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Abstract

The effect of spray drying salbutamol sulphate, salbutamol sulphate/lactose and salbutamol sulphate/polyethylene glycol
(PEG) solutions was investigated. Co-spray drying salbutamol sulphate with lactose, which is amorphous when spray dried
alone, resulted in amorphous composites. Co-spray drying salbutamol sulphate with PEG 4000 and PEG 20,000, which do not
form amorphous systems when spray dried alone, resulted in systems of varying crystallinity, the crystallinity depending on the
weight ratio of polymer to drug.

Examination of the physical properties of these salbutamol sulphate co-spray dried systems and those of bendroflumethi-
azide/PEG and lactose/PEG composites suggested that the formation and physical stability of amorphous composites preparec
by spray drying is dependant on whether the glass transition tempergjuoé,one of the two components is high enough to
result in aTy of the composite sufficiently high that the Kauzmann temperature of the mix is greater than the temperature of
storage. The modified Gordon—Taylor equation proved to be useful in predicting the likelihood that a two-component composite
will be amorphous on spray drying. Furthermore, the Gordon—Taylor equation was also useful in predicting the likely physical
stability of amorphous two component composites and predicted that even polymers with apparefiyly, lsuch as PEGs,
may be stabilised in an amorphous composite by a suitable additive having a sufficiently.high
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of a carrier excipient also overcomes the problem of
dose metering if fractions of a milligram of a potent
Salbutamol is widely used in inhaler products. Dry medicament are to be delivere@gnderton and Jones,
powder inhaler formulations generally consist of mi- 1992. Spray drying is known for its ability to produce
cronised drug and inert coarse carrier particles. The fine microspherical powders with good flow proper-
excipients are included to aid flow and dispersibil- ties and therefore should prove a useful method of
ity of drug particles, which may be highly cohesive production for inhalation products, especially for the
when micronised {imsina et al., 1994 Inclusion production of powders for dry powder inhalers. Since
co-spray drying for inhalation delivery appears to
"+ Corresponding author. Tekt353-1-6081444; have anantages, in terms of powder pgrticle size and
fax: +353-1-6082783. flowability, as well as uniformity of the mix, the model
E-mail address: healyam@tcd.ie (A.M. Healy). drug salbutamol sulphate was co-spray dried with

0378-5173/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.ijpharm.2004.01.005



172 D.O. Corrigan et al./International Journal of Pharmaceutics 273 (2004) 171-182

various proportions of lactose and polyethylene gly-  Salbutamol sulphate/lactose systems, consisting of
cols (PEGs) and their solid state properties evaluated. 5, 20 and 40% lactose by weight of total solids, were
In this paper, we also examine the predicted glass spray dried as 10% w/v aqueous solutions using a
transition temperatures and Kauzmann temperaturesBichi 191 spray drier with an inlet air temperature
of salbutamol sulphate co-spray dried systems to- of 150°C, an outlet air temperature of 103-105 a
gether with those of previously co-spray dried sys- pump rate setting of 10% and airflow rate of 600 I/h.
tems such as lactose/PEGdfrigan et al., 2002and The 20% lactose system was also spray dried at a feed
bendroflumethiazide/PEG systemSofrigan et al., concentration of 2.5% w/v from an aqueous solution
2003. Compatible blends of amorphous materials under the same conditions except that the outlet tem-
exhibit a single glass transitioTd) intermediate be-  perature range was 98-103.
tween theTy values of the individual components Salbutamol sulphate/PEG 4000 systems consisting
(Hancock and Zografi, 1994The higher theTy is of 5, 20 and 40% PEG 4000 by weight of total solids
relative to the actual storage temperature the more were spray dried as 2.5% w/v aqueous solutions using
stable the system will be. The Kauzmann tempera- a Bichi 191 with an inlet air temperature of 15D,
ture is generally accepted as the temperature belowoutlet temperatures of 91-97, 92—-97 and 95>@&or
which translational and rotational motions cease on the 5, 20 and 40% PEG 4000 systems, respectively, a
pharmaceutically relevant time scalétaficock et al., pump rate setting of 18% and airflow rate of 600 I/h.
1995. Metastable amorphous materials are expected Salbutamol sulphate/PEG 20,000 systems consist-
to be physically stable when stored at a temperature ing of 5, 20 and 40% PEG 20,000 by weight of total
less than or equal to their Kauzmann temperature solids were spray dried as 2.5% w/v aqueous solutions
(Hancock et al., 1995; Zhou et al., 2002 using a Biichi 191 and the same conditions as for the
PEG 4000 systems, except that the outlet temperatures
i were 100-105, 90 and 96-100, for the 5, 20 and
2. Experimental 40% PEG 4000 systems, respectively.

