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The solid state behaviour of polyethylene glycol 4000 (PEG 4000) and dispersions of a homologous series
of parabens (methyl- (MP), ethyl- (EP), propyl- (PP) and butyl- (BP)) were examined and compared to the
paraben solubility in liquid PEG 400. Dispersions were prepared by co-melting different amounts of para-
ben (5–80% (w/w)) and PEG 4000 and were studied using a combination of differential scanning calorim-
etry (DSC) and small and wide angle X-ray diffraction (SAXD/WAXD). Depending on the concentration of
parabens in the dispersions, DSC showed melting peaks from folded and unfolded forms of PEG, a eutectic
melting and melting of pure parabens. The fraction of folded PEG increased and the melting temperatures
of both PEG forms decreased with increasing paraben content. In an apparent phase diagram of PP–PEG
dispersions a eutectic mixture appeared above 5% PP. In addition, a melting peak corresponding to the
paraben appeared for dispersion containing more than 60% PP. Similar phase diagrams were shown for
the other parabens. The SAXD data and a 1D correlation function analysis revealed that MP and BP were
incorporated into the amorphous domains of the lamellae of solid PEG to a higher degree than EP and PP.
In addition, the lamellae thickness of PEG and the fraction of amorphous domains increased more for MP
and BP compared to EP and PP. BP showed the highest solubility of the parabens followed by MP, EP and
PP in both liquid and solid PEG. Furthermore, the thickness of the amorphous domains of the PEG in the
different parabens–PEG dispersions could be correlated to the solubility in liquid PEG 400.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

The use of solid dispersions is not a novel feature in the formu-
lation of drugs. In 1971, Chiou and Riegelmann published a review
on the subject [1] which has been followed by more recent reviews
[2,3]. Much interest still remains for solid dispersions and solid
solutions, mainly due to the use of these systems to increase the
dissolution rate of drug substances [4–9]. The most common meth-
ods for preparing solid dispersions are the solvent evaporation
[7,10–13] and the fusion methods [9,12], but supercritical fluid
methods have also been used [6]. The mechanism of drug release
from polymeric solid dispersions has been reviewed by Craig
[14]. In such systems, the simplest solid dispersions consist of
the drug substance and the carrier material which can result in
either dissolution of the substance or dispersion as small domains
within the matrix.
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The materials commonly used in the solid dispersion technol-
ogy are sugars [5,12,15], lipids [8,16], urea [13] and polymers such
as polyvinyl pyrrolidone [10] and polyethylene glycol (PEG) [7,17].
Depending on the molecular weight, PEGs exist both as clear vis-
cous liquids (Mw 200–600) and as white, waxy solids (Mw > 900)
at room temperature. In the preparation of solid dispersions, PEGs
of molecular weights ranging from 2000 to 20,000 are often used
[4]. In the solid state PEG forms lamellar structures with alternat-
ing crystalline and amorphous regions [18,19]. The thicknesses of
the lamellae depend primarily on the molecular weight of the poly-
mer and on the thermal history of the system. PEGs up to molecu-
lar weights of 6000 g/mol can form extended chain crystals in
which the polymer chains are extended to their full length,
whereas higher molecular weight PEGs form crystals in which each
polymer molecule is folded a certain number of times [19]. How-
ever, if crystallized at room temperature polymers with molecular
weights above approximately 3000 g/mol commonly form meta-
stable or stable-folded crystals. The number of folds on each poly-
mer molecule at equilibrium depends mainly on the chain length.
For PEG 4000 the once-folded form is meta-stable and the unfolded
form is the stable one, whereas for PEG 6000 the once-folded is sta-
ble. In many cases, if a melt is cooled, crystals of higher folding are

http://dx.doi.org/10.1016/j.ejpb.2009.06.003
mailto:anette.larsson@chalmers.se
http://www.sciencedirect.com/science/journal/09396411
http://www.elsevier.com/locate/ejpb


J. Unga et al. / European Journal of Pharmaceutics and Biopharmaceutics 73 (2009) 260–268 261
formed at first (primary crystallization) and over time a secondary
crystallization process occurs during which the molecules unfold
to take the stable form. During the unfolding process a transition
state of non-integrally folded molecules has also been reported
to occur [20,21].

