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Abstract

We describe the supramolecular organization of hybrid microparticles encapsulating dexamethasone (DXM) prepared by spray dry-
ing 1,2-Dipalmitoyl-sn-Glycero-3-Phosphocholine (DPPC) and hyaluronic acid (HA). The effect of DXM concentration on size distri-
bution and encapsulation efficacy was evaluated as a function of HA concentration. In the absence of HA, DXM leads to a strong
particle aggregation, whereas in the presence of HA, the aggregation is practically suppressed. DXM percentage of encapsulation is high
(95 + 6%), independently of composition. Drug-excipient interactions were analyzed by differential scanning calorimetry (DSC) and X-
ray diffraction. DSC demonstrates that only a small fraction of DXM interacts with DPPC, whereas X-ray diffraction does not detect this
interaction. Finally, in vitro release studies show that HA does not influence DXM release kinetics. In all cases, a burst release of DXM is
observed during the first hour. Under sink conditions, powder concentration in the release medium governs the extent of the burst.
Under non sink conditions, DXM release is mostly governed by DXM solubility in the release medium. In the dry microparticles,
DXM is probably mostly in amorphous domains within the DPPC-HA matrix. Upon hydration, the majority of the drug is released

and only a small amount of DXM interacts with DPPC.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Dexamethasone has demonstrated to be an efficient anti-
inflammatory drug in the treatment of acute and chronic
posterior segment eye diseases such as uveitis [1] or affec-
tions that involve neovascularization, such as proliferative
vitreoretinopathy and subretinal neovascularization [2,3].
Since the administration by systemic route of large quanti-
ties of dexamethasone can induce undesirable side effects, a
local treatment is often preferred. However, corneal admin-
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istration does not allow a sufficient drug passage to the
posterior segment. Periocular injections can achieve thera-
peutic levels in the vitreous/retina, but may produce perioc-
ular fibrosis, globe perforation and ptosis [4]. In these
conditions, a therapy allowing direct release of drugs into
the vitreous is often required for the effective treatment
of posterior segment diseases.

Direct injections of corticoids into the vitreous have
been shown to provide therapeutic concentrations and
minimize the systemic side effects [5,6]. However, large
boluses and repeated intravitreal injections may be
required to ensure therapeutic levels over an extended per-
iod of time, leading to a reduction of patient compliance or
to an increased likelihood of complications such as vitreous
hemorrhage or retinal detachment [7]. Devices like
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implants, developed to avoid repeated injections, offer an
excellent alternative [8,9]. Nevertheless, their principal
disadvantage is that a large surgical incision is required
[10].

To overcome these problems, the incorporation of drugs
within microparticles represents a therapeutic opportunity.
Microparticles have the advantage to be injected with fine
needles, to be elaborated with biodegradable materials
and to enhance drug retention in the vitreal cavity [11].

Microparticles elaborated by solvent emulsion—evapora-
tion method using polymers derived from lactic and gly-
colic acids (PLGA) have been the most frequently used
due to their low ocular toxicity [12,13]. However, encapsu-
lation of corticosteroids within particulate systems by tra-
ditional methods (emulsion/evaporation) is often not very
efficient even using hydrophobic polymers [14-16]. As
dexamethasone is a poorly soluble corticoid, the use of a
lipophilic excipient in the formulation that may interact
with dexamethasone and may therefore lead to a controlled
release is necessary. A method favoring a better encapsula-
tion efficiency should therefore be considered. Microparti-
cles elaborated by spray drying have been studied as
efficient drug carriers to protect the integrity, stability
and functionality of corticoids [17,18]. This encapsulation
method using excipients such as phospholipids have dem-
onstrated a sufficient entrapment capacity for lipophilic
compounds [19].

Phospholipids such as dipalmitoylphosphatidylcholine
(DPPC) have been used mainly in spray-dried powders
developed for pulmonary administration [20-22]. Although
DPPC is biocompatible and biodegradable, only a few ocu-
lar formulations have used it [23]. Previous studies have
demonstrated that a concentration of 33 mM of phospho-
lipids is not toxic by intravitreal injection [24].

This work describes the elaboration of dexamethasone
microparticles by spray-drying. Hyaluronic acid (HA), a
polysaccharide present naturally in the vitreous cavity,
has been used to improve the physical properties of the
spray-dried powders and to potentially modulate the drug
release as already reported by other authors [25,26]. The
aim of this study was to encapsulate dexamethasone into
DPPC-HA microparticles obtained by spray-drying, to
study their supramolecular organization and to evaluate
the influence of excipients on the in vitro release under sink
and non sink conditions.

