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Abstract

Objectives Microencapsulation of drugs into preformed polymers is commonly achieved
through solvent evaporation techniques or spray drying. We compared these encapsulation
methods in terms of controlled drug release properties of prepared microparticles and
investigated the underlying mechanisms responsible for the ‘burst release’ effect.
Methods Using two different pH-responsive polymers with a dissolution threshold of pH
6 (Eudragit L100 and AQOAT AS-MG), hydrocortisone, a model hydrophobic drug, was
incorporated into microparticles below and above its solubility within the polymer matrix.
Key findings Although, spray drying was an attractive approach due to rapid particle
production and relatively low solvent waste, the oil-in-oil microencapsulation method was
superior in terms of controlled drug release properties from the microparticles. Slow solvent
evaporation during the oil-in-oil emulsification process allowed adequate time for drug and
polymer redistribution in the microparticles and reduced uncontrolled drug burst release.
Electron microscopy showed that this slower manufacturing procedure generated nonporous
particles whereas thermal analysis and X-ray diffractometry showed that drug loading above
the solubility limit of the drug in the polymer generated excess crystalline drug on the
surface of the particles. Raman spectral mapping illustrated that drug was homogeneously
distributed as a solid solution in the particles when loaded below saturation in the polymer
with consequently minimal burst release.
Conclusions Both the manufacturing method (which influenced particle porosity and
density) and drug:polymer compatibility and loading (which affected drug form and distri-
bution) were responsible for burst release seen from our particles
Keywords burst release; Eudragit L100; hydrocortisone; microencapsulation; spray
drying

Introduction

Polymeric microparticles are increasingly used for controlled drug delivery. Preparation
of these microparticles from preformed polymers is based on modifications of three
basic methods; solvent extraction/evaporation, phase separation (coacervation) and spray
drying.[1] The emulsification solvent evaporation approach is a simple and widely applied
technique, extensively studied for the preparation of polylactic acid (PLA) and poly(lactic-
co-glycolic) acid (PLGA) microparticles.[2,3] However, this technique uses relatively large
amounts of solvents and results in a suspension of microparticles in the external phase.[4–6]

To acquire a dry powder further processing, such as filtration or lyophilisation, is needed.
Another frequent problem encountered using conventional emulsification methods is drug
crystallisation in the external continuous phase.[6] This problem was overcome in the case of
progesterone-loaded polylactide microspheres using a spray-drying method, hot air being
the external phase.[7]

With regards to controlled-release properties, one of the difficulties often reported for
polymeric microparticles is an initial high drug release from the polymer matrix, known as
a ‘burst release effect’.[5,8–13] In an attempt to explain this phenomenon, a number of theories
have been suggested. Wang and Wang[11] related drug release to the density of the produced
microparticles, suggesting that denser particles resulted in lower release rates. Other authors
attributed the burst release to high residual solvent, reduced glass transition temperature,
surface drug enrichment or insufficient encapsulation.[13–16] In fact, it is well established that
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the distribution of drugs in delivery systems influences the
release characteristics.[15] However, this is often hard to quan-
tify in-situ and detailed investigations into the mechanisms
responsible for the burst release effect in various microencap-
sulation methods have not been reported.

This work has evaluated microencapsulation methods in
terms of optimal controlled-release characteristics and has
used various analytical techniques to investigate the possible
underlying mechanisms causing burst- or controlled-release
properties. Two different pH-responsive polymers with a dis-
solution threshold of pH 6 (Eudragit L100 and AQOAT
AS-MG) were used to encapsulate hydrocortisone, a model
hydrophobic drug, into microparticles below and above its
solubility within the polymer matrix. The drug loading was
varied above and below the solubility within the polymers
to test whether drug encapsulation using spray drying was
only marginally dependent on the drug’s affinities to the
solvent and polymer used.[7] Raman microscopy was then
used to investigate the spatial distribution of the drug within
the produced microparticles, which was related to experimen-
tal release profiles. Unlike previous studies which developed
pH-responsive microparticles intended for gastrointestinal
drug delivery, the goal of this work was to develop controlled-
delivery systems which responded to more subtle pH changes,
such as those observed in healthy (pH 5.0–5.5) versus atopic
dermatitis skin (pH 6.0–7.0).[17,18]

Materials and Methods

Materials
Hydrocortisone was purchased from Sigma-Aldrich (Poole,
UK). Eudragit L100 was kindly provided by Röhm (Darms-
tadt, Germany). Hypromellose acetate succinate (HPMCAS;
AQOAT AS-MG) was obtained from Shin-Etsu (Tokyo,
Japan). Ethanol, dichloromethane (DCM), hexane (laboratory
grades) and sorbitan sesquioleate were obtained from Sigma-
Aldrich (Poole, UK). Sodium dodecyl sulphate and Liquid
Paraffin BP were purchased from Fisher Scientific (Lough-
borough, UK). Sodium phosphate dibasic heptahydrate and
sodium phosphate monobasic dehydrate (Sigma-Aldrich,
Poole, UK) were used in the preparation of the dissolution
media.

Production of pH-responsive microparticles
Spray drying
Microparticles were produced using a Mini Spray Dryer,
Model 290 (Buchi UK Ltd, Oldham, UK) under constant
operating conditions for different microparticles. The 50 : 50
w/w ethanol/water polymeric solutions, with or without
the drug, were fed into the machine by a peristaltic pump at
1.5 ml/min (feed rate 5%) and sprayed through a 0.7 mm
two-fluid nozzle into the drying chamber. The flow of com-
pressed nitrogen used to atomise the feed solution was 350 l/
min. Inlet temperature was set at 70°C with a corresponding
outlet temperature of ~35°C. A flow of heated nitrogen, at
28 m3/h (aspirator rate 75%), induced rapid evaporation of
solvent from the droplets and led to the formation of solid
microparticles which were collected in a high performance
cyclone. In all cases the concentration of the polymer in the

feed solution was maintained at 2% w/w (to circumvent
changes that can arise from differences in feed solution vis-
cosity) while varying hydrocortisone loading at 2.5, 10 and
25% w/w with respect to polymer.

