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Abstract

The present paper describes the production of biodegradable microparticles using different hyaluronan polymers, such as native
hyaluronan, the esterified derivative of hyaluronan Hyaff 11p50 (where 50% of the carboxy groups of hyaluronic acid are esterified
with benzyl alcohol) and the autocross-linked polymer (ACP) internally esterified derivative of hyaluronan, by solvent evaporation
and spray-drying methods. As model drugs cromolyn sodium salt, metronidazole and prednisolone hemisuccinate sodium salt
were employed. The influence of polymer and preparation procedure has been evaluated on microparticle characteristics (i.e.
morphology and encapsulation yield) and on the drug release profiles. The use of solvent evaporation method, a polymeric matrix
constituted of Hyaff 11p50 3% (w/v), a dispersing phase constituted of 80 g of mineral oil (w/o ratio: 0.1), Span 85 0.1% (w/w)
as stabilizer, and a stirring speed of 700 rpm resulted in the production of microspheres characterized by spherical shape, absence
of aggregates, a mean diameter of o4 and a recovery of 90% (w/w). The production of drug containing microspheres led to
an increase of mean diameter of microspheres and to high encapsulation yields. Moreover in vitro models have demonstrated
that in all cases drugs were released from Hyaff 11p50 microspheres in a controlled fashion. Finally mathematical analysis of
the drug release modalities has evidenced that drug release from Hyaff 11p50 microspheres is more consistent with kinetics of
the diffusion rather than of the dissolution type.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction tracellular matrices. Itcan be considered as an attractive
building block for new biocompatible and biodegrad-
Hyaluronan (HA) is an abundant non-sulfated gly- able polymers, having applications in drug delivery,
cosaminoglycan component of synovial fluid and ex- tissue engineering, and viscosupplementatfmuf/ani
et al., 1994; Vercruysse and Prestwich, 1098ver-
theless, the poor biomechanical properties of hyaluro-
nan prevent the fabrication of new biomaterials. At this
regard a variety of chemical modifications of native
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hyaluronan have been designed to provide mechani- boxyl groups of hyaluronanensitieri et al., 1996

cally and chemically robust materialslfatangeloand  ACP can be lyophilized to a white powder and hy-
Weigel, 2000; Kuo et al., 1991The resulting hyaluro-  drated to a transparent gélrestwich etal., 1997This

nan derivatives have physicochemical properties sig- novel biomaterial has been used as a barrier to reduce
nificantly different from the native polymer, retaining post-operative adhesions as a consequence of abdomi-
the biocompatibility and biodegradability of original nal and gynecological surgery and as a scaffolding for
hyaluronanBenedetti et al., 1993; Burns etal., 1996  cell growth repair of tissue defect¥grushalmi et al.,

Esterified hyaluronan biomaterials have been pre- 1994). Cartilage and bone regeneration occurred in sub-
pared by alkylation of the tetra(outyllammonium salt ~ cutaneously implantated porous sponges of ACP that
of hyaluronan with an alkyl halide in dimethylfor- had been seeded with chondrocytes or osteoblasts.
mamide (DMF) solutionl{uo et al., 2009 In partic- In this paper hyaluronans have been employed
ular Hyaff 11 at 50% of esterification is a hydrophilic to produce microspheres, allowing the efficient en-
polymer (water solubility 60 mg/ml), which may be capsulation of different drugs, namely cromolyn
processed as a gel, very similar to native hyaluronic sodium, metronidazole and prednisolone hemisucci-
acid, but with a higher resistance to the action of nate sodium.
the hyaluronidases, the natural enzymes which de- Chemically, cromolyn sodium is the disodium
grade hyaluronic acid, forming shorter polysaccharidic salt of 1,3-bis(2-carboxychromon-5-yloxy)-2-hydro-
chains Pouyani et al., 1994 At higher percentages of  xypropane. Cromolyn sodium is indicated as a com-
esterification, the resulting Hyaff materials became in- ponent of therapy in the treatment of mild persistent
solubleinwaterl(arsenetal., 1991These hyaluronan  and moderate persistent asthma by the Expert Panel
benzyl esters can be extruded to produce membraned| report (Murphy et al., 199Y. Metronidazole, 1-
and fibers, lyophilized to obtain sponges, or processed (beta-hydroxyethyl)-2-methyl-5-nitroimidazole, is an
by spray-drying, extraction, and evaporation to produce oral synthetic antiprotozoal and antibacterial agent,
microspheresdella Valle and Romeo, 1990; Callegaro it is indicated for trichomoniasis, anaerobic bacte-
etal., 1993; Lim et al., 2000; Elvassore et al.,, 2001 rial infections, bacterial vaginosis, Helicobacter pylori,

Microspheres and thin films of hyaluronan benzyl antibiotic-associated diarrhea and colitis. Moreover
esters have been found to be the most suitable phys-topical administration of metronidazole may improve
ical forms for drug and peptide delivery, since the periodontal diseasesv/dn Dyke and Tohme, 2000;
hydrophobic, mucoadhesive properties facilitated in- Al-Mubarak et al., 200D
tranasal, buccal, ocular, and vaginal deliveBpucci Prednisolone (17-ethylcarbonate 21-proprionate) is
et al., 1995; Richardson et al., 1995, 1996; Luo et al., used to achieve prompt suppression of inflammation
2000; Singh et al., 20Q1In particular Richardson et  in many inflammatory conditions (e.g. rheumatoid
al. have evaluated the vaginal absorption of salmon cal- arthritis, systemic lupus, acute gouty arthritis, psori-
citonin in solution or in Hyaff 11 microspheres inrats. atic arthritis, ulcerative colitis, and Crohn’s disease)
The authors have demonstrated that the hypocalcaemicand allergic conditions (e.g. bronchial asthma, aller-
responses were enhanced by the use of Hyaff 11 micro-gic rhinitis, drug-induced dermatitis, contact and atopic
spheresRichardson et al., 1995Moreover,agamma-  dermatitis). Chronic allergic and inflammatory condi-
scintigraphy method has demonstrated the potential of tions of the uvea, iris, conjunctiva and optic nerves of
Hyaff 11 microspheres as a long-acting intravaginal the eyes are also treated with prednisoloBsposito
delivery system in sheefR{chardson et al., 1996 etal., 2000.

