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Abstract

The molecular distribution in fully amorphous solid dispersions consisting of poly(vinylpyrrolidone) (PVP)—diazepam and inulin—diazepam was
studied. One glass transition temperat(ig) (as determined by temperature modulated differential scanning calorimetry (TMDSC), was observed
in PVP—diazepam solid dispersions prepared by fusion for all drug loads tested (10-80 wt.%) Of lieese solid dispersions gradually changed
with composition and decreased from T'T7for pure PVP to 48C for diazepam. These observations indicate that diazepam was dispersed in
PVP on a molecular level. However, in PVP—-diazepam solid dispersions prepared by freeze dryifigs tmere observed for drug loads above
35wt.% indicating phase separation. OReindicated the presence of amorphous diazepam clusters, theTgthers attributed to a PVP-rich
phase in which diazepam was dispersed on a molecular level. With both the value of th&;lattelrtheAC, of the diazepam glass transition
the concentrations of molecular dispersed diazepam could be calculated (27—-35 wt.%). Both methods gave similar results. Water vapour sorptic
(DVS) experiments revealed that the PVP-matrix was hydrophobised by the incorporated diazepam. TMDSC and DVS results were used to estima
the size of diazepam clusters in freeze dried PVP-diazepam solid dispersions, which appeared to be in the nano-meter range. The inulin—diazep
solid dispersions prepared by spray freeze drying showed pfee drug loads up to 35 wt.% indicating homogeneous distribution on a molecular
level. However, thisly was independent of the drug load, which is unexpected because diazepam has B, ltveer inulin (46 and 155C,
respectively). For higher drug loadsT@of diazepam as well as# of the inulin-rich phase was observed, indicating the formation of amorphous
diazepam clusters. From thteC, of the diazepam glass transition the amount of molecularly dispersed diazepam was calculated (12—27 wt.%).
In contrast to the PVP—diazepam solid dispersions, DVS-experiments revealed that inulin was not hydrophobised by diazepam. Consequentt
the size of diazepam clusters could not be estimated. It was concluded that TMDSC enables characterization and quantification of the molecul
distribution in amorphous solid dispersions. When the hygroscopicity of the carrier is reduced by the drug, DVS in combination with TMDSC can
be used to estimate the size of amorphous drug clusters.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Mode of incorporation; Amorphous drug clusters; Solid solution; Solid suspension; Molecular incorporation; Carrier; Non-proportional water vap
sorption

1. Introduction et al., 200). Problems related to poor water solubility, slow
dissolution and concomitantly low bioavailability. §benberg
In spite of promising progress in biotechnology, most of theand Amidon, 200Pcan be overcome by using solid dispersions
new drug substances that currently have to be formulated i(Chiou and Riegelman, 1971; Fawaz et al., 1996; Kai et al.,
dosage forms are small and hydrophobic molecul@sir{ski 1996; Torrado et al., 1996; Kohri et al., 1999; Kushida et al.,
2002; Gohel and Patel, 2003Solid dispersions consist of a
hydrophilic carrier in which a hydrophobic drug is incorporated.
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showed that fully amorphous solid dispersions can be used tfy of the drug Gordon and Taylor, 1952This is described by
increase the dissolution ratéqo et al., 200Dand that they are the Gordon—Taylor equatio€{lurzo et al., 2002; Kaushal et al.,
suitable for formulation of a tablet for gastro-intestinal delivery 2004; van Drooge et al., 2004c; Weuts et al., 20Q%ing this
(van Drooge et al., 2003ca sublingual tabletvan Drooge et  equation, the measurement of thgof the homogeneous phase
al., 2009 or as a powder for inhalatiors{monelli et al., 196Q  reveals its composition. A good fit of the Gordon-Taylor equa-
Based on their molecular distribution, three different types oftion with experimental data, indicates ideal mixing and absence

fully amorphous solid dispersions can be distinguished: of specific interactionsvan Drooge et al., 2004b,c

In this study, temperature modulated differential scanning
(1) Fully amorphous solid solutions. calorimetry (TMDSC) and water vapour sorption (DVS) were
(2) Fully amorphous solid suspensions. used to assess the mode of incorporation and to quantify the
(3) Combination of (1) and (2). size of detected amorphous clusters by combining these two