Solvent evaporation method
Two variations of the solvent evaporation method were inves-
tigated in this study using different external phases, either
water (oil-in-water emulsification) or liquid paraffin (oil-in-
oil emulsification). For the oil-in-water microencapsulation
method, 10% w/v polymeric organic solutions were prepared
by dissolving the polymer in a mixed solvent of DCM/ethanol
(7 : 3, v/v). This solution (10 ml) was added to 100 ml 0.25%
w/v hypromellose (hydroxypropyl methylcellulose) aqueous
phase. Similarly, with the oil-in-oil method, 15 ml 10% w/v
polymer ethanolic solution (oil1) was emulsified into 100 ml
liquid paraffin (oil2) containing 1% w/w of sorbitan sesqui-
oleate as an emulsifying agent.[19]

For both techniques, the emulsion was obtained by stirring
(4 cm four-blade propeller) at 1200 rev/min (IKA Laboratech-
nik, Staufen, Germany). Solvent removal was achieved by
continuous stirring of the emulsion droplets at 1200 rev/min
overnight at room temperature to allow solvent evaporation.
The solidified microparticles were then recovered by vacuum
filtration (through Whatman filter paper, 0.45-mm pore size),
washed with 200 ml water in the case of the oil-in-water
emulsification or with three portions of 25 ml n-hexane after
the oil-in-oil microencapsulation process. This was followed
by vacuum drying for 6 h at room temperature. 2.5%, 10%
and 25% w/w hydrocortisone-loaded microparticles were
obtained by incorporating the appropriate drug amount to the
initial polymeric solutions.

Yield and encapsulation efficiency
Microparticle yields were calculated by:

Yield
W

W
recovered

total

= ×100 (1)

Where, Wtotal is the total solids weight used in the initial
polymeric solution and Wrecovered is the weight of recovered
microparticles. To calculate drug encapsulation efficiency,
amounts of dry powder samples equivalent to 20 mg/ml theo-
retical hydrocortisone loading were dissolved in ethanol for
Eudragit L100 microparticles and in pH 7 phosphate buffer
for AQOAT AS-MG (as this polymer is insoluble in ethanol).
The amount of hydrocortisone encapsulated was determined
by UV spectrophotometry (Jasco V-530 UV-vis spectro-
photometer) at 242 nm (ethanol) or 248 nm (pH 7 phosphate
buffer) against calibration curves. The encapsulation effi-
ciency (EE) was calculated as:

EE
M

M
actual

theoretical

= ×100 (2)

Where, Mactual is the actual amount of the drug encapsulated
and Mtheoretical is the theoretical amount encapsulated, calcu-
lated from the amount of drug added during the manufactur-
ing process. All analyses were performed in triplicate.
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Scanning electron microscopy
Scanning electron microscopy (SEM) was used to examine
the shape and surface morphology of the microparticles.
Powder samples were attached to double-sided adhesive
carbon tabs mounted on an SEM support, coated with gold
(Edwards Sputter Coater S150B) and assessed with a high
vacuum scanning electron microscope (Cambridge 360
stereoscan). The SEM instrument was operated at an acceler-
ating voltage of 20 keV and a working distance of approxi-
mately 15 mm.

Density
Bulk density was measured by filling the dry powder into a
2-ml graduated syringe whose bottom was sealed with Para-
film.[20,21] The weight and volume occupied by the powder
was recorded to calculate bulk density. The tap density of
the powders was then evaluated by tapping the syringe onto
a level surface at a height of approximately 2 cm, until no
change in volume was observed.[20] The resultant volume was
then recorded to calculate tap density. Each measurement was
performed in triplicate.

Thermo-gravimetric analysis
Thermo-gravimetric analysis assessed the residual solvent
within the prepared microparticles. These investigations were
performed in a Q50 TA instrument (TA Instruments Ltd, UK)
equipped with TA universal analysis software. Samples of
approximately 10 mg were heated from 30 to 200°C at 20°C/
min under a nitrogen purge of 50 ml/min using a platinum
pan.

Differential scanning calorimetry
Thermal behaviour of polymers, drug, drug free micropar-
ticles and drug-loaded microparticles was analysed using dif-
ferential scanning calorimetry (DSC; Q2000 TA instruments)
equipped with TA universal analysis software. The apparatus
was calibrated with indium before analysis. Approximately
4 mg samples were accurately weighed into standard alu-
minium pans, which were then crimped and heated from 30 to
150°C at 10°C/min with a 30 min isothermal hold at 150°C to
remove any excess moisture. The samples were then cooled
to 30°C and heated to 250°C at 10°C/min under a nitrogen
purge of 20 ml/min. All samples were tested in triplicate.

X-ray powder diffraction measurements
X-ray powder diffraction (XRPD) patterns of the starting
materials (hydrocortisone and Eudragit L100) and micropar-
ticles were obtained using a Bruker D8 Advance diffractome-
ter (Bruker, Germany), using Cu Ka radiation (l = 1.5406 Å).
Samples were scanned from 5 to 45°2q, with a step size of
0.017° and a count time of 3 s per step. Samples were rotated
at 30 rev/min during analyses. The generator was set to
40 keV and 40 mA.

Raman microscopy
Raman spectra were recorded using a dispersive Renishaw
inVia Raman microscope coupled with a 532 nm diode laser
source and a Leica DM2500 M microscope. A 100 ¥ working-
length objective was used for optical imaging and spectral

acquisition. The collected radiation was directed through a
notch filter that removed the Rayleigh photons, then through a
confocal hole and the entrance slit onto a grating monochro-
mator (2400 groove/mm) that dispersed the light before it
reached the charge-coupled device detector. The spectrograph
was set to provide a spectral range of 100–2000/cm.

Depth profiling of the oil-in-oil generated microparticles
was acquired at a step of 2 mm for the 25% hydrocortisone-
loaded microparticles and a step of 0.8 mm for 10% and 2.5%
w/w loaded-microparticles. Spectrum acquisition times were
typically 180 s. Spectra were collected to a total depth of
15.20 mm, for the 2.5% and 10% w/w hydrocortisone-loaded
microparticles, and 38 mm for 25% hydrocortisone-containing
microparticles due to their larger particle diameters. In all
cases, a total of 20 spectra were acquired starting from the
microparticle’s surface.

