
A

l
a
w
o
p
k
C
d
a
©

K

1

d
t
b
t
t
w
s
m
l
p
d
u
c
e

s

0
d

International Journal of Pharmaceutics 343 (2007) 79–89

Theophylline formulation by supercritical antisolvents

Christelle Roy ∗, Arlette Vega-González, Pascale Subra-Paternault
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Université Paris 13, 99 Avenue Jean-Baptiste Clément, 93430 Villetaneuse, France

Received 7 February 2007; accepted 4 May 2007
Available online 13 May 2007

bstract

Supercritical antisolvent precipitation has been used to produce theophylline particles as pure crystals or as a solid formulation with poly
actic acid (PLA). Experiments were carried out as batch or semi-continuous process and with carbon dioxide (CO2) or trifluoromethane (CHF3) as
ntisolvent. Both modes led to micronized theophylline, but the semi-continuous produced smaller particles than the batch. The particle morphology
as sensitive to the antisolvent, since CO2- and CHF3-samples exhibited hexagonal and triangular shape, respectively. The most distinguish feature
f CO2-powders was that theophylline exhibited a different crystal lattice than the crude- or the CHF3-materials, accredited by new diffraction
eaks in the XRD patterns not attributable to hydration of samples. However, neither the shape nor the new crystal lattice influenced the dissolution
inetics of Theophylline. For co-precipitation with PLA, the successful recovery of a powder occurred only in conditions of CHF3-batch and

O2-semi continuous. The powder retained the shape and the crystallinity of the corresponding pure processed theophylline, indicating that PLA
id not interfere with the precipitation behavior of the drug. Moreover, only the CO2-semi continuous products exhibited a decreased release rate
nd a prolongation of the total release time of the drug.

2007 Elsevier B.V. All rights reserved.
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. Introduction

In pharmaceutical industry, the method for producing the
rug is a critical step since crystal habit, crystal size distribu-
ion and polymorphic form play a large role in the therapeutic
ehavior. The development of effective particle technologies is
hus keeping up with the need for increasingly smaller crys-
als of increased purity, that allow to reduce the drug dosage
hilst keeping the therapeutic benefits, and to minimize the

ide effects. Crystallization using supercritical fluids (SCF) was
ostly developed as an alternative approach to conventional

iquid crystallization, challenging for a better control of the
article size and a lower concentration of residual solvent in
rugs, besides the environmental advantage of reducing the liq-

id solvent wastes. Although many fluids could be chosen for
rystallization purposes, carbon dioxide (SC-CO2) is the most
xtensively used when processing pharmaceutical compounds,

∗ Corresponding author. Tel.: +33 149403431; fax: +33 149403414.
E-mail addresses: roy@limhp.univ-paris13.fr,
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wing to its mild critical conditions of temperature and pres-
ure (31.05 ◦C and 7.28 MPa, respectively) and its non-reactive
haracteristic that makes it attractive towards sensitive drugs.

Crystallization by addition of a liquid antisolvent is widely
sed in the chemical, food, and pharmaceutical applications,
pecially as a batch operation. In the corresponding SCF-
rystallization technique, CO2 acts as the antisolvent for the
ompound of interest. Its addition to a liquor solution that
ontains the compound, decreases the solvation ability of the
riginal solvent and causes the solute precipitation. Although
here are numerous articles dealing with supercritical fluid

icronization of single component, examples of drug deliv-
ry formulations by SCF are scarce (Perrut et al., 2005),
nd only few go up to the comparison of the dissolution
r release profiles between raw and processed materials. In
003, Dehghani and Foster have demonstrated the feasibil-
ty of dense gas antisolvent (GAS) technologies to produce
rug formulations with various systems. Lately, protein-loaded

olymeric particles below 1 �m in size were obtained from
nsulin/poly(lactic acid)/poly(ethylene glycol)s solutions by
AS operation (Caliceti et al., 2004); the morphology and bio-
harmaceutical properties of the product were affected mostly

mailto:roy@limhp.univ-paris13.fr
mailto:subra@limhp.univ-paris13.fr
dx.doi.org/10.1016/j.ijpharm.2007.05.008
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y the poly(ethylene glycol)s concentration and its molecular
eight. Besides poly(lactic acid) (Taki et al., 2001), various
iodegradable polymers, such as ethyl cellulose, poly(methyl
ethacrylate), cellulose acetate, PLA as well, or waxes (Boutin

t al., 2004) were coprecipitated with the diuron herbicide in
rder to prepare sustained release systems; PLA was found to
e the best coating substance, since the formulation was recov-
red as non-aggregated particles and provided a better efficient
elease of the herbicide. Supercritical antisolvent technique is
evelopped as a semi-continuous or a batch operation. Both
odes were tested to prepare ophthalmic drug delivery sys-

ems of acetazolamide and Eudragits (Duarte et al., 2007); the
roduced formulations allowed to slow down the drug release,
ut the semi-continuous mode was found to produce smaller
articles and less aggregated than the batch operation.