Hyaluronan benzyl ester materials have been used This report describes: (a) the production of
as meshes and sponges for growth of cultured hu- biodegradable microparticles using different hyaluro-
man fibroblasts and for culture of chondrocytes and nan polymers such as native hyaluronan, the esterified
bone-marrow derived mesenchymal cells for repair hyaluronan biomaterials Hyaff 11p50 or ACP, (b) the
of cartilage and bone defectBgnedetti, 1991 The influence of polymer and preparation procedure on mi-
autocross-linked polymer (ACP) is an internally es- croparticle characteristics (i.e. morphology and encap-
terified derivative of hyaluronan, with both inter- and sulation yield) and finally (c) the effect of all these
intra-molecular bonds between the hydroxyl and car- variables on the drug release profiles. Different drying
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processes were utilized for the microparticle produc- oration method using as aqueous disperse phase Hyaff
tion namely based on solvent evaporation from a water- 11p50 3% (w/v), as dispersing phase mineral 0il 80 g, a
in-oil emulsion, or on spray-drying method. As model w/o ratio of 0.1 w/w, as stabilizer Span 85 0.1% (w/w)
drugs cromolyn sodium salt, metronidazole and pred- and a stirring speed of 700 rpm.
nisolone hemisuccinate sodium salt were employed.
2.2.2. Spray-drying method

Microparticles were alternatively produced using a
Buchi Mini Spray Dryer Model 190 (Buchi, Laborato-
riums Technik AG, Flawil, Germany). Briefly, a poly-
mer solution (150 or 300 mg in 10 ml of water) was fed
into the instrument by a peristaltic pump and sprayed
witha 0.7 mmnozzle, by means of a flow of compressed

2. Materials and methods
2.1. Materials

Hyaluronic acid (HA), the esterified derivative of

hyaluronan Hyaff 11p50 (where 50% of the carboxy
groups of hyaluronic acid are esterified with benzyl al-
cohol) and the autocross-linked polymer internally es-
terified derivative of hyaluronan ACP were from Fidia
Advanced Biopolymers (Padova, Italy). Cromolyn

air, in the drying chamber of the apparatus. A flow of
heated air aspirated by a pump induced the quick evap-
oration of the solvent from the drops, leading to the
formation of solid microparticles.

In particular microspheres were obtained by nebu-

sodium salt (CROSS), Metronidazole (METR), Pred- lization of Hyaff 11p50 1.5% or 3% (w/v) and the fol-
nisolone hemisuccinate sodium salt (PRESS), Mineral lowing instrumental settings (a) feed rate of the poly-
oil and Span 85 were purchased from Fluka Chemie mer solution (“pump”), 5 ml/min (b) air flow rate of the
(Buchs, Switzerland). nebulization device (“flow”), 600 I/h, (c) flow of drying
air (“aspirator”), 28 ni/h, (d) inlet air drying tempera-
ture (“heating”) 115 C, outlet temperature 8€.

The obtained particles, after separation from the
exhausted air in a cyclone, settled into a bottom col-
lector and were kept under vacuum. For the produc-
tion of drug-loaded microparticles, 30 mg of cromolyn,
metronidazole or prednisolone hemisuccinate were sol-
ubilized in the polymer solution before spray-drying.

2.2. Production of microparticles

Microparticles were alternatively produced by (a)
solvent evaporation from a water-in-oil emulsion (w/o)
or by (b) spray-drying methods.

2.2.1. Solvent evaporation from a water-in-oil
emulsion

Typically, 300 mg (3% w/v) of polymer, alterna-
tively represented by HA, Hyaff 11p50 or ACP were
dissolved/suspended in 10 ml of bidistilled water. To Microparticle morphology was evaluated by elec-
this solution or suspension, 30 mg of CROSS, METR tron microscopy. Dried microparticles were analyzed
or PRESS were added. The obtained mixture was thenat 15-20kV by a scanning electron microscope (360
dropwise emulsified with 80 g of mineral oil containing Stereoscan Cambridge Instruments Ltd., Cambridge,
Span 85 (0.1%, w/w) as emulsifying agent. The emul- UK) after metallization by gold coating (Edwards Sput-
sion was maintained at 4C under continuous stirring  ter coating S 150). Size and size distributions were eval-
with an apparatus based on a 50 mm diameter vesseluated by optical microscopy, using an inverted micro-
a 35mm and a four-blade turbine rotor (Eurostar digi- scope (Nikon Diaphot, Tokyo, Japan) equipped with a
tal IKA Labortechnik) at 700 rpm for 12 h. Afterwards  digital camera. Microspheres size and size distribution
the microspheres were separated from the oil phasewere determined considering the length diameter on
by centrifugation at 2500 rpm for 15 min (Centrifuge digital photomicrographs. At least 1000 microspheres
Medifuge, Heraeus Sepatech). Microspheres were thenfor each sample were measured, after suspending the
washed several times with diethyl ether to remove ex- sample in mineral oil plus 1% of Span 85 as dispers-
cessoil, filtered and left to completely desiccate in Petri ing agent. The count of micropheres was performed by
dishes. For the production of drug-loaded microparti- choosing randomly six different fields. The observa-
cles, microspheres were produced by the solvent evap-tions were performed on five different batches of each