2. Materials and methods
2.1. Materials

Dexamethasone (DXM) was provided by Chemos GmbH
(Germany), 1,2-dipalmitoyl-sn-glycero-3-phosphatidylcho-
line (DPPC) by Genzyme Pharmaceuticals (Switzerland)
and hyaluronic acid, sodium salt 95% (HA) (MW = 1000
kDa) by Acros organics (USA). Fluoresceinamine, cyclo-
hexylisocyanide (purity > 98%), N-(2-hydroxyethyl) pipera-
zine-N'-(2-ethanesulfonic acid) (Hepes), acetaldehyde,

dimethyl sulfoxide (DMSO) and sodium chloride (NaCl)
were provided by Sigma—Aldrich (Germany). L-a-phospha-
tidylethanolamine-N-(lissamine rhodamine B sulfonyl)
(ammonium salt) (egg-transphosphatidylated, chicken)
(noted LissRhod-PE) was purchased from Avanti Polar lip-
ids (USA). Ethanol absolute in analytical grade and acetoni-
trile in high-performance liquid chromatography (HPLC)
grade were obtained from Carlo Erba Reagents (France).
Water was purified using a RIOS system from Millipore
(France).

2.2. Fluorescein-labelling of hyaluronic acid

Fluorescein—hyaluronic acid (fl-HA) was prepared
according to the method described by de Belder and Wik
[27]. Briefly, 25 mg of HA was dissolved into 20 mL of
water, and mixed with 20 mL of DMSO. Then 12.5 mg
of fluoresceinamine in DMSO (0.25 mL) containing acetal-
dehyde (12.5 pL) and cyclohexyl isocyanide (12.5 uL) was
added to the mixture and the pH adjusted to 4.5. The solu-
tion was protected from light and maintained at room tem-
perature (20 °C) under stirring for 5h. FI-HA was then
precipitated with 5 mL of a saturated NaCl solution and
400 mL of cold absolute ethanol and centrifuged at 947g
for 3 min. Pellets were pooled into 25 mL of water, and
added to 250 mL of cold absolute ethanol. Centrifugation
was repeated twice, and the final pellet was resuspended
into 12.5 mL water and dialyzed exhaustively against water
for 32 h to remove the excess of reagents. The dialyzed
solution was finally freeze-dried.

2.3. Microparticle preparation and yield calculation

Microparticles were obtained by spray-drying using a
mini spray dryer BUCHI B-191 (Flawil, Switzerland),
which operates in a co-current mode and is equipped
with a 0.7 mm diameter two-fluid nozzle. The spray-dry-
ing parameters such as air-flow rate, feed-flow rate, inlet
temperature and aspiration were maintained constant as
determined previously [28] (Table 1). DPPC and DXM
were dissolved into ethanol and sodium hyaluronate into
water. Ethanolic and aqueous solutions were then mixed
at a ratio of 70/30 (v/v) prior to spray-drying and the
mixture maintained under moderate stirring while fed
into the spray-dryer. The final solid concentration in
the solvent mixture was fixed at 2 g/L. Powder samples
were stored at room temperature under vacuum in a

Table 1
Operational conditions used in spray-drying method

Spray-drying parameters Operational conditions

Feed-flow rate (mL/min) 17
Inlet temperature (°C) 110
Outlet temperature (°C) 51-63
Aspiration setting (%) 100
Air-flow rate (L/h) 600
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dessicator immediately after spray-drying to limit mois-
ture uptake of the samples between production and test-
ing. It has been shown in a previous work that
environmental moisture leads to a modification of the
supramolecular organization of chemicals within particles
[28]. The yield was calculated as a percentage of the mass
of the powder collected divided by the initial mass of sol-
ids in the solution prior to spray-drying.

2.4. Particle size distribution

The volume median geometric diameter (Dso) and the
volume mean particle size (D[4.3]) of the powders were
measured by light diffraction using a Mastersizer 2000
equipped with a Scirocco dry disperser (Malvern Instru-
ments, France) at a dispersing pressure of 1 bar. The
refractive index used was 1.5. Each sample was measured
in triplicate.

2.5. Scanning electron microscopy

Scanning electron microscopy (SEM) was performed
using a LEO1530 microscope (LEO Electron Microscopy
Inc., Thornwood, USA) operating between 1 and 3 kV
with a filament current of about 0.5 mA. Powder samples
were deposited on carbon conductive double-sided tape
(Euromedex, France) and were coated with a palladium-—
platinum layer of about 4 nm using a Cressington sput-
ter-coater 208HR with a rotary planetary-tilt stage,
equipped with a MTM-20 thickness controller.