In-vitro dissolution testing
pH-stepped dissolution testing of the different drug-containing
microparticles was performed using USP II apparatus
(paddles) (Varian VK7010 dissolution system) at 50 rev/min
and 32 � 1°C (which represented normal skin temperature as
the microparticles were intended for topical drug delivery).
The reported aqueous solubility of hydrocortisone is 0.28 mg/
ml.[18,22] Therefore, amounts of drug-containing microparticles
equivalent to 0.02 mg/ml hydrocortisone on complete dissolu-
tion were used, ensuring sink conditions (concentration in
solution during dissolution, C < 0.1 saturated solubility of
the drug, Cs). The powders were first tested in 500 ml 0.1 m
pH 5 phosphate buffer for two hours, after which the pH was
increased to 7 by the addition of 100 ml 0.29 m NaOH, and
testing then continued for a further two hours. Samples (1 ml)
were withdrawn periodically, passed through a 0.45-mm mem-
brane filter (Millipore) and assayed by UV spectrophotometry
at 248 nm, a wavelength at which no interference from the
polymers was observed.

Statistical analysis
Differences in tap density measurements and maximum drug
release between Eudragit L100 microparticles obtained from
the two methods (spray drying and solvent evaporation) and
containing different drug-loadings were assessed using one-
way analysis of variance (Genstat; version 12); in all cases
P < 0.05 denoted significance.

Results and Discussion

Unlike the solvent evaporation technique, encapsulation using
spray drying is thought to be only slightly dependent on the
drug’s compatibility with the solvent and polymer used.[7]

In this study, the effect of drug:polymer compatibility on
hydrocortisone release from the prepared microparticles was
explored by incorporating the drug at levels below and above
its solubility limit within the polymer matrices. The solubility
of hydrocortisone in Eudragit L100 and AQOAT AS-MG was
found through microscopic examination of polymer films.[23]

A high solubility of the drug in the polymer matrix is indi-
cative of high drug-polymer compatibility and results in
better incorporation of the drug within the prepared micro-
particles.[6,23] Hydrocortisone was found to be more soluble
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(13–14%, w/w) in Eudragit L100 films compared with
AQOAT AS-MG (9–10% w/w; Figure 1).[24]

Various other parameters including the physicochemical
properties of both drug and polymer need to be considered for
successful encapsulation of drugs into polymeric micropar-
ticles. The model drug used, hydrocortisone, has a reported
water solubility of 0.28 mg/ml, and previously we reported
its solubility in ethanol to be 11.4 � 0.33 mg/ml.[16,24] These
solubilities dictate the extent of drug diffusion to the surface
of the microparticles during the preparation process and ulti-
mately affect drug release.

Preparation of pH-responsive microparticles
Spray drying as a microencapsulation technique
Previously, we reported the potential use of spray drying
to prepare pH-responsive Eudragit L100 microparticles.[24]

The method was optimised in terms of drug release, taking
into account the effect of different solvent systems and
various polymer concentrations. Using Eudragit L100 as a
pH-responsive polymer, it was found that a polymer content
of 2% w/w and a solvent system of 1 : 1, w/w, ethanol/water
led to the lowest drug release at pH 5, a pH at which the
polymer was not soluble. Using these optimised conditions,

the effect of varying the drug loading (2.5% and 25%, w/w)
on the release profile was investigated.[24] Here, we report
also the effect of 10% w/w hydrocortisone-loading (Table 1).
AQOAT AS-MG microparticles were generated using the
same conditions to explore the methods’ transferability to
other polymers (Table 1). Encapsulation efficiency was high,
with more that 88% of the drug incorporated in all cases.

(a) (b)

(c) (d)

Figure 1 Microscopic examination of hydrocortisone/AQOAT AS-MG films. Magnification: ¥10. (a) 0%, (b) 9%, (c) 10% and (d) 20% w/w
theoretical loading.

Table 1 Yield, tap density and encapsulation efficiency values of
Eudragit L100 and AQOAT AS-MG microparticles prepared by spray
drying with variable hydrocortisone loadings

Polymer Drug loading
(% w/w)

Yield
(%)

Tap density
(g/ml)

Encapsulation
efficiency (%)

Eudragit L100 0a 80.6 0.85 � 0.02 NA
Eudragit L100 2.5a 78.7 0.84 � 0.04 99.1 � 2.99
Eudragit L100 10 47.7 0.92 � 0.03 88.6 � 3.63
Eudragit L100 25a 67.6 1.02 � 0.01 94.6 � 1.00
AQOAT AS-MG 0 53.1 0.57 � 0.03 NA
AQOAT AS-MG 2.5 72.7 0.59 � 0.04 98.9 � 0.92

aData from Rizi et al.[24] shown for comparison. AQOAT AS-MG,
hypromellose acetate succinate. N/A, not applicable.

1144 Journal of Pharmacy and Pharmacology 2011; 63: 1141–1155



Morphological characteristics of Eudragit L100 and AQOAT
AS-MG microparticles containing different hydrocortisone
loadings were examined with SEM imaging as shown in
Figure 2. The rough morphology of these microparticles was
thought to result from polymer phase separation at the surface
of the drying droplets.[24]

Powders prepared from AQOAT AS-MG tended to aggre-
gate. The presence of aggregates increased the voids within
the powder bed and resulted in relatively low tap densities
compared with Eudragit L100 microparticles (Table 1).[24]

Further investigation of the pH-responsiveness of these
spray-dried microparticles, from pH 5 to 7, demonstrated that
AQOAT AS-MG particles dissolved at a lower pH than
expected, between pH 5.3 and 5.4 (data not shown). Similar
observations were reported by Friesen et al.[25] who found
AQOAT AS-MG soluble above pH 5.2. In contrast, Eudragit
L100 microparticles dissolved at pH 5.8–5.9, close to the
reported polymer solubility threshold of pH 6.[24] DSC did not
show any changes between the polymer microparticles and
the initial AQOAT AS-MG powder (data not shown). The
discrepancy in pH-responsiveness between the manufacturer
information and experimental results for AQOAT AS-MG
might have been a result of differences in testing methodo-
logies; the manufacturer’s information was based on disinte-
gration testing of 1 cm2 polymeric films which may dissolve
more slowly than the microparticles.[26]

