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a b s t r a c t

A deeper insight into the crystallisation process of semi-crystalline polymers during formation of solid
dispersions is crucial to improve control of product qualities in drug formulation. In this study we used
PEG 4000 with 12 different lipids as a model system to study the effect that incorporated components may
have on the crystallisation of the polymer. The lipids were melted with PEG 4000 and the crystallisation
of the polymer studied with differential scanning calorimetry (DSC) and small angle X-ray diffraction
(SAXD). PEG 4000 can crystallise into lamellar structures with either folded or fully extended polymer
chains. All lipids increased the fraction of the folded form and lowered the crystallisation temperatures.
Some lipids were incorporated to a high extent into the amorphous domains of the PEG lamellae and
olyethylene glycol

olid state
olid dispersions
tability
ultivariate data analysis

rincipal component analysis

thereby swelling the structure, which also resulted in a high degree of chain folding. Partial least squares
(PLS) modelling indicated that small hydrophilic lipids increased the folding of PEG and that large non-
polar lipids retarded the unfolding during secondary crystallisation. This work shows that there is a
large difference in the behaviour of PEG depending on lipid added. Differences are explained in terms of
molecular properties for the lipids, demonstrated by the use of PLS modelling to describe the behaviour
artial least squares projection to latent
tructures

of PEG solid dispersions.

. Introduction

The solubility problem of many new drug candidates remains a
hallenge within pharmaceutical development (Stegemann et al.,
007). The concept of solid dispersions is one formulation strategy
tilized to improve bioavailability of poorly soluble compounds.
he properties and performance of solid dispersions of poorly solu-
le drugs has therefore been explored now for some decades (Chiou
nd Riegelmann, 1971; Leuner and Dressman, 2000; Serajuddin,
999). A solid dispersion normally consists of two components;
he carrier and a dispersed active compound. The dissolution of the
ctive compound is to a high degree dependent on the degree of its
ispersion in the solid carrier. Hence, attempts have been made to

ncrease the degree of drug dispersion by adding surfactants to the
arrier (Alden et al., 1992; Morris et al., 1992).
The recent introduction of the hot melt extrusion technique
s a tool for producing pharmaceutical formulations has further
oosted the interest for solid dispersions. Hot melt extrusion
nables incorporation of hydrophobic substances in polymeric
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and/or lipid carriers without the use of solvents and has a great
potential for industrial production (Crowley et al., 2007; Leuner and
Dressman, 2000; Nakamichi et al., 2002). Recently, Li et al. (2009)
have utilized this technique to produce a ‘preconcentrate’ which
is similar to the concept of ‘dry emulsions’ (Pedersen et al., 1998;
Takeuchi et al., 1992). In such formulations the drug is dissolved in
a lipid which in turn is dispersed in a soluble carrier matrix with
the aid of surfactants.

For a solid dispersion to be suitable as a pharmaceutical prod-
uct it needs to show improved dissolution of an incorporated drug
and, still, be stable on storage. Commonly the dissolution profile of
the drug in a solid dispersion changes on storage due to physical
instability which imposes phase separations and re-crystallisations
of the dispersed components (Dordunoo et al., 1997; Smikalla and
Urbanetz, 2007; Urbanetz, 2006) but examples where storage do
not influence the release profile have also been reported (Verheyen
et al., 2004). To achieve predictive and rational strategies for for-
mulation of solid dispersion it is imperative to have a fundamental
understanding of the structure and dynamics of the multi phase
system which is formed when a hydrophobic component is mixed

with the hydrophilic carrier.

Polymers used as carrier in solid dispersions prepared by
hot melt extrusion, should have a relatively low melting point.
Polyethylene glycol (PEG) is such a polymer that has been used
numerous times both in actual products and as carrier model in

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:johan.unga@fki.uu.se
dx.doi.org/10.1016/j.ijpharm.2009.10.049
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ore fundamental research (Dordunoo et al., 1997; Smikalla and
rbanetz, 2007; Saers et al., 1993; Serajuddin, 1999; Bartsch and
riesser, 2004; Leuner and Dressman, 2000). The solid state of
ure polyethylene glycol (PEG) has been extensively studied (Spegt,
970; Buckley and Kovacs, 1975, 1976). PEG forms lamellar semi-
rystalline structures where each polymer molecule can be folded
number of times. The number of folds attained when crystals

re formed is mainly determined by the polymer chain length, i.e.
igher molecular weight PEGs will become more folded. Also, PEG
an crystallise in meta-stable forms when cooled and exhibit a sec-
ndary crystallisation over time forming more stable crystals. In
he case of PEG 4000 (PEG with an average molecular weight of
000 g/mol), which has been used in this study, both the once-
olded and the non-folded form can be observed after primary
rystallisation but during secondary crystallisation the folded form
s converted to the non-folded one. The lamellar thickness is deter-

ined by the molecular weight and the folding, i.e. a lamellar
tructure consisting of unfolded molecules has basically twice the
hickness of one which consists of once-folded chains of the same
olymer (Buckley and Kovacs, 1976).

