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Purpose. In an effort to expand the application of core-shell structures fabricated by electrostatic
layer-by-layer (LbL) self-assembling for drug delivery, this study reports the controlled release of
dexamethasone from microcrystals encapsulated with a polyelectrolyte shell.

Methods. The LbL self-assembly process was used to produce dexamethasone particles encapsulated
with up to five double layers formed by alternating the adsorption of positively charged poly(dimeth-
yldiallyl ammonium chloride), negatively charged sodium poly(styrenesulfonate) and depending on the
pH positively or negatively charged gelatin A or B onto the surface of the negatively charged dexa-
methasone particles. The nano-thin shells were characterized by quartz crystal microbalance measure-
ments, microelectrophoresis, microcalorimetry, confocal microscopy, and scanning electron microscopy.
In vitro release of dexamethasone from the microcapsules suspended in water or carboxymethylcellulose
gels were measured using vertical Franz-type diffusion cells.

Results. Sonication of a suspension of negatively charged dexamethasone microcrystals in a solution of
PDDA not only reduced aggregation but also reduced the size of the sub-micrometer particles. Assem-
bly of multiple polyelectrolyte layers around these monodispersed cores produced a polyelectrolyte
multilayer shell around the drug microcrystals that allowed for controlled release depending on the
composition and the number of layers.

Conclusions. Direct surface modification of dexamethasone microcrystals via the LbL process produced
monodispersed suspensions with diffusion-controlled sustained drug release via the polyelectrolyte mul-
tilayer shell.
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INTRODUCTION

Recently, a layer-by-layer (LbL) self-assembly for pre-
paring ultra-thin films based on the electrostatic attraction
(1-5) between oppositely charged polyions began to receive
attention for its application in drug delivery (6-11). In this
method, the spontaneous sequential adsorption of dissolved
anionic and cationic polyelectrolytes, depending on the
charge of the substrate, leads to the formation of ordered
multilayer assemblies on the solid substrate surface (2,12-15).
The reversal of surface charge after each immersion is the
crucial factor for a stepwise growth of the multilayer films by
this electrostatic LbL self-assembling process (16). Unlike li-
posomes, polyelectrolyte multilayer microcapsules are tough
and homogenous (6). Templates such as organic and inor-
ganic colloid particles can be coated and the templates then
decomposed to produce stable capsules with defined size,
shape, and shell thickness (17). In addition, the LbL process
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can be completed on almost any substrate. However, the sub-
strate particles must have a change in the solution in which
the coating is performed and the substrate must not dissolve
in the aqueous coating solution (1,6-8).

Qui et al. (6) and Ai et al. (7) demonstrated that this
process can be used to encapsulate drug microcrystals with
stable nanoshells. In these studies, it was shown that the re-
lease rate of the drugs depended on the solubility and the size
of the microcrystals, the number of layers and thickness of the
shell, and the type of polyion used in the LbL assembling
process. For the poorly water soluble drug furosemide, it was
shown that gelatin/polyelectrolyte bilayers was a substantial
improvement over shells constructed from poly(allylamine)
or chitosan and reduced drug release up to 300 times when
compared to uncoated drug microcrystals (7). Antipov et al.
(14,16) concluded that these polyelectrolyte shells assembled
around a core consisting of a low molecular weight compound
provide barrier properties for release under conditions where
the core dissolves and the composition of the shell is opti-
mized.

Based on these studies, the LbL encapsulation process
might solve many problems associated with drug formulation,
release, and delivery (17-19). In an effort to expand the ap-
plication of core-shell structures fabricated by this electro-
static LbL technique for drug delivery, this study also reports
the controlled release of dexamethasone from nano/
microcrystals encapsulated with a polyelectrolyte shell. Dexa-
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methasone is a glucocorticoid that is clinically used for its
anti-inflammatory and immunosuppressive effects and was
chosen as a model drug because of its potential use in spe-
cialized delivery systems in treating peritumoral edema asso-
ciated with brain tumors and for treating and preventing reti-
nal diseases. A number of side effects, such as hypertension,
hydroelectrolytic disorders, hyperglycemia, peptic ulcers, and
glucosuria, which restricts the use of dexamethasone in con-
ventional prolonged delivery systems, could be addressed by
an alternative delivery system (20). In addition, the advanta-
geous properties of gelatin were further explored; the use of
sonication in polyelectrolyte solution to produce monodis-
persed microcapsules is shown; and the use of heat of adsorp-
tion measurements to follow the LbL assembling process is
reported.