2.1. Materials 2.3. Assessment of physicochemical properties

Salbutamol sulphate was kindly provided by IVAX , .
Pharmaceuticals, Ireland, PEG 4000 was purchased XT@y powder diffraction measurements (XRD)
from Riedel de Haén (Germany) and PEG 20,000 was Were made on samples using a Siemens D500 Diffrac-
purchased from Fluka. Physical mixes were prepared (0meter as previously describe€drigan et al.,

using sub 12fmm mesh sieved powders mixed in a 200_3' ) _ )
Turbula Mixef™ for 5min (at 42 rpm). Differential scanning calorimetry (DSC) was per-

All spray dried systems were analysed by DSC and formed using a Mettler Toledo DSC 824s previously

XRD within 1 h of production. described Corrigan et al., 200R
Scanning electron microscopy (SEM) was per-
2.2. Spray drying methodol ogy formed using a Hitachi S-3500N variable pressure

scanning electron microscope.

Salbutamol sulphate was spray dried as a 10% w/v  Energy Dispersive X-Ray Analysis (EDXA) was
aqueous solution and as a 0.6% wi/v solution from carried out using Princeton Gamma Tech Imix-PTS
ethanolic solvent consisting of 75% ethanol and 25% EDX analysis on the Hitachi S-3500N variable pres-
water. A Biichi 190 spray drier was used. When spray sure SEM with a 10 mmUTW detector. For qualita-
drying the agueous solution, an inlet air temperature of tive EDXA, powder samples were utilised and an area
150-152C, an outlet temperature of 75-78, pump mapped for the presence of the atom being analysed.
setting 7, and an airflow rate of 650I/h were used. HPLC analysis of salbutamol sulphate was per-
When spray drying the ethanolic solution an inlet air formed using a variation of the USP Pharmacopeia
temperature of 100-10Z, an outlet temperature of (USP Pharmacopeia, 200&)ethod for HPLC anal-
60-64°C, a pump rate setting of 6%, and an airflow ysis of salbutamol sulphate, with sodium-1-heptane-
rate of 500 I/h were used. sulfonic acid used in the preparation of the mobile
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phase instead of sodium-1l-hexane-sulfonic acid. A SEM micrographs of the spray dried material
C18 column (Techopak 10 C18, Labquip) attached showed small spherical particles with diameters rang-
to a Shimadzu LC-10 AT VP liquid chromatograph ing from approximately 1 to 4m and approximately
with a Shimadzu SCL-10A system controller, a Shi- 1 to 3um for particles produced from the aqueous
madzu SPD-10A VP UV-Vis detector, a Shimadzu and ethanolics solvents, respectively. The surfaces of
DGU-14 degasser and a SIL-10AD VP autoinjector the particles in both cases were slightly dimpled.

was used and the system was operated at a flow rate

of 1 ml/min. Samples were analysed using Shimadzu 3.2. Salbutamol sulphate/lactose systems

Class VP software (version 6.10).

True density measurements were performed by he- The salbutamol sulphate/lactose 5, 20 and 40%
lium pycnometry using a calibrated AccuPyc 1330 in- systems were all amorphous, as shown by XRD anal-
strument (Micromeritics, USA). Prior to analysis, the ysis (Fig. 1). The 20% systems showed similar XRD
samples were dried overnight to a constant weight and DSC scans regardless of the feed concentration
in a vacuum oven at 5@ with a vacuum pressure at which they were spray dried. The XRD scans of
of 600 mbar. The mass of each sample was accu-the various spray dried systems show diffuse halos. In
rately determined using a MT5 microbalance (Mettler contrast a physical mix of salbutamol sulphate/lactose
Toledo, Switzerland). Each sample was analysed in 20% showed peaks attributable to both crystalline
duplicate. componentsKig. 1).