The poor storage stability of PEG solid dispersions is well doc-
mented (Dordunoo et al., 1997; Smikalla and Urbanetz, 2007;
aers et al., 1993; Serajuddin, 1999; Bartsch and Griesser, 2004)
ut the role of PEG unfolding for the physical stability is not
et fully understood. It has previously been suggested that when
olysorbate 80 (Morris et al., 1992) and Capmul PG8-CremophorEL
Li et al., 2009) is added to PEG they are incorporated into the
morphous domains of the polymer. Further, one of our own pub-
ications (Mahlin et al., 2004) on a study of solid mixtures of
EG and the polar lipid monoolein revealed that the lipid was
ntercalated into the amorphous domains of the semi-crystalline
amellar stacks of the PEG. If added components are incorporated
n the amorphous regions a secondary crystallisation should pro-

ote component separation. We recently published supportive
ata for such transformations to take place in solid dispersions of
onoolein in PEG (Mahlin et al., 2005). On the contrary, Verheyen et

l. (2004) have reported that unfolding of PEG 6000 during storage
id not influence the re-crystallisation and release of incorporated
rugs.

The stability of solid dispersion thus seems to be highly depen-
ent on the way components mix during preparation and the
ixing behaviour is dependent on what components are included.

o further understand this we have in this study investigated the
ddition of twelve different lipids to PEG 4000 as a model system
o elucidate what properties of incorporated lipophilic components
re important for the phase behaviour of the solid dispersions. The
ipids are structurally related but differ in physicochemical prop-
rties such as molecular weight, lipophilicity and melting point.
o get an un-biased selection of lipid properties that govern the
ipid–polymer mixture behaviour we used multivariate modelling
o identify important parameters for further discussion.

. Materials

The PEG 4000 (average molecular weight 4000 g/mol; interval:
500–4500 g/mol) was of a pharmaceutical grade and was pur-
hased from Fluka. All lipids were purchased from Sigma–Aldrich
Germany) except Phytantriol and Selachylalcohol which were gifts
rom Kuraray (Japan). All lipids had a purity of at least 97%.

. Methods
.1. Sample preparation

Samples were prepared to consist of 25% (w/w) of the different
ipids and of 75% (w/w) PEG 4000 by weighing accurate amounts of
harmaceutics 386 (2010) 61–70

the two components into Eppendorf test tubes. The contents were
melted at 100 ◦C and kept at that temperature for 20 min under
intermittent mixing. A homogenous melt was formed in all sam-
ples, as deemed by visual inspection, and was solidified at room
temperature.

3.2. Differential scanning calorimetry

The DSC analysis was performed using a Perkin Elmer DSC 7
with an Intracooler 1P add-on (Perkin Elmer, Waltham, MA, USA).
Samples were weighed into 25 �l aluminium DSC pans (Perkin
Elmer), heated to 100 ◦C, cooled to 20 ◦C and then stored pend-
ing analysis. This procedure was used to achieve a good contact
between the sample and the pan, thereby improving the quality
of the thermograms. DSC analysis was performed after 24 h and
after 1 month of storage. On both occasions the following tem-
perature program was used: (20–100–20–100–0–100) ◦C, the scan
speed was 5 ◦C/min and at each maximum or minimum the tem-
perature was kept constant for 1 min. The second heating was to
get data for a freshly prepared sample (t = 0). The melting and crys-
tallisation temperatures of the lipids were determined by scanning
appropriate intervals for each lipid at 5 ◦C/min. Pure PEG 4000 was
examined using the same protocol as for the mixtures and for the
pure lipids the program (0–100–(−30)) ◦C was used.

3.3. Small angle X-ray diffraction

Small angle X-ray diffraction (SAXD) analysis was performed on
beamline I711 at the synchrotron facility Maxlab (Lund University,
Lund, Sweden) (Cerenius et al., 2000). The radiation wavelength
was 0.1125 nm, scattering was recorded under vacuum at room
temperature using a marccd 165 2D detector (Marresearch, Norder-
stedt, Germany). The exposure time was 300 s for each sample. The
resulting CCD images were integrated to obtain 1D diffractograms
using Fit2D software provided by Hammersley (2007).

The repeating period of the lamellar structures was calculated
from the position of the first peak in Lorenz-corrected SAXD data
using Bragg’s law:

n� = 2d sin � (1)

where n is an integer, � is the X-ray wavelength, d is the distance
between diffracting planes and � is the scattering angle.

3.4. Principal component analysis

Principal component analysis (PCA), as implemented in
Simca-P version 11.5 (Umetrics, Umeå, Sweden) was used to study
similarities between different lipids with regard to the experimen-
tally determined parameters, including crystallisation and melting
parameters from DSC and lamellar thicknesses from SAXD. In PCA,
many original variables are projected onto a low-dimensional coor-
dinate system of latent variables or principal components. Lipids
with similar values in the principal components thus have simi-
lar overall effects on the measured properties of the lipid–polymer
mixtures.

3.5. Multivariate modelling

Molecular structures obtained from SciFinder Scholar 2006
(American Chemical Society, Washington, DC) were used as
the input for 3D structure generation using Corina version

3.0 (Molecular Networks, Erlangen, Germany) (Fig. 1). A total
of 669 molecular descriptors, representing mainly the molecu-
lar size, flexibility, connectivity, polarity, charge, and hydrogen
bonding potential of the molecules, were calculated from
the 3D structures using DragonX version 3.0 (Talete, Milan,
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slow heating and cooling in a narrow temperature range around
Fig. 1. Molecular

taly) and ADMETPredictor version 1.2.4 (SimulationsPlus, Lan-
aster, CA, USA). The static free molecular surface areas for
ach different atom type were calculated using the soft-
are MAREA version 3.02, as described previously (Palm et

l., 1997; Matsson et al., 2005). After removal of molecu-
ar descriptors with zero variance within the dataset, 240
escriptors were used as a starting point for the model
evelopment.

