified, gel strength affected the affinity for the pep-

ide. Strongly gelified microspheres presented higher affinity
or the peptide (K = 8.0 × 105 L/mol) than weakly gelified ones
K = 4.2 × 105 L/mol) (p < 0.01). Previous studies had already shown
n influence of gel strength on interactions between microspheres
nd some drugs or ions, a high calcium content in the alginate
el generally leading to a prolonged drug release (Tonnesen and
arlssen, 2002). In a recent study, Silva et al. (2006) reported that
o systematic effect of Ca2+/alginate mass ratio was observed on

nsulin encapsulation efficiency. The insulin encapsulation reached
maximum for a 7.3% (w/w) Ca2+/alginate ratio and then decreased

n a non-linear way when the Ca2+ concentration increased. It was
xplained by the ambiguous effect of an increase in gel strength.
ore molecules could be retained in the network but binding sites
ould become less accessible for insulin.

In the present study, gel strength did not significantly influence
he binding site number, but influenced the affinity parame-
er. However, no simple interpretation could be drawn because
ariations in gel strength may have a lot of direct or indirect con-
equences like changes in Ca2+ and Na+ local concentrations with
mpact on the available negative charges of alginate, modification of
he network density (binding sites more or less accessible), changes
n PGA and HSA internal concentrations (different nature of binding
ites), etc.

The size of the microspheres (for 20% CaCl2) did not signifi-
antly influence microsphere affinity for the peptide, but appeared
o affect the maximum number of available binding sites. The small

icrospheres exhibited a number of binding sites of 5.3 × 10−7 mol
RFK per mg dry microspheres, and this binding site number fell

o 2.6 × 10−7 mol/mg for the large ones. As small microspheres
xposed larger specific area, this result suggests that the binding
ites for KRFK would be located near the surface. As the covalent
GA–HSA network of control microspheres was shown to have very
ew binding sites for the peptide (see Fig. 7), it could mean that

ost of the binding sites would be located in the gelified part of
he coated microspheres, underneath the PGA–HSA membrane.

In conclusion, the study demonstrates that the unlabelled KRFK
nteracts differently with the coated particles as compared with
he FITC-labelled peptide. It is thought that the equilibrium situa-
ion was more rapidly reached due to changes in the properties of
he unlabelled molecule, i.e., size, charge, and hydrophilicity. These
hanges were all the more pronounced as the small molecular size
f the peptide was close to that of the FITC group of the labelled
orm. This resulted in a more rapid release of the unlabelled KRFK
s compared with the FITC-labelled peptide.

In addition, this work brings information about the mech-
nisms involved in the interaction of charged molecules with
icrospheres consisting of a calcium alginate gel surrounded by
membrane of cross-linked PGA and HSA. Experiments performed
ith PGA–HSA microspheres without calcium alginate gel showed

hat the PGA–HSA network in these spheres did not ensure an effi-

ient binding of KRFK, which confirmed the determining role of the
lginate core in the coated microspheres for binding the peptide.
oreover, interactions between the peptide and the microparticles

tudied in this work were shown to be of ionic nature as demon-
trated by the series of adsorption assays performed in the presence

M

R

0.9.105# 8.0 ± 3.1.105

0.5.10−7* 2.6 ± 0.6.10−7*

f growing amounts of ions. Negatively charged carboxylate groups
f alginate are assumed to be concerned in binding. Lastly, the
dsorption experiments conducted varying the preparation param-
ters of the microspheres showed that increasing the gel strength
f alginate microspheres coated with a covalent membrane made
f PGA and HSA enhanced the binding affinity, while the number of
vailable binding sites remained unchanged. Moreover, an increase
n microsphere size induced a decrease in binding site number.

As interactions occurred thanks to ionic bonding in the alginate
el, they were assumed to be located in the gel part, underneath
he membrane.

Although our results could not show a release of KRFK over a pro-
onged period of time, these gel particles stabilized by an external

embrane, easily lyophilized and easily loaded, might represent
n interesting tool for the administration of peptides by alterna-
ive routes such as nasal route. In this respect, it is known that
ydrogel microspheres can absorb water from the nasal mucosa and
hus bring about a temporary dehydration of the epithelial mem-
rane and opening of the tight junctions (Wang et al., 2006). Such
icrospheres thus can improve drug absorption.
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