The DSC scans of spray dried salbutamol sul-
phate/lactose composites and a DSC scan of a physi-

3. Results and discussion cal mix of salbutamol sulphate/lactose 20% is shown
in Fig. 2 The DSC scans of the spray dried systems
3.1. Salbutamol sulphate did not show exothermic events indicative of recrys-

tallisation of amorphous material. The spray dried

Salbutamol sulphate spray dried from water resulted systems did show degradation of salbutamol sulphate
in an amorphous product evidenced by the halo shown on heating, which was not evident in the physical
by XRD. The production of amorphous salbutamol mixes. The DSC scans of the spray dried salbuta-
sulphate on spray drying from aqueous solution was mol sulphate/lactose systems appeared very similar
previously reported byChawla et al. (1994)Spray to the scans of salbutamol sulphate spray dried alone.
drying of salbutamol sulphate from ethanolic solution The spray dried salbutamol sulphate/lactose systems
(75%) also yielded a similar amorphous product. The showed broad endotherms prior to T@ consis-
starting material showed an endothermic peak by DSC tent with loss of absorbed moisture. Two very small
at a temperature at approximately 2@) consistent  endotherms at approximately 120 and $@0and a
with the findings ofWard and Schultz (199%nd re- broad melting peak starting at approximately 265
cently ascribed to decompositidogfhrib et al., 2008 with jagged peaks indicating degradation, were also

The lack of visible exotherms, together with the observed. The lactose used in the physical mix was
lower and broader melting endotherms, obtained by lactose monohydrate, therefore the endotherm visible
DSC of spray dried salbutamol sulphate, is consis- in the DSC scan of the physical mix at approximately
tent with the material remaining amorphous on heat- 150°C is consistent with the dehydration of the mono-
ing. HPLC indicated that both spray dried salbutamol hydrate. The melting endotherm of spray dried lactose
sulphates were not altered chemically by the process.alone by DSC has an onset temperature at°Z17
EDXA detected sulphur atoms in the spray dried mate- (Corrigan et al., 2002 In the co-spray dried salbu-
rial consistent with the spray dried material remaining tamol sulphate/lactose systems no distinct peak was
as the sulphate salt forn€hawla et al. (1994%pray observed at this temperature. The melting of lactose
dried salbutamol sulphate from aqueous solution and may have shifted to a lower temperature and be ob-
compared the infrared spectra to that of their starting scured by the salbutamol sulphate related endotherm.
material. They also concluded that spray drying did In the case of the physical mix of salbutamol sul-
not appear to alter salbutamol sulphate chemically.  phate/lactose, the broad endotherm at approximately
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Fig. 1. XRD scans of (a) spray dried salbutamol sulphate/lactose 5%; (b) spray dried salbutamol sulphate/lactose 20%; (c) spray dried

salbutamol sulphate/lactose 40%; and (d) physical mix of salbutamol sulphate/lactose 20%.
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Fig. 2. DSC scans of (a) spray dried salbutamol sulphate/lactose 5%; (b) spray dried salbutamol sulphate/lactose 20%; (c) spray dried