Partial least squares (PLS) modelling, as implemented in Simca-
version 11.5 (Umetrics, Umeå, Sweden), was used to derive
ultivariate models describing structural features that influence

he fraction of folded PEG at t = 0 and the unfolding rates from
to 1 and 0 to 30 days of storage of the lipid–polymer mix-

ures. The number of PLS components computed was determined
sing Q2, the leave-n-out cross-validated R2, using seven cross-
alidation rounds. Only PLS components resulting in a positive
2 were computed, and the number of principal components was
ever allowed to exceed one-third of the number of observations
sed in the model. The models were refined through stepwise
emoval of molecular descriptors with insignificant influence. Ini-
ially, all descriptors were included in the PLS model. After the
rst round, the descriptors with the lowest influence on the pre-
iction were deleted, and a new PLS model was calculated. If
he exclusion of the least important descriptors resulted in a

ore predictive model (as assessed by a higher Q2), the descrip-

ors were permanently left out of the model. This procedure was
epeated until no further improvement of the model could be
chieved.

The root-mean-square error (RMSE) of prediction was used as a
easure of the predictivity of the PLS models:
ures of the lipids.

RMSE =

√√√√ 1
n − 1 − p

n∑
i=1

(yi,predicted − yi,measured)2 (2)

where n is the number of observations, p is the number of latent
variables in the PLS model, and ymeasured and ypredicted are the
experimentally determined and predicted values of the response
parameter, respectively.

4. Results

All samples appeared as clear one-phase liquids in the melted
state showing that the melted lipids form solutions together with
the PEG. The solubility for all lipids in melted PEG is thus above 25%
(w/w) at 100 ◦C.

4.1. Differential scanning calorimetry

4.1.1. Thermal behaviour of pure lipids
DSC measurements showed melting upon heating and crystalli-

sation when cooled, for most of the pure lipids in the standard DSC
set-up (see Table 1). Triolein (TO) did not crystallise during the
standard cooling run, but crystallisation was achieved by repeated
−5 ◦C. Phytantriol (PT) and Selachylalcohol (SeA) showed endother-
mic peaks at the temperatures given in Table 1, but deeming from
the very small enthalpy of the event it was probably not melt-
ing of a fully crystallised lipid but rather of a more disordered
polymorph.



64 J. Unga et al. / International Journal of Pharmaceutics 386 (2010) 61–70

Table 1
Molecular weights (MW) of the lipids and melting and crystallisation temperatures (Tm,peak, Tc,peak) and heat of melting (�Hm) for the pure lipids.

Lipid MW (g/mol) Tm,peak (◦C) �Hm (J) Tc,peak (◦C)

Octanoic acid 144.2 16.3 135.8 5.4
Decanoic acid 172.3 32.3 155.0 26.1
Dodecanoic acid 200.3 45.1 180.2 38.4
Stearic acid 284.5 69.8 208.0 65.0
Oleic acid 282.5 13.4 133.1 1.0
Oleic alcohol 268.5 8.6 141.0 −10.2
Monoolein 356.5 36.2 145.7 5.9
Monostearin 358.6 80.9 211.7 70.9
Triolein 885.4 4.3 126.9 −5.0**
Tristearin 891.5 73.0 216.4 49.8
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Selachylalcohol 342.6
Phytantriol 330.6

umbers denoted with * are measured on peaks of non-regular melting and ** mea

.1.2. Thermal behaviour of PEG–lipid mixtures
The DSC measurements on the lipid–PEG mixtures were per-

ormed after three different storage times; t = 0 (taken from the
hermogram recorded immediately upon cooling to 20 ◦C), t = 1 and
0 days (Fig. 2). All thermograms showed melting of at least one
orm of PEG and, in the cases of mixtures with SA, MS and TS,
ipid melting could also be detected. The two peaks which arise
rom PEG melting reflect the melting of the once-folded and non-
olded form of PEG 4000 (Buckley and Kovacs, 1976). The pattern
f the PEG melting was affected by the addition of the lipid in all
amples, which can be seen in the thermograms in all measure-

ents in primarily two ways: (i) the melting points are decreased

nd (ii) the area ratio between the peaks for the folded and non-
olded forms change compared to pure PEG. Further, the qualitative
ppearances of the peaks changed for many samples (Fig. 2). In all
amples melting temperatures for the folded and the non-folded

ig. 2. Weight-normalized DSC thermograms of pure PEG and the lipid–PEG samples (den
n all samples. For SA, TS and MS, additional endothermic peaks were observed, related to
s crystallisation of lipid that was released when the PEG melted.
6* 1.9* −5.1
4* 21.8* 16.9

on MO which crystallised under non-standard cooling conditions.

forms of PEG were determined. In all of the mixtures the tem-
perature of both PEG melting peaks was decreased to the same
extent compared to the corresponding melting temperatures of
pure PEG. Therefore only one melting temperature is given in
Table 2, that of the non-folded form at t = 1. Thus, these values rep-
resent ability of the lipids to depress the melting temperature of the
PEG.