technigues. Two carriers were evaluated: poly(vinylpyrrolidone)
The first type, an amorphous solid solution, consists of an amofPVP) or the oligosaccharide inulin. In all solid dispersions
phous carrier in which the drug is molecularly distribut€tiiou ~ diazepam was used as a lipophilic model drug. The effect of
and Riegelman, 1969, 19¥ 1This type of solid dispersion is various preparation methods (fusion, freeze drying, spray freeze
homogeneous on a molecular level. Therefore, only one phaslrying and amorphous physical mixtures) on the molecular
is present and only one glass transition temperattige Will structure is discussed.
be observed. The second type is a fully amorphous suspen-
sion. It consists of an amorphous carrier in which the drug i2. Materials and methods
dispersed as amorphous clusters. This type of solid dispersion
is not homogeneous on a molecular level and consists of twd.1. Materials
phases. Hence, glass transitions of both carrier and drug are
observed. Inliterature both types of solid dispersions are referred Tertiary butanol (TBA) was purchased from Sigma—Aldrich
to as glassy solid solutions and amorphous glassy suspensio@hemie GmbH, Steinheim, Germany, inulin type TEX!803,
respectively Chiou and Riegelman, 19yY.1However, this ter- having a number average degree of polymerization of 23
minology is equivocal, because both types can become rubbefinulinDP23), was a gift from Sensus, Roosendaal, The Nether-
when exposed to temperatures above tligis. Therefore, in  lands. Polyvinylpyrrolidone K30 (PVP) and diazepam were pro-
this study, the term glassy is omitted and the terms amorphousdded by BUFA B.V. Uitgeest, The Netherlands. The water used
solid solution and amorphous suspension are used. The third typeas demineralised in all cases.
is a combination of both. Two phases are present: one consists
of carrier in which a part of the drug is molecularly dispersed;2.2. Preparation of solid dispersions by vial freeze drying
the other consists of amorphous drug clusters. Which one of the
three types is obtained depends on the miscibility of drug and The preparation of the glassy solid dispersions was based on
carrier and on the preparation meth&dditenbach etal., 1999 aprocedure described befovaf Drooge et al., 2004a5hortly,

The detection of the molecular arrangement of the incorpodiazepam was dissolved in tertiary butyl alcohol (TBA) at a fixed
rated drug is a prerequisite for comprehension of stability andoncentration of 25 mg/ml and the carrier, i.e. PVP orinulin, was
dissolution of solid dispersions. Many techniques have beedissolved in water. The solutions were mixed in a TBA/water
developed to investigate the molecular arrangement in solid digatio of 40/60 (v/v). Subsequently, the mixture was immersed in
persions. The vast majority of the techniques focus on discrimiliquid nitrogen until it was fully frozen. Various concentrations
nation between amorphous and crystalline. Only a few attemptsf diazepam in the resulting solid dispersions (drug loads) were
to discriminate between amorphous clusters and molecular digbhtained by adjusting carrier concentrations, while maintaining
tribution have been reported. Confocal Raman Spectroscopy wasazepam concentrations constant. The frozen solutions were
used to measure the homogeneity of drug distribution in a solitiyophilized using a Christ lyophilizer, type Alpha 2-4 (Salm and
dispersion of ibuprofen and PVESik et al., 2004 In pixels  Kipp, Breukelen, The Netherlands) with a condenser tempera-
of 2pum?3, the drug content was quantified. It was stated thature of —53°C. Lyophilization was performed according to a
when the standard deviation in drug content was smaller thatwo-step procedure. Firstly, the pressure was set at 0.220 mbar
10%, a homogeneous distribution was obtained. However duand the shelf temperature at35°C for 1 day. Subsequently,
to the limited resolution, uncertainty remains about the presthe pressure was decreased to 0.05 mbar, while the shelf tem-
ence of amorphous clusters in the nano-meter range up to nowerature was gradually raised to ZD. These conditions were
The most powerful and straightforward technique to assess theaintained for another day. After removing the samples from
degree of mixing of an incorporated drug is thermal analysis. Ithe freeze drier, they were placed in a vacuum desiccator over
case of amorphous carriers, DSC has been used to prove the presica gel at room temperature for at least 1 day.
ence of amorphous clusters of drug molecuMas@énthavada
et al., 2004. Furthermore, DSC has been used to quantify the.3. Preparation of solid dispersions by spray freeze drying
concentration of molecularly dispersed materia¢yner and
Dressman, 2090 Generally, theTy of a homogeneous solid Solutions for spray freeze drying, were prepared as described
dispersion is somewhere between Myeof the carrier and the above. The solutions were sprayed with a 0.5 mm two-fluid noz-
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zle of a benchtop Buchi spray dryer into liquid nitrogen. Thediazepam was used as a reference for the solid dispersions. It
liquid feed rate was 10.5 ml/min and the atomising airflow waswas prepared by melting crystalline diazepam at 3%nd
setat5004/h, i.e. the equivalent of 500 | of airof Latm an8éi®.  annealing for 10 min to assure complete melting followed by
The outlet of the nozzle was positioned about 10 cm above liquidapid cooling. The absence of a melting endotherm upon reheat-
nitrogen. Hotwater (about 9@C) was pumped through the jacket ing confirmed that indeed all diazepam was in the amorphous
of the nozzle in order to avoid freezing of the solution inside thestate. In solid dispersions, theCp of the glass transition of
nozzle. The resulting suspension (frozen droplets of the soltamorphous diazepam clusters was related toAlig of pure
tion in liquid nitrogen) was transferred to the lyophilizer. The amorphous diazepam after correction for the drug load. Mea-
lyophilization procedure described above was started as soon agrements were performed 3—4 times.
all liquid nitrogen was evaporated.
2.7. Measurement of water vapour sorption
2.4. Preparation of solid dispersions by fusion
To investigate the hygroscopicity of the solid dispersions, the
Solid dispersions containing PVP and diazepam preparewater uptake was measured using a gravimetric sorption analyser
by freeze drying were heated to 19D which is well above (DVS-1000 Water Sorption Instrument, Surface Measurement
the Ty of PVP and the melting temperature of diazepam, inSystems Limited, London, UK). Samples, weighing 5-10 mg,
a standard aluminium sample pan using a differential scanwere initially dried by exposing them to 2& and 0% relative
ning calorimeter (DSC2920, TA Instruments, Ghent, Bel-humidity (RH). When the change of sample mass was less than
gium). The samples were annealed for 10 min to allow for0.00050wt.% per minute during a 10 min-period, equilibrium
fusion of PVP and diazepam. Subsequently the sample wagas assumed and the humidity was changed to 30% RH until
cooled to 20°C, and immediately used for further calorimetric again equilibrium was reached. The amount of water absorbed
analysis. was expressed as the mass percentage of water relative to the
dry sample mass.
2.5. Preparation of physical mixtures
3. Results and discussion
Physical mixtures with various amounts of crystalline
diazepam were prepared by mixing amorphous carrier with thé.1. Physicochemical properties of diazepam, PVP and
appropriate amount of diazepam, using a spatula and a mortanulin
The diazepam was untreated and used as supplied.
A physical mixture containing amorphous diazepamwas pre- In the thermograms of crystalline diazepam, a melting
pared by heating a physical mixture of amorphous PVP or inulirendotherm at 132 0.1°C was observed. The heat of fusion, cal-
and crystalline diazepam to 136 for about 10 min to meltthe culated by integration of the melting endotherm in the total heat