MATERIALS AND METHODS

Materials

Micronized dexamethasone USP (MW: 392.47) was ob-
tained from Spectrum Chemicals (Gardena, CA, USA). Cat-
ionic poly(dimethyldiallyl ammonium chloride) (PDDA; MW
400,000; Sigma Aldrich, St. Louis, MO, USA), anionic sodium
poly(styrenesulfonate) (PSS; MW 70,000), and the charged
polypeptides, gelatin type A (acid pretreated or porcine gela-
tin; Bloom strength 300, MW 50,000~100,000) and gelatin
type B (alkali processed or bovine gelatin; Bloom strength
225, MW 50,000~100,000), were obtained from Sigma Al-
drich. The solvents and dispersion mediums used in this study
were 10 mM phosphate buffer pH 5.8 (PBS; Sigma Aldrich),
purified deionized water, and 0.2 M PBS buffer 7.2 (21). Fluo-
rescein-5-isothiocyanate (FITC; Sigma Aldrich) was used for
labeling both uncoated and encapsulated dexamethasone mi-
crocrystals.

Layer-by-Layer Assembly on Dexamethasone Particles

The presence of a charged surface is a prerequisite for
successful layer-by-layer assembly. A dexamethasone suspen-
sion was prepared in PBS buffer pH 5.8 with a concentration
of 2 mg/ml and the charge measured. Dexamethasone is hy-
drophobic and insoluble in water. Based on the negative
charge on the suspended drug particles, 5-10 mg of micron-
ized dexamethasone was suspended in 5 ml of PDDA solution
(2 mg/ml in PBS buffer pH 5.8). The isoelectric point of
PDDA is 12 and therefore has a net positive charge at pH 5.8
(3). The solution was then sonicated for 15 min in the pres-
ence of PDDA. The suspension was transferred to 1.5 ml
centrifuge tubes and centrifuged at 10 000 RPM for 5 min
(model 5804R, Eppendorf, Westbury, NY, USA). The sepa-
rated drug particles were washed three times with PBS buffer.
This completed the first layer of polymer on the drug par-
ticles. Zeta potential measurements indicated reversal to
positive charge due to PPDA masking the negative drug par-
ticle surface charge. The particles were then resuspended in 5
ml of PSS solution (2 mg/ml at pH 5.8), stirred for 20 min to
ensure coating, centrifuged, and then washed three times. At
this pH, PSS carries a net negative charge because the iso-
electric point of PSS is below 1.0. This completes the assembly
of the first layer. Where gelatin was used in the assembling
process, it was dissolved in the PBS pH 5.8 at a concentration
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of 2 mg/ml. Gelatin A has a very weak positive charge at pH
5.8 because the isoelectric point of gelatin A is ~7-9 while
gelatin B has a net negative charge because the isoelectric
point is ~4-5. Depending on the charge, gelatin was layered
with either PDDA or PSS. This process was repeated for the
assembly of multiple layers around the dexamethasone par-
ticles by this LbL assembling process. There was approxi-
mately 20-30% loss of material during the entire procedure.
The composition of the layers studied were dexamethasone
core/(PDDA/PSS),/PDDA; dexamethasone core/(PDDA/
gelatin A),/PDDA, dexamethasone core/(PDDA/gelatin B),/
PDDA, and dexamethasone core/PDDA/(PSS/gelatin A),/
(PSS/PDDA),.

Zeta Potential Measurements

To ensure the reversal of charge after each polyion coat-
ing, the zeta-potential of the suspended particles were mea-
sured and the reported results represents the mean of 10 mea-
surements determined with a Zeta-plus photon correlation
spectroscopy and microelectrophoresis instrument
(Brookhaven Instruments, Holtsville, NY, USA).

Particle Size and Morphology

Dexamethasone powdered samples were suspended in
purified/filtered water containing the cationic polyelectrolyte
PDDA (2 mg/ml) or anionic PSS (2 mg/ml) and sonicated
from 0.5 to 8 min (model 1510, 40 KHz; Branson Ultrasonics,
Danbury, CT, USA). Samples from these suspensions were
added to a small volume stirred cell to obtain a desired ob-
scuration, and then the geometric particle size was measured
by Malvern laser light scattering (Malvern Mastersizer X;
Malvern, UK) using a 100-mm Fourier transform lens. As an
estimate for the size of the PDDA-coated dexamethasone
particles filtered through a 1.2-pm filter, the intensity
weighted mean diameter determined by photon correlation
spectroscopy (PCS; Malvern Zetasizer 4, He-Ne-laser \ 633
nm) at 25°C under an angle of 90 degrees was measured. All
samples were diluted with demineralized particle-free water
to an adequate scattering intensity prior to the measurement.