2.6. Fluorescence microscopy

LissRhod-PE was added to the ethanolic solution of
DPPC to label lipids prior to mixing and spray-drying.
FI-HA was added to the HA aqueous solution to label
HA prior to mixing and spray-drying. Typically, about
5mg of LissRhod-PE and 10 mg of fi-HA were used
for a 500 mL solution. Samples in suspension (Hepes)
were placed between glass slides and observed right after
hydration with a Leitz Diaplan microscope equipped
with a Coolsnap ES camera (Roper Scientific, France).
Green fluorescence (fi-HA) was observed with a 505-
550 nm band-pass emission filter with excitation at
488 nm. Red fluorescence (LissRhod-PE) was observed
with a long-pass 560 nm emission filter with excitation
at 543 nm.

2.7. Confocal microscopy

LissRhod-PE was added to DPPC ethanolic solution
and fl-HA to HA aqueous solution prior to mixing and
spray-drying. Samples in suspension (Hepes) were placed
between glass slides and observed right after hydration
with a Zeiss LSM-510 confocal scanning laser microscope
equipped with a 1 mW helium neon laser and an Argon
laser, using a Plan Apochromat 63X objective (NA 1.40,

oil immersion). Green fluorescence (fl-HA) was observed
with a 505-550 nm band-pass emission filter under 488-
nm laser illumination. Red fluorescence (LissRhod-PE)
was observed with a long-pass 560-nm emission filter under
543-nm laser illumination. The pinhole diameter was set at
104 pm. Stacks of images were collected every 0.8 um along
the z axis.

2.8. Dexamethasone loading within microparticles

Around 2 mg of the spray-dried powder was exactly
weighed and dissolved into 20 mL ethanol. After vortexing
(3 min), a centrifugation (9030g, 10 min) was performed to
eliminate the fraction of HA that was not soluble in etha-
nol. Then, 1 mL of the supernatant was vortexed with
1 mL acetonitrile and finally the solution was filtered
through a 0.45 pm PolyVinylidine DiFluoride (PVDF) fil-
ter. The quantity of DXM in the microparticles was deter-
mined by injecting 20 uL of the filtered solution into a
Waters™ liquid chromatograph (HPLC) equipped with a
Waters™ 600 pump, a Waters'™ 7956 interface, a
Waters™ 2996 photodiode array detector, a Waters™
717 autosampler and a Waters'™ Empower Login soft-
ware. The analysis was performed at 238 nm using an
Interchrom Reverse Phase Nucleosil 5 C18 column
(150 x 4.0 mm) with a mobile phase composed of 40% ace-
tonitrile and 60% water at 1 mL/min. All the analysis was
performed at room temperature. The method shows satis-
factory linearity between 0.3 and 26 pg/mL (> = 0.9995).
Experiments were performed at least in duplicate for each
formulation.

2.9. In vitro release kinetics of dexamethasone

In vitro release of DXM from microparticles was carried
out under two types of conditions. Some experiments were
performed under sink conditions where drug concentration
in the medium was kept at least 4x lower than the solubil-
ity of DXM in Hepes buffer (100 pg/mL). Other experi-
ments were performed under non sink conditions to be
close from DXM concentrations used in other formula-
tions being developed (15-175 pg/mL) [29,30]. An accurate
quantity of sample was weighed and resuspended into
10 mM Hepes buffer saline (150 mM NaCl, pH 7.4) using
a gentle vortex. A microcentrifuge tube was prepared for
each time point, protected from light and kept at 37 °C
under tangential stirring (150 rpm) (Heidolph-Titramax
1000, Germany). At predetermined time intervals, 400 uL
of release medium was removed after centrifugation at
9030g for 10 min (Mini Spin Eppendorf centrifuge) and
mixed with 600 pL of acetonitrile. A centrifugation
(9030g, 10 min) was performed to eliminate HA which
was not soluble in acetonitrile. After filtration (0.45 pm
PVDF filter), samples were stored at 4 °C until analysis
by HPLC as described above. DXM stability in Hepes at
4 °C for 30 days was verified. Experiments were performed
at least in duplicate.
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2.10. Small-angle and wide-angle X-ray scattering

X-ray experiments were performed with a fine-focus Cu
anode source; Cu Ka (1 =1.54 A) radiation was selected
and line focused by a multilayer mirror and collimated
by slits. A microcalorimeter cell, MICROCALIX [31]
was used as sample holder. Hydrated samples (10 mg/
100 uL Hepes) were let to equilibrate for 12h before
X-ray experiments. Dry and hydrated samples were then
loaded into Lindemann glass capillaries (diameter
1.5 mm) and maintained at 20 °C (dry and hydrated),
37°C and 50 °C (hydrated samples only). Small-angle
(SAXS) and wide-angle (WAXS) X-ray scattering patterns
were recorded simultaneously using two position-sensitive
linear gas detectors. The scattered intensity was reported
as a function of the scattering vector g = 4nsin0//, where
0 is half the scattering angle and A the wavelength. Detec-
tors calibration was performed with the crystalline 5 form
of highly pure tristearin as previously described [32].