salbutamol sulphate/lactose 40%; and (d) physical mix of salbutamol sulphate/lactose monohydrate 20%.
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200°C is likely to be due to the degradation of salbu- used for the mixed systems, was employed for lactose
tamol sulphatel(arhrib et al., 2003 spray dried aloneQorrigan et al., 2002 A higher
Spray drying salbutamol sulphate/lactose solutions airflow was used in spray drying salbutamol sulphate
produced a powder, however microscopic examina- than was used for the salbutamol sulphate/lactose sys-
tion indicated that the spherical particles produced ap- tems. The difference in airflow may be responsible for
peared to absorb moisture and merge together within athe particle size differences observédisters, 198p
matter of seconds. The particles of the salbutamol sul-
phate/lactose 5% system were approximately Jxh5 3.3. Salbutamol sulphate/PEG 4000 systems
in diameter. Particles of the 20% system spray dried as
a 10% wi/v solution were approximately 1-26 in Fig. 3shows the XRD scans of spray dried salbuta-
diameter. Salbutamol sulphate/lactose 20% spray driedmol sulphate/PEG 4000 composites (containing 5, 20
at the lower feed concentration of 2.5% wi/v resulted and 40% PEG 4000 by weight of total solid). No inten-
in particles with a narrower size distribution, particles sity peaks indicative of crystallinity were apparent by
being approximately 2—10m in diameter. The salbu-  XRD for the 5% system. The 20 and 40% PEG 4000
tamol sulphate/lactose 40% system resulted in parti- systems did show some peaks indicative of the pres-
cles 5—-15um in diameter. (However, these particles ence of some crystalline PEG, however these peaks
had already started to merge by the time they were were of low intensity compared to physical mixes, in-
gold coated, therefore their true size is expected to be dicating reduction in crystallinity of PEG 4000 during
smaller.) Lactose spray dried alone from water (as a processing.
10% wi/v solution) produced smooth spherical parti- Previous studies on lactose/PEG 4000 composites,
cles approximately 1-44m in diameter. The particle  spray dried from water, showed the PEG crystallinity
size range for the co-spray dried systems appeared toto be reduced on spray drying, the extent being depen-
be broader and larger particles were found than when dent on the concentration of PEG 4000 in the system
the individual components were spray dried alone. The (Corrigan et al., 2002 PEG was shown to be amor-
inlet—outlet temperature difference was much larger phous when spray dried with lactose at a concentra-
for salbutamol sulphate spray dried from water than tion of 10% PEG, while at other concentrations (5, 20
for the salbutamol sulphate/lactose co-spray dried sys-and 30% PEG 4000), there was evidence of reduced
tems, however a similar temperature difference, to that PEG crystallinity.
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Fig. 3. XRD scans of (a) spray dried salbutamol sulphate/PEG 4000 5%; (b) spray dried salbutamol sulphate/PEG 4000 20%; (c) spray
dried salbutamol sulphate/PEG 4000 40%; and (d) physical mix of salbutamol sulphate/PEG 4000 5%.
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Fig. 4. DSC scans of (a) spray dried salbutamol sulphate/PEG 4000 5%; (b) spray dried salbutamol sulphate/PEG 4000 20%; (c) spray
dried salbutamol sulphate/PEG 4000 40%; and (d) physical mix of salbutamol sulphate/PEG 4000 5%.

The salbutamol sulphate/PEG 4000 20% system ap- are visible by DSC for any of the spray dried systems
peared to contain some crystalline salbutamol sulphate and the melting endotherms of salbutamol sulphate are
unlike the 40% system, which showed only the two broader and reduced in onset temperature compared
peaks at approximately 19 and°229 attributable to to the physical mixes.
crystalline PEG 4000. SEM micrographs showed spherical salbutamol

No melting endotherm for PEG 4000 was visible sulphate/PEG 4000 5% particles with diameters of
in the DSC scan of the spray dried 5% system, how- 4-10um. The salbutamol sulphate/PEG 4000 20%
ever a melting endotherm for PEG 4000 can be seensystem appeared to consist of fused aggregates of
for the 5% physical mixKig. 4). This indicates that  spheresKig. 59. Large fused aggregates had diame-
DSC can detect the presence of crystalline PEG 4000ters of approximately 25-30m. Individual spheres
at this level and therefore implies that less than 5% were approximately 2—6m in diameter. The salbu-
crystalline PEG is present in the spray dried system. tamol sulphate/PEG 4000 40% SEM micrographs
The 20% PEG 4000 system showed two melting en- showed spherical structures of approximately.i®
dotherms for PEG 4000 which could represent melt- in diameter, consisting of many tiny particles as well
ing of some once folded PEG (metastable) as well as as separate spherical individual particles approxi-
melting of the extended chain form of PEGHatham, mately 1-5um in diameter Eig. 5b).

1985; Kambe, 1980; Corrigan et al., 200Zhe 40%

PEG 4000 system showed a PEG melting peak, which 3.4. Salbutamol sulphate/PEG 20,000 systems

occurred at a slightly lower temperature than in the

equivalent physical mix (possibly due to the presence  Fig. 6shows the XRD scans of the spray dried salbu-
of the once folded metastable form). The magnitude of tamol sulphate/PEG 20,000 systems. The 5 and 20%
the PEG endotherm in the 40% system was less thansystems were completely amorphous by XRD with
for the 5% physical mix implying less than 5% crys- respect to salbutamol sulphate and polymer. The 40%
talline PEG is present. No recrystallisation exotherms PEG 20,000 system showed peaks indicative of crys-
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Fig. 5. (2) SEM micrographs of spray dried salbutamol sulphate/PEG 4000 20%. (b) SEM micrographs of spray dried salbutamol
sulphate/PEG 4000 40%.