diazepam and then rapidly cooling to room temperature. flow, was 84.6t 1.0 J/g. Melting crystalline diazepam followed
by rapid cooling yielded fully amorphous material as the thermo-

2.6. Temperature modulated differential scanning gram showed dj at 46.2+ 0.13°C and no melting endotherm

calorimetry (TMDSC) at 132°C. The change in specific heat at the glass transition

(ACp) in amorphous diazepam was 0.739.012 J/¢/C. The

A differential scanning calorimeter (DSC2920, TA Instru- Ty's of PVP and inulin were 176 # 2.6 and 154.5-3.3°C,
ments, Ghent, Belgium) was used to measure glass transitionsspectively.
in the solid dispersions. A heating rate of@min (modula- In attempts to prepare a physical mixture of PVP and amor-
tion amplitude 0.318C, modulation period 60 s, resulting in phous diazepam, a physical mixture of crystalline diazepam and
heating-only conditions) was used. Indium was used for calibraPVP was heated to 13%. In contrast to the fusion-method,
tion. Pure nitrogen gas, i.e. without water vapour, was purgedvhere the components are heated to a temperature above the
through the sample cell continuously. The samples, weighindy of PVP, at 135C diazepam melts but PVP remains in
5-10 mg, were analysedin open aluminium pans. Residual moishe glassy state. After cooling such a mixture, no glass tran-
ture was removed from the samples by pre-heating them to sitions of amorphous diazepam at 45 and amorphous PVP
temperature of about 10-2Q below the first glass transition at 177°C were detected. Instead, ofig representing a homo-
for 30 min. Control experiments revealed that this procedurgeneous PVP-diazepam mixture was observed indicating that
results in complete evaporation of all moisture and completelyliazepam was molecularly incorporated in PVP. However, the
dry samples, since th&y's thus obtained corresponded well same experiment with inulin instead of PVP resulted in the for-
with literature values. The dried samples were scanned from 1Mation of two separate amorphous phases Wjth at 46 and
to 180°C. The inflection point in the step change visible in the 155°C. It was found that, in contrast to PVP, inulin in the glassy
reversing heat flow was taken as thg state does not, or only partly, dissolves in molten diazepam.

The difference in specific heat between the glassy and thEurthermore, it was found before that the aqueous solubility
liguid state A Cp) was also measured using the differential scan-of diazepam was increased by the addition of PVP, whereas
ning calorimeter. The\Cp was determined from the reversing diazepam solubility remained unchanged in aqueous inulin solu-
heat flow using software from TA Instruments. Fully amorphoustions Hancock and Zografi, 1994Both observations illustrate
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180 7 two Ty's were observed. Origy was found at 46C. Since this
' ) Tq4 corresponds to th&y of pure diazepam, it was concluded
% that clusters of amorphous diazepam were formed. The other
140 .. Ty, being lower than that of pure PVP (176), was attributed
'-.ﬁ to a phase in which the remaining diazepam was molecularly
e dispersed in PVP. Apparently, these solid dispersions are a com-
2 100 N + bination of an amorphous solid suspension and an amorphous
.l solid solution. Because tifg of this phase was roughly constant
80 TEL (100-108C), it was concluded that the amount of molecularly
e ) dispersed diazepam was more or less constant and independent
of the total drug load and thus the amount of diazepam presentin
40 - . clusters increases with the drug load. This indicates that during
0 20 40 60 80 100 the freeze drying process, a limited amount of diazepam can be
amount diazepam (wt-%) molecularly incorporated in PVP. A similar threshold has been
. L . . . . reported before for Eudragit/itraconazole solid dispersivas (
Fig. 1. Glass trarjsmons in SO|Id‘ dlspersmns prepared by freege drying usmE)l’OOge et al ZOOZDb The amount of moIecuIarIy dispersed
PVPK30 as carrier. Key:[{) solid dispersion prepared by fusion method; = Rt i o . ) ;
(#) solid dispersion prepared by freeze drying. Dotted line: best fit withdiazepam in freeze dried solid dispersions (Plas defined in