In addition, co-precipitation could be investigated to improve
he dissolution rate of a poorly water-soluble drug. Contrary to
he previous sustained release formulations, the excipient has
o exhibit a hydrophilic character. Dispersions of indomethacin
nd poly(vinylpyrrolidone) were produced by supercritical batch
rocess and the produced formulations were exhibiting a rapid
elease (Gong et al., 2005). However, in case of hydrocortisone
nd poly(vinylpyrrolidone), dissolution of products prepared by
upercritical batch mode was not faster than dissolution of sys-
ems processed by conventional techniques (Corrigan and Crean,
002).

In this work, Theophylline was selected as model drug to
repare a controlled release matrix by precipitation assisted
y supercritical antisolvent. Theophylline is a methylxanthine
erivative widely used for its bronchodilatory effects in asthma
nd pulmonary diseases therapy. Besides a low solubility in
ater (below 0.9% at 23 ◦C Zacchigna et al., 2003), the drug

xhibits dose-dependent pharmacokinetics (Parvez et al., 2004)
nd shows a narrow therapeutic range (10–20 �g/mL), i.e.
small difference between therapeutic benefits and toxicity

ffects (Mengozzi et al., 1998). Over 80% of individuals with
erum theophylline levels of 20–30 �g/mL show toxic symp-
oms (Gohel et al., 1997). It is thus difficult to maintain the
heophylline plasmatic levels necessary for the induction of
ts bronchodilating effect. The drug action could be improved
hrough formulations as controlled delivery systems. Theo-

hylline is therefore often selected as model compound to
evelop new formulations or improved methods: direct com-
ression of drug/polymer mixtures (Ceballos et al., 2005),
mmobilization of theophylline into polymer hydrogels (Antal

t
S
f
−

able 1
ome physical properties of materials

aterials M (g/mol) Tm (◦C) Tb (

heophylline 180.2 270–74 –
-PLA >100000 170–76 –
CM 84.9 −95 40
tOH 46.1 −117 78.
O2 44.0 −57 −78
HF3 70.0 −155 −82

: molecular weight, Tm: melting temperature, Tb: normal boiling point, Tc: critic
heophylline in (EtOH:DCM): 32.7 mg/mL at 36 ◦C and atmospheric pressure (Subra
harmaceutics 343 (2007) 79–89

t al., 1997; Liu et al., 2005), dip-coating of drug tablets by poly-
er solutions (Lin and Lee, 2003), incorporation of theophylline

nto the aqueous phase of stable multiple emulsions (Leadi Cole
nd Wateley, 1997), spray drying of drug/polymer aqueous solu-
ions (Asada et al., 2004), ultrasonic spray-congealing method
Albertnini et al., 2004) or preparation of microcomposites
ith hydrogenated palm oil (Rodrigues et al., 2004). Recently,
recipitation by supercritical antisolvent was investigated to pre-
are theophylline and hydroxypropylmethylcellulose matrices
Moneghini et al., 2006).

The first objective of this work was to ascertain the feasi-
ility of the supercritical antisolvent technique as a route to
roduce controlled release mixtures, that, in the specific case
f theophylline delivery design, would prevent the initial burst
f the delivery and sustain the drug release to avoid the toxicity
evel. Due to the fast observed dissolution rate of theophylline,
he biodegradable Poly(lactic acid) was selected as candidate to
lower the release. It is also well known that dissolution proper-
ies could be manipulated through physico-chemical properties
f the drug, as particle size, modification of crystal habit or poly-
orphism (Leuner and Dressman, 2000), thus, special attention
as paid to the micronization of the pure drug. Finally, and due to

he observed crystal singularity of the CO2-processed samples,
rifluoromethane was selected as a new compressed antisolvent.
ompared to CO2, the fluid has lower critical conditions of tem-
erature and pressure (25.6 ◦C and 4.84 MPa, respectively) and
higher polarity susceptible to influence the process perfor-
ances, and consequently, the product characteristics. CHF3,

lso known as fluoroform or R-23 as refrigerant, is one of the
aloalkanes with zero ozone depletion as it does not contain
hlorine atoms, and is thus acceptable towards environmental
oncerns.

. Materials and methods

.1. Materials

Carbon dioxide (CO2, purity 99.5%) and trifluoromethane
CHF3, 100% CAS number 75-46-7)) were supplied by Air
iquide (France). Ethanol (EtOH, 99.5%) and methylene chlo-

ide (DCM, 99.5%) were from VWR International. Anhydrous

heophylline (THEO, minimum 99%) was purchased from
igma–Aldrich and poly(lactic acid) (l-PLA, Mw > 100,000)
rom Galactic Laboratories (Belgium). PLA was stored at
18 ◦C as received. Fresh solutions of theophylline, pure or

◦C) Tc (◦C) Pc (MPa) ρ (g/mL)

– – –
– – –

237 6.3 1.336
5 243 6.1 0.789

31.05 7.28 0.713
25.60 4.84 0.670

al temperature, Pc: critical pressure, ρ: liquid density at 25 ◦C. Solubility of
et al., 2005).
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ixed with the polymer, were prepared for immediate use with-
ut further purification. Some properties of materials are listed
n Table 1.

.2. Equipment and procedure

According to previous studies (Subra et al., 2005),
ecrystallization of theophylline was carried out from an
thanol:methylene chloride solution (EtOH:DCM, 1:1 in vol-
me), since both the drug solubility and the CO2 antisolvent
ffect were higher in this mixture than in pure solvents individ-
ally. Moreover, the medium was also ensuring the dissolution
f the polymer.