2.3. Microparticle morphological analysis
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microparticle preparation. The analysis was performed intervals from the external buffer and the amount of
by the computerised size analysis system “NIH Im- released drug was determined by UV spectroscopy.
age”, a public domain image processing and analysis

program for the Macintosh. 2.6.2. Flow-through cell method
Alternatively, a column elution method was used
2.4. Microparticle recovery to measure in vitro drug release. About 60 mg of dry

microspheres were placed into a plexy glass column
Microparticle recovery efficiencies were calculated filled with 6 mlof IPB. Atthe bottom of the columnwas

as percentage of weight of the obtained microparticles, Placed a polyethylene filter to prevent microspheres
taking as reference the total amount of polymer used for leakage and both ends were fitted with Teflon tubing.
the preparation_ The percentage of recovery does notCarewas taken to ensure the quantitative transferring of
take into account the residual water and oil contents in microspheres to the column. IPB was pumped through
the particles, these parameters have been disregarde¢he column at a flow rate of 1 ml/min by a peristaltic

because particles appear very dry and not greasy. ~ Pump (Miniplus 2 GILSON, Abimed, UK). Fractions
were collected and analyzed for drug content by UV

2.5. Drug content of microparticles spectroscopy after dilution with borate buffer.
The amount of encapsulated drug per mg of dried 27+ Drug release data analysis
microsphere was determined by evaluating the unen- . i _
trapped drug concentration. In particular 250 mi of di-  1he experimental release data obtained with both
ethyl ether were added to the surnatant obtained af- Methods were then fitted to the following semiempiri-
ter microsphere centrifugation (mineral oil) combined €@l equations respectively describing Fickian dissolu-
with the washing solution (diethyl ether). The result- tve and diffusional release rnechamsms from micro-
ing organic layer was extracted twice with 30ml of SPheresNastruzzietal., 1993

distilled water. The concentration of drug in the aque- M, /Mo = Kpiss®5 + ¢ 1)
ous phase or in the organic phase was then determined

by UV spectroscopy (Perkin-Elmer Lambda-19 Spec- (1_ ﬂ) _ e Kot 4 @)
trophotometer). The considered wavelength values cor- Moo

respond to the nax of the different drugs, namely 326,
319 and 242 nm for CROSS, METR and PRESS, re
spectively.

whereMi/M, represents the drug fraction released at
" the timet, (M« is the total drug content of the analyzed

amount of microspheredf, andc are coefficients cal-

culated by plotting the linear forms of the indicated
2.6. Invitro release kinetics equations. The release data up to the plateau of per-

o ) ) cent of released drug were used to produce theoretical
The in vitro release tests were carried out with two elease curves.

different experimental approaches under different con-
ditions.
3. Results and discussion

2.6.1. Horizontal shaker method
The test was carried out as previously described 3.1. Production of microspheres by solvent

(Nastruzzi et al., 1993 Typically, 30 mg of micro- evaporation
spheres were placed into a dialysis tube (molecular
weight cut off 10,000-12,000; Medi Cell International, As first approach, hyaluronan microspheres were

UK), then placed into 30 ml of isotonic borate buffer prepared by a solvent evaporation technique. The
(IPB) (H3BO3 180 mM, N&B407-10H,0 5 mM, NaCl choice and the adjustment of the manufacturing pa-
18 mM, pH 7.4) and shaken in a horizontal shaker. rameters for the production of microspheres of defined
Throughout, samples were withdrawn at regular time size were performed in agreement with the following
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equation: 66.6% (w/w) with respect to the weight of polymer uti-
DyRugay lized. A double polymer concentration led to spherical

d o K——2" (3) microspheres with a smooth surface, a double length
DsNUoCs

microsphere diameter (6p4n) and an almost quantita-
whered is the average particle sizK, a variable de- tive recovery (90%, w/w). Finally the highest polymer
pending on the apparatus geometry (e.g. type and di- concentration (5% wi/v) prevent microspheres isola-
mension of stirrer)D, andDs are respectively the di-  tion, only resulting in several polymer aggregates after
ameter of the vessel and of the stirrBrthe volume centrifugation. Hyaff solutions with higher concentra-
ratio between aqueous and oil phasesandv, their tion (6% w/v) are characterized by a viscosity too high
respective viscositied\ the stirring speedy the sur- to be employed as disperse phase in the solvent evapo-
face tension between the two immiscible phasesand  ration methodTable 1summarizes the effect of Hyaff
the stabilizer concentratio(shady, 199D 11p50 concentration on some microsphere characteris-

The influence of some parameters such as polymertics.Fig. 1shows some scanning electron micrographs
type and concentration, oil phase volume, surfactant and frequency distribution plots of microspheres pro-
concentration and stirring speed was studied on mor- duced by different Hyaff 11p50 concentration.
phology, mean diameter, dimensional distribution and
recovery efficiency of microparticles. 3.1.2. Oil phase volume

As external dispersing phase different volumes of
mineral oil (50, 80 or 100 g) were employed, resulting
in different ratios between aqueous internal and oil ex-
ternal phases (w/o ratio), namely 0.16, 0.1 and 0.08.
in the oily phase (alternatively constituted of mineral Table 2summarizes for comparison the obtained re-
oil or isopropyl palmitate) optical microscopy obser- sults. Hyaff 11p50 concentration was 3% (w/w). The
vation revealed the presence of microparticles, never- use of the lower amount of oil (50 g) led to formation
theless no isolating strategy based on the use of dif- of irregularly collapsed microparticle&ig. 2A) with
ferent washing solvents (e.g. hexan, ethanol and ethyl a mean diameter of 8.538m and a recovery efficiency
acetate) could result in the obtainment of a dry mi- of 77% (w/w). The highest amount of oil (100 g) led to
croparticle powder. The formation and stabilization of a collapse of particles after isolation. Conversely par-
microsphere are related to chemistry, thus the failure ticles produced by a 0.1w/o ratio (80 g mineral oil)

3.1.1. Polymer type and concentration
Microparticles were firstly produced by the use of
HA. During the emulsification of the polymer solution

to formulate microspheres using native HA can be at-
tributed to its chemistry rather than to its mechanical
properties Prestwich et al., 1997

enabled the production of spherical microparticles, as
shown inFig. 2B, a mean diameter of 64m and a
recovery efficiency of 90% (w/w). The decrease of w/o

As second approach the autocross-linked polymer ratio resulted in an increase of particles diameter, in

ACP (0.5% w/v) was employed. The aqueous disper-
sion of ACP, being highly viscous, prevented to ob-
tain microparticles, leading to an inter-particle adhe-
sion during the emulsification step and in a final aggre-
gated semisolid system.