Gordon-Taylor equationk =0.34+0.02,/2=0.997 ¢=3-4, error bars rep-  Eq. (3) could be calculated:
resent standard deviations).
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that PVP and inulin interact with diazepam in a different mm + mp ©
manner. in whichmy, is the mass of molecularly dispersed diazepam and
mp is the mass of the carrier.
3.2. Glass transitions in PVP solid dispersions For this type of solid dispersions, jLcan be calculated

in two different ways. Firstly, because the relation is known
Solid dispersions of PVP—-diazepam were prepared by eithésetween th@y of the amorphous solid solution and its composi-
freeze-drying or by using the fusion method. Thys of the dry  tion (Fig. 1), theTy at around 100C can be used to calculate the
solid dispersions as measured with TMDSC are presented itcomposition of the PVP-phase in which a part of the diazepam
Fig. 1 In solid dispersions prepared by the fusion method, onlyis molecularly dispersed. In the second technique to calculate
oneTgy was observed for all compositions, indicating that homo-DL , the amount of amorphous diazepam present in the other
geneous solid dispersions were obtained in which diazepamphase is quantified. Th&C, of the amorphous diazepam clus-
is molecularly distributed. Théy gradually decreased with tersthatresultin @ ataround 46Cis used to calculate the mass
increasing drug loads, which is often referred to as plasticizationf amorphous diazepam clusters. The observed value is related
of the carrier by a drug&ordon and Taylor, 1952; Leuner and to the ACp, of pure amorphous diazepam (0.7393@)/ When
Dressman, 2000 The composition of solid dispersions can be for example in a solid dispersion with a drug load of 50 wt.%
expressed by the total drug load DL defined in &g aACp of 0.1J/grC is found, then 0.1/(0.739 0.5) =27 wt.%
of the total sample consists of diazepam present in clusters. In
(1) this example, 23 wt.% of the sample consists of randomly dis-
tributed diazepam. The results of both methods of calculation
inwhichmp is the mass of the drug diazepam ansis the mass  are depicted ifable 1 It can be seen that in three out of four
of the polymer PVP. This gradual decreaséjris described by  measurements nearly the same molecular drug loads are found

DL:&
mp + mp

the well-known Gordon—Taylor equatio8ik et al., 200} with two different methods (sékable . The corresponding val-
Ty.DL + Ty, K(1 — DL) ues indicate reliability of the two methods. It can be concluded
Tgux = % s (2)  that, for solid dispersions in which the carrier is plasticized,
DL + K(1—-DL)

the amount of the drug present in clusters can be quantified by
inwhich Ty, is the glass transition of the solid dispersi@g), either using thdy of the PVP-phase in which a part of the drug
andTy, are the glass transition temperatures of pure diazepais molecularly dispersed or by using theC,, of the amorphous

and PVP, respectively, and DL is expressed as weight fraadrug clusters.

tion. As shown inFig. 1, the data could indeed be fitted quite ~ From these results, the weight fraction of molecularly dis-
well. In solid dispersions prepared by freeze drying, no meltpersed diazepam compared to the total mass of diazepam was
ing endotherm of diazepam was observed in the TMDSC scansalculated. The weight fraction molecularly dispersed diazepam
This indicated that the solid dispersions were fully amorphous(Wy) is given by Eq(4):

Furthermore, for drug loads up to and including 20 wt.%, only my

oneTy was observed. Thiy corresponded with théy of the Wy = ————— 4)

solid dispersions prepared by fusion indicating that these mate- mm +me

rials were amorphous solid solutiorfsd. 1). However, in solid  in whichmy is the mass of molecularly dispersed diazepam and
dispersions prepared by freeze drying with higher drug loadsyc is the mass of clustered diazepam. The results are depicted
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Table 1
Amount of molecularly incorporated diazepam in solid dispersions with PVP and inulin (FD, freeze dried; SFD, spray freeze dried) calculated ysihthéh
molecular dispersion phase and using &€, of the amorphous diazepam phage3—4+S.D.)