Due to the relatively high drug burst release observed
previously with spray-dried Eudragit L100 microparticles at
pH 5 and 1.2, pH values at which the polymer was not soluble,
an alternative microencapsulation technique, namely, the
solvent-evaporation method was investigated.[24]

Oil-in-water emulsification/solvent
evaporation technique
In the oil-in-water emulsification process the drug and
polymer are first dissolved in a water-immiscible solvent,
usually dichloromethane, and the resulting organic phase is
emulsified into an aqueous phase containing an appropriate
emulsifier. The organic solvent can then be removed by eva-
poration or extraction. The method has been used to prepare
Eudragit-based systems for the sustained-release grades RL
and RS, which are neutral copolymers of poly (ethylacrylate,
methyl methacrylate) and trimethyl aminoethyl methacrylate
chloride.[27,28] pH-responsive particles have been successfully
prepared using Eudragit P-4135F; Eudragit P-4135F is syn-
thesised by the copolymerisation of methacrylic acid, methyl
methacrylate and methyl acrylate and exhibits a dissolution
threshold of pH 7.2.[29–31]

The above Eudragit grades are all soluble in dichlo-
romethane, which is advantageous as it facilitates the emul-
sification of the polymer solution. Moreover, the limited
solubility of dichloromethane in water prevents drug loss to

(b)

5 μm

(d)

(a)

10 μm

(c)

5 μm 5 μm

Figure 2 Scanning electron microscopy images of spray-dried microparticles using either Eudragit L100 or AQOAT AS-MG. Eudragit L100 with
(a) 0% or (b) 10% hydrocortisone loading. AQOAT AS-MG with (c) 0% or (d) 2.5% hydrocortisone loading.
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the external aqueous phase which can occur with solvent
diffusion. However, Eudragit L100 is not soluble in dich-
loromethane whereas AQOAT AS-MG is only partially
soluble (swellable).[32] Therefore, a mixed solvent of 7 : 3, v/v,
dichloromethane/ethanol was used to solubilise the polymers
in the initial organic phase; the ethanol content was minimised
to limit drug diffusion into the aqueous phase.[33–36]

Using the dichloromethane/ethanol cosolvent system,
microparticles were successfully prepared using a 10% w/v

AQOAT AS-MG organic solution (Figure 3). The hollow
nature of these microparticles was attributed to rapid ethanol
diffusion followed by polymer precipitation.[35] The rate of
solvent diffusion during the initial stage of microparticle
preparation is determined by its water solubility. The aqueous
solubility of dichloromethane at 25°C is 1.85% whereas
ethanol is completely miscible with water.[2,11] The partial
solubility of AQOAT AS-MG in dichloromethane meant that
the polymer shell formed at the interface of the emulsification

(b)

(d)

(e)

(a)

(c)

500 μm 500 μm

500 μm

70 μm

100 μm

Figure 3 Scanning electron microphotographs of microparticles prepared by the oil-in-water emulsification solvent evaporation method. AQOAT
AS-MG microparticles at (a) 0%, (b) 2.5% or (c) 25% hydrocortisone loading. (d) 2.5% (w/w) hydrocortisone-loaded AQOAT microparticles at high
magnification. (e) Drug-free Eudragit L100 microparticles.
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droplets was non-rigid. This allowed for dichloromethane
evaporation through eruptions in the polymeric shell. The net
result was the formation of spherical intact microparticles
with a porous surface upon complete shell solidification
(e.g. Figure 3d).

These morphological observations were consistent with
tap density measurements of AQOAT AS-MG microparticles
(Table 2), which were considerably lower than those calcu-
lated for the spray-dried powders (Table 1) and were attrib-
uted to the hollow nature of the particles. However,
hydrocortisone encapsulation into AQOAT AS-MG micropar-
ticles resulted in relatively low encapsulation efficiencies
(Table 2), probably as a result of rapid ethanol flux into the
external aqueous phase. A comparable phenomenon was
reported in the literature for the encapsulation of estradiol and
indometacin into Eudragit L100-55.[6]

Although hydrocortisone is a hydrophobic drug, it exhibits
an appreciable solubility in aqueous media of 0.28 mg/ml.[16]

The diffusion of ethanol into the external aqueous phase
during the emulsification process leads to drug leaching and
increased hydrocortisone solubility in the external aqueous
phase. This phenomenon may explain the low encapsulation
efficiency measured and the appearance of drug crystals in
the external aqueous phase at 25% w/w theoretical drug
loading (Figure 3c). Microparticles prepared at 2.5% w/w
drug loading showed similar morphological characteristics to
the drug-free microparticles with no visual evidence of drug
crystallisation (Figure 3b). Nonetheless, the encapsulation
efficiency of the drug was low despite the fact that it was
incorporated at a level well below its solubility limit within
the polymer.

In contrast, at 10% w/w polymer concentration, sticky
Eudragit L100 droplets were produced during the early stages
of the oil-in-water emulsification process leading to the for-
mation of elongated polymeric structures (data not shown).
In an attempt to overcome this problem, a reduced polymer
concentration was used to decrease polymer–polymer inter-
actions in the initial polymeric organic solution which, in turn,
reduced the polymer’s tendency for precipitation and enabled
polymer emulsification into the external aqueous phase.
Nonetheless, the emulsified droplets generated in the early
stages of particle formation tended to collapse during the
solvent evaporation step (Figure 3e), possibly due to the
brittle nature of the Eudragit L100 shell that formed at
the interface of the droplets. The glass transition temperature
of Eudragit L100 was reported to be approximately 160°C
with a corresponding minimum film formation temperature of
85°C.[36] Similarly to AQOAT AS-MG, the hollow nature of

Eudragit L100 microparticles was attributed to rapid
ethanol diffusion, polymer precipitation and subsequent shell
formation.