.2.1. Batch process
The set-up is presented schematically in Fig. 1. The

asic equipment and procedure were previously described (De
ioannis et al., 2004). Briefly, the crystalliser was a high pres-

ure vessel of 490 mL, with sapphire windows to allow visual
bservations of the solids formation, and equipped with baf-
es to preclude the generation of a central vortex upon stirring.
he temperature was measured by a type K thermocouple and
ontrolled by electric resistances at ±1 ◦C. The pressure was
easured by a pressure sensor (Asco) with an accuracy of

.1 MPa. The stirring was provided by an electric motorized
agnetic stirrer with a eight-bladed Rushton-type turbine of

5 mm in diameter. A stainless steel filter of 2 �m in porosity
nd a membrane of 0.22 �m were located at the vessel bot-
om to collect the precipitated crystals. The CO2, firstly cooled
t 0 ◦C by circulation through a chiller, was delivered by a
igh pressure pump and gradually introduced into the stirred
olution through the turbine; the CO2 flow at the pump inlet
as monitored by a Flow-meter (Bronkhorst, France) and inte-

rated over time through Labview software. The reactor was
ot purged from the air initially present, since its configuration
id not allow for purging without sweeping some of the organic
iquor.

ig. 1. Batch set-up. (1) Cooling exchanger, (2) flow meter, (3) CO2 pump, (4
nd 8) valve, (5 and 9) micrometering valve, (6) stirrer, (7) precipitator and (10)
eparator.
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(
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Theophylline was recrystallized from 85 mL of EtOH:DCM
ixture at 36 ◦C, adding CO2 up to a final pressure of 10 MPa

nder stirring (varied between 100 and 500 rpm). For co-
recipitation experiments, the polymer was dissolved in the
olution before loading the vessel. After stabilization of the ves-
el temperature, CO2 was introduced into the solution up to the
esired pressure; once the pressure was attained, the discharge
f the unprecipitated species by the exit line and the drying of
rystals were carried out immediately, by flowing fresh CO2 to
ompensate for the exit flow, during 120 min. After depressur-
zation, crystals were collected on filter, walls and stirrer for
ubsequent analysis; particles were collected without discrim-
nating their location in the vessel, so, characteristics reported
elow are representative of the whole produced powder. The
mount of collected powder ratioed to the initial amount of
omponent(s) defined the process yield.

The experiments carried out with CHF3 instead of CO2 were
erformed by the same procedure.

.2.2. Semi-continuous process
The experimental set-up and procedure were described in

revious works (Subra and Jestin, 1999; Vega-González et al.,
004) and schematically presented in Fig. 2. The precipitator
onsisted of a stainless steel vessel of 490 mL equipped with
hree sets of sapphire windows, in order to get a visual observa-
ion of both the spray and the precipitation. The liquor solution
as co-currently introduced into the continuous flow of CO2 and

onstantly discharged from the vessel bottom. The solution was
prayed at the top of the chamber through a swirl nozzle (Lech-
er) that had an exit diameter of 100 �m. The pressure inside
he vessel was regulated downstream by a micro-metering valve
nd the temperature was controlled by heating jackets at ±1 ◦C.
he separation of the solvents from the fluid occurred across the
etering valve in a homemade cyclonic separator. A stainless

teel frit of 2 �m pore size and a membrane of 0.22 �m were
laced at the vessel bottom to retain the precipitate.

A typical experiment started by delivering CO2 to the vessel

ntil the desired pressure is attained. Once the operating pres-
ure, temperature and flow rate (about 67 mL/min at 0 ◦C) were
tabilized, ∼40 mL of the Theophylline (+PLA)–EtOH:DCM
olution was sprayed at ∼3 mL/min into the precipitator through

ig. 2. Semi-continuous set-up. (1) Liquid solution pump, (2, 6 and 9) valve,
3) CO2 cooling bath, (4) CO2 pump, (5) CO2 heating bath, (7) heating jackets,
8) high-pressure vessel, (10) micrometering valve and (11) separator.
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Table 2
Conditions and results of experiments performed with pure theophylline

Run# Process Antisolvent T (◦C) P (MPa) χCO 2 (%) Yield (%) Particles shape Size (�m)

SEM PSD

1 Batch CO2 36 10.0 84* 64 Hexagon 20–100 × 5–20 54
2 CO2 36 10.0 87* 54 Hexagon 40–100 × 15–25 64
3 CHF3 36 10.0 – 41 Triangle 60–100 81
4 CHF3 30 6.5 – 53 Triangle 12–50 55

5 SAS CO2 36 10.0 96.4** 77 Rhomb + hexagon 40–95 × 10–40 58
6 CO2 60 10.5 96.9** 85 Rhomb + hexagon 5–30 × 2–10 18
7 CO2 60 16.0 96.8** 87 Rhomb + hexagon 20–50 × 10–40 49

C d #4,
a onten
* value
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∼ 24 mg/mL in all cases. For the batch process, R ∼ 500 rpm for the runs #1 an
mount to initial amount of THEO dissolved in the liquor. χCO2 is the CO2 c
flow-meter data in batch or **solution and CO2 flows in SAS. D50 is the mean

he nozzle. During the spray, the solution and CO2 merged as
new mixture in which the solute was less soluble, and conse-
uently, precipitation was induced. At the end of the solution
praying, the CO2 flow was maintained through the vessel for
bout 30 min, in order to wash out the residual content of organic
olvents. The crystalliser was then gently depressurized at the
orking temperature and the precipitates were collected on walls

nd membrane as for the batch process.