DL (wt.%) PVP (FD) Inulin (FD) [DLw, Inulin (SFD) [DLy,
- 0, - 0,
T4 (O) AC, (mIIgC) DLy, DLy, ACp-method (Wt.%)] ACp-method (wt.%)]

Tq-method ACp-method
(wt.%) (wt.%)

10 10 10 10 10

20 20 20 12£1.0 20

35 108.4+ 2.0 58+ 16 27£1.2 29+1.7 19+6.8 35

50 98.8+ 1.9 222+ 35 33+1.3 28+4.9 24+3.2 42+4.7

65 106.4+ 7.7 294+ 21 28+4.9 42+2.7 27+4.9 56+ 3.3

80 96.2+ 0.8 509+ 4 35+0.6 36+1.2 25+ 16 53+ 18

in Fig. 2 As can be seen from this figure all diazepam is homo-that, even at the relatively low drug load of 10 wt.%, TMDSC is
geneously dispersed up to drug loads of at least 20 wt.%. Whesensitive enough to detect an amorphous diazepam phase. Trace
drug loads were further increased, a part of diazepam is preseBshows that a solid dispersion prepared by freeze drying did not

as amorphous clusters, thus lowerig; . contain any crystalline diazepam: it is fully amorphous as was
concluded in previous workiong and Zografi, 1999However,
3.3. Glass transitions in inulin solid dispersions the absence of By of diazepam is remarkable. This indicates that

atadrug load of 10 wt.%, no clusters of amorphous diazepam are

To investigate the mode of incorporation of diazepam inpresent. Therefore, the sample should consist of one phase con-
inulin glass dispersions, four different samples were analysesisting of diazepam molecularly dispersed in the inulin matrix
with TMDSC: a physical mixture of crystalline diazepam andand thus should be an amorphous solid solution. However, the
inulin; a physical mixture of amorphous diazepam and inulin; aglass transition temperature of this phase was°Tq8&vhich is
solid dispersion prepared by freeze drying; a solid dispersiofigher than what can be expected based on the composition.
prepared by spray freeze drying. All four samples consisted\n increase inTy has been observed previously, but only as
of 10wt.% diazepam and 90wt.% inulin. Nevertheless, largea result of ionic interactionsWeuts et al., 2004 Deviations
differences were observed in the thermograms of the reverdrom gradualTy changes as a function of the composition can
ing heat flow Fig. 3). The first trace, representing a physical be attributed to the presence of specific hetero-molecular inter-
mixture of crystalline diazepam and amorphous inulin, clearlyactions Chan et al., 1999 The current observations lead to the
showed the melting endotherm of diazepam atA32nd the hypothesisthatthe large difference in polarity between diazepam
glass transition of inulin at 158C. The absence of the melting and inulin causes a decrease in mobility of both molecules,
endotherm of diazepam in trace 2 indicated that in this physicahereas for diazepam and PVP, being similar in polarity the
mixture diazepam was completely amorphous. Two glass transimobility is much greater. Trace 4 shows that inulin glass dis-
tions were observed: one at 46 for the diazepam phase and the persions prepared by spray freeze drying also yield only one
other at 155C for the inulin phase. This measurement implies7q at around 158C. At a drug load of 10wt.%, no differ-
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10 20 a5 50 65 80 20 40 80 80 100 120 140 160
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Fig. 2. Amountof molecularly dispersed diazepam. Key: shaded columns, inulitfrig. 3. Thermograms 10 wt.% diazepam and 90 wt.% inulin: (1) physical mix-
solid dispersions (freeze drying); white columns, PVP solid dispersions (freezaure crystalline diazepam and amorphous inulin; (2) physical mixture amorphous
drying); black columns, inulin solid dispersions (spray freeze drying4, diazepam and amorphous inulin; (3) solid dispersion prepared by freeze drying;
error bars represent standard deviations). (4) solid dispersion prepared by spray freeze drying.
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Fig. 4. Thermograms 35wt.% diazepam and 65 wt.% inulin: (1) physical mix- amount incorporated (wt-%)

ture crystalline diazepam and amorphous inulin; (2) physical mixture amorphous - ) o ) o ]
diazepam and amorphous inu"n; (3) solid dispersion prepared by freeze dryin&lg. 5. Glass transltlor.ls in solid dlSperSlOnS containing inulin and dlazepam
(4) solid dispersion prepared by spray freeze drying. prepared by freeze drying € 2-4).

ences could be observed between freeze drying and spray freeggray freeze dried samples was calculated fromttig values
drying. and the results are given Table 1