2.11. Differential scanning calorimetry (DSC)

The DSC analysis was performed on hydrated samples
on a differential scanning calorimeter (DSC7, Perkin-
Elmer, USA). About 10 mg of powder was hydrated with
100 uL of Hepes 12 h before experiments. Then about
15 mg accurately weighed samples were loaded into 40 uL
aluminum pans and analyzed. The DSC runs were con-
ducted from 20 to 80 °C at a rate of 5 °C/min. Calibration
was achieved using Indium (7,5 = 156.60 °C) as well as
n-decane (7 onser = —29.66 °C). Experiments were per-
formed at least in duplicate. Enthalpies were normalized
with respect to DPPC weight in the sample.

3. Results and discussion

The aim of this work was to encapsulate dexamethasone
into DPPC-HA microparticles obtained by spray-drying,
to study their supramolecular organization and to evaluate
the influence of excipients on the in vitro release under sink
and non sink conditions. The spray-drying conditions,
described above, were selected following a previous study
related to the influence of hyaluronic acid on the morphol-
ogy, structure and supramolecular organization of DPPC
microparticles prepared by this process [28] (Table 1). It
was shown that the addition of hyaluronic acid to the for-
mulation leads to an increase of particle size and a decrease
of aggregation due to a morphological change: pure DPPC
particles are dense spheres whereas DPPC-HA microparti-
cles are mostly hollow shells. This change arises from a
modification of the Peclet number of the solution before
spray-drying induced by the addition of HA [33,34].

In addition, at the supramolecular level, DPPC is orga-
nized according to an almost dry lamellar structure [35]
where chains are stiff, fully extended, tilted with respect
to the bilayer plane and organized according to a two
dimensional hexagonal lattice within the bilayer plane.

When HA is added, it is mostly “sandwiched” between
bilayers with some hydrophobic segments inserted in
between aliphatic chains [28]. The exact location of DXM
in the supramolecular organization will be studied in detail
since it may have some impact on drug release from
microparticles.

3.1. Particle size distribution and morphology

The influence of DXM concentration was evaluated first
in the absence of HA. Particle size distributions for 0%
(top, red), 0.5% (top, green), and 10% DXM (top, blue)
are presented in Fig. 1. Pure DPPC particles possess a size
distribution presenting several peaks arising from aggre-
gates of micron-sized particles (Fig. 1, top, red). For
0.5% DXM (w/w), the size distribution becomes bimodal
with one peak around 10um and another one around
100 um (Fig. 1, top, green). As DXM concentration
reaches 10% (w/w), the intensity of the 100um peak
increases and the distribution becomes almost unimodal.
Theses changes can be attributed to particle aggregation:
both the mean and the median sizes increase steeply as
DXM is incorporated at a low concentration into the for-
mulation (0.5%) (Fig. 1, bottom). The size increase is even
accentuated for higher DXM concentrations. SEM images
confirm laser diffraction results: one can observe rather
spherical microparticles on the order of a few microns that
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Fig. 1. Size distribution of spray-dried microparticles: pure DPPC
microparticles (red), 99.5% w/w DPPC and 0.5% w/w DXM micropar-
ticles (green), 90% w/w DPPC and 10% w/w DXM microparticles (blue)
(top). Volume weighed median diameter (®) and mean diameter ((J) as a
function of DXM concentration (n = 3, bottom).
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form larger aggregates (Fig. 3A). For 10% DXM, micron-
sized particles seem to have fused completely (Fig. 3D).

When 20% HA is present in the formulations, a bimodal
size distribution is observed with a minor peak around
1.5 pm and a main one around 10 um (Fig. 2, top). When
DXM is incorporated, the distribution profile does not
change with DXM concentration. The presence of the drug
slightly increases the particle size (Fig. 2, bottom). SEM
images reveal that the incorporation of DXM does not
cause significant changes on the microparticle morphology.
Particle morphology appears to be governed mostly by
hyaluronic acid concentration. Qualitatively, DXM seems
to induce an increase of aggregation, especially for large
DXM concentrations in pure DPPC microparticles or
microparticles containing 5% w/w of HA (Fig. 3B and
E). On the other hand, DXM does not produce any visible
effect on microparticle aggregation in the formulations with
20% HA (w/w) (Fig. 3C and F). These findings are in
agreement with size distributions.