.3. Characterization
.3.1. Scanning electron microscopy
Scanning electron micrographs (SEM) were used to docu-

ent the changes in morphology, size and aggregation of the

w
v
o
d

ig. 3. SEM images of powders obtained with CO2 by batch operation (a and b: run
istribution (vol.%) of CO2-processed theophylline (d: run # (�) and (×)).
300 rpm for the run #2 and 100 rpm for the run #3. Yield is the ratio of collected
t (mole fraction) in the CO2 + solvent mixture at pressure P, calculated from
of the particle size distribution measured by laser diffraction set-up.

roduced powder. Micrographs were obtained with a Leica
440, after gold-palladium coating (∼4 min).

.3.2. Particle size distribution
PSD were analyzed with a Malvern Instrument laser

iffraction instrument (MS2000, accurate in the region of
.02–2000 �m) after dispersion of powders in petroleum.

.3.3. X-ray powder diffractometry
Powder X-ray diffraction analysis (XRD) was performed
ith a INEL XRG 3000 diffractometer, Cu K�1 radiation, a
oltage of 40 kV and a current of 20 mA. The grazing angle was
f 3◦; intensities were measured with a curved multichannels
etector over a 2θ range of 5–90◦.

#2 at different scales) or by SAS precipitation (c: run #7), and particles size
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.3.4. Dissolution and release profiles
Dissolution and release profiles were established from pow-

ers, by a basket method and in a home-made device settled
ccording to USP 28. Thirty milligrams of powder put in a filter
as placed into a basket and immersed in 900 mL of distilled
ater at 37 ◦C upon a stirring of 100 rpm. Theophylline content
as determined by regular samplings of the aqueous solution and

ubsequent analysis by reversed phase chromatography. HPLC
onditions were: methanol: acetic acid: water (30:2:68, v:v:v) as
obile phase, a column of 150 mm × 4.6 mm, Nucleosil 100-5
18 Macherey-Nagel, T = 35 ◦C, F = 1.0 mL/min, UV detection
t 275 nm, Vinj = 10 �L. Theophylline eluted at 4.5 min as a
ingle symmetric peak.

. Results and discussion

.1. Pure theophylline

Pure theophylline was recrystallized using CO2 as antisol-
ent by the two modes, i.e. batch and semi-continuous, the
ange of operations being selected owing our previous expe-
ience on the two processes (De Gioannis et al., 2004 for the
atch; Subra et al., 2005; Vega-González et al., 2004 for the
AS). We reported here only the experiments performed as a
re-step of the co-precipitation with polymer; the detailed influ-
nce of several parameters upon the process performances is out
f scope and could be find elsewhere (Roy et al., 2005; Subra
t al., 2005). When CHF3 was used, experiments were carried
ut only in the batch mode, since the higher fluid consumption
f the semi-continuous mode would have exceeded the CHF3
eservoir capacity. Conditions of experiments and size results
re summarized in Table 2. Experiments were all carried out
ith an initial theophylline concentration of 24 mg/mL.

.2. Morphology

The CO2-processed theophylline was usually recovered as a
ree-flowing powder (the particulate powder was easily flowing

n the storage flask, by opposition of cotton-like or micro-
bers systems) and was made of agglomerated particles with
morphology of hexagonal flake (Fig. 3a); higher magnitude

llowed to detail that the flake morphology resulted from a piling

C
p
w
s

Fig. 4. SEM images and particles size distribution (vol.%) of a
harmaceutics 343 (2007) 79–89 83

f smaller units (Fig. 3b). For conditions reported here, theo-
hylline particles had a longer axis between 5 and 100 �m,
width between 5 and 40 �m and a thickness from 1 to

�m. The semi-continuous mode seems to produce particles
ith smaller size than the batch process (morphology given in
ig. 3c), as illustrated by the particles size distribution (PSD)
eported in Fig. 3d for run #6 (semi continuous) and run #1
batch). Generally, the PSD profiles were asymmetric with a
arge scattering of the small sizes, so produced powders were
uite dispersed in sizes. Previous investigations had been car-
ied out in attempts to reduce particle size and/or particle size
istribution. The semi-continuous mode was found to be more
uitable to modify the size characteristics of the powder, spe-
ially by exploring both single-phase or two-phases conditions
f CO2 + solvent equilibria (Subra et al., 2005). In the batch
ode, the stirring speed is known to influence the particle size