Microparticles were then produced employing
aqueous solutions of Hyaff 11p50, in concentrations
comprised between 1.5 and 5% (w/v). The use of this
polymer allowed to obtain microparticles easily to iso-
late by centrifugation followed by washing with diethyl
ether. The final dry product appeared as a flowing pow-
der.

In particular the use of Hyaff 11p50 1.5% (w/v) re-
sulted in spherical microspheres with a slightly irregu-
lar surface, a mean diameter ofiBh and a recovery of

agreement with the Arshady Eq. [3]. The increase of
particle diameter could be related to a concurrent in-
crease of the droplet size of the precursory w/o emul-
sion before particle formation.

3.1.3. Surfactant type and concentration

The effect of the concentration of Span 85 was stud-
ied on size, morphology and recovery of microspheres
produced by 3% (p/v) Hyaff 11p50 and 0.1 w/o ratio.

The addition of surfactants led to a reduction of the
size of the Hyaff 11p50 droplets during the emulsifica-
tion step, causing a significant decrease of the final mi-
crosphere sizélgble 3. Itwas found that the higher the
concentration of Span 85, the smaller the mean diame-
ter of the obtained microspheres, passing fronpab
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Table 1

Effect of polymer concentration on microsphere characteristics

Hyaff (%) w/o ratio Mean diamet@(um)+ S.D. Mean recovefP (%) + S.D. Notes

15 0.10 3.04£0.8 66.6+0.7 Spherical shape

3 0.10 6.40: 0.9 90.0+1 Spherical shape

5 0.10 n.d. n.d. Several aggregates

n.d.: Not determined. Microspheres were produced by the solvent evaporation method using as dispersing phase: mineral oil 80 g, as stabilizer
Span 85 0.1% (w/w) and stirring speed: 700 rpm.

a Data represent the mean of six independent experiments.

b Percentage of weight of microparticle recovered with respect to weight of polymer utilized.
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Fig. 1. Scanning electron micrographs (A, C) and dimensional frequency distribution plots (B, D) of microparticles constituted of Hyaff 11p50
1.5% (w/w) (A, B), or 3% (w/w) (C, D). The bar equals 2.3 and j2r8 in panels A and C, respectively. Microparticles were obtained by the
solvent evaporation method and the standard conditions defined in the text.
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Table 2
Effect of the amount of oil phase on microsphere characteristics
Mineral oil (g) w/o ratio Mean diamet&{um) £ S.D. Mean recoveR (%) + S.D. Notes
50 0.16 8.53:0.4 77+0.8 Irregular shape
80 0.10 6.40£ 0.8 90+ 0.5 Spherical shape
100 0.08 n.d. n.d.

Collapsed particles

n.d.: Not determined. Microspheres were produced by the solvent evaporation method using an aqueous disperse phase of Hyaff 11p50 3% (w/v)

as stabilizer: Span 85 0.1% (w/w) and stirring speed: 700 rpm.
@ Data represent the mean of six independent experiments.
b percentage of weight of microparticle recovered with respect to weight of polymer utilized.

Fig. 2. Scanning electron micrographs of Hyaff 11p50 microparticles obtained by the solvent evaporation method using a w/o ratio of 0.16 (50 g
of mineral oil) (A) or 0.1 (80 g of mineral oil) (B). Microparticles were obtained by the solvent evaporation method and the standard conditions

defined in the text. The bar equals 14.21 angwf6in panels A and B, respectively.
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Table 3

Effect of the stabilizer concentration on microsphere characteristics

Span 85 (% wiw) w/o ratio Mean diametdpm) =+ S.D. Mean recoveRP (%) + S.D. Notes

0.05 0.10 15.06t 1 43+0.9 Irregular shape
0.1 0.10 6.40+ 0.8 90+ 0.5 Spherical shape
0.2 0.10 5.00+ 0.4 70+ 0.6 Spherical shape
0.4 0.10 2.60+ 0.5 80+0.3 Regular shape

Microspheres were produced by the solvent evaporation method using as aqueous disperse phase Hyaff 11p50 3% (w/v), as dispersing pha:
mineral oil 80 g and as stirring speed 700 rpm.

@ Data represent the mean of six independent experiments.

b percentage of weight of microparticle recovered with respect to weight of polymer utilized.

in the case of 0.05% (w/w) of stabilizer to 2u6n in published byArshady (1990andEsposito et al. (1996)

the case of 0.40% (w/w). Nevertheless the vorticose motion caused by the high
The best results in term of microsphere shape were stirring speed led to a loss of polymer droplets out from

obtained in the case of Span 85 0.1 and 0.2% (w/w). the beaker during microsphere production, finally re-
The use of the lowest stabilizer concentration sulting in a decrease of recovery.

(0.05%, w/w) led to the formation of large droplets in The best results in term of recovery were obtained

the water-in-oil emulsion tending to aggregate together. by the use of 700 rpm stirring speed (90%, w/w), micro-

This phenomenon resulted in the lowest microparticle spheres in this condition were spherical, with ajom

recovery (43%, w/w). Taken together these results con- mean diameter.

firm the observations reported in previous papers by At last the “standard conditions” for microsphere

Esposito et al. (1996, 2001) production by solvent evaporation have been assessed:
(a) a polymeric matrix constituted of Hyaff 11p50 3%
3.1.4. Stirring speed (w/v), (b) adispersing phase constituted of 80 g of min-