Many studies have mainly been concerned with the solid state
of the drug substances in solid dispersions, e.g. as in Refs.
[15,22]. Lately, studies that also consider the solid state of the car-
rier material and the effect the addition of a foreign substance has
on the carrier have been published, e.g. [7,23]. However, there is
still a lack of studies where the solubility of model substances in
liquid PEG and their solubility in the amorphous parts of solid
PEG have been investigated, and the effects of model substances
on the solid state properties of PEG.

In the present study, we have examined solid dispersions of PEG
4000 and a homologous series of four different parabens (alkyl-4-
hydroxybenzoates) differing only in the length of the alkyl chain.
The aim has been to evaluate the formulations from the perspec-
tive of both components, both the added parabens and the polymer
carrier. As previously mentioned, additives can be dissolved in the
amorphous parts of the PEG structure. Our hypothesis was that the
solubility of a substance in liquid PEG would correlate to the
behaviour of the substances in the amorphous domains of the
PEG solid dispersions. The study was performed using a combina-
tion of solubility determinations in liquid PEG, X-ray techniques,
both small and wide angle X-ray diffractions and differential scan-
ning calorimetry.

2. Materials and methods

Polyethylene glycol 400 (PEG 400) (molecular weight around
400 g/mol) and polyethylene glycol 4000 (PEG 4000) (average
molecular weight 4000 g/mol (range: 3500–4500 g/mol)) were of
pharmaceutical grade and purchased from Fluka (Germany).
Methyl paraben (MP), Ethyl paraben (EP), Propyl paraben (PP)
and Butyl paraben (BP) were all >99% pure and purchased from Sig-
ma–Aldrich (Germany). The paraben structures are depicted in
Fig. 1. All chemicals were used without further purification.

2.1. Sample preparation

Samples of 5%, 10%, 15%, 25%, 40%, 60% and 80% (w/w, hereafter
just denoted %) of each paraben in PEG 4000 were prepared by co-
melting. Accurate amounts were weighed into Eppendorf tubes.
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Fig. 1. Molecular structures of the tested parabens.
The samples were melted at 100 �C and kept there for 20 min dur-
ing intermittent vortex mixing. All melts were clear solutions indi-
cating that no undissolved material remained. The melts were
solidified at controlled ambient temperature (21 �C) for 1 day prior
to analysis.

2.2. Solubility measurements

Saturated solutions were prepared by adding the parabens to li-
quid PEG 400. This was done by adding incremental amount of
parabens to the solution until undissolved paraben was present
after 8 h of stirring on a magnetic stirrer. The solutions were stored
in a desiccator under dry conditions for a week, after which they
were centrifuged and the saturated supernatants were diluted with
water below the solubility limit of the parabens in water [24]. The
concentrations of the parabens were determined spectroscopically
with a Perkin Elmer Lambda 14 UV/Vis Spectrophotometer (Massa-
chusetts, USA) at k = 255 nm.

2.3. Differential scanning calorimetry

The DSC analysis was performed with a Perkin Elmer DSC 7
equipped with an Intracooler 1P add-on. Calibration of tempera-
ture and enthalpy of fusion were performed using indium (temper-
ature of fusion 156.60 �C and enthalpy of fusion 28.51 Jg�1) and
zinc (419.53 �C) in a standardized two-point method. Samples
were weighed into 25 ll aluminium pans, heated to 140 �C and
cooled to 0 �C and again at 10 �C/min, and then stored until ana-
lysed. This procedure was used to obtain better contact between
the sample and the pan; thus, improving the quality of the thermo-
grams. DSC measurements were performed using two different
heating programs accordingly: (i) 0–70 �C (5 �C/min), 70–140 �C
(40 �C/min), 140–0 �C (5 �C/min) and (ii) 0–140 �C (40 �C/min).
The low scanning speed up to 70 �C according to heating program
(i) was chosen to get good resolution for the PEG melting and the
fast, thereafter, to be able to detect melting of pure paraben before
it dissolved in the melted PEG. The second temperature program
was used to improve the possibilities to investigate the melting
of the parabens in the dispersions. Pure PEG 4000 was examined
in the same manner as the dispersions. All DSC measurements
were performed in duplicates.