De Gioannis et al., 2004); however, in case of theophylline,
he stirring did not influence notably nor the morphology nor
he size, i.e. no clear deviation from the reproducibility range
as obtained. Thus, among the CO2-essays reported hereby, the

mallest particles were produced by a semi-continuous oper-
tion carried out at 60 ◦C and 10.5 MPa, with an observed
ange of particle sizes of 5–30 �m × 2–10 �m, in agreement
ith the mean diameter D50 of 18 �m provided by the size

nalyser.
When CHF3 was used as antisolvent, theophylline was

lso recovered as a free-flowing powder, with particles highly
gglomerated. The morphology was however different, as illus-
rated by the SEM images (Fig. 4a); the plate-like particles
xhibited a triangular shape, whose side length was between 60
nd 100 �m when particles were obtained at 36 ◦C and 10 MPa.
ontrary to the CO2-processed samples, the flakes were sen-

itive to the operating conditions of temperature and pressure,
ith a side that decreased to 12–50 �m at 30 ◦C and 6.5 MPa;
owever, particles seemed more welded together. The particles
ize distribution of run #3, reported in Fig. 4b, showed a more
ymmetric profile although some spreading of smaller sizes was
till noticeable. Compared to run performed with CO2, the use of

HF3 did not improve significantly nor the particle sizes (sizes
rovided by SEM or reported D50 values were in the same range
hatever the fluid) nor the yield. CHF3 is by far more expan-

ive than CO2 (D 100/kg versus D 4.5/kg for CO2 and the lack of

powder obtained with CHF3 by batch operation (run #3).
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ig. 5. X-ray diffraction patterns of crude theophylline (a) and of some powders
btained by semi-continuous operation (b: run #5), by batch precipitation with
O2 (c: run #2) or with CHF3 (d: run #3).

ignificant improvement of process performances explained the
imited number of experiments carried out with this fluid.

.2.1. Crystallinity
Powder X-ray diffraction patterns (XRD) of theophylline,

aw or SCF-processed, are given in Fig. 5. With typical peaks
t 7.1◦ 12.6◦ and 14.3◦ 2θ, the XRD pattern of unprocessed
heophylline (Fig. 5a) closely matched the pattern reported
y Airaksinen et al. (2003) for anhydrous theophylline, or
he pattern of orthorombic theophylline anhydrate provided by
he diffraction library (powder diffraction file 27-1977, ICDD,
SA). Compared to unprocessed theophylline, the pattern of the
O2-processed samples (Fig. 5b for the semi-continuous, c for

he batch) showed different characteristic peaks at 6.8◦, 12.9◦
nd 13.6◦ 2θ, besides significant differences in the 20◦–30◦ 2θ

ange. All CO2-processed samples (including those obtained in
onditions not reported in this study) had similar patterns, with
nly little variations in the peaks relative intensity but not in
he peak position. Most samples exhibited, in addition to these
ew peaks, those of unprocessed theophylline but with a lower
ntensity; this could indicated that although the new pattern is
rivileged, part of theophylline recrystallized in the usual crystal
attice. Literature has already pointed theophylline polymor-
hism (Airaksinen et al., 2004; Phadnis and Suryanarayanan,
997), but X-rays peaks did not match our new peaks. Comple-
entary analysis are in progress to determine if the occurrence

f the usual crystal form in the produced powders depends on
he experimental conditions, and more specially, on the phase
egime where the precipitation occurred (mono- or biphasic
omain).

Anhydrous theophylline is known to transform into theo-
hylline monohydrate on contact with water molecules, as
xample during the wet granulation process (Rasanen et al.,

001; Airaksinen et al., 2003), during the storage of tablets
nder elevated humidity conditions (Ando et al., 1992), or dur-
ng crystallization from solvent + water mixtures (Zhu et al.,
996). Despite the fact that traces of water could have been

H
t
d
t

harmaceutics 343 (2007) 79–89

ntroduced into the precipitator as air moisture or solvent impu-
ities, patterns of CO2-processed samples were clearly distinct
rom the monohydrate curve reported by Airaksinen et al. To
ssess whether the crystallization medium (EtOH:DCM) or
O2 affected the crystal lattice, unprocessed theophylline and
CO2-processed sample were dissolved in EtOH:DCM, and

ecrystallized by cooling. Both samples showed only the char-
cteristic peaks of anhydrous theophylline. Consequently, the
istinct patterns of the CO2-processed samples were specific to
he use of CO2 as antisolvent and did not come from the solvents
sed as liquor. The specificity was also accredited by comparison
ith the XRD pattern of a CHF3-processed samples, as given

n Fig. 5d. Contrary to the CO2-samples, the CHF3-samples
howed only the characteristic peaks of the unprocessed and
nhydrous theophylline (7·1◦, 12.6◦ and 14.3◦ 2θ). As function
f the process operating conditions, only the relative intensity
f peaks changed, their position remained the same and no
ew peaks appeared. The precipitation of theophylline by super-
ritical SAS process has been carried out by Moneghini et al.
2006). The CO2-processed pattern clearly exhibited peaks of
he anhydrous form, but few peaks not attributable to any poly-

orphic forms of the drug were detected in the same range that
ur new peaks; as those peaks occured when theophylline was
o-processed with polymers, authors suggested that they could
ign the existence of interactions between the drug and carriers.
n our experiments, the new peaks were detected on pure pro-
essed theophylline. To elucidate the CO2-samples singularity,
RD analysis such as Rietveld Refinement are under investiga-