Variation of stirring speed had a strong influence eral oil (w/o ratio: 0.1), (c) Span 85 0.1% (w/w) as sta-
on Hyaff 11p50 microparticle production. In fact using bilizer, and finally (d) a stirring speed of 700 rpm. In
3% (p/v) Hyaff 11p50, 0.1 w/o ratio and 0.1% (w/w) these conditions the obtained microspheres were char-
Span 85, it was found that a 500 rpm stirring speed was acterized by spherical shape, absence of aggregates, a
too low to obtain structured microspheres. During sol- mean diameter of 6 4m and a recovery of 90% (w/w).
vent evaporation microspheres appear very big at the
optical microscope (tentatively diameter 300—400) 3.2. Production of microspheres by spray-drying
only resulting in collapsed beads after isolation. On the
contrary, a double stirring speed, namely 1000rpm, led  As second approach microspheres have been pro-
to the production of spherical microspheres, character- duced by the spray-drying methoBrpoadhead et al.,
ized by 3.3um mean diameter and 77% (w/w) recovery 1992; Esposito et al., 20D0-ig. 3shows the morphol-
(Table 4. These findings are in agreement with results ogy and the dimensional distribution of microparticles

Table 4
Effect of the stirring speed on microsphere characteristics
Stirring speed (rpm) w/o ratio Mean diamétéum)+ S.D. Mean recoveRP (%) + S.D. Notes
500 0.10 n.d. n.d. Collapsed particles
700 0.10 6.4@0.8 90+ 0.5 Spherical shape
1000 0.10 3.3%x0.9 771 Spherical shape

n.d.: Not determined. Microspheres were produced by the solvent evaporation method using as aqueous disperse phase Hyaff 11p50 3% (p/v
as dispersing phase mineral oil 80 g, and as stabilizer Span 85 0.1% (w/w).

2 Data represent the mean of six independent experiments.

b percentage of weight of microparticle recovered with respect to weight of polymer utilized.
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Fig. 3. Scanning electron micrographs (A, C) and dimensional frequency distribution plots (B, D) of microparticles constituted of Hyaff 11p50
1.5% (w/w) (A, B), or 3% (w/w) (C, D). The bar equals 1.65 and u®7in panels A and C, respectively. Microparticles were obtained by the
spray-drying method.

produced by spray-drying and different Hyaff 11p50

concentrationsTable 5summarizes some character-

istics of the obtained particles. The use of the lower

polymer concentration led to spherical particles with a

smooth surfacerig. 3A) a mean diameter of 1.§8m E?fb'e 5f e ool _ e tice of

and a narrow dimensional diStI’ibUtiOﬂ, on the other ect of the polymer concentra_tlon on the characteristics of micro-
. . . . spheres produced by spray-drying method

hand the higher concentration resulted in formation of

microspheres presenting a hole, the so-called “ceno- ﬁ'sgo ) m‘:)”f:g?tér ?f/oe)ai‘ :;‘?\’e@b Notes
spheres” $acchetti and Van Oort, 1996; Cortesi et al., -
2003 (Fig. 38), alarger mean diameter (5.g)anda 1> 1.88£0.3 13£08 fh‘;he;'cal
broader dimensional distribution. Concerning recovery 3 5.97+0.9 2305 Ce,?osphere

efficiency, both Hyaff 11p50 Concen_tratlons resultedin @ Data represent the mean of six independent experiments.
low va[ues, as reportt_ad mble 3 Th'? drawback can b percentage of weight of microparticle recovered with respect to
be attributed to the high bioadhesivity of the polymer weight of polymer utilized.
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that tends to adhere to the desiccator camera, minimiz- the presence of drug generally results in an increase of
ing the microsphere recovery. particle size, this behaviour can be possibly related to a

In the light of the above reported results solvent corresponding increase in the precursor w/o emulsion
evaporation was considered the best method for Hyaff droplet size.

11p50 microsphere production. Particles were considered to be of a suitable size for
nasal administration by insufflatiohifn et al., 2000;
3.3. Drug encapsulation Chien et al., 198pPor for peroral administration into

the periodontal pocket (e.g. METR containing micro-
By the end of the preformulation study, Hyaff 11p50 spheres)Esposito et al., 1997
microspheres have been produced by solvent evapo- Drug encapsulation yield was calculated by evaluat-
ration and the “standard conditions” in the presence ing the unentrapped drug concentration. To this aim the
of different drugs. In particular cromolyn sodium salt amountof drug presentin the surnatantand in the wash-
(CROSS), metronidazole (METR) and prednisolone ing solutions obtained after microspheres isolation has
hemisuccinate sodium salt (PRESS) have been encap-been extracted by water and diethyl ether. In particular
sulated in Hyaff 11p50 microspheres produced by the samples of aqueous phase have been analyzed by UV
solvent evaporation method and the standard condi- spectroscopy for the presence of CROSS and PRESS
tions previously assessed. while organic phase was analyzed for the presence of
Fig. 4 shows the morphology of the drug contain- METR.
ing microspheres together with their dimensional dis-  With respect to the encapsulation efficiency ex-
tribution, Table 6reports some characteristics of the ploited by Hyaff 11p50 microspheres, it should be
microspheres. stressed the crucial role of the chemico-physical char-
In all cases microspheres are characterized by aacteristics of the utilized drug. In particular, the
spherical shape. Concerning surface, microspheres ex-hydrophobic—hydrophilic balance of the drug molecule
hibit anirregular surface in the presence of CROSS and was found to influence the entrapment yield. Indeed,
a smooth one in the presence of METR, while PRESS hydrophilic drugs can be quantitatively incorporated
containing microspheres show some spherical promi- in microspheres, whilst molecules with hydrophobic
nences on the surface. portions display a reduced trapping efficiency. For in-
Mean diameter of Hyaff 11p50 microspheres has stance, CROSS, being highly hydrophilic and almost
been significantly affected by the presence of drugs, insoluble in all organic solvents, displayed a very high
especially in the case of CROSS and METR, where encapsulation efficiency (98%), as much as PRESS
diameters were respectively 5 and 2.4 times higher than (97%) whereas METR, having greater lipophilic por-
empty microspheres. The presence of PRESS causedions, showed lower entrapmentyields (85%aigle .
a minor increase of mean diameter of microspheres, This behaviour can be attributed to a partial diffusion
passing from 6.4 to 1Qam. of drug molecules during the emulsification step, from
As previously found in other studieEgposito the aqueous droplets to the external continuous oil
et al., 2001; Cortesi et al., 20)Dne can observe that  phase.