When the drug load was increased to 35wtPig( 4), the To investigate the effect of the preparation method, the inulin
surface area of the melting endotherm in the physical mixturegjid dispersions prepared by freeze drying were compared with
containing crystalline diazepam increased proportionally (tracgylin solid dispersions prepared by spray freeze drying. The
1). In the amorphous physical mixture (trace 2) the differencgesyits are given ifable 1andFig. 2 As discussed before, at
in specific heat before and after the glass transition of diazepam grug load of 10wt.% no clusters are present in both freeze
(ACp) also increased proportionally. At this drug load also thegried and spray freeze dried inulin solid dispersions. This was
freeze dried sample showedgof diazepam around 4& (trace  concluded because 17y of diazepam was observed. Therefore,
3). This indicates that at a drug load of 35wt.% amorphougne fraction molecular diazepanif) is 100 wt.%. However,
diazepam clusters are present in freeze dried inulin glass dispefhen drug loads were increased to 20 wt.% in freeze dried inulin
sions. Furthermore, it was observed that 1€, in the freeze  sjig dispersions, the fraction molecularly dispersed diazepam
dried solid dispersions was less than 35% of &, of pure  sharply dropped and decreased with increasing drug loads.
amorphous diazepam. This implicates that diazepam is partiyhis was concluded from th&C,, of the amorphous diazepam
molecularly dispersed and partly present as amorphous C|U5tei§resent in clusters. When solid dispersions were prepared by
However, in inulin glass dispersions prepared by spray freezgpray freeze drying, up to and including 35wt.% drug load, no
drying (trace 4), no glass transition could be discerned in the, of diazepam was observed, indicating that all diazepam is
thermogram. This implicates that no phase separation OCCU”Eﬁﬁ?olecularly dispersed. When the drug load was further increased
during spray freeze drying and that all diazepam is molecularlyo 50 wt.%, aTy of diazepam could be seen. Therefore, it was
dispersed in the inulin carrier. Apparently, during spray freezgoncjuded that phase separation occurred only at drug loads of
drying phase separation is inhibited, which results in moleculagg wt.o4 or higher when spray freeze drying was used. Appar-

dispersion of the lipophilic drug in the carrier. ently, during spray freeze drying phase separation is inhibited
compared to freeze drying, but also in case of spray freeze dry-
3.4. Effect of freezing rate ing, the amount of molecularly dispersed diazepam is decreasing

for increasing drug loadsF{g. 2). The decrease ofy can

TMDSC-experiments were repeated for inulin solid disper-be explained as follows. Higher drug loads were obtained by
sions with other drug loads. No melting endotherm of diazepantowering the inulin concentration in the solution. Therefore, a
was observed, indicating that all solid dispersions were amotarger amount of solvent has to crystallize. Furthermore, crys-
phous. For the freeze dried samples, the number and the valtelization is exothermic. Both aspects decelerate the formation
of theTy's are depicted iffrig. 5. It can be seen that in the ther- of the maximally freeze concentrated fraction in which carrier
mograms of diazepam containing solid dispersions with a drugnd drug are vitrified. Therefore, in the concentrated meta-stable
load of 10wt.%, only ondy was observed at around 158.  and yet unfrozen solution, phase separation between diazepam
In solid dispersions with a drug load of 20 wt.% or more, alsoand inulin will be more pronounced resulting in a lower fraction
the Ty of diazepam at 46C was observed while the second molecularly dispersed diazepam. During spray freeze drying the
Ty remained constant at around the same value with a slightooling rate is much higher, due to direct contact between the
increase for the higher drug loads. The spray freeze dried sarselution and liquid nitrogen and the large surface area of the
ples showed the same behaviour, except tHgf af diazepam  small droplets of solution. From this perspective, the higher frac-
was observed at a drug load of 50wt.% or more. The amourtion of molecularly dispersed diazepam in spray freeze dried
of molecularly incorporated diazepam in both freeze dried andnaterial can be explained: because the solute molecules are
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11 upon increasing drug load, whereas the hygroscopicity of inulin
remained unchanged. This indicates that water vapour sorption
in PVP is less than what is expected based on the composi-
9 - tion of the solid dispersion. This means that the water uptake
- is not proportional to the drug load. Apparently, PVP becomes
n less hygroscopic as more diazepam is incorporated. The reduced
_ water uptake can be considered as hydrophobisation of PVP and
: is due to additional physical-chemical effects. Hydrophobisa-
= ' tion and the resulting non-proportional water vapour sorption
in PVP solid dispersions containing hydrophobic drugs has
been reported previously by Crowley and Zografndmura
4 ' T ‘ T ' T et al., 2002; Lopez-Diez and Bone, 2(Q04{Deviations from
0 10 20 30 40 50 60 70 proportional water vapour sorption can be related to interac-
wt-% diazepam tions between carrier and incorporated molecule. Apparently,
Fig. 6. Water vapour sorption in carriers of solid dispersions. Kllysplid dis- fjlazepam redl_JceS the water u.ptake of the PVP matrix r.esultl-ng
persion with PVP as carrier (freeze dried)s 3—4+ S.D.; (A) solid dispersion  in faster than linear decrease in hygroscopicity of PVP in solid
with inulin as carrier (freeze dried),=3-4+S.D.; (O) solid dispersion with  dispersions with increasing drug loads.
inulin as carrier (spray freeze dried)z 1-2. On the other hand, inulin solid dispersions show a propor-
tional water vapour sorption decrease. This can be concluded
faster vitrified, shorter time is available for phase separationfrom the constant hygroscopicity of the inulin carrier as can
Consequently, a higher fraction diazepam is molecularly dispe seen inFig. 6. Apparently, diazepam does not affect the
persed. hygroscopicity of inulin. The most obvious explanation would
When comparing inulin and PVP solid dispersions preparege a complete phase separation between inulin and amorphous
by freeze drying, represented by the shaded and the whilgiazepam. However, it was shown with TMDSC-experiments
columns respectivelyHg. 2), itis observed that more diazepam that this is not the case. This implies that even though there is
is homogeneously dispersed in PVP compared to inulin. Theubstantial amount of diazepam molecularly dispersed, no effect
phase separation between PVP and diazepamiis less pronounceflwater uptake was observed. Moreover, in spite of the larger
which can be ascribed to the smaller difference in polarityfraction of molecularly dispersed diazepam in spray freeze dried