ion, but they should be more extensively carried out to provide
traightfull conclusions. Other techniques were used to go fur-
her in the product characterization. Indeed, pseudopolymorphic
hanges could be detected using infrared spectroscopy, ther-
al methods, optical and electron microscopy, nuclear magnetic

esonance spectroscopy and X-ray diffraction. HPLC was first
erformed to confirm that theophylline was indeed produced;
aw and CO2-processed samples prepared in same concentra-
ions gave same peak areas, i.e. areas exhibited a deviation in
he range of reproducibility. The differential scanning calorime-
ry (DSC) analysis of raw theophylline and of a CO2-processed
ample closely resembled, revealing an endothermic peak at
66 and 265 ◦C, respectively. The technique suggested that the
egree of crystallinity of both samples were high. Vibrational
pectroscopy techniques usually provide an excellent method
or probing solid-state bonding interactions between molecules
ncluding polymorphs and solvates. Raman and Infra Red spec-
ra of raw and CO2-processed theophylline were monitored; for
he CO2-processed sample, a shift from 2 to 8 cm−1 of several
aman bands and a shift of the IR peak from 1187 to 1182 cm−1

ere noticed. These slight differences in IR and Raman spectra
ight suggest modifications in the bonding interactions between
olecules but differences are too small to evidence a pseu-

opolymorphism by CO2-insertion for example.
Based on the various characterization techniques (XRD,
PLC, IR, DSC, Raman), it can be concluded that crystalliza-
ion assisted by CO2 produced crystals which exhibit a high
egree of internal regularity, but with a different crystal lattice
han the starting material, and might sign a new crystalline form
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Table 3
Conditions and results of co-precipitation of theophylline and polylactic acid

Run# Process Antisolvent Concentrations
(mg/mL)

Conditions χCO2 (%) Product
yield (%)

Macroscopic
aspect

Size (�m)

THEO PLA T (◦C) P (MPa) SEM PSD

8 Batch CO2 12 12 36 10.0 88* 35 Coarse film nd nd
9 CHF3 24 10 32 6.5 – 64 Powder 13–25 98

10 CHF3 20 10 29 6.5 – 66 Powder 10–20 137

11 SAS CO2 12 12 36 10.0 96.8** 81 ± 5 Powder 12–54 × 15–100 75 ± 6
12 CO2 12 24 36 10.0 96.5** 80 Powder 14–40 × 16–66 53
13 CO2 24 12 36 10.0 96.5** 91 ± 9 Powder 7.5–45 × 12–55 25 ± 10
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or batch conditions, R ∼ 500 rpm. Yield is the ratio of collected amount to initia
han in Table 2 (nd: not determinable).

f the theophylline, although extra-investigations are required to
ccredit this assumption. Like adsorbed water, one can imagine
hat CO2 is able to penetrate into the structure whilst the crystal
rowths, letting the crystal with a modified lattice in the final
rrangement.

.2.2. Theophylline and polylactic acid formulations
Co-precipitation of theophylline and polymer was carried

ut with two objectives. The first one was to assess the abil-
ty of the techniques to produce formulations of theophylline
ith sustained release; the second objective was to use the poly-
er to prevent the growth of theophylline particles during the

ntisolvent process, in an attempt to decrease the product parti-
le size. The polymer was expected to precipitate onto the drug
uclei, and as a barrier, to limit the diffusion of the incoming
rug molecules that nourish the crystal growth. Conditions of
rocessing are summarized in Table 3.

.2.3. Batch precipitation
An experiment was performed by CO2-batch operation at

6 ◦C and 10 MPa with a (THEO:PLA) ratio of 1:1, and with
concentration of 12 mg/mL in each component. The product
as recovered as a film that coated and adhered firmly to the
essel walls and to the filter. Since the objective was to produce
powdered formulation, the run was discarded, and we further
ocused on CHF3 as antisolvent.
Experiments were carried out in conditions of pressure and

emperature that were the most favorable to pure theophylline
rocessing, i.e. 6.5 MPa and ∼30 ◦C; free flowing powders were

o
o
s
b

Fig. 6. SEM images of powders obtained by co-precipitation with theophyll
unt of THEO + PLA dissolved in the liquor. χCO2 and D50 have same definition

ecovered with satisfying yields of about 65%. The morphol-
gy of the precipitates is viewed by the SEM pictures given
n Fig. 6a and b. Aggregates were formed with plate-like par-
icles of a triangular shape that closely resembled to particles
btained by processing pure theophylline. To the periphery of
ome triangular particles, small spheres can be seen, that could
easonably be assigned to the polymer. The presence of those
wo distinct populations, even in unequal proportions, attested
hat co-precipitation of theophylline and PLA had occurred in
hese conditions, as further confirmed by XRD analysis. Indeed,
esides characteristic peaks of anhydrous theophylline, the pat-
erns of the CHF3-processed mixture (Fig. 9c) exhibited a large
eak at ∼16.6◦ 2θ, corresponding to PLA (Fig. 9a).