Thermal events during cooling were also recorded. They
revealed PEG crystallisation in all samples on cooling to 20 ◦C and, in
three cases (SA, MS and TS), separate crystallisation of the lipid was
observed. The crystallisation peak for PEG observed during cooling

will be referred to as the primary crystallisation. Its onset tem-
perature, i.e. the crystallisation temperature (Tc), was decreased to
varying extents by all lipids (see Table 2), as compared to pure PEG
which crystallised at 45.4 ◦C. All Tc observed upon repeated heating
and cooling of a specific sample were within 0.5 ◦C.

oted by the lipid abbreviations, see Fig. 1) at t = 0. PEG melting peaks were observed
the melting of the lipid and for TS there was also an exothermic event interpreted
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Table 2
Experimental data for the PEG–lipid mixtures.

Lipid Tc,PEG (◦C) Tm,PEG (◦C) ff,t = 0 Ru,0–1 (day−1) Ru,0–30 (day−1) dt = 1 (nm) dt = 30 (nm)

Octanoic acid 29.7 49.4 1 0.065 0.019 18.1 19.0/27.4
Decanoic acid 30.9 50.7 0.99 0.040 0.0093 15.0 14.2
Dodecanoic acid 33.5 53.7 0.96 0.26 0.020 13.1 13.1
Stearic acid 30.1 56.6 0.62 0.067 0.0069 13.0 12.8
Oleic acid 24.6 54.1 0.98 0.083 0.014 16.3 19.0
Oleic alcohol 39.1 55.4 0.85 0.24 0.019 13.2 13.1
Monoolein 34.0 53.5 0.97 0.080 0.0096 15.8 15.9
Monostearin 38.4 57.0 0.63 0.075 0.011 13.1 12.8
Triolein 42.3 58.9 0.57 0.22 0.0069 13.4 12.6/14.4
Tristearin 41.3 57.7 0.67 0.076 -0.0012 13.1 13.0/14.8
Selachylalcohol 39.2 55.7 0.83 0.13 0.014 13.1 13.3

0

T temp
R d dt = 1

p
f

f

w
d
o
P
a
w

f
e
f
1
P
t
w
t
d
a
s
w

p
w
v
o
r
w
t
c
a
w
p
a
e

l
o

R

w
a
a
i

period. It appears as if the TS–PEG and TO–PEG mixtures settle
during the first 24 h, i.e. after primary crystallisation, into a sta-
ble or highly stabilized state with a large proportion of folded
PEG.
Phytantriol 34.7 55.7 0.73

c,PEG is the crystallisation temperatures for the PEG from DSC, Tm,PEG is the melting
u,0–30 are the PEG unfolding rates from 0 to 1 day and 0 to 30 days, respectively, an

In order to estimate the fraction of the crystallised PEG that was
resent in the folded form, the DSC data was further analyzed. The
raction of folded PEG (ff) was estimated as

f = Afolded

Afolded + Aunfolded
(3)

here the areas under melting peaks (A) for the two PEG forms were
etermined from the DSC thermograms. Due to poor separation
f the peaks, A was calculated from non-linear regression of split
earson VII type peaks to the heat flow signal of the thermograms
round the melting peaks. The fitting of the theoretical peak to data
as good, with goodness of fit values (R2) ranging from 0.96 to 0.99.

At t = 0, directly after primary crystallisation, the melting peaks
rom the folded and non-folded forms of PEG were approximately
qual in size in pure PEG (ff = 0.48). In the PEG–lipid samples the
olded form dominated in all samples (ff values ranging from 0.57 to
), denoting that the lipids promote formation of the folded form of
EG. The smallest effect was seen in the TO mixture, where the frac-
ion folded was 0.57, and the largest in the mixtures with CA and DA,
here virtually only the folded form was detected (see Table 2). Due

o secondary crystallisation the proportion of folded polymer had
ecreased after 1 day and even more so after 30 days of storage in
ll samples except TO and TS, where the ff was approximately con-
tant or even increased slightly. An example of typical behaviour
ith unfolding over time is shown in Fig. 3 for the CA–PEG mixture.

In the thermograms of the TS–PEG mixture a small exothermic
eak was observed, coinciding with the melting of the PEG, which
as interpreted as crystallisation of lipid (Fig. 2). As shown pre-

iously for MO (Mahlin et al., 2004, 2005) and most likely for all
ther lipids, it becomes incorporated to some degree into the PEG-
ich phase during crystallisation of the mixture. Hence, when TS
as released upon PEG melting, it is given the opportunity to crys-

allise. The only other lipids that have high enough melting points to
rystallise upon melting of the PEG were MS and SA. However, the
bsence of a lipid crystallisation peak for these lipids in mixtures
ith PEG does not mean that they were not incorporated in the
olymer; rather, they may have a smaller driving force for nucle-
tion, i.e. crystallisation will not occur during the timescale of the
xperiment.