talline PEG 20,000. These peaks were smaller in mag- prior to the salbutamol sulphate endotherm (indicated
nitude than the equivalent physical mix. No peaks were by the arrow inFig. 7 (scan b)). This salbutamol sul-
present for crystalline salbutamol sulphate in the 40% phate/PEG 20,000 20% system was the only co-spray
system indicating that it is either amorphous or present dried system containing salbutamol sulphate to show
as a molecular dispersion within the PEG 20,000. a visible recrystallisation exotherm during heating
Fig. 7 shows the DSC scans of the various spray by DSC. The 5 and 40% systems do not show ob-
dried salbutamol sulphate/PEG 20,000 systems. Nei- vious exotherms. Salbutamol sulphate systems spray
ther the 5% nor the 20% system shows an endothermdried alone did not show recrystallisation exotherms
indicative of melting of crystalline PEG. The 40% by DSC, nor did other salbutamol sulphate co-spray
PEG 20,000 system does show a melting endothermdried systems. The endotherm for salbutamol sulphate
in the PEG region but this is much reduced in enthalpy in the 20% PEG 20,000 system is likely due to the
compared to the 40% PEG 20,000 physical mix, be- presence of some recrystallised salbutamol sulphate
ing less than half the magnitude of the PEG melting as opposed to melting of an amorphous form. This en-
endotherm of the 20% PEG physical mix shown in dotherm is quite broad when compared to a physical
Fig. 7 (scan d). The spray dried PEG 20,000 20% mix implying that the salbutamol sulphate is perhaps
system showed a distinct exotherm by DSC indicating not as crystalline as that in the physical mix. The fact
recrystallisation of amorphous salbutamol sulphate that other salbutamol sulphate spray dried systems
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Fig. 6. XRD scans of (a) spray dried salbutamol sulphate/PEG 20,000 5%; (b) spray dried salbutamol sulphate/PEG 20,000 20%; (c) spray
dried salbutamol sulphate/PEG 20,000 40%; and (d) physical mix of salbutamol sulphate/PEG 20,000 20%.

~exo

Fig. 7. DSC scans of (a) spray dried salbutamol sulphate/PEG 20,000 5%; (b) spray dried salbutamol sulphate/PEG 20,000 20%; (c)
spray dried salbutamol sulphate/PEG 20,000 40%; and (d) physical mix of salbutamol sulphate/PEG 20,000 20%. The arrow indicates the
exothermic peak.
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show broad lower temperature endotherms which are

the salbutamol sulphate is present as a glass which pe
does not recrystallise on heating. The 20% PEG {:;’,p \
20,000 system, therefore, is consistent with the pres- g
ence of amorphous salbutamol sulphate rather than a s
solid solution of salbutamol sulphate in PEG 20,000.
Chiou and Niazi (1971investigated solid dispersions

of sulfathiazole and urea prepared by the melt method.
XRD analysis of the solid dispersion systems showed
no peaks indicative of sulfathiazole indicating that it

may be present either as a solid solution or as an amor-
phous phase. Differential thermal analysis of the solid
dispersion showed an exotherm followed by a melt-
ing endotherm, the melting endotherm occurring at a
lower melting temperature than in equivalent physical
mixes. On storage the melting endotherm gradually
increased in onset melting temperature and weak ®
diffraction lines attributable to sulfathiazole appeared §
by XRD. They concluded that sulfathiazole was likely

than as a molecular dispersion based on the fact that
sulfathiazole alone shows a tendency to super-cool to
a glassy state and because of the presence of a DSQ
exotherm, a lower onset melting endotherm and the
appearance of peaks by XRD following storage.

SEM micrographs of spray dried salbutamol sul- e Ty
phate/PEG 20,000 systems are showrkig. 8 The
5 and 40% PEG 20,000 consisted of smooth spher-
ical particles with numerous indentations. The 20%
system showed particles that were spherical but with
fibrous surfaces. The 5 and 20% PEG 20,000 parti-
cles were approximately 2+8n in diameter. The 40%
PEG 20,000 system consisted of particles with diam-
eters from approximately 2 to 30m.