2.4. Wide angle X-ray diffraction

Wide angle X-ray diffraction measurements were performed on
the 5–25% samples on a Kratky camera (Hecus X-ray Systems, Graz,
Austria) with CuKa radiation of k = 0.1542 nm provided by a Philips
PW 1830/40 generator operated at 50 kV and 40 mA. A tungsten
beam stop was used. Data were recorded during 15 min for each
sample under vacuum.
2.5. Small angle X-ray measurements

Small angle X-ray diffraction measurements were performed on
the 5%, 15%, 25% and 40% samples at beamline I711 at Max-lab
(Lund university, Lund, Sweden) [25]. The radiation wavelength
was 0.1125 nm. Diffractograms were recorded under vacuum at
room temperature (20 �C) using a marccd 165 2D detector. The
exposure time was 600 s for each sample. The resulting CCD
images were integrated using Fit2D software provided by Ham-
mersley [26]. Calibration was performed using tristearin which
has a lamellar structure with repeating distances of 0.45 nm.

The repeating distances in the lamellar structures were calcu-
lated from the position of the first peak in Lorenz corrected SAXD
data using Bragg’s law:
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nk ¼ 2d sin h ð1Þ

where n is an integer (1 for the first peak), k is the X-ray wave-
length, d is the distance between repeating planes and h is one half
of the scattering angle.

2.6. SAXD data analysis

The SAXD data were analysed by using the one-dimensional
(1D) correlation function cðxÞ; which for a point-collimated X-ray
beam is calculated as [27]:

cðxÞ ¼
R1

0 q2½IðqÞ � Ib� cosðxqÞdq
R1

0 q2½IðqÞ � Ib�dq
ð2Þ

where IðqÞ is the experimental intensity, Ib is a background (as-
sumed to be independent of q in the region of interest) and
q ¼ ð4p=kÞ sin h is the magnitude of the scattering vector (with 2h
being the scattering angle and k the wavelength, as before). In order
to calculate the integrals in Eq. (2), the experimental data were
extrapolated to infinite q by using the Porod–Ruland model [28]:

IðqÞ ¼ K
expð�r2q2Þ

q4 þ Ib ð3Þ

and to zero q by using the Debye–Bueche model [29,30]:

IðqÞ � Ib ¼
I0

ð1þ n2q2Þ2
: ð4Þ

In these expressions, K, r, I0 and n are constants. First, Ib, K and r
were determined by fitting Eq. (3) to the intensity at high q (typi-
cally P2 nm�1); thereafter, I0 and n were determined by fitting Eq.
Fig. 2. (a) Thermograms from heating of samples stored 1 day in PEG 4000 (bottom)
Scanning rate 40 �C/min. (b)Thermograms from heating of samples stored 1 day in PEG 4
heat flow has been weighted to the amounts of PEG in each sample. The scanning rate
(4) to the background-corrected intensity at low q. The latter fit
was typically done for q 6 0.2 nm�1. Sometimes the primary beam
was found to adversely affect the calculated 1D correlation func-
tion, and in those cases a few of the data points at low q were
disregarded.

3. Results and discussion

3.1. Solubility measurements

The solubility of the different parabens in liquid PEG 400 was
highest for BP (397 g/L, 2.04 mol/L) followed by MP (272 g/L,
1.79 mol/L), EP (241 g/L, 1.45 mol/L) and PP (224 g/L, 1.24 mol/L).
The similarity in solubility of MP and BP in PEG 400 is somewhat
surprising since MP is the most hydrophilic and BP is the least
hydrophilic of the parabens. This implies that the hydrophilicity
is not the decisive factor for deciding the solubility of the parabens
in PEG as it is in water. This behaviour can be explained by more
favourable interactions between PEG and MP/BP compared to
PEG and EP/PP.

3.2. Differential scanning calorimetry

All parabens affected the melting and crystallization of PEG in a
concentration dependent manner. Fig. 2a displays the thermo-
grams from heating of the pure PEG, PP–PEG dispersions and pure
PP according to the heating program (ii) (40 �C/min). Samples con-
taining only PEG showed one melting peak in the applied heating
program. Moreover, as the PP content in the dispersions increased
up to 25% a shoulder at lower temperatures appeared and the
with increasing concentration (5%, 10%, 15%, 25%, 40%, 60%, 80% PP and pure PP).
000 (bottom) with increasing concentration (5%, 10%, 15%, 25% and 40%) of PP. The

was 5 �C/min.
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melting temperature for the original peak decreased. The peak
with low melting temperature appeared at approximately the
same melting temperature in all concentrations. Further, a gradual
decrease in size of the original peak and an increase in size of the
other peak occured with increasing paraben content for the disper-
sions containing below 25% PP. At 40% PP only a single peak is vis-
ible. For the dispersions with PP concentration of 80% a new peak
at higher temperature (around 90 �C, Table 1) emerges, and a closer
inspection of the thermogram for 60% PP also shows an indication
of a second melting peak at around 75–80 �C. For pure PP melting
was observed at about 100 �C.