The rate at which the unfolding process occurred (Ru) was calcu-
ated as the proportion of the folded polymer that was transformed
ver a certain time period:

u = ff,t=0 − ff,t=i

f (t − t )
(4)
f,t=0 i 0

here ff,t=0 and ff,t=i are the estimated fractions of folded PEG
t the start and end of the interval, respectively, and ti and t0
re the end and start time points of the interval. The unfold-
ng rate was calculated for the initial period (0–1 day) and for
.085 0.0036 13.3 13.2

erature of non-folded PEG at t = 1 day, ff is the fraction folded PEG at t = 0, Ru,0–1 and
and dt = 30 are the PEG lamellar thicknesses at days 1 and 30.

the whole study (0–30 days); the rates are listed in Table 2. The
unfolding rate during the first day was in most cases more than 10-
fold that of the longer period. The fastest unfolding initially was
seen in mixtures with LA (Ru = 0.26 days−1), OOH (0.24 days−1)
and TO (0.22 days−1). LA (0.020 days−1) and OOH (0.019 days−1)
also had the highest rate over the longer period together with
CA (0.019 days−1) whereas unfolding in the TO (0.0069 days−1)
and TS (−0.0012 days−1) samples slowed down considerably after
the initial phase. The lowest rate was seen for the TS sample in
which a modest unfolding was recorded initially (0.076 days−1) but
none or even slightly negative (−0.0012 days−1) over the longer
Fig. 3. Thermograms of the CA–PEG sample after different periods of storage (t = 0,
t = 24 h and t = 1 month). During storage, the non-folded form (the higher melting
peak at approximately 50 ◦C) increased as the folded form (lower melting point)
decreased.
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Fig. 5. Examples of diffractograms at t = 1 day. The arrows show the first and second
diffraction peaks in each sample. Diffraction from pure PEG shows a lamellar struc-
ig. 4. Thermograms from heating the DA–PEG from 20 ◦C (line) and from 0 ◦C
rings) showing virtually identical PEG melting peaks. The peak at 27 ◦C is from

elting of the lipid.

To evaluate the effect of crystallisation of the lipid on PEG crys-
allisation the samples were cooled to 0 ◦C and then immediately
eheated to 100 ◦C. CA was the only lipid that crystallised when
ooled to 0 ◦C but not when cooled to 20 ◦C. The melting peaks of
EG in mixture with CA were virtually identical after cooling to
ither of the two temperatures (Fig. 4). Thus, the crystallisation
nd melting of the CA seem not to affect the PEG folding behaviour.
n the DA–PEG mixture, a small melting peak from non-folded PEG

as observed after cooling to 0 ◦C but not when cooled to 20 ◦C,
hich probably is a result of the longer time at temperatures where

rystallisation of the PEG can take place, before the melting occurs.
n the pure PEG sample a slight increase of the non-folded form
ould be seen after cooling to 0 ◦C compared to cooling to 20 ◦C
data not shown) which supports this assumption. Taken together,
his indicates that the physical form of the lipid in the crystallised

ixture has no effect on the melting pattern of PEG and, hence, the
olding behaviour of the polymer.

In most thermograms, a small endothermic event was visible
s a first stage in the PEG melting (see Fig. 4). The origin of this is
nknown but may reflect the presence of a higher degree of folding

n the sample, e.g. if there is a small amount of twice folded PEG
resent in a sample otherwise dominated by the once-folded. How-
ver, the contribution of this peak to the overall heat of melting is
egligible, and it is therefore excluded from further discussion in
resent work.

.1.3. Small angle X-ray diffraction
Bragg peaks originating from the lamellar structure of PEG

ere observed in all SAXD diffractograms (examples in Fig. 5).
he addition of a lipid, as well as the storage time, affected the
ppearance of the diffractograms. The diffraction pattern from pure
EG 4000 after 1 day of storage showed only one set of diffrac-
ion peaks, the primary peak at q = 0.46 nm−1 and the secondary

t q = 0.92 nm−1, corresponding to a lamellar distance of 13.7 nm
hich is slightly larger than would be expected theoretically for

he once-folded form of the polymer chain (12.33 nm; Buckley and
ovacs, 1976) but similar to Cheng et al. (1991) who reported a
ture with d = 13.7 nm, CA–PEG diffracts more strongly and has a lamellar distance
of 18.1 nm and the OA–PEG shows broader peaks indicating a larger distribution in
repeat distances around d = 16.3 nm. The diffractograms have been separated by an
appropriate integer for clarity.

lamellae thickness of 13.7 nm for a batch with a molecular weight
of 4250 g/mol. During storage another peak appeared at 0.38 nm−1

(d = 16.4 nm). That peak is probably the result of non-integral fold-
ing of the PEG chains, which has been reported previously (Cheng
et al., 1990, 1991). The stable, non-folded, form of the PEG did not
give rise to any detectable peaks in the measurements except in
the CA sample; see below. The reason for the absence of diffrac-
tion peaks has been discussed earlier (Mahlin et al., 2004, 2005)
and is due to the fact that virtually no amorphous domains are
present in the non-folded PEG structure, resulting in a lack of the
periodic electron density differences that are the prerequisites for
diffraction.

The appearance of the PEG diffraction peaks changed when dif-
ferent lipids were added. Some mixtures gave rise to sharp peaks
indicating a highly ordered structure and some gave broader peaks
due to a wider distribution of repeat distances (compare CA and OA
in Fig. 5). In the CA, TS and TO samples a second set of diffraction
peaks from PEG appeared in the 30 days samples that were not visi-
ble after 1 day. In the case of the CA sample, the 1 day diffractogram
displayed a lamellar structure with thickness 18.1 nm. After 30
days, what probably was the same structure remained (d = 19.0 nm)
but also a second lamellar structure with d = 27.4 nm appeared
(Fig. 6). The second structure is presumably non-folded PEG, since
it has twice the thickness of the once-folded pure PEG. In the case

of TS and TO samples, peaks were detected at t = 1 day that repre-
sent lamellar thicknesses of 13.1 and 13.4 nm, respectively. After
30 days double peaks with d-values of 13.0 and 14.8 nm for TS and
12.7 and 14.4 nm for TO, were observed.
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Fig. 6. Diffractograms of the CA–PEG sample at t = 1 and 30 days. After 1 day only one
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physical properties for the pure lipids. Separate models were devel-
oped for each of the three properties of the mixtures. For the
fraction of folded PEG, 79% of the variance was explained by the
model (Fig. 8). This is comparable to similar models of e.g. aqueous
solubility of drugs (Parshad et al., 2002). After excluding variables