3.2. Yield and drug content

Powders were collected with a yield of about 35 4+ 7%
independently of DXM concentration. The drug however
makes the powders more sticky. Encapsulation efficiencies
were always very high, around 95 4+ 6% (n = 11), without
important differences relatively to the composition of the
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Fig. 2. Size distribution of spray-dried microparticles. (a) 80% w/w DPPC
and 20% w/w HA microparticles, (b) 70% w/w DPPC, 20% w/w HA and
10% DXM microparticles (top). Volume weighed median diameter (@)
and mean diameter (J) as a function of DXM concentration for
microparticles contining 20% HA (n = 3, bottom).

formulations. These encapsulation efficiencies are much
higher than those obtained using the solvent emulsion/
evaporation method and hydrophobic polymers [17].

3.3. Microscopy analysis

To better understand the behavior of the microparticles
once suspended in the release medium, fluorescence and
confocal microscopy were performed using double label-
ling. As described above, lipids were labelled with Liss-
Rhod-PE (red), while HA was labelled with fluorescein
(green). Previous experiments have shown that lipids and
HA are homogeneously distributed within the shell of the
dry microparticles [28].

Microparticles containing 20% w/w HA were hydrated
with Hepes buffer (5 mg/mL). Samples were then imaged
at predetermined time intervals (0.25, 1, 2, 4, and 6 h).
As illustrated by Fig. 4, initially microparticles are perfectly
spherical (0.25-1 h) and have a core shell organization with
lipids mainly in the shell and HA in the core: upon hydra-
tion, some HA is quickly released outside and inside the
particles. The green fluorescence is very bright within the
core of the particle because HA is confined. After 2 h of
incubation, microparticle’s shells undergo deformation
and become corrugated. Some microparticles even appear
like they have exploded and released the inner HA in the
outer environment. The tendency to HA expulsion is more
marked after 4 and 6 h where most shells are broken. After
particle explosion (6 h), the red fluorescence remains in the
shell wall and is colocalized with the green fluorescence,
meaning that some HA remains associated to the lipidic
shell. Confocal microscopy confirms the fluorescence
results. After HA expulsion, microparticle shell is of rela-
tively homogeneous thickness and both components are
uniformly distributed within the shell (Fig. 4B). Micropar-
ticle explosion probably arises from an osmotic pressure
effect to equilibrate HA concentration inside and outside
the shells.

3.4. Differential scanning calorimetry

DSC was performed on hydrated samples to assess the
possible interactions between DPPC and DXM (0.5%
and 10%) that might influence drug release. The thermo-
gram of pure DPPC microparticles shows the typical pre-
transition corresponding to the conversion of the lamellar
gel phase Ly into the ripple gel phase Py and the main
transition related to the passage from the Py phase to
the lamellar liquid-crystalline phase L, (Fig. 5, left, curve
a). The pretransition occurs at Tyne, 37.2°C with an
enthalpy (AH) of 7 J/g of DPPC and the main phase tran-
sition at Typee 42.1 °C with an enthalpy of AH of 41.1 J/g
of DPPC. Thermograms are similar for DPPC-DXM
microparticles (0.5% DXM): the main transition (7 onset
and AH) is not modified (Fig. 5, left, b), however, the onset
temperature and the AH of the pretransition decrease down
to 34.5°C and 5.5 J/g, respectively. On the other hand,
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Fig. 3. SEM images of spray-dried powders: (A) 99.5% w/w DPPC and 0.5% w/w DXM microparticles, (B) 94.5% w/w DPPC, 5% HA and 0.5% w/w
DXM microparticles, (C) 79.5% w/w DPPC, 20% w/w HA and 0.5% DXM microparticles, (D) 90% w/w DPPC and 10% w/w DXM microparticles, (E)
85% w/w DPPC, 5% HA and 10% w/w DXM microparticles, (F) 70% w/w DPPC, 20% HA and 10% w/w DXM microparticles. (scale bar = 2 pm).