As seen in Fig. 2b, using a slower scanning rate (method i with
5 �C/min in scanning rate) provided a better resolution for detect-
ing different forms of PEG in the dispersions than a faster scanning
rate was used (method ii; Fig. 2a). For pure PEG two melting peaks
at 54 and 58 �C, respectively, for PEG appeared using method i.
These peaks are found in the literature corresponding to folded
and unfolded PEG chains, respectively [18]. At low concentrations
(0–5%) only the folded and unfolded forms of PEG could be de-
tected. From dispersions containing 10% PP a third peak appeared
which grew with increasing PP content. Ultimately, at 40% PP con-
centration, this peak was the only one detected in the thermogram.
At intermediate concentrations of PP (15–25%) there was a system
containing folded PEG, unfolded PEG which is presumably a eutec-
tic mixture exhibiting a melting point at approximately 38 �C. At
60% and 80%, PP the eutectic peak decreased and a new peak above
the melting point of pure PEG appeared (Table 1 and 2).
Table 1
Melting temperatures for folded and unfolded PEG, eutectic mixtures and
parabensa,b,c,d.

Amount
paraben

Tm (folded)
(�C)

Tm (unfolded)
(�C)

Tm (eutectic)
(�C)

Tm (paraben)
(�C)

PEG 4000 0 54.1 ± 0.4 58.1 ± 0.6 n.p.
n.p.
MP 0.05 51.2 ± 0.2 55.8 ± 0.1 n.p. n.p.
MP 0.1 51.0 ± 1.1 55.6 ± 0.6 n.p. n.p.
MP 0.15 44.8 ± 0.1 51.7 ± 0.1 n.p. n.p.
MP 0.25 n.p. n.p. 33.8 ± 1.2 n.p.
MP 0.40 n.p. n.p. 33.2 ± 0.1 n.p.
MP 0.60 n.p. n.p. 33.9 ± 2.0 91.6 ± 8.8
MP 0.80 n.p. n.p. 31.5 ± 2.0 109.1 ± 1.7
MP 1.00 n.p. n.p. n.p. 131.1 ± 0.3
EP 0.05 51.8 ± 0.4 56.0 ± 0.5 n.p n.p.
EP 0.1 49.5 ± 0.8 54.1 ± 0.7 36.0 ± 0.2 n.p.
EP 0.15 47.3 ± 0.2 51.2 ± 0.8 38.6 ± 0.4 n.p.
EP 0.25 n.p. n.p. 40.0 ± 0.1 n.p.
EP 0.40 n.p. n.p. 39.9 ± 0.1 n.p.
EP 0.60 n.p. n.p. 40.6 ± 0.3 93.2 ± 0.3
EP 0.80 n.p. n.p. 40.0 ± 0.1 113.1 ± 0.3
EP 1.00 n.p. n.p. n.p. 121.5 ± 0.2
PP 0.05 52.1 ± 0.4 56.3 ± 0.6 n.p. n.p.
PP 0.1 50.5 ± 0.6 54.6 ± 0.9 37.1 ± 0.1 n.p.
PP 0.15 49.5 ± 0.5 53.0 ± 0.8 37.5 ± 0.3 n.p.
PP 0.25 44.0 ± 0.4 48.4 ± 0.8 38.3 ± 0.2 n.p.
PP 0.40 n.p. n.p. 39.0 ± 0.2 n.p.
PP 0.60 n.p. n.p. 38.4 ± 0.2 76.2 ± 0.8
PP 0.80 n.p. n.p. 37.3 ± 0.2 95.4 ± 0.1
PP 1.00 n.p. n.p. n.p. 101.5 ± 0.0
BP 0.05 51.9 ± 0.5 56.5 ± 1.0 n.p. n.p.
BP 0.1 50.6 ± 0.9 55.1 ± 1.1 n.p. n.p.
BP 0.15 48.0 ± 0.2 52.6 ± 0.1 n.p. n.p.
BP 0.25 44.4 ± 0.2 n.p. 30.1 ± 0.4 n.p.
BP 0.40 n.p. n.p. 30.1 ± 0.5 n.p.
BP 0.60 n.p. n.p. 30.2 ± 0.4 n.p.
BP 0.80 n.p. n.p. 30.9 ± 1.9 64.1 ± 0.1
BP 1.00 n.p. n.p. n.p. 72.7 ± 0.1