Fig. 8. Experimentally observed folded fractions at t = 0 compared to values pre-
dicted by the PLS model. Each point represents one of the lipids. The unity line is
amellar structure was detectable, giving the peaks at q = 0.35 and 0.70 nm−1. After
0 days that structure remained, although at slightly lower q, and there were also
eaks from a second lamellar phase marked with arrows at q = 0.23 and 0.46 nm−1.
he diffractograms have been separated by an appropriate integer for clarity.

Most lipids in the solid state can also diffract in the small angle
egion as a result of having lamellar crystal structures (Larsson,
994). All lipids with melting points above 20 ◦C showed sharp
iffraction peaks at specific q (or �) values depending on the molec-
lar structure, showing that crystals of lipid were present in the
amples (data not shown). The lipids with melting points below
0 ◦C did not diffract in the tested q-range indicating that they did
ot form lamellar crystals in mixtures with PEG. PT and SeA gave
road peaks at q = 2.39 and 2.16 nm−1, respectively, indicating an
rdering which is probably due to orientation of the molecules into
lamellae-like structure in which the polar–apolar separation is

ess distinct than that in lamellar solid crystals of the other lipids.
ence, both DSC and SAXD data indicates that the SeA and PT lipids

orm more disordered crystal polymorphs than the other lipids that
rystallise at room temperature in mixtures with PEG 4000.

.1.4. Principal component analysis
Principal component analysis (PCA) was used to aid in the inter-

retation of the experimental data for the lipid–PEG mixtures. The
CA was based on experimentally determined parameters for the
ipid–PEG mixtures: PEG melting points, fraction folded, unfolding
ates and lamellar thicknesses. The resulting scatter plot of the two
ost important principal components (t[1] and t[2]) is shown in

ig. 7. The lipids could be divided into three groups. Group 1 (con-
isting of MO, OA, CA and DA) was clearly separated from the rest of
he lipids along the first principal component, and group 2 (SA, MS,
O, SeA, PT and TS) was separated from the two remaining lipids (LA

nd OOH; group 3) along the second principal component. Compar-
son of the groups reveals that group 1 differs from the other two
rimarily by having a larger degree of folded PEG (in excess of 0.95
t t = 0) and large lamellar distances. The lipids in group 2 are char-
cterised by low to moderate PEG folding, high PEG melting points
Fig. 7. Score scatter plot from the principal component analysis based on exper-
imental data for the lipid–PEG mixtures. Each point is denoted with the lipid
abbreviation. The first two principal components (t[1] and t[2]) explain 49% and
18% of the variance in the measured parameters, respectively.

and slow unfolding. The lipids in group 3 differ from those in group
2 primarily by exhibiting much higher unfolding rates.

4.1.5. Lipid properties that influence the fraction of folded PEG
and the rate of unfolding

Partial least squares (PLS) modelling was used to correlate
experimentally determined properties of the mixtures (ff at t = 0
and the Ru for 0–1 and 0–30 days) to molecular descriptors and
shown for visual guidance. Embedded: variable importance (VIP) plot displaying the
relative importance of the molecular descriptors in the model. From left to right: Tc,
peak: the crystallisation point of the pure lipids; Xt: the total structure connectivity
index; log P: the octanol–water partition coefficient; NPSAsat: the relative contri-
bution of saturated non-polar atoms to the molecule surface area. The error bars
denote the standard errors calculated from the seven cross-validation rounds.



68 J. Unga et al. / International Journal of P

Fig. 9. Experimentally observed unfolding rates 0–30 days compared to values pre-
dicted by the PLS model. Each point represents one of the lipids. The unity line
is shown for visual guidance. Embedded: variable importance (VIP) plot displaying
the relative importance of the molecular descriptors in the model. From left to right:
MSD: the mean square distance index; BoxZ 3D: the largest dimension of the tightest
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Fig. 10 shows the folded fraction of the PEG at t = 0 versus the
nclosing box; RgGrav 3D: the gravitational radius of gyration; TPSA: the total polar
urface area; NPSAunsat, the relative contribution of unsaturated non-polar atoms to
he molecule surface area. The error bars denote the standard errors calculated from
he seven cross-validation rounds.

aving a small influence on ff, four molecular descriptors were left
n the final model: the crystallisation temperature of the pure lipids
Tc,peak); the total structure connectivity index (Xt), which increases
ith the number of carbon atoms in a molecule and the number of

arbon–carbon bonds, thereby reflecting the molecule size and the
egree of branching; the calculated octanol–water partition coeffi-
ient (log P); and the relative molecular surface area contributed by
aturated non-polar atoms (%NPSAsat). All descriptors had a similar
nfluence on the model, as shown by the variable importance (VIP)
arameter (Fig. 8; inset).