A Philips XL 30 scanning electron microscope (Philips,
Eindhoven, The Netherlands) was used to obtain photomi-
crographs of the sonicated dexamethasone micronized par-
ticles. Samples were mounted on a metal stub with an adhe-
sive and coated under vacuum with carbon (Emscope TB500
sputter-coater; Emscope Laboratories, Ashford, UK) before
being coated with a thin gold-palladium film (Eiko Engineer-
ing Ton Coater IB-2; EIKO Engineering, Ibaraki, Japan).
Confocal laser scanning microscopy (model DMI RE2; Leica,
Allendale, NJ, USA) and fluorescent spectrometry (Photon
Technology International, Lawrenceville, NJ, USA) were
used to analyze optical properties and structures of encapsu-
lated dexamethasone particles. For fluorescence, the particles
were resuspended in deionized water and 1 pl of FITC added;
FITC attaches to PDDA. The fabricated particles were incu-
bated overnight with FITC.

Quartz Crystal Microbalance Study of the
Layer-by-Layer Assembly

Prior to polyion multilayer formation on the dexameth-
asone microcrystals, the coating procedure was elaborated on
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gold electrode resonators of 9-MHz quartz crystal microbal-
ance (QCM; USI-Systems Inc., Kyoto, Japan). The resonators
were immersed in a polyion solutions for 15 min, removed,
and dried. The added mass and the coating thickness (AL)
can be calculated from the frequency shift (AF), according to
the Sauerbrey equation and using a special scaling (7). For the
instrument used in this study, the calibration was AL (nm) =
0.017 AF (Hz). These optimized assembly conditions were
applied to the LbL shell assembly on microcrystals.

Microcalorimetric Measurements

The heat involved in the formation of the layers at 25°C
was measured with a micro differential scanning calorimeter
(Micro DSC III; Setaram, Caluire, France) in isothermal
mode using 1-ml batch mixing vessels. The suspended drug
core particles were placed in the bottom of the mixing vessel
while the polyelectrolyte solution was added to the top res-
ervoir. Once the instrument was equilibrated at 25°C, the
plunger was pushed down allowing the electrolyte solution to
come in contact with the drug suspension. The heat measured,
once corrected for the heat involved in mixing and the addi-
tion of solvent without electrolyte, represents the heat in-
volved in the attachment of the polyelectrolyte molecules to
the core particle surface.

In Vitro Release

In this study, the release of dexamethasone from suspen-
sions and gels (1% carboxymethylcellulose aqueous gel) was
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measured using vertical Franz-type diffusion cells (Permegear
Inc., Bethlehem, PA, USA). The system used in this study
consisted of six cells each with a polyethylene sample ring
with a 1-cm-diameter hole at the center, the same size as the
opening in the vertical receptor cells, which is placed on top
of the 0.2-um cellulose acetate membranes (Osmonics Inc.,
Minetonka, MN, USA) and then filled with the suspension or
semisolid. The membrane with the sample was placed on top
of the vertical receptor cell and clamped tightly into place.
The receptor cells were filled with the dissolution medium
(phosphate buffer pH 7.2), and a small magnetic stirrer placed
in each cell was used for mixing. Samples were removed from
the receptor cell at predetermined times, filtered, and suitably
diluted. The amount of dexamethasone in solution was deter-
mined by measuring the ultraviolet absorbance at 239 nm
with a Multispec-1510 spectrophotometer (Shimadzu, Kyoto,
Japan). The UV-method was calibrated and complied with
generally accepted specifications for linearity and precision.

RESULTS

Dexamethasone is a white, odorless, crystalline powder
(C,,H,0FOs, MW = 392.47). The commercially available
product is micronized (total particles <20 pm, =99%; total
particles <10 wm, =75%). The drug is stable in air and prac-
tically insoluble in aqueous media (20,21). Scanning electron
photomicrographs (Fig. 1) of the micronized powder shows
the aggregation of the small drug particles. Sonication for 10
min of an aqueous suspension (0.5% w/v) reduced the extent

Fig. 1. SEM photomicrographs of (a) micronized dexamethasone powder and powder
recovered from (b) an aqueous suspension sonicated for 10 min; (c) an aqueous suspension
containing 2 mg/ml PSS sonicated for 10 min; (d) close-up of sample c; (e) an aqueous
suspension containing 2 mg/ml PDDA sonicated for 10 min; (f) close-up of sample e.
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of aggregation, but the powder was still very cohesive. When
a similar suspension of the drug was prepared in a 2 mg/ml
solution of the anionic electrolyte PSS and sonicated for 10
min, aggregation was significantly reduced, and close inspec-
tion of the particles (Fig. 1d) show larger individual particles,
1020 pm, coated by smaller particles. Sonication of a sus-
pension prepared in a 2 mg/ml solution of the cationic poly-
electrolyte PDDA not only reduced aggregation but also re-
duced the size of the individual particles (Fig. 1f). In this
sample, a large number of fine particles, <1 pwm, was ob-
served.