a n.p. Means that no peak was observed in the thermogram.
b ± Number means the half error between two measurements.
c Scanning rate was 5 �C/min.
d The presented data are average of two measurements and ± the half difference

between the measurements are given in table.
Fig. 3 displays how the melting temperatures of the solid dis-
persions vary with increasing amount of parabens. As seen in
Fig. 2b, up to three different peaks appeared in the same thermo-
gram. Fig. 3 is an apparent phase diagram and strictly not equiva-
lent to a true phase diagram, since a phase diagram can only be
made for systems in equilibrium. However, samples stored only
1 day are not in equilibrium, since transformation from folded to
unfolded PEG forms occurs during months [31]. The apparent
phase diagrams show for all investigated parabens that the melting
temperatures of the unfolded and the folded PEG decreases with
increasing paraben concentration until a certain point is reached,
after which the melting temperature for parabens increased with
increasing paraben concentration. At the same time, the melting
temperature for the eutectic mixture is more or less constant.
Taken together, this supports the picture of a eutectic system.

The overall conclusion is that the melting behaviours of the all
investigated parabens–PEG dispersions resemble each other (Table
1 and 2, and Fig. 3), which indicate large similarities between the
dispersions. The most obvious difference between the dispersions
is that the eutectic melting temperature for BP dispersions is lower
than those for the other paraben dispersions (Table 1). Another dif-
ference is that the eutectic peak appears at larger fractions of para-
bens for MP and BP than for EP and PP. Also seen in the Fig. 3 is that
the slopes for the melting temperatures of folded and unfolded PEG
were similar for all paraben dispersions, but there is a small
tendency that the melting slopes for BP are somewhat less steep,
Table 2
Melting enthalpies folded and unfolded PEG, eutectic mixtures and the total
enthalpiesa,b,c,d.

Amount
paraben

DHm(folded)
(J/g)

DHm (unfold)
(J/g)

DHm

(eutectic) (J/g)
DHm,tot

(J/g)

PEG 4000 0 89 ± 3 86 ± 1 n.p.
174 ± 2

MP 0.05 117 ± 2 48 ± 2 n.p. 166 ± 1
MP 0.1 86 ± 6 43 ± 6 n.p. 138 ± 5
MP 0.15 93 ± 1 32 ± 1 n.p 125 ± 1
MP 0.25 n.p. n.p. 124 ± 3 124 ± 3
MP 0.40 n.p. n.p. 117 ± 3 119 ± 2
MP 0.60 n.p. n.p. 60 ± 11 142 ± 11
MP 0.80 n.p. n.p. 27 ± 13 138 ± 4
MP 1.00 n.p. n.p. n.p. 168 ± 2
EP 0.05 108 ± 2 65 ± 8 n.p. 172 ± 9
EP 0.1 99 ± 4 35 ± 4 28 ± 1 162 ± 6
EP 0.15 69 ± 1 29 ± 1 58 ± 1 156 ± 2
EP 0.25 n.p. n.p 111 ± 4 146 ± 1
EP 0.40 n.p. n.p 118 ± 1 118 ± 1
EP 0.60 n.p. n.p. 108 ± 19 141 ± 22
EP 0.80 n.p. n.p. 50 ± 1 163 ± 1
EP 1.00 n.p. n.p. n.p 155 ± 1
PP 0.05 110 ± 1 36 ± 2 n.p. 147 ± 2
PP 0.1 85 ± 8 28 ± 2 13 ± 3 141 ± 3
PP 0.15 85 ± 1 21 ± 5 48 ± 1 161 ± 1
PP 0.25 36 ± 2 12 ± 1 96 ± 2 143 ± 3
PP 0.40 n.p. n.p. 124 ± 2 124 ± 2
PP 0.60 n.p. n.p. 87 ± 1 116 ± 1
PP 0.80 n.p. n.p. 34 ± 1 109 ± 1
PP 1.00 n.p. n.p. n.p. 154 ± 1
BP 0.05 114 ± 3 36 ± 1 n.p. 150 ± 3
BP 0.1 103 ± 5 32 ± 3 n.p. 135 ± 2
BP 0.15 82 ± 13 31 ± 1 n.p. 141 ± 5
BP 0.25 86 ± 3 n.p. 50 ± 5 137 ± 6
BP 0.40 n.p. n.p. 120 ± 2 120 ± 2
BP 0.60 n.p. n.p. 113 ± 4 113 ± 4
BP 0.80 n.p. n.p. 39 ± 3 113 ± 5
BP 1.00 n.p. n.p. n.p. 133 ± 1