3.5. Glass transition temperatures and physical state
and stability of spray dried composite materials

The physical form of the composites, i.e. crystalline
or amorphous, obtained on spray drying either salbu-
tamol sulphate, lactos€prrigan et al., 2002or ben-
droflumethiazide (BFMT)Corrigan et al., 2008with
increasing PEG content is summarised Tiable 1 Fig. 8. SEM micrographs pf spray dried salbutamol sulphate/PEG
Of the three drugs, bendroflumethiazide has the least2%:000 5% (top). 20% (middie) and 40% (bottom).
tendency to crystallise in the presence of increasing
amounts of PEG. When spray dried as a single com-
ponent lactose, bendroflumethiazide and salbutamol
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Table 1
Crystallinity of PEG 4000 in BFMT/PEG 4000, salbutamol sul-
phate/PEG 4000 and lactose/PEG 4000 systems

System PEG 4000 by weight of total solids

5% 10% 20% 30% 40%
BFMT/PEG - am am am -
Lactose/PEG afh am c c -
Salbutamol am - c - c

sulphate/PEG

am: amorphous, c: peaks indicative of crystallinity.
a Crystallinity suggested by XRD but not by DSC.

sulphate are amorphous willy above room temper-
ature [Table 2, while PEGs are semicrystalline mate-
rials and exhibit &y which depends on the molecular
weight of the sampleGraig, 1995. In the molecular
weight range of 18-10’ the Ty varies from approxi-
mately—98 to—17°C depending on molecular weight
(Craig, 1993. The very lowTgys of PEGs indicate that

at room temperature, following spray drying, the ma-
terials are likely to be crystalline. Previously when
Corrigan et al. (19843pray dried a range of thiazide
diuretics they found that the larger molecular weight
compounds formed amorphous phases more readily
than the lower molecular weight thiazides. Amorphous
systems produced from the higher molecular weight
thiazides were more physically stable than amorphous
systems produced from the lower molecular weight
thiazides. The PEGs do not contain large side groups
and this might explain why they are less likely to form
amorphous systems on spray dryirRpdmeier and
Chen (1988)described linear macromolecular poly-
mers without bulky side groups, such as polylactic

Table 2
The estimated glass transition temperature of a mix of two compo
obtained fromEq. (2) and estimated Kauzmann temperatur&s) (calc

D.O. Corrigan et al./International Journal of Pharmaceutics 273 (2004) 171-182

acid, as having strong and extensive intermolecular
bonding coupled with adhering stiffness of the poly-
meric chains leading to strong chain interactions. They
used these facts to explain the difficult disruption of
a liquid filament into individual particles resulting in
fibrous spray dried material.

Compatible blends of amorphous materials exhibit
a singleTq that is intermediate between tfig values
of the individual componentdHancock and Zografi,
1994. The lowTgs of PEGs indicate that these mate-
rials are likely to act as plasticisers and this has been
shown previously for systems containing 10, 20 and
30% PEG (with either lactos€prrigan et al., 2009
or BFMT (Corrigan et al., 20083 Considering the glass
transition behaviour of amorphous solids in terms of
polymer free volume theory, the glass transition of a
mix of two componentsTgymix) can be determined by
Eqg. (1) (Gordon and Taylor, 1952

(w1Tg1 + KwoTgo)
(w1 + Kwy)

where K = p1(Ag2)/p2(Aq1), Ay is the thermal ex-
pansivity of Ty, w is the weight faction ang is the
true density of the material. Numbers 1 and 2 are in-
dicative of the two different components.