Oil-in-oil emulsification/solvent
evaporation technique
An oil-in-oil emulsification process was adopted to circum-
vent the problem of drug leakage into the external phase.
Kendall et al.[19] have developed a reproducible oil-in-oil
microencapsulation method for fabricating Eudragit L100
microparticles intended for gastrointestinal delivery. The
method uses liquid paraffin, a nonsolvent for both drug and
polymer, as the external oil phase. Despite the fact that the use
of dichloromethane (ICH class 2) was avoided and ethanol
(ICH class 1) was chosen to solubilise the polymer in the
internal oil phase, the utilisation of hexane (ICH class 2) for
external oil phase removal was inevitable.

Drug-free Eudragit L100 microparticles prepared from a
10% w/v polymeric solution using the oil-in-oil emulsifica-
tion process had a smooth surface and were less polydisperse
than microparticles produced from the spray-drying method
(Figure 4) with no observed surface porosity. The solubilisa-
tion of 2.5% and 10% w/w hydrocortisone in the initial poly-
meric solution led to the formation of spherical microparticles
with similar morphological characteristics. At 25% w/w theo-
retical drug loading, hydrocortisone was not fully soluble
in the initial polymeric solution due to its limited solubility in
ethanol. Therefore, the nonsolubilised drug crystals were
incorporated into relatively large microparticles (approxi-
mately 150 mm diameter compared with 30 mm diameter
for drug-free, 2.5% and 10% drug-loaded microparticles)
(Figure 4). The presence of drug crystals at a relatively high
theoretical loading might have increased the viscosity of the
initial polymeric solution. A more viscous phase will require
larger shear stress (stirring in this case) to break the emulsion
droplets into smaller sizes.

Yield, encapsulation efficiency and tap density results
obtained from the emulsification of 10% w/v polymeric
solutions into liquid paraffin are presented in Table 3. The
encapsulation efficiencies obtained for hydrocortisone
were relatively high, comparable with those calculated for
the spray-dried powders (Table 1). The lower encapsulation
efficiency at 25% w/w theoretical drug loading could be
explained by the loss of uncoated drug crystals into the exter-
nal oil phase. The high tap density measurements obtained for
the oil-in-oil microparticles suggested that they were solid.
However, the oil-in-oil generated Eudragit L100 micropar-
ticles with 25% hydrocortisone-loading presented a low tap
density due to the presence of crystals within the micro-
particles, which might have disturbed their internal structure
and led to pore formation (Figure 4d).

The relatively high polymer concentration (10%, w/v),
used in the internal oily phase, increased polymer viscosity
and caused rapid droplet solidification.[2] The rapid solidifica-
tion of microparticles is advantageous in achieving high drug
encapsulation efficiency as it hinders drug migration to the
particles’ surface.[2] In fact, a 1% w/v Eudragit L100 concen-
tration led to inefficient hydrocortisone encapsulation with
apparent drug crystals in the external phase and on the surface
of the dried microparticles (data not shown). In this case, the

Table 2 Yield and encapsulation efficiency of hydrocortisone-loaded
AQOAT AS-MG microparticles prepared from the oil-in-water emulsifi-
cation process

Drug loading
(% w/w)

Yield
(%)

Tap density
(g/ml)

Encapsulation
efficiency (%)

0 88.0 0.31 � 0.01 NA
2.5 63.2 0.25 � 0.02 23.35 � 1.09
25 77.1 0.15 � 0.01 22.05 � 1.02

NA, not applicable.
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low polymer viscosity and slow droplet solidification allowed
more time for drug loss through diffusion.

The transferability of the oil-in-oil microencapsulation
method to different grades of Eudragit; L100, S100 and L55,
has been reported by Kendall et al.[19] Nonetheless, its appli-
cability to structurally nonrelated polymers has not been
investigated. Here, the oil-in-oil emulsification method was
used to prepare AQOAT AS-MG microparticles but the initial
oil phase was substituted by a 7 : 3 v/v dichloromethane/
ethanol cosolvent system to allow for AQOAT solubilisation.

SEM images of the obtained microparticles showed similar
morphological characteristics to Eudragit L100 particles but
with a rougher surface topography (Figure 4e and f).

Unlike the oil-in-water emulsification method, the micro-
particles obtained from the oil-in-oil microencapsulation
process appeared to be solid. This could be attributed to the
relatively slow ‘good solvent’ (ethanol) removal rate. This
allowed time for polymer redistribution within the drying
droplets and resulted in the formation of solid microparticles.
Even when a mixed solvent of dichloromethane/ethanol was

50 μm

50 μm

50 μm

100 μm

50 μm 50 μm

(b)

(d)

(e) (f)

(a)

(c)

Figure 4 Scanning electron microscopy photomicrographs of Eudragit L100 microparticles prepared from the oil-in-oil emulsification process.
(a) 0%, (b) 2.5%, (c) 10% and (d) 25% (w/w) theoretical hydrocortisone loading with respect to polymer. (e) AQOAT AS-MG microparticles prepared
at 0% hydrocortisone loading. (f) AQOAT AS-MG microparticles prepared at 2.5% hydrocortisone loading.
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used, as for AQOAT AS-MG, the morphology of the particles
obtained was similar to that for Eudragit using ethanol alone.

Drug release
From the different microencapsulation techniques tested,
spray drying and the oil-in-oil microencapsulation method
resulted in the successful formation of microparticles with

efficient drug encapsulation. Dissolution data of these
powders can be seen in Figure 5, showing stepped dissolution
of microparticles below and above the pH solubility of the
polymer. Although the size of the microparticles can influence
the rate of drug release in the initial stages, here we compared
total drug release after 2 h at pH 5, when a plateau was
reached. Total drug release at this stage was more likely to
be due to other factors, such as particle porosity or drug
distribution. In fact, a study that investigated the release
5-fluorouracil-loaded PLGA-based microparticles has shown
that underlying drug release mechanisms were independent of
the microparticle size.[37] Although the different size fractions
released the drug at different rates initially, they all reached
the same level of relative drug release after 21 days.[37]

With both preparation methods, Eudragit L100 micro-
particles showed better controlled-release properties than
AQOAT AS-MG microparticles, i.e. lower relative drug
release after 2 h at pH 5. At 2.5% and 10% w/w
hydrocortisone-loading, Eudragit L100 microparticles
obtained from the oil-in-oil encapsulation technique led
to negligible hydrocortisone release at pH 5 (Figure 5b). At
25% w/w drug loading, due to the limited solubility of
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Figure 5 Stepped dissolution testing of prepared microparticles with pH change from 5 to 7 after 2 h. (a) Spray-dried Eudragit L100 microparticles
at different hydrocortisone (HC) loadings. (b) Eudragit L100 microparticles prepared using the oil-in-oil microencapsulation method. (c) 2.5%
hydrocortisone-loaded AQOAT AS-MG spray-dried microparticles. (d) 2.5% hydrocortisone-containing AQOAT AS-MG microparticles obtained from
the oil-in-oil technique. Values are mean � SD, n = 3.