10 pm

10 pm

Fig. 4. (A) Fluorescence microscopy images of microparticles containing 80% w/w DPPC and 20% w/w HA in Hepes buffer. (Top) Red fluorescence
(Rhod-PE). (Bottom) Green fluorescence (fl-HA). (scale bar = 10 um). Each image correspond to a different time point: 0.25, 1, 2, 4 and 6 h from left to
right. (B) Confocal microscopy images of microparticles containing 80% w/w DPPC and 20% w/w HA. Red fluorescence corresponds to LissRhod-PE and
green fluorescence to fl-HA. From left to right, typical morphologies observed as microparticles are incubated in the buffer (scale bars = 10um).

when 10% of DXM is incorporated to the formulation, the
pretransition is almost abolished (7ynsec = 33.3°C and
AH =1.9J/g) and the onset temperature of the main tran-
sition is not modified, whereas the enthalpy decreases down
to 32.4J/g. (Fig. 5, left, curve c¢). The pretransition of
DPPC, which is very sensitive to insertion of various small
molecules within the bilayer [36], or adsorption on the
bilayer, is suppressed in the presence of DXM. This behav-

ior is common with that encountered with other molecules
or drugs interacting with lipids like endosulfan [37], several
carotenoids [38], progesterone [39] or tamoxifen [40]. In
addition, the enthalpy of the main transition decreases with
DXM concentration. Altogether these results prove the
insertion of DXM within the bilayer.

The effect of DXM on the transitions of DPPC in for-
mulations containing HA (20%) was also evaluated. The
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Fig. 5. DSC thermograms obtained from hydrated powders upon heating at 5 °C/min. left: (a) pure DPPC microparticles, (b) 99.5% w/w DPPC and 0.5%
w/w DXM, (c) 90% w/w DPPC and 10% DXM. Right: (a) 80% w/w DPPC and 20% w/w HA, (b) 79.5% w/w DPPC, 20% w/w HA and 0.5% DXM, (c)

70% w/w DPPC, 20% w/w HA and 10% DXM.

thermogram of HA-DPPC microparticles is very similar to
the pure DPPC microparticles. The pretransition occurs at
Tonset 37.2 °C with an enthalpy (AH) of 6.2 J/g of DPPC
and the main phase transition at 7o, 42.1 °C with an
enthalpy of AH of 411J/g of DPPC. The addition of
DXM (0.5% and 10%) leads to a shift of the pretransition
which is practically suppressed (AH~2.6 J/g). One can also
observe a slight shift on the onset temperature of the main
transition ( Tonser ~41 °C) whereas the enthalpy is not mod-
ified. This suggests that in the presence of HA, DXM does
not interact the same way with the DPPC bilayer: DXM
may not insert as deeply as without HA due to possible
Hydrogen bounds between OH groups of the drug and
COO" groups of HA or to steric hindrance arising from
polysaccharide chains.

3.5. X-rays scattering on dry and hydrated samples

To probe the supramolecular organization of the compo-
nents in the microparticles, an X-ray scattering study was
performed on dry and hydrated samples. From a previous
study [28], the supramolecular organization of the dry parti-
cles is known: DPPC is organized into an almost dry lamellar
structure. When HA is present, it is sandwiched in between
polar heads of the DPPC bilayers, with some hydrophobic
segments inserted in between aliphatic chains. Typical SAXS
and WAXS spectra of dry powders of pure DPPC (+DXM)
are presented in Fig. 6 (top, left). Surprisingly, the incorpo-
ration of dexamethasone in the formulation does not modify
the X-ray spectra of dry samples. We hypothesize that the
drying process is too fast for most of the DXM to interact
with the phospholipids and insert in between aliphatic
chains. DXM is probably mostly amorphous and dispersed
between lamellar domains. When HA is added, no effect of
dexamethasone can be observed on dry samples.

Since DPPC mesophases are very sensitive to insertion
of molecules within phospholipid bilayers, interactions
between DPPC and DXM were also assessed by X-ray

experiments on hydrated samples. Independently of HA
concentration, hydrated microparticles exhibit the typical
sequence of DPPC phases: a lamellar gel phase Lg at
20 °C, followed by the ripple gel phase Py at 37 °C and
lamellar liquid-crystalline phase L, at 50 °C. Typical SAXS
and WAXS spectra are presented in Fig. 6 (top-right and
bottom-left). At 20 °C, SAXS and WAXS peaks slightly
broaden as a function of HA concentration. The same fea-
tures are observed at 37 and 50 °C. As a conclusion, for
hydrated samples, HA introduces some disorder in the
DPPC mesophases and is mostly present in the aqueous
compartment between bilayers with some hydrophobic seg-
ments inserted within the bilayer itself.