Hancock and Zografi (1994)lescribe that since
(Aq) Ty is approximately constarit, can be calculated
from the densitiesdy and p2) of the two components
usingEg. (2)

1)

Tg mix =

K = "ot @
p2Ty2

Tgmix was calculated for salbutamol sulphate/PEG
4000 systems containing 10, 20 and 30% PEG 4000,

nents sysSigms (CC)) determined fromEq. (1) using theK value
ulated agy — 50K. Ty of pure drug components are also shown

PEG content BFMT/PEG 4000

Lactose/PEG 4000

Salbutamol sulphate/ PEG 4000

in mix (%)
Tgmix (°C) Kauzmann Tgmix (°C) Kauzmann Tgmix (°C) Kauzmann
temperature °C) temperature °C) temperature °C)
0 120.0 70.0 1043 54.0 64.0 14.0
10 88.3 38.3 76.8 26.8 48.5 -15
20 62.7 12.7 54.6 4.6 345 —15.5
30 41.8 -8.3 35.8 —14.2 21.9 -28.1

@ Elamin et al. (1995)
b Ward and Schultz (1995)
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and also for the BFMT/PEG 4000 and lactose/PEG Table 3 _ '

4000 reported previously Corrigan et al., 2002, tThe Lg;(nix (OEC) ?;)term(ljnedt_fror{EjK(l) using t?eK vaut,e rgsb)-(
- ained fromEq. and estimated Kauzmann temperatu

Iza(():?(‘?s'e-rﬂ]j_elgg/rl?:?; v;eErg til(()%r:) %Sa;aig?im;f calculated asTy — 50K, for salbutamol sulphate/lactose systems

Pharmaceutical Excipients, 199%dnd were measured ~ System Tgmix  Kauzmann
as 1.27 g/crhfor salbutamol sulphate and 1.54 g&m (C)  temperawreC)
for BFMT. For PEG 4000 a—g of —41°C was esti- Salbutamol sulphate/lactose 5% 65.5 15.5

) _ . . Salbutamol sulphate/lactose 20% 70.4 20.4
mated from7g = 0.7Tm (Hancock and Zografi, 1994; o tamol sulphateflactose 40% ~ 77.4  27.4

Brittain, 1999.

Table 2 shows the Tymix data calculated for
BFMT/PEG 4000, lactose/PEG 4000 and salbutamol
sulphate/PEG 4000 mixed systems. Thgnix values tially analysed Corrigan et al., 2003
for the BFMT/PEG 4000 systems were in good agree-  The Tgmix values and the Kauzmann temperatures
ment with the values obtained experimentally using were also calculated for salbutamol sulphate/lactose
modulated DSC Qorrigan et al., 2008 Experimen- mixed systems and are shownTiable 3 The Ty values
tally obtained values were 83, 69 and 45 for the used in the calculations were the experimentally de-
10, 20 and 30% PEG/BFMT systems, respectively.  rived Tgs shown inTable 2 The Tgmix and Kauzmann

The data suggests that amorphous BFMT/PEG temperature values increase as the lactose content in-
systems are more likely to form and be physically creases. The salbutamol sulphate/lactose spray dried
more stable at room temperature than lactose/PEG systems were all amorphous when analysed by XRD
systems, which in turn should be more physically Wwhich is consistent with the highy mix and Kauzmann
stable than salbutamol sulphate/PEG systems with temperature values calculated for these systems.
respect to ease of recrystallisation. This trend was Zhou et al. (2002)produced amorphous forms
reasonably consistent with the crystallinity of PEG of several model compounds and determined their
found in these systems as shown Table 1 The Kauzmann temperatures experimentally. Results were
higher theTy is above the actual storage temperature, generally in agreement with thg — 50K values of
the more stable the system will be. Metastable amor- the compoundsZhou et al. (2002jlescribed that one
phous materials are expected to be physically stable of their model amorphous systems, ritonavir, showed
when stored at a temperature less than or equal toexcellent physical stability above its Kauzmann tem-
their Kauzmann temperature. The Kauzmann temper- perature. This indicated that although the Kauzmann

not, however, recrystallised by the time they were ini-

ature of a material is generaltly50K below theTy
of the material lHancock et al., 1995; Zhou et al.,
2002. Table 2shows the estimated Kauzmann tem-

temperature is a useful parameter, knowledge of the
Kauzmann temperature alone is not adequate to under-
stand the physical stability of an amorphous system.