Comparison of the particle size (27.93 wm) of the powder
dispersed in deionized water in the sample cell of the particle
analysis instrument with a magnetic stirring bar to the soni-
cated sample (Fig. 2) measured under the same conditions
showed that the mean volume particle size of the micronized
drug powder was 11.23 pm with a normal unimodal particle
size distribution. The mean volume particle size of the pow-
der sonicated in the PSS solution, 9.37 wm, was not different
from that of the suspension sonicated in water. Sonication in
a PDDA solution, 2 mg/ml, reduced the mean size of the
particles to 2.54 um. UV analysis of the filtered solutions after
sonication confirmed that the drug did not dissolve in the
suspension mediums. Figure 3a shows the effect of an in-
crease in sonication time on the mean volume particle size of
the dexamethasone powder in the PDDA solution. The mean
size decreased according to a first-order decay process (1> =
0.993), and a maximum decrease in the particle size was
reached after 8 min. Sonication up to 30 min did not lead to
a further decrease in particle size.

Because microscopic evaluation showed that the suspen-
sion in a PDDA solution prepared by sonication led to a
significant reduction in the size of the dexamethasone par-
ticles as shown in Fig. 1f; this suspension was filtered and the
particle size distribution of the filtered solution measured.
The PCS measured size distribution of the dexamethasone
suspension in 2 mg/ml PDDA solution sonicated for 10 min
and filtered through a 1.2-pm filter is shown in Fig. 3b. The
number mean size of the particles was 150 nm, and the mean
volume diameter was 420 nm. The filtered sub-micrometer
particles were polydispersed with a wide size distribution (dis-
tribution and SEM picture shown in Fig. 3b).

Figure 4 shows confocal photomicrographs of the mi-
cronized dexamethasone particles sonicated in the absence
and presence of FTIC-labeled PDDA. Without the addition
of PDDA, the cohesive, small dexamethasone particles ad-
here to each other to form large aggregates. When sonicated
in a solution containing PDDA, the particles are coated with
the PDDA, and the coated particles do not aggregate as
shown in Fig. 4b. The small particles are uniformly dispersed
throughout the medium. Computer generated 3D images
(Fig. 4) of the coated particles shows the fluorescence inten-
sity of the labeled polymer shell, which indicated the thick-
ness of the polymer shell around the individual dexametha-
sone core crystals. Figure 5 shows a single dexamethasone
particle with a diameter of ~2.5 wm coated with multiple lay-
ers of PDDA and gelatin. In solution, the addition of the
polyelectrolyte layers almost doubled the diameter of the par-
ticle.

Surface electrical potential (zeta potential) for the dexa-
methasone nano/microcrystals at each stage of the layering
process are shown in Fig. 6. The uncoated drug is negatively
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Fig. 2. Particle size distribution profiles for micronized dexametha-
sone measured in deionized purified water with and without poly-
electrolytes or sonication: (a) Drug powder without sonication; (b)
drug powder sonicated without PDDA for 10 min; (c) drug powder
sonicated with PSS for 10 min; (d) drug powder sonicated with
PDDA for 10 min.
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Fig. 3. (a) The change in mean volume particle size of dexametha-
sone when sonicated in a solution of the cationic polyelectrolyte
PDDA. (b) Particle size distribution (mean size ~420 nm) for the
PDDA-coated particles prepared by sonication and filtered through a
1.2 pm membrane filter. This represents the size distribution of the
nanosized particles produced by the sonication process. Insert is a
SEM picture of the nanosize particles; the bar represents 1 pm. Mean
+SD,n = 5.

charged with {-potential —32 mV when suspended in PBS
buffer. The first PDDA layer reversed the charge to +30 mV.
The first PSS coating changed the charge to —50 mV. The
reversal in change followed the same trend with additional
layers and the magnitude of the change remained constant up
to 3 complete bilayers (Fig. 6). The surface {-potential of the
fourth PSS layer declined from —50 mV at the first to -30 mV
at the fourth layer. Probably, at some areas PSS (MW = 70
000) did not completely overcome the more bulky PDDA
layer (MW = 400 000). This decline could limit total thick-
ness of the shell after 4 bilayers of PDDA/PSS. When
PDDA(+) was altered with the polyampholyte gelatin, the
gelatin layers tended to have smaller {-potentials, averaging
—15 mV for gelatin A and —22 mV for gelatin B. When gelatin
A, predominantly positively charged at pH 5.8, was layered
with PSS(-) the average zeta potential of the layers was +10
mV. The reversal in change and magnitude of the change
remained constant with additional layers up to 4 bilayers of
PDDA/gelatins or gelatin A/PSS (Fig. 6).