Table 3 Yield, tap density and encapsulation efficiency values of
Eudragit L100 and AQOAT AS-MG microparticles prepared from the
oil-in-oil emulsification method at variable hydrocortisone loadings

Polymer Drug loading
(% w/w)

Yield
(%)

Tap density
(g/ml)

Encapsulation
efficiency (%)

Eudragit L100 0 81.3 0.86 � 0.05 NA
Eudragit L100 2.5 89.5 1.03 � 0.01 94.84 � 1.79
Eudragit L100 10 90.7 1.02 � 0.07 82.04 � 0.74
Eudragit L100 25 86.0 0.33 � 0.02 73.62 � 2.38
AQOAT AS-MG 0 86.7 0.66 � 0.03 NA
AQOAT AS-MG 2.5 90.7 0.86 � 0.04 100.9 � 2.9

NA, not applicable.
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hydrocortisone in ethanol (11.4 � 0.33 mg/ml), approxi-
mately 50% of the drug was not dissolved in the initial
polymeric solution. During the emulsification process, the
undissolved drug crystals preferentially distributed on the
particles’ surface (Figure 4d) resulting in approximately
40% drug burst release at pH 5 after 2 h (Figure 5b). This
suggested that the remaining 10% of undissolved drug
crystals was incorporated deeper into the polymer matrix. In
contrast, regardless of the drug loading level, the spray-dried
powders showed a high burst release effect at pH 5, a pH at
which the polymer was not soluble (Figure 5a).

These variations in drug release could be attributed to
differences in microparticle formation during manufacture.
The burst release observed from the spray-dried micropar-
ticles implied that they were porous; the presence of pores
within microparticles leads to rapid water penetration inside
the particles and subsequent rapid diffusion of the encapsu-
lated drug. The process of pore formation during spray drying
arises from phase separation during the encapsulation process
and subsequent drug partitioning between polymer-poor and
polymer-rich regions within the drying droplet.[24] This phe-
nomenon results in some drug entrapped within the polymer-
poor region which dries to form pores or less supported
structures.[11]

Interestingly, the spray-dried microparticles containing
hydrocortisone below the solubility limit within the polymer
(2.5 and 10% w/w) provided lower burst release than at 25%
w/w loading (Figure 5a). Spray drying below the solubility
limit of the drug might have led to higher drug content in the
polymer-rich regions of the dried particles and possibly better
controlled-release properties. Nonetheless, at 2.5% and 10%
w/w hydrocortisone loading, the burst release at pH 5 was
only reduced by approximately 10% at 2 h compared with that
when the drug exceeded its solubility at 25% w/w load. This
implied that either drug partitioning to polymer-poor regions
was still predominant, or drug enrichment at the surface was
also accounting for the drug burst release. As the evaporating
droplet shrinks, its receding droplet surface leads to increased
solute concentration at the surface and subsequent diffusional
flux to the centre.[38] During the spray drying process, high
solvent evaporation rates could lead to rapid droplet shrink-
ing, which would not allow time for drug redistribution and
would result in surface drug enrichment.[14]

On the other hand, with the oil-in-oil microencapsulation
process, solvent evaporation occurred more slowly as the
emulsified droplets were stirred overnight at room tempera-
ture to allow for complete solvent evaporation. The relatively
long evaporation time during the oil-in-oil microencapsula-
tion process, compared with the fast solvent evaporation
during spray drying, allowed adequate time for both drug and
polymer redistribution and diffusion to the centre of the emul-
sified droplets, which may have resulted in better controlled-
release characteristics. Moreover, the long evaporation time
was less likely to produce porous microparticles. In compa-
rison with Eudragit L100 microparticles, hydrocortisone-
loaded AQOAT AS-MG particles resulted in a significantly
higher drug release at pH 5 (Figure 5c and d) despite the fact
that the drug was incorporated at 2.5% w/w, a level well below
the solubility limit of hydrocortisone within the polymer
matrix. This can be attributed to differences in the internal

phase solvent system. The use of a dicholoromethane/ethanol
cosolvent system may have led to a more porous structure due
to the relatively fast evaporation of dicholoromethane and
might explain the lower tap density measurements obtained
for AQOAT AS-MG microparticles (Table 2).

It is notable that the rate of drug release from the oil-in-oil
microparticles at pH 7 (Figure 5b, post 120 min) increased
with drug loading. This effect may have reflected drug distri-
bution within the polymer matrix; the more drug available at
or near the surface of the particle the more rapid is the initial
release since less polymer is available to hinder drug diffu-
sion. Using the same oil-in-oil microencapsulation method,
Nilkumhang et al.[39] investigated partitioning of fluorescent
dyes between the internal (ethanol) and external (liquid par-
affin) phases and found a correlation between the partition
coefficient and molecular distribution within the prepared
microparticles. However, in this study the same drug was used
and the partition coefficient between ethanol and liquid
paraffin was therefore constant.