peratures of the mixed PEG 4000 systems (basedZhou et al. (2002}tated that configurational entropy

on Ty — 50K) (Hancock et al., 1995; Zhou et al.,
2002.
The Kauzmann temperature estimatesTable 2

and molecular mobility values as a function of tem-
perature need to be assessed in additioM¢and
Kauzmann temperatures. They concluded from their

indicate that at room temperature the salbutamol sul- work that compounds with higfigs, high configura-
phate/PEG 4000 systems and the lactose/PEG 4000 2@dional entropy barriers, high Kauzmann temperatures
and 30% systems will not be stable. The lactose/PEG and low molecular mobilities are expected to show
4000 10% should be stable. Analysis of this system the greatest stability. The measurement of molecular
showed it to be the most X-ray amorphous of all the mobility is beyond the scope of this paper.
lactose/PEG 4000 systenadrrigan et al., 2002 The

BFMT/PEG 4000 10% should also be stable at room

temperature since it has a Kauzmann temperature of4. Conclusions

38°C. The 20 and 30% PEG/BFMT systems have

Kauzmann temperatures below room temperature and Co-spray drying salbutamol sulphate with lactose,
therefore are likely to be unstable. These systems hadwhich is amorphous when spray dried alone, resulted
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in amorphous composites. Co-spray drying salbutamol Chatham, S.M., 1985. Characterisation of molten filled hard gelatin

sulphate with PEG 4000 and PEG 20,000, which do

not form amorphous systems when spray dried alone,

resulted in systems of varying crystallinity, the crys-
tallinity depending on the weight ratio of polymer to
drug.

Feed concentration was an important factor in deter-

mining particle size of the resultant spray dried pow-

ders. Thus, decreasing the feed concentration from 10

to 2.5% w/v resulted in the production of smaller di-

ameter particles with a narrower size distribution.
Depending on the percentage of excipient, differing

particle morphologies were found including homoge-

capsules. Ph.D. thesis, University of London.

Chawla, A., Taylor, K.M.G., Newton, J.M., Johnson, M.C.R., 1994.
Production of spray dried salbutamol sulphate for use in dry
powder aerosol formulation. Int. J. Pharm. 108, 233—-240.

Chiou, W.L., Niazi, S., 1971. Phase diagram and dissolution-rate
studies on sulfathiazole-urea solid dispersions. J. Pharm. Sci.
60, 1333-1337.

Corrigan, D.O., Healy, A.M., Corrigan, O.l., 2002. The effect
of spray drying solutions of polyethylene glycol (PEG) and
lactose/PEG on their physicochemical properties. Int. J. Pharm.
235, 193-205.

Corrigan, D.O., Healy, A.M., Corrigan, O.l., 2003. The effect
of spray drying solutions of bendroflumethiazide/polyethylene
glycol on the physicochemical properties of the resultant
materials. Int. J. Pharm. 262, 125-137.

neous spherical particles, fused particles, large spher-Corrigan, O.1., Holohan, E.M., Sabra, K., 1984. Amorphous forms

ical aggregates consisting of many smaller spheres,

particles with a smooth surface having indentations
and particles with a fibrous surface.

The formation and physical stability of amorphous
composites formed by spray drying was found to de-
pend on whether th&; of one of the components is
high enough to result in &g mix sufficiently high that

of thiazide diuretics prepared by spray-drying. Int. J. Pharm.
18, 195-200.

Craig, D.Q.M., 1995. A review of thermal methods used for the
analysis of the crystal form, solution thermodynamics and glass
transition behaviour of polyethylene glycols. Thermochim.
Acta 248, 189-203.

Elamin, A.A., Sebhatu, T., Ahlneck, C., 1995. The use of
amorphous model substances to study mechanically activated
materials in the solid state. Int. J. Pharm. 119, 25-36.

the Kauzmann temperature of the mix is greater than Ganderton, D., Jones, T., 1992. Advances in Pharmaceutical

the temperature of storage. The Gordon—Taylor equa-

tion was useful in predicting the likelihood that a two

component composite will be amorphous on spray dry-

Sciences, vol. 6. Academic Press, London (Chapter 5).

Gordon, M., Taylor, J.S., 1952. Ideal co-polymers and the second
order transitions of synthetic rubbers. 1. Non-crystalline co-
polymers. J. Appl. Chem. 2, 493-500.

ing. Furthermore, the Gordon-Taylor equation appears Hancock, B.C., Zografi, G., 1994. The relationship between the

to be useful in predicting the likely physical stability of

amorphous two component composites and predicted

that even polymers with apparently Iolys, such as

PEGs, may be stabilised in an amorphous composite

by a suitable drug/additive with a sufficiently hidg.
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