The statistics were lower (R2 = 0.64) for the PLS model of the
nfolding rate 0–1 day, which limits the possibility of drawing
eliable conclusions of the lipid characteristics underlying the dif-
erences in this property. A larger fraction of the variation was
xplained by the model of the unfolding rate 0–30 days (R2 = 0.73
nd Q2 = 0.64; Fig. 9). Thus, subsequent analyses were focused on
his model. After excluding insignificant molecular descriptors, the
nal model consisted of five descriptors: the mean square dis-
ance index (MSD), which is a topological index that increases with
ncreasing branching of the molecule; the largest dimension of the
ightest enclosing box (BoxZ 3D) and the gravitational radius of
yration (RgGrav 3D), which both describe the three-dimensional
hape of the lipid; the total surface area of polar atoms (TPSA);
nd the relative molecular surface area contributed by unsatu-
ated non-polar atoms (%NPSAunsat). The plot of observed versus
redicted unfolding rates and the VIP plot are shown in Fig. 9.

. Discussion

.1. Formation of the PEG structure
This study aimed at finding properties of the lipids that have
nfluence on the crystallisation behaviour and, hence, the solid state
tructure of the PEG. Therefore, unique features of some of the lipids
ill first be discussed and then the more general patterns.
harmaceutics 386 (2010) 61–70

All lipids formed one-phase systems with PEG 4000 in the
melted state and crystallised into a PEG-rich phase and a lipid phase
on cooling at room temperature. Three of the lipids crystallised
separately at a higher temperature than PEG, i.e. before primary
crystallisation of the polymer. We found no indication of that such
early stage phase separation would have an impact on the crystalli-
sation of the PEG-rich phase. As it was seen in the DA case (Fig. 4),
the crystallisation of the lipids which occurred after the primary
crystallisation of PEG did not seem to affect the PEG folding pattern
to a notable extent either. The presence of a solid lipid, compared
to the presence of a melted one within the PEG structure may be
of significance over longer time periods i.e. during secondary crys-
tallisation. However, we found no pattern in the differences in the
PEG structure at 30 days between the samples which had crystalline
lipid phase and those who had a liquid lipid phase.

The PCA revealed three groups of lipid–PEG mixtures, of which
the lipid–PEG mixtures in group 1 differed to a greater extent from
the rest of the mixtures. Most notably, the lamellar thicknesses in
group 1 were larger than for the rest of the lipids, indicating that
the lipids were incorporated to a higher degree in the lamellae. In
groups 2 and 3 the lamellar thicknesses were very close to that of
the pure PEG sample suggesting that no or very little lipid had been
incorporated. If all the lipid would be intercalated into the lamellar
structure, assuming equal density for the lipid and polymer and
that the basic structure of PEG remains unaltered with the lipids
present (i.e., either folded or non-folded), 75% of the thickness of
the lamellae would be related to PEG and the total thickness would
be 13.7 nm/0.75 = 18.3 nm. The lipids have slightly lower densities
than the polymer but the values of 18–19 nm measured for CA and
OA still indicate very high degrees of inclusion of the lipid into the
polymer structure for these two lipids.

Interestingly, the CA–PEG mixture differed from the pure PEG
samples and from all other PEG–lipid mixtures in that the non-
folded form of PEG was detected by SAXD. We suggest that the
CA induced the formation of an amorphous phase of disordered
polymer chain ends, between regions of crystalline PEG, into which
the lipid was intercalated during secondary crystallisation. In that
way an amorphous-crystalline lamellar structure was formed with
a periodicity close to the length of a fully extended polymer chain.
CA is also the lipid that increased the folded PEG fraction and swells
the lamellar structure the most, indicating a high degree of lipid
incorporation. In conclusion, high degree of lipid incorporation in
the PEG-rich phase initially, seemingly enables an intercalation of
the lipid into non-folded lamellar crystals of PEG upon unfolding.

Similarly to the CA mixture, the TS and TO samples displayed
two sets of diffraction peaks after 30 days at slightly lower and
higher q than the one at day 1. However, in this case, a lamellar
structure of folded PEG chains is the most probable cause of both
diffraction peaks. A unique property of the two triglycerides is that
the fraction of folded PEG increases from day 1 to day 30. It seems
very unlikely that the non-folded PEG chains would fold over time,
so the explanation for the increase in folded fraction can only be that
inter-lamellar amorphous phase, not detectable by DSC or SAXD,
transforms on secondary crystallisation to the folded form. If this
process is progressing faster than the transition from the folded to
the non-folded form the fraction of folded PEG will increase over
time, which is also seen for mixtures with the triglycerides. Hence,
a possible explanation for the appearance of two similar diffraction
peaks, in this case, would be that the intercalation of lipid in the
folded PEG structure, formed during secondary crystallisation, is
different from the one formed during primary crystallisation.
lamellar thickness of the folded form of PEG. The plot indicates that
inclusion of lipid by swelling of the lamellae takes place only when
essentially all PEG has attained the folded form. The plot shows
that only in the PEG samples where the folded form dominates
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ig. 10. The fraction of folded PEG at t = 0 (ff,t=0) plotted against the PEG lamellar
istance at t = 1 day (dPEG,t=1) for each lipid–PEG sample. The unfilled rings are the
roup 1 lipids from the PCA and the filled rings are groups 2 and 3 lipids.

ompletely a significant swelling of the folded structure is observed.
oth folding and swelling of the structure occurs during primary
rystallisation and during storage the folded fraction decreased.