Mechanisms of ‘burst release’
Particle density and percentage porosity
Wang and Wang[11] suggested that the density of the produced
microparticles could profoundly influence drug release, since
increased particulate density could restrict the diffusion of the
drug from the microparticles. Tap density measurements can
offer insight into this phenomenon; assuming perfect packing
of the tapped powder and a monodisperse size distribution,
tap density values are approximately a 21% underestimate
of particle density.[40] Although this method may not fully
discriminate between subtle structural differences due to
possible electrostatic interactions, especially when dealing
with small particles, it has been usefully employed to study
microparticles and was supported by our data from SEM
imaging and Raman microscopy investigations.[20]

Tap density measurements of the spray-dried and oil-in-oil
microparticles are reported in Tables 1 and 3, respectively. For
both polymers loaded with drug below the solubility limit
(2.5% and 10% w/w), the oil-in-oil microparticles displayed
significantly higher tap densities than the spray-dried par-
ticles. This correlated with in-vitro release testing as the more
dense oil-in-oil Eudragit particles showed negligible drug
release at pH 5 (Figure 5b) compared with the less dense
spray-dried particles of the same polymer (Figure 5a). Like-
wise, the oil-in-oil generated AQOAT particles gave lower
burst release at pH 5 than the equivalent spray-dried material.
Thus, for both polymers, significant burst release correlated
with lower tap densities.

In contrast, microparticles prepared from the oil-in-oil
method at 25% w/w drug loading showed a significantly lower
tap density measurement than other Eudragit L100 micropar-
ticles (Table 3), suggesting a higher level of intraparticulate
voids (P < 0.05). This increased porosity might have been due
to the presence of drug crystals in the initial polymeric solu-
tion which might have disturbed the flow of the polymer
within the emulsification droplets leading to the formation of
pores. Moreover, drug crystals were more likely to accumu-
late at the polymer/liquid paraffin interface during droplet
drying and surface recession. Eudragit S100 microparticles
containing 50% and 66.7% w/w prednisolone were hollow
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and showed an extensive amount of crystalline drug on the
surface.[41] As expected, these morphological changes were
attributed to a high burst release.[41] Similarly, Yadav and
Yadav[42] showed that increased intraparticle porosity of
carbamazepine in Eudragit RSPO was due to low polymer
deposition in the empty spaces between the agglomerated
microcrystals. Increased drug deposition at the surface of our
microparticles coupled with increased intraparticulate poros-
ity explained the relatively high burst release of hydrocorti-
sone from 25% w/w drug-loaded microparticles produced
from the oil-in-oil emulsification method (Figure 5b).

Residual solvent level
Burst release of rifampicin from poly(d, l-lactic acid)
(PDLLA)/Resomer (30 : 70) spray-dried microparticles was
attributed to residual solvent reducing the glass transition
temperature (Tg) of the polymer, leading to accelerated water
uptake and greater drug diffusion from the microparticles.[13]

The residual solvent in the microparticles prepared from the
oil-in-oil and spray drying methods at different drug loadings
was determined using thermo-gravimetric analysis (Table 4).
No significant differences (P > 0.05) were seen between the
two methods of manufacture or between various drug load-
ings, showing that, for these particles, residual solvent effects
were not responsible for burst effects. It should be noted that
residual paraffin from the oil-in-oil method is not detected by
this technique. However, paraffin is a hydrophobic nonsolvent
for the polymer and therefore is not expected to increase water
uptake or influence drug release.

Drug crystallinity
DSC and XRPD analysis of Eudragit L100, hydrocortisone,
drug-free microparticles and hydrocortisone-loaded micro-
particles were used to identify changes in drug form that
might have occurred during the encapsulation process
(Figures 6 and 7). Drug encapsulation within microparticles
depends on its initial state in the polymeric solution and on
the preparation process.[43] DSC of untreated Eudragit L100
showed a broad phase transition between 180 and 235°C
(Figure 6). The nature of this phase transition is still unclear,
but dissociation of inter-molecular hydrogen bonds and anhy-
dride formation has been suggested.[44] The DSC curve of
hydrocortisone powder showed an endothermic melting peak
at 222 � 0.7°C (Figure 6), in accordance with the literature
value of 221 � 2°C.[45]

Drug-free, 2.5% and 10% w/w hydrocortisone-loaded
Eudragit L100 microparticles prepared from the oil-in-oil
microencapsulation method did not show any additional phase
transitions to those already observed in the untreated Eudragit

powder. This suggested that, at 2.5% and 10% hydrocortisone
loading, the drug was soluble in the Eudragit L100 polymer
matrix giving rise to a solid solution. For 25% hydrocortisone-
loaded microparticles, where a proportion of the drug was
incorporated in its crystalline form, a small endothermic peak
at around 200°C corresponding to melting point depressed
hydrocortisone crystals was observed. X-ray analysis of these

Table 4 Residual solvent content (% w/w) of the microparticles pre-
pared from the oil-in-oil and spray drying methods

Hydrocortisone-
loading

Spray-dried
microparticles

Oil-in-oil
microparticles

0% 6.97 � 0.38 7.74 � 0.06
2.5% 7.33 � 1.08 7.64 � 0.10
10% 7.41 � 0.56 7.59 � 0.14
25% 6.59 � 0.79 7.80 � 0.38

25% HC Oil/Oil

10% HC Oil/Oil

10% HC spray dried

2.5% HC spray dried

0% HC spray dried

Hydrocortisone
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Figure 6 Differential scanning calorimetry thermograms of Eudragit
L100 powder, hydrocortisone, drug-free and hydrocortisone-loaded
Eudragit L100 microparticles produced from the spray drying and
the oil-in-oil microencapsulation methods. Endo, endothermic; HC,
hydrocortisone.
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Figure 7 X-ray powder diffraction analysis of starting materials
(hydrocortisone and Eudragit L100) and hydrocortisone-loaded micro-
particles prepared from the oil-in-oil encapsulation method and spray
drying. HC, hydrocortisone.
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samples (Figure 7) supported the DSC data with no crystalline
drug found at low loadings but excess drug (at 25% w/w
loading) was present in the same crystalline form as the
starting material.