The alternating surface charge of coated drug crystals is
strong evidence that the layer-by-layer assembly of the oppo-
sitely charged components was successful. In this study,
PDDA was always added as the final layer (Fig. 6) because
sonication studies (Figs. 1 and 2) showed that when the dexa-
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methasone particles were coated with this polyelectrolyte, it
reduced aggregation of the dexamethasone suspensions and
ensured the production of monodispersed microcapsules. In
addition, the results demonstrated that the amphoteric poly-
electrolyte gelatin A with theoretically a net positive charge
at pH 5.8 can have local charge imbalances allowing it to be
layered with the strongly positively charged PDDA or the
negatively charged PSS.

Heat of adsorption measurements (Fig. 7) was also used
to monitor the LbL assembly. The data in Fig. 7 shows that
the interaction between the negatively charged dexametha-
sone and the positively charged PDDA was an endothermic
process that required 21.4 mJ. PSS interacted with the PDDA
layered over the dexamethasone crystals by an exothermic
process that produces 5.5 mJ heat. The heat of adsorption was
more than the 3.1 mJ produced when the solution of PSS was
added to a solution of PDDA. Additional layers of PDDA/
PSS layered onto the first bilayer produced consistent endo-
thermic (PDDA, 2.7 mJ) and exothermic (PSS, 2.6 mJ) heats
of adsorption. When PSS was replaced with gelatin A or gela-
tin B, the magnitude of the heat of adsorption involved in the
interaction of the positively charged PDAA with the nega-
tively charged polyelectrolyte was reduced to 1.5 mJ for gela-
tin A and 1.9 m]J for gelatin B when compared to 5.5 mJ when
PSS was layered onto PDDA (both endothermic processes).
The heats of adsorption were different for the two gelatins,
and the heat of adsorption involved in the layering process
was higher than the heat of mixing with PDDA. When the
gelatin and PSS solutions was mixed, the heat produced by
the addition of gelatin A was higher, 0.9 mJ, than gelatin B,
0.4 mJ. This demonstrated that the positively charged gelatin
A more strongly interacted with PSS than gelatin B, which is
negatively charged at pH 5.8. However, alternating PSS with
gelatin A at pH 5.8 during the assembling process produced
such small heat changes that it was not possible to measure it
accurately with the microcalorimeter. Still constant and re-
peatable changes in the heat of adsorption measurements
were also strong evidence of the layering process.

Because it is difficult to measure the thickness of the
polyion capsule, QCM measurements were used to estimate
shell thickness (7,10,16). The average frequency for the first
PDDA layer was 147 Hz, which corresponded to a thickness
(AL) of ~2-3 nm. Similarly, the thickness of the other LbL
assemblies used in this study was calculated and the results
are listed in Table I. The PDDA/PSS layers were the thinnest
with the PDDA/gelatin layers on average being at least 4
times as thick as this layer. The PDDA/gelatin layer as-
sembled with gelatin B was about 1.7 times as thick as gelatin
B layers. As reported earlier, PSS/gelatin A layers was the
thickest at 50-60 nm (7). The measured shell thickness that
was seen under the confocal microscope for the hydrated
nano-shells (Figs. 4 and 5) indicated that the gelatin layers
swelled significantly when suspended in water. In addition,
previous studies have found that layer thickness estimated
from QCM measurements is half of the thickness on micro-
templates such as drug crystals (7,10,16). The QCM data
listed in Table I also confirmed the successful assembling of
the polyion shells around the negatively charged dexametha-
sone crystals.