Eutectic and monotectic mixing behaviours has previously been
eported for PEG mixtures (Craig, 2002; Huang and Nishinari, 2001).
n the ideal case, the melting point depression depends on the
umber of moles of another component present. Since a constant
eight percent of the lipid has been used here, the number of moles
er kilogram mixture is different and dependent on the molecular
eight of the lipid. In fact, the melting point of the non-folded PEG

t t = 1 day was linearly correlated to the molar concentration of

ipid in the sample, see Fig. 11. The deviation from a fitted line pre-
umably indicates the interaction between the components but the
xact nature of these interactions cannot be deduced from our data.

ig. 11. PEG melting temperatures for all lipid–PEG samples (Tm,PEG) plotted against
he concentration of each lipid in the samples. The line represents a linear regression
R2 = 0.83).
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PLS multivariate analysis was used to further characterise the
influence of the lipids on the degree of folding of the PEG. In
the best PLS model the number of descriptors was reduced to
four: one determined experimentally (Tc,peak) and three calculated
(%NPSAsat, the structure connectivity index and log P). The model
revealed that for a lipid to promote the folding of the PEG it should
have a low crystallisation point, have a small proportion of non-
polar surface, a low structure connectivity index and a low log P.
The degree of PEG folding can be assumed to be determined by
interactions between the lipid molecules and the PEG during pri-
mary crystallisation. The model reveals that for a molecule to affect
the folding to a high extent it should be small and hydrophilic.
Not surprising, such molecules apparently interact more strongly
than more lipophilic ones with the rather hydrophilic PEG chains.
The hydrophilic lipids can probably remain in a one-phase system
with PEG until crystallisation, and maybe also after crystallisation,
whereas the more lipophilic ones will phase separate at some point.

5.2. Rate of unfolding

The unfolding rates vary a lot between the samples, from vir-
tually no unfolding for TS to approximately 60% of the folded form
being transformed in 30 days for LA, OA and OOH. For the group
1 lipids which are incorporated to a high extent in the PEG lamel-
lae the unfolding rates correlate to some degree with the lamellae
thicknesses. This could mean that high incorporation of lipid cre-
ates more unstable systems in which the strive for unfolding is
stronger, or that the presence of large amounts of lipid facilitates
the unfolding process. Since unfolding occurs at markedly different
rates also in those of the samples where there is no or very limited
incorporation of lipid, that cannot be the whole explanation. The
group 3 lipids, LA and OOH, have the highest unfolding rates of all
but are not incorporated in the PEG to an appreciable extent so if
the incorporated amount is a factor involved in the unfolding there
are also other factors. The PLS analysis for the unfolding rate (0–30
days) showed that for a molecule to retard unfolding effectively
it should ideally be large, branched and have a small proportion
of polar surface area, exemplified by the triglycerides (TO and TS)
and phytantriol. These are the exact opposite properties to those of
the lipids that promote folding. It thus seems that molecular inter-
actions between PEG and the more hydrophilic lipids first, during
cooling, make the PEG adopt a less stable form but after cooling also
allow the polymer to unfold, whereas the bulky lipophilic lipids
are incorporated in the PEG structure to a limited extent but the
small amount present still makes unfolding difficult. The mecha-
nism for this is not obvious. One possibility is that the solid lipid
crystals present in the dispersions somehow prevents unfolding
through interfacial effects between the phase separated lipid and
the hydrophilic PEG chains. Another possibility is that the crys-
tallisation of pure lipid before crystallisation of PEG affects the PEG
crystallites in such a way that unfolding is hampered. That could be
due to facilitated PEG nucleation in the presence of solid material
(lipid) leading to smaller PEG crystals in which flexibility and thus
unfolding is restricted. The fact that TS crystallises during heating
after the folded PEG has melted shows that the lipid is not all in a
separate phase but is also incorporated in the PEG; this was also
corroborated by the SAXD data.

6. Conclusions

Previous publications show that the presence of the lipid

Monoolein promotes formation of the folded form of PEG upon
crystallisation of the polymer (Mahlin et al., 2005). In this study
we show that the folding depends on the physicochemical proper-
ties of lipid present. All tested lipids promoted PEG folding during
initial crystallisation and slowed the unfolding kinetics. The small,
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ore hydrophilic, lipids promoted folding the most. Some lipids
ere intercalated to a high extent into the amorphous domains of

he PEG lamellar structure. This was seen as a substantial swelling
f the lamellae thickness and was also associated with fractions of
olded PEG close to 1. When Tristearin was mixed with PEG the
nfolding was almost completely prevented.

Ideally, in a drug delivery vehicle, the matrix properties should
e known and constant over time. From that perspective the
ristearin–PEG system is very interesting since TS effectively pre-
ented the unfolding process that normally occurs for PEG 4000.
ther lipids such as oleic acid and decanoic acid increased the
roportion of the folded PEG form which might be needed if an

ncreased volume of amorphous PEG is desired. Unfortunately,
hose systems also proved very unstable with a rather fast unfolding
rocess occurring.

The PLS analysis was shown to be useful as a tool for finding
roperties of the lipids that affect the solid state of PEG. The found
orrelations are potentially useful guides for future work on under-
tanding the underlying mechanisms of solid dispersion structure
ormation. More studies are also needed to determine whether
hese findings can be transferred to other types of substances than
ipids.
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