The effect of DXM on hydrated samples was then stud-
ied. Typical spectra at 20, 37 and 50 °C are presented in
Fig. 6 (top-right and bottom). The addition of dexametha-
sone does not modify any of the SAXS spectra, even for
large amounts. Neither the position, nor the shape of the
DPPC WAXS peaks were modified upon DXM addition.
Nevertheless, for 10% DXM, additional peaks were
observed on the WAXS spectra at all temperatures
(Fig. 6, bottom, right). These peaks arise from crystallites
of DXM, observable by optical microscopy along with
microparticles, immediately after hydration (non sink con-
ditions). These crystallites appear because at 10% DXM, in
the hydration conditions used for X-ray experiments, we
are above the solubility limit of DXM. This confirms that
the drying process is too fast for DXM to interact with
DPPC and insert within the lipid bilayer as predicted. As
suggested above, in the dry particles, DXM is probably
in amorphous domains dispersed within the DPPC-HA
matrix. Upon hydration, DXM is quickly released in the
buffer and depending on its concentration either is fully sol-
ubilized or tends to crystallize. The X-ray results are in dis-
agreement with DSC results that suggest that a small
amount of DXM is inserted in the DPPC bilayer. Since
DSC is more sensitive than X-ray diffraction to detect
interactions between molecules, we can hypothesize that a
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Fig. 6. (Top left) Typical SAXS and WAXS spectra of dry microparticles performed at 20 °C (here pure DPPCE+DXM). (Top right) Typical SAXS spectra
of hydrated samples presenting the characteristic features of the Ly, Py and L, phases of DPPC, respectively, at 20, 37 and 50 °C. DXM addition does not
modify the spectra. (Bottom left) Typical WAXS spectra of hydrated samples presenting the characteristic features of the Ly, Py and L, phases of DPPC,
respectively, at 20, 37 and 50 °C. 0.5% DXM does not modify these spectra. (Bottom right) Typical WAXS spectra of hydrated samples containing 10%
DXM. The positions and shapes of the peaks arising from DPPC are not modified. However, several additional peaks appear independently of the
temperature (arrows). These peaks arise from crystallites of DXM that coexist with microparticles.

rather small quantity of DXM is incorporated within the
DPPC bilayer, the rest being free or crystallized.

3.6. In vitro release studies

Four in vitro release studies were performed. Table 2
shows the different proportions from each component in
the formulations used for these studies.

The release profile of DXM from microparticles was
first evaluated as a function of HA proportion (0%, 5%,
20% w/w). The amount of dexamethasone in the formula-
tion was maintained constant (0.5% w/w), as well as the
powder concentration for each time point (5 mg/mL buffer
Hepes) (Table 2A). Similar release profiles were obtained
independently of HA concentration (Fig. 7(a)). A burst
release during the first hour was observed, followed by a
plateau for which only around 50% of DXM was released
during the time of study (24 h). HA does not favor a sus-
tained release, on the contrary to what was observed by
other authors [25]. Even if hydrogen bounds may exist

between HA and DXM, they are probably weak as com-
pared with DPPC/DXM interactions. We believe that
DPPC/DXM interactions may govern drug release from
the particles.

DXM release was then evaluated as a function of DXM
concentration, for a fixed concentration of HA (20% w/w).
Formulations containing 0.5%, 2.5% and 10% w/w of
DXM were analyzed. For all experiments, the total
DXM concentration in buffer Hepes was kept inferior to
10 pg/mL, in order to be under sink conditions (Table
2B). It implies using different powder concentration for
each studied formulation. No differences were observed
between the three formulations (Fig. 7(b)). The release
behavior of DXM was characterized by a burst release dur-
ing the first hour, which corresponds to almost 90% of drug
encapsulated. These results differ from those obtained in
the first study (DXM release as a function of HA concen-
tration), where the maximal release of DXM was around
50%. The possible explanation of this discrepancy might
arise from the difference in powder concentration in each
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Table 2

Proportions of the different components of the formulations used for the DXM release studies

Study % in the formulation mg/mL Hepes Total mass (mg/mL Hepes)
DPPC HA DXM DPPC HA DXM

A 99.5 0 0.5 4.98 0.00 0.025 5.00
94.5 5 0.5 4.78 0.25 0.025 5.00
79.5 20 0.5 3.98 1.00 0.025 5.00

B 79.5 20 0.5 0.40 0.10 0.0025 0.50
77.5 20 2.5 0.31 0.08 0.0100 0.40
70.0 20 10.0 0.07 0.02 0.0100 0.10

C 79.5 20 0.5 0.40 0.1 0.0025 0.50
79.5 20 0.5 0.80 0.2 0.0050 1.00
79.5 20 0.5 1.59 0.4 0.0100 2.00
79.5 20 0.5 3.98 1.0 0.0250 5.00

D 90 0 10 4.5 0 0.5 5
80 10 10 4.0 0.5 0.5 5
70 20 10 3.5 1.0 0.5 5

Bold entries indicate the parameters that has been modified for each study.
(A) Influence of HA on DXM release.

(B) Influence of DXM concentration on DXM release.