10 w

wt-% water in carrier
o] ~
I
>
>
>
HE— i

between PVP and diazepam. inulin glass dispersions (s&ég. 5), water vapour sorption was
similar to that of the freeze dried samples. Therefore, it can be

3.5. Water vapour sorption in PVP and inulin solid concluded that a different mode of incorporation of diazepam

dispersions does not affect water uptake in inulin. This is another indica-

tion that diazepam does not affect the hygroscopicity of inulin.

The hygroscopicity of the solid dispersions was determined’hus in agreement with TMDSC measurements, water vapour
by measuring the amount of water vapour sorption gravimetrisorption measurements indicate that diazepam can alter hygro-
cally at 25°C/30% RH. This humidity was chosen, because allscopicity of PVP whereas with inulin changes are not observed.
samples tested do not absorb too much water and remain in the
glassy state. Because pure amqrphoys Q|azep§1m IS hydrOphOt%%. Estimation of the size of amorphous diazepam clusters
the amount of absorbed water in solid dispersions decreased at
increasing drug loads. To compare samples with different drug
loads, the amount of water absorbed in the solid dispersions will Currently, no appropriate techniques are available to mea-

be corrected for Fhe drug load. Furthermore, a correction WaSure directly the size of amorphous drug clusters in solid dis-
made for the relatively small amount of water (0.3%) absorbed i rsions like the ones presented in this study. Therefore, we

ﬁwu:ﬁeagfgz?w;sdégi;?:&iEz‘ieng(tar;%hftoflrli\?\}ilr?g gs&;iﬁgsorb ggest a method to calculate the mean cluster size based on the

PVP solid dispersions

Ww (in solid dispersion)— DL W, (in pure amorphous diazepam) 5)
1-DL

in which W,y is the weight fraction of water. Ed5) consid-  results of TMDSC and DVS. The calculations require geomet-
ers the carrier as a separate matrix with certain hygroscopicityical assumptions as explained as follows.

When for example the calculated hygroscopicity is constant, From water vapour sorption experiments, it was concluded
this implies that the water uptake is not affected by incorporatethat water uptake of PVP was reduced due to the presence of
diazepam. A similar approach has been used beforewley incorporated diazepam. It is assumed that PVP that is in con-
and Zografi, 200R The results are depicted Fig. 6. It can  tact to any diazepam molecule is ‘hydrophobised’. This means
be seen that PVP absorbs more water than inulin for all comthat no water molecules will be present immediately next to
positions tested, showing its higher hygroscopicity. Howeverhydrophobic diazepam molecules, but gradually the amount of
water vapour sorption in PVP was not constant but decreasedater molecules will increase with increasing distance from the

Wy (in carrier)=
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D Fig. 8. Volume fraction hydrophobised PVP as a function of drug load for
Cc 5=5.48x 10~ m. Key: gray line, molecular solid dispersion wjtk 0; dashed

line, molecular solid dispersion wigh=1; black line, best fit for homogeneous

- A I ISINGreeze dried solid dispersions with PVP up to 20 wtf&(.737); @) vol-

the‘ carrier. I_.eft: a separate. molecule as in homogeneous solid dlspe_rsmns_; e fraction hydrophobised PVP in homogeneous solid dispernpiume

W_h'Ch Qrug 1S molggularly dispersed. Right: a cluster of molecules as in SOIIc1‘raction PVP hydrophobised only by molecularly dispersed diazepam calculated

dispersions containing amorphous drug clusters. usingthe TMDSC data ifiable %, (O) total volume fraction hydrophobised PVP.