Release profiles of dexamethasone in PBS buffer pH 7.2
are shown in Figs. 8a and 8b. A solution of dexamethasone in
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Fig. 4. Confocal photomicrographs of (a) aggregated dexamethasone particles sonicated
without polyelectrolyte, (b) deaggregated particles coated with FTIC labeled PDDA; (c)
and (d) are fluorescent and bright field mode computer-generated 3D images of dexa-
methasone particles layered with PDDA labeled with FITC showing the fluorescence
intensity of the labeled polyelectrolyte shell around individual dexamethasone core crys-

tals.

an ethanol water mixture (1:1 v/v) almost instantaneously dif-
fused throughout the receptor cell (>90% dissolved in 2 min).
Dexamethasone release from an aqueous suspension soni-
cated in the absence of PDDA was much slower than a sus-
pension prepared in a PDDA solution. When the suspension
in the PDDA solution was filtered through a 1.2-pm filter, the
dissolution of the nanosized particles was slightly faster than
that of the unfiltered sample. LbL coating of the dexameth-
asone particles with (PDDA/PSS),/PDDA slowed down the
release compared to the PDDA sonicated particles, but the
release from these particles were very similar to the suspen-
sion prepared without PDDA (Fig. 8a).

LbL assembling with gelatin of (PDDA/gelatin A),/
PDDA, (PDDA/gelatin B),/PDDA or PDDA/(PSS/gelatin
A),/(PSS/PDDA), significantly decreased dexamethasone re-
lease from the suspended microcapsules. Sustained drug re-
lease from the microcapsules reached 80% for PDDA/gelatin
A, 60% for PDDA/gelatin B, and 60% for gelatin A/PSS
coated particles after 2 h (Fig. 8). The release profiles were
best described by a model that represents systems where drug
diffusion occurs through a polymeric structure or network,

MJM,, = kt" (r* > 0.990), where M /M., is the fractional re-
lease of the drug, ¢ is the release time, k is a constant incor-
porating structural and geometric characteristics of the con-
trolled release device, and n is the release constant, indicative
of the mechanism of drug release (22,23). Matching ampho-
teric gelatin A and B according to their charge at a specific
pH with the correct polyelectrolyte slowed down the release
of the drug more than when predominantly positively gelatin
A was layered with positively charged PDDA (Fig. 8).

In Fig. 9, the release from gels containing 0.1% w/v of
the dexamethasone microcrystals or microcapsules suspended
in 1% sodium carboxymethylcellulose gels are shown. The
release was measured using vertical Franz-type diffusion
cells with 1-cm-diameter opening. The rates of release
from the gels were in the same order as the release from
the suspensions as shown in Fig. 8: PDDA coated par-
ticles (0.163 pg cm™2 min~') > (PDDA/PSS), coated par-
ticles (0.076 pg cm™ min~') = uncoated particles (0.071
pg cm™2 min~') > PDDA/gelatin A), coated particles (0.043
pg cm 2 min~') > (PDDA/gelatin B), coated particles (0.033
wg cm~2 min ).
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Fig. 5. Confocal photomicrograph of a dexamethasone particle where the bright field
image (right) indicates the presence of the core and the characteristic peripheral fluores-
cent ring (left) indicates the shell. For this microparticle, the fluorescence intensity peak to
peak distance measured show the diameter of the particle is 2.31 pm.

DISCUSSION

This study reports the successful liquid dispersion of co-
hesive sub-micronized dexamethasone crystals by electro-
static coating with a positively charged polyelectrolyte,
PDDA, and the subsequent self-assembling of multiple layers
of polyions around the crystals to produce controlled release
microcapsules in a two phase process as shown in Fig. 10. The
effective adsorption of the first layer of PDDA was evidenced
by the microelectrophoresis measurement of the reversal in
charge and the enhanced dispersability of the dexamethasone
particles because of the colloidal stabilization produced by
the positively charged PDDA coating. Stabilizing of the prac-
tically monodispersed particles could also reduce the Ostwald
maturation of the colloidal particles of the scarcely soluble
dexamethasone. The shell formed around the microcrystals
also preserved the integrity and the shape of the original crys-
tals.

Continued assembling of multiple polyelectrolyte layers
around the cores produced an electrostatic polyelectrolyte
multilayer shell around the drug microcrystals. The shell
thickness and diameter of the microcapsules assembled
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Fig. 6. Changes in the zeta potential of the coated dexamethasone
particles as a function of the number of adsorption steps for capsule
composition of dexamethasone core/(PDDA/PSS),/PDDA (solid
line and solid squares), dexamethasone core/(PDDA/gelatin A),/
PDDA (broken line and open squares), and dexamethasone core/
PDDA/(PSS/gelatin A),/(PSS/PDDA), (solid line and open tri-
angles).
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around the microcrystals can be varied with the precision of a
few nanometers by varying the combinations of polyelectro-
lytes used in the assembling process. The encapsulation effi-
ciency of this method was very high. Typically the polymer:
drug ratio of 10:1 is used in conventional polymer-based drug
delivery systems. In the LbL shell approach studied here, the
shell thickness of the capsule range from 25 to 60 nm, which
is much smaller than the core drug crystal dimensions and
gives a polymer shell to drug core thickness ratio of about
1:50.