a n.p. Means that no peak was observed in the thermogram.
b ± Number means the half error between two measurements.
c The scanning rate was 5 �C/min.
d The presented data are average of two measurements and ± the half difference

between the measurements are given in table.
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followed by the other ones. The slope relates to the content in the
eutectic point, where the lower slope for BP indicates that BP has a
higher content of the paraben in the eutectic point compared to the
other ones.

Fig. 4 displays the enthalpies for the melting peaks and the total
melting enthalpy for the different concentrations of the parabens.
The behaviour for the parabens resembles each other. To calculate
the enthalpies for the unfolded and folded peaks a line in the local
minima between the peaks was drawn, and the peak areas left and
right of this line were assumed to correspond to the folded and the
unfolded forms, respectively.

For pure PEG the enthalpy for folded form was approximately
equal to that of the unfolded form. Upon addition of the parabens,
the total melting enthalpies for unfolded and folded PEG decreased
with increased parabens concentration. Also, the ratio between the
enthalpy for folded and the unfolded PEG increased with paraben
addition, which indicates that parabens promote the folding of
PEG.

The enthalpy for melting the eutectic mixture reaches a maxi-
mum at about 40% PP (Fig. 4). This means that the fraction of eu-
tectic mixture is the largest at this point. At this composition, the
melting enthalpy of the eutectic mixture is equal to the measured
total enthalpy, since no other peaks could be detected. The total
enthalpy was lower or equal for pure PEG compared to the total
enthalpy for any of the dispersions. This indicates that even a small
addition of 5% paraben increases the degree of crystallinity of PEG.
The total enthalpy is the sum of the enthalpies for melting of the
unfolded and folded PEG, as well as the melting of the eutectic
mixture and the parabens. In addition to this, dissolution of the
parabens in the PEG melt can occur. This dissolution process will
of course also be an enthalpic process, but it will not appear as a
distinct peak in the DSC thermograms and might, therefore, not
be fully accounted for.

3.3. Wide angle X-ray diffraction

Wide angle X-ray diffraction was used to assess the presence of
crystalline drug in the dispersions. Diffractograms from measure-
ments on the pure parabens show distinct peaks, which is evidence
of a crystalline structure and exemplified as for PP and BP in Fig. 5.
Pure PEG shows two rather broad peaks around 19.2� and 23.3�
corresponding to repeating distances of 0.46 nm and 0.38 nm,
respectively. To assess the sensitivity of the method physical mix-
tures of 2% and 5% of the parabens and PEG 4000 were used (data
not shown). The 2% of samples did not display any peaks from the
crystalline parabens, but the 5% paraben samples did, which shows
that the sensitivity for detecting crystalline parabens with this
method is between 2 and 5%.

The diffractograms from the 25% paraben samples all showed
peaks corresponding to peaks in the diffractograms from the pure
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parabens indicating that crystalline substance was present. In the
EP and PP samples, paraben peaks could be detected in the 10%
samples, but not in the 5% ones. The peak pattern for PP at concen-
trations above 10% PP was not exactly the same as for crystalline
PP, but it indicates that regular structure is appearing. It may indi-
cate that there is some paraben dissolved in the PEG carrier, but
less than 10% (see Fig. 5 for the PP solid dispersions). However,
for both MP and BP (BP displayed in Fig. 6), crystalline substance
was not seen up to and including the 15% sample, but paraben
peaks did appear in the 25% samples demonstrating a higher but
still limited solubility of MP and BP in the solid PEG. This higher
solubility is in line with the higher solubility for these substances
in liquid PEG 400, but to elucidate the questions where in the
PEG structure the parabens are dissolved further investigations
are needed.