Table 6
Characteristics of drug containing Hyaff microspheres
Drug? Mean diametér Mean recover{® Mean encapsulation Notes
(wm) (%)+S.D. yield®d (%) + S.D.
CROSS 23.30.1 92+ 0.4 98+ 0.5 Spherical shape irregular surface
METR 15.3+0.8 89+0.3 85+ 0.4 Spherical shape smooth surface
PRESS 10.&:0.6 90+ 0.5 97+ 0.7 Spherical shape prominences on the surface

2 CROSS: cromolyn sodium salt; METR: metronidazole; PRESS: prednisolone hemisuccinate sodium salt.
b Data represent the mean of six independent experiments.

¢ Percentage of weight of microparticles recovered with respect to weight of polymer utilized.

d percentage of encapsulated drug with respect to the total amount used.
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Fig. 4. Scanning electron micrographs (A, C, E) and dimensional frequency distribution plots (B, D, F) of Hyaff 11p50 microparticles containing
CROSS (A, B), METR (C, D) or PRESS (E, F). The bar equals 16.15, 6.75 ang.B133panels A, C and E, respectively. Microparticles were
obtained by the solvent evaporation method and the standard conditions defined in the text.
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3.4. Invitro release of drug from Hyaff 11p50
microspheres

the case of CROSS, 40% of release is reached in about
6 h with the dialysis cell method and in 8.5 min with
the flow through cell oneHig. 5, panels A and B). In

In vitro release profiles give important informations the case of METR, 40% of release is reached in 1 h or

on the efficiency of the delivery system for the con-
trolled release of drugs. An “in vitro” drug release study
is indeed a prerequisite to obtain correct predictions in

in 7 min, respectivelyKig. 5 panels C and D). Finally
40% of PRESS is released in 2.5 h by the first method
or in 5min by the second~g. 5, panels E and F).

order to design and test the “in vivo” activity of con-
trolled drug delivery formsNastruzzi et al., 1993

Itis to be noted that in all cases drugs were released
from Hyaff 11p50 microspheres in a controlled fash-
In literature drug release kinetics from microparti- ion, even if the flow through cell method led to a more
cles are often determined by a single in vitro experi- rapid drug release. Defining as “burst release” a re-
mental approach. In the present investigation two ex- lease of 30% of drug within the first two time points,
perimental approaches were employed, to determine if in the case of CROSS and PRESS there is an almost
their alternative use could lead to differentresults. Flow absence of the initial burst release phase, whilst in the
through cell and horizontal shaker methods were em- case of METR the release is more rapid. These results
ployed to study drug release pattern from Hyaff 11p50 differ from those obtained biiim et al. (2000)con-
particles. cerning HA microsphere possibly because of the dif-
Usually, invitro drug release and mathematical anal- ferent nature of the polymer. Hyaff 11p50 infact, being
ysis are carried outunder sink conditions. Nevertheless, a hyaluronan benzyl ester, does not dissolve rapidly
in vitro systems should be predictive of in vivo “real” in water as the native HA does, but is able to form a
situation, where sink conditions are not always predom- gellified network from which drug release can be con-
inant. This consideration is especially important for the trolled.
design of in vivo tests evaluating the effectiveness of  The use of two different methods to study drug re-
the drug carrier systemN@astruzzi et al., 1993 lease kinetics has indicated that parenteral adminis-
The two systems used in this study are alternatively tration (i.e. intramuscular or subcutaneous) of Hyaff
predictive of sink and non-sink conditions. The flow 11p50 microspheres, reproduced by flow through cell
through cell method on one hand mimics sink condi- method, would result in a rapid drug release, due to the
tions, being a dynamic system where particles are con- water solubility of the polymer. Indeed Hyaff 11p50
tinuously in contact with fresh elution medium. Onthe microspheres, due to the high mucoadhesivity of the
other hand, the horizontal shaker method reproducespolymer, could be proposed for topic mucosal admin-
a situation where non-sink conditions are predominant istration @onucci et al., 1995; Singh et al., 2001
(Washington, 1990 In particular in the present study,
particles are suspended in a relatively small volume of 3.5. Mathematical analysis of the drug release
receiving medium (30 ml) in order to reproduce topical modalities
administration of Hyaff 11p50 microspheres (e.g. the
nasal, the periodontal or the vaginal ones). The theoretical release curves were determined ac-
Fig. 5reportsrelease kinetics of CROSS, METR and cordingto the linear form of Eq1), mimicking a disso-
PRESS from Hyaff microparticles, alternatively deter- lutive model and Eq(2), mimicking a diffusive model
mined by dialysis or flow through cell method. The (Peppas, 1985 Table 7reports the parameter&,(c
amount of drug released (expressed as a percentagendR) determined by linearization of release rate data.
of the amount of encapsulated drug) is plotted versus  From the reported values it is therefore evident that
time. Datarepresent the mean of sixindependent exper-both the CROSS, METR and PRESS release from
iments. Analyzing the release profiles, one can observe Hyaff 11p50 microspheres appear to be more consis-
that by the first approach the plateau is reached approx-tent with kinetics of the diffusion rather than of the
imately after 7 h, whilst by the second the plateau is dissolution type, either in the case of flow through cell
reached more rapidly, namely after 25-30 min. Differ- or dialysis method, on the bases of the higher value of
ent drugs display different release curve shape, due toRfound in the case of linearization of E@). This be-
their chemico-physical characteristics. In particular in haviour suggests a similarity to release from a matrix.
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Table7 move residual solvents. Conversely Hyaff 11p50, due
R_elease ](lnetlc parameters of drug release from Hyaff 11p50 tq jts water solubility needs a simple protocol to pro-
microparticles duce microspheres characterized by morphology and