.2.4. Semi-continuous precipitation
Experiments were performed at 36 ◦C and 10 MPa with spe-

ial emphasis to THEO:PLA ratio. Although the conditions
ere not the best for pure theophylline precipitation, the lower

emperature of 36 ◦C was privileged in co-precipitation exper-
ments, owing to the tendency of PLA to film onto the vessel
t 60 ◦C. In those conditions, precipitates were collected as free
owing powders with yields in the range of 80–90%. The mor-
hology was assessed through the SEM pictures, as reported
n Fig. 7 for the three runs. The powders were made of two
istinct populations: one of plate-like particles similar to those

bserved with pure theophylline that exhibited sizes in the range
f 7.5 × 12–40 × 100 �m, and the second population made of
mall spheres of ∼0.5–4 �m in diameter, attribuable to PLA
y analogy of the particle shape recovered when the polymer

ine and PLA in batch with CHF3 (a and b: run #9 at different scales).
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16.6◦. The coexistence of the new lattice with the usual one was
however dependent on the processing conditions. Indeed, pow-
ders recovered from an initial drug concentration of 12 mg/mL
(run #11 and #12) showed similar XRD-patterns without any
ig. 7. SEM images of powders obtained by recrystallization of theophylline + P
cales).

s processed alone. Pictures taken at higher magnitude (Fig. 7d)
howed that semi-spheroid blisters existed at the surface of theo-
hylline particles, surface which was not as smooth as when the
ure drug was recrystallized. Thus, the co-processing of the drug
nd the polymer produced a powder made of coated theophylline
articles together with spherical particles of PLA, these latest
eing susceptible to contain also theophylline.

The variation of THEO or PLA concentration in the initial
olution has significant effect: an increase of the polymer con-
entration (#11 and 12) seemed to increase the population of
ndividual spheres, whereas the increase of THEO concentration

#11 and 13) impacted the particle size and the size distibution
s well (Fig. 8). It should be also noticed that, compared to the
ure theophylline results (run #5 versus run #13), the addition

ig. 8. Particles size distribution (vol.%) of powders obtained by co-
recipitation with theophylline and PLA in semi-continuous with CO2 (run #11
+) and #13 (×)).

F
a
c

semi-continuous with CO2 (a: run #11, b: run #12, c and d: run #13 at different

f PLA favored a decrease of THEO particle size, as illustrated
y SEM sizes reported in Tables 2 and 3, and D50 value as well.

Samples produced by semi-continuous operation were fur-
her characterized by XRD (Fig. 9); all powders showed peaks
orresponding to the new crystal lattice of theophylline (new
eaks at 6.7◦, 12.8◦ and 13.5◦ 2θ), and the peak of PLA at 2θ of
ig. 9. X-ray diffraction patterns of unprocessed: (a) PLA and (b) theophylline,
nd of processed PLA + THEO mixtures: (c) CHF3-batch run #9, (d) CO2-semi
ontinuous run # 12, (e) CO2-semi continuous run #13.
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Fig. 10. Release profiles of pure theophylline prepared by batch operation with
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Fig. 11. Release profiles of the theophylline + polylactic acid prepared by batch
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O2 (run #1: �) or with CHF3 (run #4: ♦) or obtained by semi-continuous
peration with CO2 (run #5: �); the dissolution profile of crude drug (×) is
iven for comparison.

haracteristics peaks of the anhydrous theophylline. The pattern
f powder produced from an initial concentration of 24 mg/mL
run #13) exhibited peaks of both anhydrous theophylline and
f the new lattice (Fig. 9d and e); peaks of the anhydrous
orm were of higher relative intensities than those of the new
orm. An increase of the drug concentration promoted thus the
ecrystallization of theophylline in the usual anhydrous lattice.

hen theophylline was processed alone, (run #5, Fig. 5b), the
eaks of the new form were of higher intensity than peaks of
he anhydrous form. Since the reversed effect was observed in
HEO + PLA powders, one can assume that PLA preclude the
ccurrence of the new crystal lattice. Further investigations are
urrently in progress, to accredit this hypothesis and to sep-
rate the two effects of theophylline concentration and PLA
ontent, through a closer analysis of extra samples prepared by
his method.

.2.5. Dissolution and release profiles of theophylline
Since crystal lattice could influence dissolution properties,

he dissolution profiles of single theopylline obtained with the
wo techniques and antisolvents were monitored (Fig. 10). The
rofiles indicated that the drug was completely dissolved in less
han one hour whatever the process or the antisolvent used.
either the particle shape (triangular for the CHF3-material, or
exagonal for the CO2-material), nor the singular crystal lattice
f the CO2-samples were found to originate significant changes
n the dissolution rates. Thus, the produced crystals were not sat-
sfying from a therapeutic point of view, since the theophylline
oxicity threshold could be easily exceeded (when plasma con-
entration exceeds 20 mg/L, adverse effects can occur Nair and
atson, 2005).
Fig. 11 shows the release profiles of theophylline from PLA

ormulations. The sample obtained by CHF3-batch processing
howed a quasi-similar behavior than the pure drug: although
he initial burst was slower, a drug release of 92% was obtained

n 1 h. The coating of theophylline by the polymer, if it occurred,
r their mixing was not efficient enough to sustain the release.
or the CO2-samples, it is obvious that the drug release was
uch more slower, since only ∼50% of drug was released after

d
∼
a
1

peration with CHF3 (run #10: ©) or obtained by semi-continuous operation
ith CO2 (run #11: �, and #13: �); the dissolution profile of crude drug (×) is
iven for comparison.