The DSC experiments did not display melting peaks for para-
bens below 60%, whereas WAXD suggests that there is crystalline
paraben at lower concentrations. This is most likely explained by
dissolution of paraben in molten PEG during the DSC experiment.
This is supported by the high solubilities of the parabens in PEG
400.
3.4. Small angle X-ray measurements

All PEG–paraben samples showed diffraction patterns consis-
tent with lamellar symmetries as would be expected for PEG
4000. Depending on the added paraben the patterns differ (see
examples in Fig. 7), the lamellae thicknesses vary and in some sam-
ples two different lamellar structures could be seen. In the pure
PEG sample only one set of diffraction peaks were visible, the first
at q = 0.46 nm�1 corresponding to a lamellae thickness, d, of
13.7 nm (Table 3), which is roughly what would be expected for
the once-folded PEG 4000 [19,21]. From the DSC measurements,
it is obvious that also the unfolded form is present, but it does
not diffract X-rays to a detectable extent because of having too
small electron density difference between crystalline and amor-
phous domains [30]. Addition of the different parabens affected
this behaviour in different ways. No appreciable changes in lamel-
lar thicknesses were seen in the samples with 5% of the parabens
compared to the pure PEG, which shows that such a small amounts
were not sufficient to affect the PEG structure in such a way that it
could be detected with SAXD. However, the diffraction was stron-
ger with the parabens present indicating a larger electron density



Fig. 5. WAXD diffractograms of pure PEG (bottom), pure PP and solid dispersions
with increasing concentration of PP in PEG (5%, 10%, 15% and 25%).

Fig. 6. WAXD diffractograms of pure PEG (bottom), pure BP and solid dispersions
with increasing concentration of BP in PEG (5, 10, 15 and 25%). No indication of
crystalline BP is seen in the 5–15% samples, but at 25% BP peaks appear.

Fig. 7. SAXD diffractograms of samples of 25% of the different parabens in PEG and
pure PEG after 1 day storage. From bottom to top: Pure PEG, MP, EP, PP and BP. Pure
PEG shows diffraction from one lamellar thickness at q = 0.46 nm�1 and 0.92 nm�1.
In the EP and PP samples, only one set of peaks is seen, the first peak at
q = 0.43 nm�1 and q = 0.41 nm�1, respectively. In the MP and BP samples, there are
two sets of peaks, the first for MP at q = 0.24 nm�1 and q = 0.34 nm�1 and for BP at
q = 0.22 nm�1 and q = 0.35 nm�1.

Table 3
Lamellae thickness, ds, and crystalline and amorphous fractions for pure PEG and 25%
parabens samplesa,b.

Folded (nm) Unfolded (nm) fc fa

PEG 4000 13.6 ± 0.05 n.d. 0.85 0.15
25% MP 18.5 ± 0.5 26.5 ± 0.5 0.74 0.26
25% EP 14.7 ± 0.6 n.d. 0.82 0.18
25% PP 15.2 ± 0.6 n.d. 0.81 0.19
25% BP 18.1 ± 0.9 28.0 ± 0.7 0.71 0.29

a n.d. – No peak was detected.
b ±s.d., with n = 3.
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difference caused by incorporation of paraben in the amorphous
domains. At higher concentrations of the parabens the differences
between the samples were apparent. For MP 15% and 25% two dif-
ferent sets of peaks showed in the diffractograms, one consistent
with the unfolded PEG with d about 26.5 nm, and one around
18 nm. The uncertainties in the SAXD measurements were found
to have a standard deviation well below 1 nm, which strongly indi-
cates that the measured thickness of the folded PEG chains is larger
in the solid dispersion than for pure PEG. The increased thickness
may be due to MP being incorporated in the amorphous domains
and forcing a swelling of the structure. In contrast to pure PEG
samples, an unfolded lamellar PEG structure for MP–PEG was ob-
served. This fact is an evidence of an increased electron difference
indicating that some paraben was incorporated in the PEG struc-
ture and thus induced increase in the amorphous domain thick-
ness. The 40% MP sample displayed only one set of peaks
(d = 14.3 nm) after 1 day. Taken together, MP seems to increase
the lamellar structure thickness.

For EP only diffraction from the folded form with d about 15 nm
was seen for all dispersion compositions (15% d = 14.0 nm, 25%
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Fig. 9. The thickness of the amorphous domains of the 25% samples and the
paraben solubility in liquid PEG 400.
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d = 15.1 nm, 40% d = 14.1 nm). The diffractograms of the all PP
samples showed the presence of the folded form after 1 day and
the 40% sample also showed diffraction from unfolded PEG (15%
d = 14.5 nm, 25% d = 15.6 nm, 40% d = 15.8 nm, 23.7 nm). Com-
pared to EP the thicknesses are somewhat greater indicative of
more paraben being incorporated in the structure. The BP samples
containing at least 15% of BP differed from the other paraben sam-
ples by displaying two sets of diffraction peaks from PEG, one from
a swollen folded form and one from unfolded PEG. BP caused the
most swelling of the folded form (15% d = 17.8 nm, 25%
d = 19.0 nm, 40% d = 18.7 nm).