Equation Drugs dimensions similar to Hyaff 11 microspheres.
CROSS METR PRESS The encapsulation of drugs in Hyaff 11p50 micro-
Dialysis method spheres caused an increase in mean diameter, espe-
(1— M) e Ko 4 ¢ cially in the case of CROSS and METR. Nevertheless
K —-0.073 -0.109 -0.101 microspheres had appropriate size for nasal adminis-
c 4.566 A227 4432 tration by insufflation Lim et al., 2000; Chien et al.,
M’F;MOO _ KDiﬁ10-5ofi/8 4800 0926 1989, for peroral administration into the periodontal
K 17743 22376 21504 pocket Espo_sno et al., 1997or for va_gmal appll_ca—
c 5426 12272 2561 tion (Bonucci et al., 1996 The use of different in vitro
R 0.964 0889 Q969 models have demonstrated that in all cases drugs can
Flow through cell method be released from Hyaff 11p50 microspheres in a con-
(1 - 1\%0) =e o 4 ¢ trolled fashion. Hyaff 11p50 in fact does not dissolve
K —0.037 —0.033 —0.017 in water as rapidly as the native HA, but it is able to
¢ 4.493 4418 4404 form a gellified network from which drug can slowly
R 05095/8 0933 Q795 diffuse.
M; /Mo = Kpigt™> + ¢ . .. . . . . .
K 12888 12139 8323 Bioactivity experiments to investigate in vivo the
c 0.569 4254 6441 performances of drug containing Hyaff 11p50 micro-
R 0.985 Q980 Q924 spheres are now in progress.
a8 CROSS: cromolyn sodium salt; METR: metronidazole; PRESS:
prednisolone hemisuccinate sodium salt. Acknowledgement

When hydrophilic polymer based microspheres suchas  This work was supported by the Ministry of Educa-
Hyaff 11p50 are immersed in an aqueous medium, they tion, University and Research of Italy (MIUR), FIRB
swell and form a gel diffusion layer that hampers the Project.

outward transport of the drug within the matrix, hence

producing a controlled release effecirf et al., 2000. References

Abatangelo, G., Weigel, P.,2000. New Frontiers in Medical Sciences:

4. Conclusions Redefining Hyaluronan. Elsevier, Amsterdam.
Al-Mubarak, S.A., Karring, T., Ho, A., 2000. Clinical evaluation of
A preformulation study aimed to produce Hyaff subgingival application of metronidazole 25%, and adjunctive

therapy. J. Int. Acad. Periodontol. 2, 64—70.
Arshady, R., 1990. Albumin microspheres and microcapsules:
methodology of manufacturing techniques. J. Control. Rel. 14,

11p50 microspheres by a solvent evaporation method
has been presented. Appropriate experimental condi-

tions result in the production of Hyaff 11p50 based mi- 111
crospheres characterized by spherical shape, absenceenedetti, L., Cortivo, R., Berti, T., Berti, A., Pea, F., Mazzo,
of aggregates, a mean diameter of g4 and an al- M., Moras, M., Abatangelo, G., 1993. Biocompatibility and

most quantitative recovery. biodegra_ldation of differer_1t hyaluronan derivatives (HYAFF) im-
Rochi tal. (199 £ d tud th planted in rats. Biomaterials 14, 1154-1160.
ochira et al. ( G)ave periormed a study on the Benedetti, L., 1994. New biomaterials from hyaluronic acid. Med.

production of microspheres based on the hyaluronan  pey. Technol., 32-37.
benzyl ester Hyaff 11, where HA is totally esterified Bonucci, E., Ballanti, P., Ramires, P.A., Richardson, J.L., Benedetti,
with benzyl alcohol. Due to the total insolubility in L.M., 1995. Prevention of ovariectomy osteopenia in rats af-
water of Hyaff 11, microspheres have been produced terl"agi”a'l "".dm?”isgalﬁc.’f”ﬁf Hyaff 1156mi;r7°:p2h7eées containing

. . salmon calcitonin. Calcif. Tissue Int. , —, .
by the use of a solyent extractlon.method and organic Broadhead, J., Edmond, S., Rouan, K.. Rhodes, C.T.. 1092. The
solvents such as dimethylsulphoxide, ethyl acetate and  spray drying of pharmaceuticals. Drug Dev. Ind. Pharm. 18,

n-hexane. That method required different steps to re-  1169-1206.



E. Esposito et al. / International Journal of Pharmaceutics 288 (2005) 35-49

Burns, J.W., Burgess, L., Skinner, K., Rose, R., Colt, M.J., Diamond,
M.P., 1996. A hyaluronate based gel for the prevention of postsur-
gical adhesions: evaluation in two animal species. Fertil. Steril.
66, 814-821.

Callegaro, L., Romeo, A., Benedetti, L., 1993. Process for the
preparation of microspheres containing biologically active com-
pounds. US Patent 6,066,340.

Chien, Y.W.,, Su, K., Chang, S.F., 1989. Nasal Systemic Drug Deliv-
ery. Marcel Dekker, New York.

Cortesi, R., Esposito, E., Luca, G., Nastruzzi, C., 2002. Production
of lipospheres as carriers for bioactive compounds. Biomaterials
23, 2283-2294.

Cortesi, R., Menegatti, E., Esposito, E., 2003. Spray-drying produc-
tion of trypsin-containing microparticles. S.T.P. Pharma Sci. 12,
329-334.

dellaValle, F., Romeo, A., 1990. Polysaccharide esters and their salts.

US Patent 4,965,353.

Elvassore, N., Baggio, M., Pallado, P., Bertucco, A., 2001. Produc-
tion of different morphologies of biocompatible polymeric ma-
terials by supercritical C®antisolvent techniques. Biotechnol.
Bioeng. 20, 449-457.

Esposito, E., Cortesi, R., Nastruzzi, C., 1996. Gelatin microspheres:
influence of preparation parameters and thermal treatment on
chemico-physical and biopharmaceutical properties. Biomateri-
als 17, 2009-2020.

Esposito, E., Cortesi, C., Cervellati, F., Menegatti, E., Nastruzzi,
C., 1997. Biodegradable microparticles for sustained delivery
of tetracycline to the periodontal pocket: formulatory and drug
release studies. J. Microencapsul. 14, 175-187.