h whereas the pure drug was totally dissolved in 1 h. The two
ormulations whose profiles are given in Fig. 11, were obtained
rom initial concentrations of 12:12 mg/mL and 24:12 mg/mL
f THEO:PLA; bars showed the scattering of data for repli-
ates. Both profiles exhibited similar behavior, i.e. an initial burst
attribuable to uncoated theophylline) and a quite monotonous
ubsequent release of the drug. However, the formulation issued
rom an initial THEO:PLA ratio of 2:1 (run #13) provided a
lower release of the drug, with a 70% release in 8 h, compared
o 6 h for the 1:1 THEO:PLA formulation (run #11).

As mentionned in the introduction section, a formulation of
heophylline by the supercritical route has been already proposed
n literature (Moneghini et al., 2006). The investigated polymer
as hydroxypropylmethylcellulose (HPMC), and release pro-
les of obtained products were monitored. When profiles were
btained from powders, almost 90% of the drug was released in
min. When powders were compressed as tablets, the release
as indeed delayed but was dependant of the polymer molecu-

ar weight. With HPMC-E5 tablets, 90% of theophylline was
eleased in 60–85 min, and only the use of a higher molec-
lar weight HPMC-K100 allowed to sustain significantly the
heophylline release up to 8 h.

In order to enlighten the possible release mechanism, the
inetics below 60% of drug release was fit by the Power law
Siepmann and Peppas, 2001). The Power law consists in the
epresentation of Mt/M∞ versus tn, where Mt is the amount of
rug released at time t and M∞ is the total amount of drug
n the sample and n the release exponent. The comparison of
he n exponent with established limits allows for proposing the
elease mechanism of the drug from the samples under consid-
ration. The limits for n that allow to distinguish a transport by
ickian or anomalous diffusion, depend of the particle geom-
try. According to Sipmann and Peppas, values of 0.43, 0.45
nd 0.5 are usually assessed for a release from a monodis-
ersed population of spheres, cylinders and slabs, respectively,
ut they are susceptible to change if the population is poly-

ispersed. As exemple, the n exponent was found to be of
0.30 when the release characterization was obtained from

n hypothetical particle size distribution of 20% 20 �m, 60%
00 �m and 20% 500 �m (Ritger and Peppas (1987)), which
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as significantly different from the n = 0.43 value obtained from
100 �m monodispersed sample. Formulations #11 and #13

xhibited plate-like and spherical particles as well. However,
he Power law was found to fit quite well the release profiles
f all samples, with a release exponent n that was very close
o the value of 0.45. The range of the experimental n value and
ts closeness to the limits that sign pure diffusion whatever the
ample geometry, drove to the conclusion that the main release
echanism of theohylline from the formulations was Fickian

iffusion.

. Conclusions

Pure theophylline was successfully micronized as a free-
owing powder by supercritical process, and particles exhibited
ifferent shape according to the supercritical fluid used, i.e.
riangular shape in case of CHF3 or hexagonal/tablet-like mor-
hology by CO2. The distinguish feature of the CO2 processing
omes from the occurrence of a new crystal lattice accredited by
ew peaks in the X-rays diffraction patterns, whereas powders
roduced with CHF3 were indisputably anhydrous theophylline.

Co-precipitation of theophylline and PLA was feasible only
n the semi-continuous mode with CO2, but also occurred in
atch providing CHF3 was used. Whatever the experimental
onditions, powders were composed of two particle popula-
ions, with plate-like theophylline coated or not depending on
he fluid, besides spherical particles of few microns in diameter.
he drug was found to retain the specific crystallinity when pro-
essed by CO2. The presence of polymer slightly prevented the
rowth of the theophylline particles, but was unable to reduce
ignificantly their size down to limits acceptable for pulmonary
elivery. Nevertheless, the rate of the drug release could be
ontrolled to some extend by the preparation of these parti-
les and furthermore, by varying the polymer content in the
HEO:PLA ratio. The formulation of Theophylline with PLA
llowed for significantly sustain the drug release over 14 h, pro-
iding that CO2 was used as antisolvent. With CHF3, the drug
elease was in the same range than pure theophylline, indicating
hat independent co-precipitation was likely to have occurred.

hen sustained, the release kinetics complied with the Power
aw, suggesting that the drug release was controlled by diffusion

echanism.
A controlled release system for the delivery of theophylline

as therefore successfully prepared with satisfying yields using
CO2 supercritical antisolvent process. However, the next step

hould be focused on the reduction of the particles size, and
he use of coaxial nozzle to promote the solution atomization is
orseen.
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ubra, P., Laudani, C.-G., Vega-González, A., Reverchon, E., 2005. Precipitation
and phase behavior of theophylline in solvent-supercritical CO2 mixtures.
J. Supercrit. Fluids 35, 95–105.

aki, S., Badens, E., Charbit, G., 2001. Controlled release system formed by
supercritical anti-solvent coprecipitation of a herbicide and a biodegradable
polymer. J. Supercrit. Fluids 21, 61–70.
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