(C) Influence of powder concentration on DXM release.

(D) DXM release under non sink conditions.
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Fig. 7. In vitro DXM release from microparticles as a function of time. Sink conditions: (a) Effect of HA concentration: 0%, 5% and 20% w/w
microparticles, (b) Effect DXM concentration: 0.5%, 2.5% and 10% w/w microparticles, (c) Effect of powder concentration: 0.5%, 1.0%, 2.0%, 5.0 mg/mL
buffer Hepes (formulation containing 79.5% w/w DPPC, 20% w/w HA and 0.5% w/w DXM). Non sink conditions (final DXM concentration: 500 pg/
mL): (d) formulation containing 10% w/w of DXM and different concentration of HA (0%, 10% and 20% w/w).

study (5 mg/mL in the first study, <0.5 mg/mL in the sec- In order to verify the later hypothesis, the effect of pow-
ond) and not from DXM concentration since in all cases  der concentration in the release media was evaluated. The
it is at least four times lower than the maximal solubility =~ powder concentration was varied from 0.5 to 5 mg/mL
in Hepes. (Table 2C), while a formulation containing 0.5% DXM
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and 20% HA was used, in order to work under non satura-
tion conditions. A burst release of DXM during the first
hour was observed for all powder concentrations. How-
ever, the maximum drug released varies from 50% for
5 mg/mL to about 80-90% for 0.5 mg/mL (Fig. 7(c)). In
the case of low powder concentration in the release med-
ium (<1 mg/mL) the drug is probably released by diffusion
from microparticles since DXM concentration in the parti-
cles is always superior to the concentration in the release
medium. When powder concentration is higher than
2 mg/mL, the space between particles gets smaller, leading
to the existence of a layer saturated with DXM around the
particles. This layer might prevent DXM diffusion from
microparticles and yield to the observed plateau.

Finally a release study under non sink conditions was
performed. Formulations containing 10% w/w of DXM
were used. The powder concentration was 5 mg/mL. The
effect of different concentrations of HA was evaluated (0,
10 and 20% w/w). Similar profiles of DXM release were
observed for all the formulations independent of HA con-
centration with a burst release corresponding to 20% of
DXM during the first hours, followed by a plateau. The
amount of DXM released at the plateau corresponds to
the maximal solubility of DXM in Hepes (around
100 mg/mL): the buffer is saturated with DXM. This satu-
ration is further confirmed by the observation of DXM
crystallites along with microparticles in the release medium
after 24 h at 37 °C.

Among all these release studies, the most interesting
result corresponds to the first study performed under non
saturation conditions (0.5% DXM w/w at 5mg/mL:
25 pg/mL DXM): in this case only 50% of the drug is
released during 24 h. This is not due to saturation since
the total concentration of DXM is 4x below the solubility
limit in Hepes. This effect arises from powder concentra-
tion as stated above.

4. Conclusion

We have encapsulated DXM within hybrid DPPC-HA
microparticles prepared by spray-drying, and have studied
the supramolecular organization of these microparticles
and the effect of excipients on the release kinetics of
DXM. Without HA, DXM addition leads to a strong par-
ticle aggregation which is not favorable for applications. In
the presence of HA (5% and 20%), the aggregation effect of
DXM is practically suppressed and one obtains rather
monodisperse and well separated microparticles. DSC per-
formed on hydrated samples shows that there is an interac-
tion between DXM and DPPC. This interaction is different
in the absence or presence of HA: DXM may incorporate
partially within DPPC bilayers in the absence of HA while
it only adsorbs on the bilayers in the presence of HA. X-ray
experiments are not sensitive enough to detect these inter-
actions confirming that a rather low amount of DXM
interacts with DPPC. In vitro release studies show that
HA does not modify the release kinetics of the hydropho-

bic drug. In all cases, a burst release of DXM is observed
during the first hour. Under non saturation conditions,
powder concentration in the release medium governs the
extent of the burst: the lower the powder concentration
(1 mg/mL<), the higher the burst effect (90%). Under non
sink conditions, DXM release is governed by DXM solu-
bility in the release medium. This case is not favorable
for ocular applications since once released DXM quickly
crystallizes. We believe that the interaction of DXM with
DPPC is not favored by the fast drying process. In the
dry microparticles DXM is probably mostly in amorphous
domains within the DPPC matrix. Upon hydration, the
majority of the drug is released and might eventually crys-
tallize and a small amount of DXM interacts with DPPC.
Since spray drying is known to favor drug amorphization,
to obtain sustained release one should choose excipients
that interact strongly with the drug. A more hydrophobic
form of dexamethasone may have such properties and lead
to sustained release.
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