Microelectrophoresis measurements showed that the
binding of PDDA to the negatively charged dexamethasone
caused a large reversal in charge. The reversal in change for
the binding of PSS to PDDA was similar; but the binding of
gelatin A or B to PSS or PDDA caused smaller changes in
charge. Gelatin is a bulky large molecular weight protein that
is a weak polyampholyte with a low charge density. In other
studies, type A gelatin was used in the LbL assembling pro-
cess where the pH was adjusted to an acidic pH, which is
below the isoelectric point and the molecule is predominantly
positively charge (7,8). Results reported here show that when
a solution of type A gelatin is adjusted to a pH that is acidic
but above the isoelectric point, it can still be assembled with
a positively charged polyion PDDA. Thus the variation in
cationic, anionic, and the nonionic characteristics of gelatin A
and B can be used to promote binding with the drug core or

Table I. Film Thicknesses for Layer-by-Layer Assembly on Dexa-
methasone Core Surface Calculated from Frequency Shifts Measured
with Quartz Crystal Microbalance [AL (nm) = 0.017 AF (Hz)]

Layer Thickness (nm)
PDDA 2-3
PDDA/PSS 4-6
PDDA/gelatin A 6-8
PDDA/gelatin B 11-12
PSS/gelatin A 10-15
(PDDA/PSS), 10-14
(PDDA/gelatin A), 25-35
(PDDA/gelatin B), 45-55
(PSS/gelatin A), 50-60
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Fig. 8. Release profiles of dexamethasone particles in PBS buffer pH
7.2: (a) coated with 1 layer PDDA sonicated and filtered (<1.2 pm);
(b) coated with 1 layer PDDA sonicated and unfiltered; (c) dexa-
methasone core/(PDDA/PSS),/PDDA; (d) particles sonicated with-
out PDDA; (e) dexamethasone core/(PDDA/gelatin A),/PDDA; (f)
dexamethasone core/(PDDA/gelatin B),/PDDA; (g) dexamethasone
core/PDDA/(PSS/gelatin A),/(PSS/PDDA),. Mean + SD, n = 6.

other polyions. The PSS or PDDA/gelatin layers were thicker
than PDDA/PSS layers because gelatin has a loopy confor-
mation at coating conditions leading to adsorption of several
monomolecular layers with increased layer thickness (8). This
is not the case with PDDA/PSS, which give rise to a thinner
more porous coating (7). The thickness of the gelatin layers
also depended on the type and pH of assembling because at
pH 5.8, gelatin A formed thicker layers with negatively
charged PSS and gelatin B formed thicker layers with posi-
tively charged PDDA.

Heat of adsorption measurements show that the binding
of PDDA to the negatively charged dexamethasone micro-
crystals and to gelatin is an endothermic process and that the
heat produced by this initial coating with PDDA is larger than
for the assembling of subsequent layers. The binding of
PDDA with the dexamethasone core and between PDDA
and gelatin A is an entropically driven process such as that
known to govern interactions between polyelectrolytes and
proteins or between nucleic acids and proteins (24,25),
whereas the interaction between the two polyions PSS and
PDDA is a mildly exothermic interaction (26,27). The inter-
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Fig. 9. Release of dexamethasone from the microcrystals and micro-
capsules suspended in a 1% w/w carboxymethylcellulose gel for mi-
crocrystals: (a) coated with 1 layer PDDA; (b) dexamethasone core/
(PDDA/PSS),/PDDA; (c) sonicated without PDDA; (d) dexameth-
asone core/(PDDA/gelatin B),/PDDA; (e) dexamethasone core/
PDDA/(PSS/gelatin A),/(PSS/PDDA),. Mean = SD, n = 6.

action between PDDA and the drug cores and gelatin is as-
sociated with a loss of chain conformational entropy of the
polyion combined with a release of counterions from the pro-
tein and the polyelectrolyte during the formation of charge/
charge interactions between the two macromolecules and be-
tween the core and the charged polymer (25). The loss of
configurational entropy of the polymer chains is compensated
for by a gain in entropy associated with the release of the
counterions producing a positive enthalpy. For the binding
between the strongly charged PSS and PDDA, direct Cou-
lombic interactions between the positive and negative charges
present on the interacting macromolecules leads to binding
and the formation of the polyion layers (26,27).