However, for spray-dried materials, hydrocortisone-loaded
Eudragit L100 microparticles showed an endothermic shoul-
der which moved to a lower temperature as the drug loading
increased (Figure 6). However, as the polymer also showed an
endothermic peak in the same region, it was unclear whether
this thermal feature was due to the presence of drug crystals.
From the X-ray diffraction patterns of unprocessed drug and
hydrocortisone-loaded microparticles, the intense crystalline
peaks at 14.5 and 17 degrees 2q, observed for unprocessed
hydrocortisone, were absent in the diffractogram of drug-
containing spray-dried microparticles (Figure 7). This sug-
gested that the drug was present in an amorphous form within
the spray-dried microparticles. The presence of amorphous
drug, coupled with the small size of spray-dried micropar-
ticles may have facilitated drug release and could partly
explain the relatively high burst release observed for this
material (Figure 5a). However, the fact that the drug was
noncrystalline at 2.5% and 10% w/w within Eudragit L100
microparticles produced from the oil-in-oil microencapsula-
tion method suggested that this phenomenon was not solely

responsible for the noncontrolled burst effect; a further poten-
tial mechanism was the relatively high drug enrichment at the
surface of the spray-dried microparticles compared with the
oil-in-oil powders.

Drug distribution within the microparticles
To clarify whether release from the microparticles related to
the spatial distribution of the drug within the polymer matrix,
confocal Raman microscopy was used for depth profiling
Eudragit L100 microparticles.[46] As discussed above, the
evaporation of ethanol during microencapsulation can result
in drug migration to the microparticle’s surface resulting in
surface drug enrichment, which can result in a higher or more
rapid drug release.

Figure 8 shows the Raman spectra of hydrocortisone and
Eudragit L100 powders used for microparticle production.
Hydrocortisone has characteristic Raman bands at 1643 and
1610/cm, which are consistent with C = C stretching modes at
the 4–5 position (Figure 8).[47,48] On the other hand, Eudragit
L100 shows distinctive Raman peaks at 1751 and 1451 cm-1,
which were assigned to the C = O stretching and -CH2- scis-
soring modes, respectively.[48] The Raman spectrum of this
polymer also displayed relatively strong peaks at 1205, 1120,
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969 and 812 cm-1, which were associated with C-H and C-C
wagging vibrations.[48]

Raman depth profiling of Eudragit L100 microparticles at
25% w/w drug-loading is shown in Figure 9a (data not shown
for 2.5% and 10% w/w drug-loading). Based on the linear
relationship between the intensity of the peak from the mea-
sured analyte and its concentration, the depth profiles were
processed to acquire component graphs detailing the propor-
tion of both hydrocortisone and Eudragit L100 as a function
of depth (Figure 9c–e).[49] At 25% w/w drug loading, the
intensities of the characteristic hydrocortisone peaks at 1643
and 1610 cm-1 were variable: they increased dramatically at a
depth of 12 mm then declined (Figure 9a). This high intensity
region coincided with the presence of a drug crystal inside the
microparticle, as illustrated in the SEM image of a micro-
tomed 25% w/w hydrocortisone-loaded particle where drug
crystals can be seen both on the surface and within the
polymer matrix (Figure 9b). It should be noted that this SEM
image supports tap density measurements obtained for the
25% w/w drug-loaded microparticles (Table 3). The consid-
erably lower tap density measurement of these microparticles
(Table 3) compared with other powders containing lower
amounts of drug was due to a higher level of intraparticulate
voids. SEM images of the internal structure of 2.5% and 10%
w/w hydrocortisone-containing microparticles showed no
evidence of crystal inclusions.

In the case of 2.5% and 10% w/w hydrocortisone-loading,
the proportion of both hydrocortisone and Eudragit L100
remained constant throughout the depth studied (Figure 9d
and e). Assuming that these microparticles had a monodis-
perse size of approximately 30 mm (Figure 4), these results
showed that the concentration of hydrocortisone at the surface
and the core (15.20 mm) was the same, i.e. the oil-in-oil
microencapsulation process did not result in drug enrichment
on the surface. In contrast, with 25% w/w hydrocortisone
loading, the proportion of hydrocortisone relative to Eudragit
L100 varied depending on the presence of drug crystals within
the polymer matrix (Figure 9c). These results support SEM
images and XRPD/DSC data, with regions within the particle
showing increased intensities of hydrocortisone characteristic
bands showing the presence of drug crystals. It should be
noted that the data presented in Figure 9 was representative
of three different microparticles selected randomly for each
drug loading. Unfortunately, depth profiling of the spray-dried
microparticles for comparative purposes was not possible due
to their small particle size (size range 1–5 mm, Figure 2).

Since Raman depth profiling of the oil-in-oil microparticles
demonstrated that, at 2.5% and 10% w/w drug loading, no
differences in the spatial distribution of hydrocortisone existed
within the polymer matrix, variations in drug release at pH 7
could have been solely due to differences in the polymer/drug
ratio. In other words, an increase in the proportion of Eudragit
L100 relative to hydrocortisone, e.g. at 2.5% drug loading, led
to a moderately slower drug release as a larger amount of
polymer was available to hinder drug diffusion.

Conclusions

Of the different microencapsulation techniques tested, spray
drying and the oil-in-oil emulsification method successfully

formed microparticles with high levels of drug encapsulation.
SEM and dissolution testing revealed that the microparticles
prepared from the oil-in-oil encapsulation method had more
favourable morphological and release characteristics. In fact,
the encapsulation of hydrocortisone at levels below its satu-
ration solubility within Eudragit L100; 2.5% and 10% w/w,
led to negligible release at pH 5, a pH at which the polymer
was not soluble, whereas increasing the pH to 7 resulted in
near instantaneous drug release. The spray-dried powders,
on the other hand, showed high drug burst release at pH 5.
These variations in drug release were partially attributed
to differences in microparticle formation. In contrast with
the spray-drying process, slow solvent evaporation and
droplet solidification during the oil-in-oil emulsification
process allowed adequate time for drug and polymer redistri-
bution, which may have resulted in denser microparticles and
better controlled-release characteristics. Tap density measure-
ments showed good correlation with in-vitro drug release
testing and SEM imaging, especially for the oil-in-oil
produced microparticles, with high density particles showing
better controlled-release properties. Thermal, X-ray and con-
focal Raman analysis of the particles also demonstrated the
importance of drug loading on release properties; below the
solubility limit, drug was homogeneously distributed and was
noncrystalline, whereas exceeding the solubility generated
crystalline domains in oil-in-oil generated materials with con-
sequent burst release. Thus, both the manufacturing method
(which influenced particle porosity and density) and drug-
:polymer compatibility and loading (which affected drug form
and distribution) were responsible for burst release seen from
our particles.
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