Esposito, E., Roncarati, R., Cortesi, C., Cervellati, F., Nastruzzi,
C., 2000. Production of Eudragit microparticles by Spray-drying
technique: influence of experimental parameters on morpholog-
ical and dimensional characteristics. Pharm. Dev. Technol. 5,
267-278.

Esposito, E., Cortesi, R., Luca, G., Nastruzzi, C., 2001. Pectin based
microspheres: a preformulatory study. Annals of the New York
Academy of Sciences, Bioartificial Organs lll: Tissue Sourcing,
Immunoisolation and Clinical Trials 944, 160-179.

Kuo, J.W., Swann, D.A., Prestwich, G.D., 1991. Chemical modifica-
tion of hyaluronic acid by carbodiimides. Bioconjug. Chem. 2,
232-241.

Larsen, N.E., Leshchiner, E.A., Parent, E.G., Balazs, E.A., 1991.
Hylan and hylan derivatives in drug delivery. In: Gebelein, C.G.
(Ed.), Cosmetic and Pharmaceutical Applications of Polymers.
Plenum Press, New York, pp. 147-157.

Lim, S.T., Martin, G.P., Berry, D.J., Brown, M.B., 2000. Preparation
and evaluation of the in vitro drug release properties and mucoad-
hesionof novel microspheres of hyaluronic acid and chitosan. J.
Control. Rel. 66, 281-292.

Luo, Y., Kirker, K., Prestwich, G., 2000. Cross-linked hyaluronic acid
hydrogel films: new biomaterials for drug delivery. J. Control.
Rel. 69, 169-184.

49

Mensitieri, M., Ambrosio, L., Nicolais, L., Bellini, D., O’'Regan,
M., 1996. Viscoelastic properties modulation of a novel au-
tocrosslinked hyaluronic acid polymer. J. Mater. Sci. Mater. Med.
7,695-698.

Murphy, S., etal., 1997. Expert Panel Report II: Guidelines for the Di-
agnosis and Management of Asthma [Special Medical Reports].
Am. Fam. Physician 56, 621-624.

Nastruzzi, C., Esposito, E., Cortesi, R., Gambari, R., Menegatti, E.,
1993. Kinetics of bromocriptine release from microspheres: com-
parative analysis between different in vitro models. J. Microen-
capsul. 11, 565-574.

Peppas, N.A., 1985. Analysis of Fickian and non-Fickian drug re-
lease from polymers. Pharm. Acta Helv. 60, 110-111.

Pouyani, T., Harbison, G.S., Prestwich, G.D., 1994. Novel hydrogels
of hyaluronic acid: synthesis, surface morphology, and solid-state
NMR. J. Am. Chem. Soc. 116, 7515-7522.

Prestwich, G.D., Marecak, D.M., Marecek, J.F., Vercruysse, K.P.,
Ziebell, M.R., 1997. Controlled chemical modification of
hyaluronic acid: synthesis, applications and biodegradation of
hydrazide derivatives. J. Control. Rel. 53, 99.

Richardson, J.L., Ramires, P.A., Miglietta, M.R., Rochira, M., Ba-
celle, L., Callegaro, L., Benedetti, L., 1995. Novel vaginal de-
livery systems for calciton. Evaluation of HYAFF/calcitonin mi-
crospheres in rats. Int. Pharm. J. 115, 9-15.

Richardson, J.L., Whetstone, J., Fisher, A.N., Watts, P., Farraj,
N.F., Hinchcliffe, M., Benedetti, L., lllum, L., 1996. Gamma-
scintigraphy as a novel method to study the distribution and reten-
tion of bioadhesive vaginal delivery system in sheep. J. Control.
Rel. 42, 133-142.

Rochira, M., Miglietta, M.R., Richardson, J.L., Ferrari, L., Beccaro,
M., Benedetti, L., 1996. Novel vaginal delivery systems for cal-
citonin: II. Preparation and characterization of HYA¥Ficro-
spheres containing calcitonin. Int. J. Pharm. 144, 19-26.

Sacchetti, M., Van Oort, M.M., 1996. Spray-drying and supercritical
fluid particle generation technique. In: Hickey, A.J. (Ed.), Inhala-
tion Aerosol: Physical and Biological Basis for Therapy. Marcel
Dekker, New York, pp. 337-384.

Singh, M., Briones, M., O’'Hagan, D.T., 2001. A novel bioadhesive
intranasal delivery system for inactivated influenza vaccines. J.
Control. Rel. 70, 267-276.

Van Dyke, T.E., Tohme, Z.N., 2000. Periodontal diagnosis: evalua-
tion of current concepts and future needs. J. Int. Acad. Periodon-
tol. 2, 71-78.

Vercruysse, K.P., Prestwich, G.D., 1998. Hyaluronate derivatives
in drug delivery. Crit. Rev. Therapeut. Carrier Syst. 15, 513—
555.

Washington, C., 1990. Drug release from microdisperse systems: a
critical review. Int. J. Pharm. 58, 1-12.

Yerushalmi, N., Arad, A., Margalit, R., 1994. Molecular and cel-
lular studies of hyaluronic acid-modified liposomes as bioadhe-
sive carriers for topical drug delivery in wound healing. Arch.
Biochem. Biophys. 313, 267-273.



	Hyaluronan-based microspheres as tools for drug delivery: a comparative study
	Introduction
	Materials and methods
	Materials
	Production of microparticles
	Solvent evaporation from a water-in-oil emulsion
	Spray-drying method

	Microparticle morphological analysis
	Microparticle recovery
	Drug content of microparticles
	In vitro release kinetics
	Horizontal shaker method
	Flow-through cell method

	Drug release data analysis

	Results and discussion
	Production of microspheres by solvent evaporation
	Polymer type and concentration
	Oil phase volume
	Surfactant type and concentration
	Stirring speed

	Production of microspheres by spray-drying
	Drug encapsulation
	In vitro release of drug from Hyaff 11p50 microspheres
	Mathematical analysis of the drug release modalities

	Conclusions
	Acknowledgement
	References