Fig. 7. Schematic representation of lipophilic drug molecules hydrophobisin

diazepam molecules. To model the hydrophobisation, we define
a layer around diazepam in which no water is present whilenolecule. Statistically, diazepam molecules can become neigh-
beyond that layer the hygroscopicity is the same as pure PVBours, even in solid solutions. This will result in overlapping
It can be argued that the extent hydrophobisation depends dtydrophobised layers and thus depletion of hydrophobised PVP
the mode of incorporation of diazepam. Molecularly dispersediolume for which is corrected in E@7). It is assumed that the
diazepam, for example, reduces water uptake of the carrigirobability of a drug—drug contactincreases proportionally with
more than clustered molecules, because clusters have arelativghe drug load. To calculate the chance of a neighbouring drug
smaller contact area with the carrier. The modelled hydrophomolecule the drug load was multiplied by a proportionality fac-
bisation of PVP by separate diazepam molecules and diazepawy p. The probability of a drug—drug contact will then be equal to
clusters is visualised ifrig. 7. By dividing the total volume DLyp. Whenp =1, all molecules are randomly distributed and
of all layers by the total volume of PVP, the volume fraction the chance of a neighbouring drug molecule is exactly propor-
hydrophobised PVRH pveToTIiS Obtained. tional to the drug load. Wher< 1, adrug molecule prefers a car-
The thickness of the hydrophobised layer and the size ofier environment, and whem> 1 it prefers drug—drug contacts.
the clusters can be found when the volume fraction hydrophowhenp =0 all diazepam molecules are always completely sur-
bised PVP ¢y pvp.1oT) is measured. The volume fraction of rounded by carrier molecules. The implications on water vapour
hydrophobised PVP can be derived from water vapour sorptiogorption are depicted iRig. 8 The thickness of the hydropho-
measurements according to the following equation: bised laye® (Fig. 7) and the value g could now be calculated
Wiy (in carrier) by fitting Eq.(7) using water vapour_sorption measurements up
- W) (6)  toadrug load of 20wt.% because in this region no cl_usters are
present. It can be seen thashould be larger than 1, since the
Firstly, the freeze dried homogeneous solid dispersions ofolume fraction hydrophobised PVP is lower than the theoreti-
PVP and diazepam are considered, i.e. up to a drug load @fal line forp = 1. According to this model, diazepam molecules
20wt.%. In these solid dispersions, PVP is only hydrophobisethave a preference to neighbour other diazepam molecules
by molecularly dispersed diazepam moleculgsivp.vm). Since  because fitting yielded a value of 1.737 far The thickness
no clusters are presemty.pvp.M=¢H.pvp.TOT The volume frac-  of the hydrophobised layet as defined above was found to
tion PVP hydrophobised by molecularly dispersed diazepanbe 5.48x 10~11m, which is 3.65% of the molecule diameter.
(¢H.pvPm) is given by:

Vi Navo DLMm (1 — DL
layers _ T ((D+28)3 _ D3> PPVPINAvo M ( MD)
Vevp 6 Mw pia 1-DLm

in which D is the diameter of the diazepam molecule (1.5nm
assuming spherical molecule shapg)s the thickness of the This implies that the volume of the layer is about 24% of the
hydrophobised layer as indicatedRig. 7, Nayo iS Avogadro’s  volume of a diazepam molecule.

number,opypis the density of PVP (1170 kgfj) Mw pia is the Inthe solid dispersions with drug loads of 35 wt.% and higher,
molar mass of diazepam (0.2847 kg/mole) Jpis the molecular  PVP is hydrophobised by both molecular dispersed diazepam
drug load, which is in this case equal to the total drug load (DL)and by clusters of diazepam. Using the molecular drug loads
since a glassy solid solution is considered. The faeferintro-  (DLy) calculated by from thely values of the PVP phase
duced to incorporate the likelihood of a neighbouring diazepan{Table ), the fraction PVP hydrophobised by molecularly dis-

pHpvPTOT =1

(7)

$H.PVPM =
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Table 2

Calculated mean cluster diameters and mean number of molecules per cluster of diazepam in freeze dried solid dispersions with PVP

DL (wt.%) DLy (Wt.%) OH.PVP.TOT OH.PVPM OH.clusters Cluster diametec (nmy Cluster size (number of molecules)
10 10 0.095 0.095 - - -

20 20 0.168 0.168 - - -

35 27 0.228 0.204 0.025 9.6 265

50 33 0.283 0.217 0.067 11.0 393

65 28 0.308 0.206 0.102 20.8 2674

2 Estimated R.S.D. i < 10%.

persed diazepam could be calculated for solid dispersions cofrurthermore, the effect of freezing rate during preparation
taining 35wt.% or more diazeparfif. 8). The remaining part of inulin glass solid dispersions could be measured. It was
of the hydrophobised PVP is due to amorphous diazepam clushown that inulin—diazepam solid dispersions prepared by spray
ters (H.clustery: freeze drying contained less diazepam present in clusters and

( 25 >3 _1 ppvPD> Navo mc

b
PH .clusters= YH.PVP.TOT — HPVPM = <

1+-—
6 Dc Mwpia mp

®)

T 25\ 3 ppva3NAVO DL — DLm
6 1+—) -1

6 Dc Mwpia (DL —1)(DLv —1)

in which D¢ is the diameter of a cluster. At this poibt is the
only unknown parameter and can be calculated. Il®agleple-
tion of hydrophobised volume by clusters—molecule contact a
well as cluster—cluster contact was neglected. Furthermore, it is
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