The drug delivery assembly reported here for dexameth-
asone may be classified as a reservoir type controlled system

Dispersion Phase

Aggregates

Pargaonkar et al.

with a semi-permeable rate controlling membrane. As can be
seen from Figs. 8 and 9 constant release profiles were main-
tained with almost zero-order kinetics (23). It provides addi-
tional prove for a diffusion-controlled release mechanism.
The release of the dexamethasone from the drug involves two
processes: a) bulk solution diffuse into the capsules to dis-
solve the drug crystals and b) the dissolved drug molecules
diffuse out of the capsules. The dissolution of the crystal cores
proceeds from the surface toward the crystal center and small
crystals dissolved faster than larger crystals. Microscopic
evaluation (Figs. 4 and 5) of the shells around the crystals
revealed swelling of the gelatin shelled during the dissolution
process. Such swelling is probably caused by osmotic pressure
inside the shells accompanying the dissolution of the core
material.

Because uncoated dexamethasone crystals dissolve faster
than the encapsulated crystals, it is expected that at the early
stages the dexamethasone concentration in the capsules are
high, close to saturation. This will remain saturated with drug
till the crystals within each shell in exhausted (16). The high
concentration of the dexamethasone inside the shells caused
by the dissolution of the core can result in a large concentra-
tion gradient across the capsule wall and as a consequence
cause a high osmotic pressure inside the capsule, therefore
the diffusion of dexamethasone through the capsule wall is
accelerated. During this time, the permeability of the capsule
wall controls the release rate. Structural differences between
the PDDA/gelatin A layer vs. the PSS/gelatin A and PDDA/
gelatin B multilayers determined the rate of this diffusion
process. For example, dissolution data suggest that the diffu-
sion through the single PDDA layer is five times faster than
through the PDDA/gelatin B multilayers. In addition, the sur-
face charge on gelatin B would be reduced when switched
from conditions of assembly pH 5.8 to conditions of diffusion
pH 7.2, which means the bulky gelatin molecule would shrink
thus closing probable defects and pores, but simultaneously
the multilayers will also swell. Swelling will take place evenly
in all directions depending on the adhesion of the layer to a

Monodisparsed Particles with
PDDA Layers

Bonication

LBL Assembly Phase

Release of Drug from Core

Microcapsule

Particle Layered with
PDDA

Assernbly of Becond Layer

Fig. 10. Illustration of the monodispersion of the micronized dexamethasone drug par-
ticles by electrostatic layer-by-layer encapsulation followed by the subsequent controlled
release of the drug through the insoluble porous shell.
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rigid support. This constrains the swelling to the direction
perpendicular to the support, which increases the thickness of
the shell. However, as more drug dissolves, it is conceivable
that the increase in hydrostatic pressure driven by the differ-
ence in osmotic pressure creates a tension in the wall, which
may widen existing or create new pores thus increasing drug
release. A combination of these processes then produces the
controlled release as seen in Figs. 8 and 9.

CONCLUSIONS

The results of this study suggest that the combination of
sonication and LbL coating can be used to produce monodis-
persed suspensions of dexamethasone microcrystals and that
direct surface modification via the LbL process produced dif-
fusion-controlled drug release via the polyelectrolyte multi-
layer nano-thick shell. In addition, for the first time, the si-
multaneous micronization of crystalline drug particles and
polyion coating during sonication of the drug particles in an
oppositely charged polyion solution is demonstrated. Al-
though the optimum LbL microcapsules prepared in this
study obtained 100% release within 2 h compared to up to 8
h reported for PLGA microspheres (28) and from 4 to 35 days
for insoluble PLGA scaffolds (29), the capsules prepared in
this study were significantly smaller, ~0.5-5 pm vs. ~15-100
pm. This self-assembling system is also an efficient controlled
drug release delivery system because for the LbL microen-
capsulated poorly soluble dexamethasone, both the initial
burst and the incomplete unloading of the encapsulated drug
is reduced. Also, these nanothin shells occupy a small portion
(~1% w/w) of the whole capsule. Therefore, drug loading of
polyelectrolyte microcapsules is very efficient. The small mi-
crocapsules (0.5-5 pm) can be used for injection for either
fast or slow release of the drug. Suspensions made from the
very small monodispersed particles can also reduce irritation
associated with the administration of suspensions in the eye.
Future studies will look at changes in the gelatin layers during
binding and upon exposure to heat and cross-linking/film
hardening agents. The use of microcalorimetry to character-
ize the LbL process will also be further studied.
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