3.5. 1D correlation function analysis

The 1D correlation function plots were used to determine the
lamellar thicknesses and the degree of crystallinity of the PEG
structure, i.e. the crystalline (fc) and amorphous (fa) volume frac-
tions, respectively. The total thicknesses (Ltot) were in good agree-
ment with those determined directly from the SAXD
diffractograms. The lamellae thicknesses and the crystalline and
amorphous fractions for pure PEG 4000 and 25% paraben–PEG
samples are given in Table 3. As can be seen in the table all para-
bens increased the amorphous fraction of the PEG. BP (fa = 0.29) in-
creased it the most followed by MP (fa = 0.26), which is almost
double that of pure PEG (fa = 0.15).

In Fig. 8 the lamellar thicknesses for all 25% paraben samples
and pure PEG are plotted against the fraction of amorphous do-
main in the structure. It shows that d increases linearly with
increasing amount of amorphous material, which supports the no-
tion that the structure consists of once-folded PEG with swollen
amorphous domains. The thickness of the crystalline parts was also
somewhat larger in the MP and BP samples, but the major part of
the increase in lamellae thickness was due to swelling of the amor-
phous region. MP and BP are also the parabens that have the high-
est solubility in both liquid and solid PEG.

3.6. Incorporation in liquid vs. solid PEG

Fig. 9 shows the paraben solubilities in liquid PEG 400, and the
thickness of the amorphous domains within the PEG 4000 lamel-
lae. The plot gives a hint that a higher solubility in the liquid PEG
is connected to the amorphous domains being thicker and thus
have larger total volume. This indicates that the parabens with a
higher solubility in liquid PEG induces an increased amorphous
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Fig. 8. The lamellar thicknesses (d) plotted against the fraction of amorphous
domain (Ua) after 1 day for the pure PEG sample and the four 25% paraben samples
(n = 3, ±s.d.).
volume and at the same time is incorporated into that volume.
The parabens that have the highest solubility in the liquid PEG
400 also have a high solubility in the amorphous domains of solid
PEG 4000.

4. Conclusions

The solubility of the parabens in liquid PEG 400 is not primarily
depending on the hydrophilicity of the molecules. The most hydro-
philic and the least hydrophilic (MP and BP) had the highest solu-
bility in PEG 400 and the two parabens of intermediate
hydrophilicity (EP and PP) had lower solubilities. The reason for
this is not altogether clear, but MP and BP apparently interact more
favourably with PEG. It has been reported that strong interaction
between drug and polymer carrier favours formation of amorphous
drug in solid dispersions [32]. That explains why the parabens with
the highest solubilities are also the ones which stay in a non-crys-
talline state at higher concentrations in the solid dispersions.

From the DSC analysis apparent phase diagrams could be drawn
for the PEG:paraben dispersions. These indicate that eutectic mix-
ture being formed and that the eutectic point occurs at paraben
concentrations around 40%. The SAXD studies show that incorpora-
tion of MP and BP in PEG made the unfolded PEG peak visible in the
diffractograms, which was not the case for pure PEG and disper-
sions of EP:PEG and PP:PEG. That indicates that MP and BP were
dissolved in the amorphous domains between the extended PEG
chains, changed the electron density contrast and allowed detec-
tion by SAXD. The fact that MP and BP increased the lamellar thick-
ness and induces greater amorphous volumes in the PEG further
supports the notion that the parabens are incorporated into the
amorphous domains of the PEG as has previously been suggested
for a lipid incorporated in PEG [31].

Incorporation of a substance into the liquid-like amorphous do-
mains of PEG 4000 appears to be related to the solubility of the
substance in liquid PEG 400. The solubility of the substance in
PEG 400 can, therefore, be used to get an indication to how the
substance will behave in a solid dispersion with PEG as the carrier
material. The experimental determination of solubility of drugs in
PEG 400 is a simple method and could serve as a good first step in
predicting the behaviour of drug–PEG solid dispersions.
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