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Thermodynamic properties for the system of silybin
and poly(ethylene glycol) 6000
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Abstract

Solid dispersions of silybin and poly(ethylene glycol) (PEG) 6000 were prepared by fusion-cooling.T–wt% and�fusHw–wt% diagrams
have been constructed by DSC method. A eutectic point with wtsily% = 33.3 andTmE = 324.3 K was determined. IR spectroscopy and X-ray
diffraction results indicates that the spectrum can be regarded as the superposition of those silybin and PEG 6000. There was no significant
change in the crystal structure of silybin and PEG 6000 in their solid dispersion formulations. The experimentalT–wt% and�fusHw–wt%
diagrams were fit with fair agreement by Flory–Huggins model.
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. Introduction

Drugs are mainly hydrophobic organic compounds.
he solubility and dissolution rate of biologically active
ompounds are often limiting factors for their applicability.
herefore, the solubility/dissolution enhancement of drugs

s an important task in pharmaceutical technology, because
t leads to a better bioavailability. Among the techniques to
ncrease drug dissolution rate, the formulation of solid dis-
ersions is one of the most popular methods[1–3]. However,

here are still some problems limiting the application of solid
ispersions. For example, the preparation method by fusion
t higher temperature usually causes drug decomposition.
n optimum carrier not only spreads drug uniformly but
lso decreases the melting temperature of the formulation.
herefore, data on enthalpy of fusion and the phase dia-
ram of solid–liquid equilibrium for solid dispersions are
ssential.

The molecular structure of silybin is shown inFig. 1.
ossibly due to its antioxidant and membrane stabilizing
roperties, the compound has been shown to protect different

organs and cells against a number of insults. Its use has
widespread since preparations became officially availab
clinical use. A major problem in the development of an
solid dosage form of this drug is the extremely poor aq
ous solubility, possibly resulting in dissolution-limited o
absorption[4].

Polymers, such as poly(ethylene glycol) (PEG)
poly(vinylpyrrolidone) (PVP), have frequently been u
as carrier in solid dispersion formulations[2,3]. PEGs ar
widely used due to their low melting point, low toxicity, hi
viscosity, wide drug compatibility and hydrophilicity[2,5,6].
The molecular weight used in the formulation of solid d
persions ranges from 1000 to 20 000.

In this work, the thermodynamic properties of solid disp
sions of silybin with PEG 6000 were determined. Our ai
to study the possible effect of PEG on decreasing the me
temperature of solid dispersions. The melting tempera
Tm, and the enthalpy of fusion,�fusH, were measured b
differential scanning calorimetry (DSC). The phase diag
and the enthalpy diagram were constructed from experi
tal data. The data were fit to the Flory–Huggins model. F
spectroscopy and powder X-ray diffraction were perform
∗ Corresponding author. Tel.: +86 512 65112645; fax: +86 512 65224783.
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to elucidate the structure and possible drug–carrier interac-
tions.
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Fig. 1. Chemical structure of silybin.

2. Materials and methods

2.1. Materials

Silybin was purchased from Panjin Green Biological
Development Co. Ltd., Liaoning, China. Its purity was
claimed to be 97% by UV-spectrometry at 252–288 nm.
This purity was confirmed by our HPLC measurement. Sily-
bin, 96.8%; isosilybin, 1.1%; silydianin, 0.8%; silychristin,
0.1% and other impurities, 1.2%. Before experiment, the
drug was dried under vacuum at 353 K over 24 h. Analytical
grade poly(ethylene glycol) 6000 was received from Shang-
hai Chem-Reagent Co. Both reagents were stored over P2O5
in a desiccator before use.

2.2. Preparation of solid dispersions

Solid dispersions with different concentrations of silybin
were prepared by heating accurately weighed amounts of
PEG 6000 and silybin in a glass container in a water bath
at 353 K. The mixtures were ground in an agate mortar for
more than 1 h, and then rapidly cooled in liquid nitrogen (flash
cooling) for more than 30 min. Subsequently, the solid was
stored over P2O5 in a desiccator for more than 72 h until use.

Here, the system is treated as a pseudo binary mixture
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silybin is decomposed above 473 K. In DSC measurements,
samples were heated at a scanning rate of 5 K/min, over a
temperature range from 303 to 473 K. Peak temperature,
onset temperature and enthalpy of fusion were determined
for all samples (using the software attached to DSC appara-
tus). All materials and solid dispersions were performed in
triplicate.

2.4. Infrared spectroscopy

Fourier transform-infrared (FT-IR) spectra were obtained
on a Magna 550 FT-IR system (Nicolet, USA) with the KBr
disk method. The scanning range was 400–4000 cm−1 and
the resolution was 2 cm−1.

2.5. X-ray powder diffraction

Powder X-ray diffraction investigations were performed
with a Rigaku D/max-3C diffractometer (Japan), Cu K�,
voltage: 40 kV, and 35 mA, with the angular range of
10◦ < 2θ < 40◦ in a step scan mode (step width 0.02).

3. Results and discussion

3.1. Silybin–PEG 6000 phase diagram
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omposed of silybin and PEG 6000. This approach sim
ed the difficulties arose from multi-component, and in so
ases has excellent predicting ability[7].

.3. Differential scanning calorimetry (DSC)

DSC measurements were carried out with a Perkin-E
SC-7 differential scanning calorimeter (Perkin-Elm
orwalk, USA) with a liquid nitrogen subambient access
ertified indium wire encapsulated in an aluminum cruc

supplied by instrument manufacturer) was used for temp
ure and heat flow calibration. An aluminum pan and lid w
ut pinhole were used to contain the sample. An empty

ainer of the same type was employed as a reference. Nit
as of 99% purity was used as purge gas for all the ex
ents performed at a rate of 20 ml/min. Samples (3–8
ere weighed to±0.1 mg. Balance model: FA 100
hanghai balance instrument factory. A mass loss profi
ure silybin solid was measured by TG. PE-DELTA SER
, with N2 flow rate: 20 ml/min. The TG curve shows th
DSC tracings for silybin, PEG 6000 and some of the s
ispersions are shown inFig. 2. The melting temperature
valuated at the peak onset. The profile of silybin (Fig
urve J) shows a single endothermic peak at the melting
erature 423.5 K with enthalpy of fusion 93 J g−1. Sample
f PEG 6000 (Fig. 2, curve A) displays a melting endoth
ith a shoulder at the lower side, which indicates the pres
f more than one crystal form of PEG. The lower transi
orresponds to the defolding of a once folded form[2,8]. The
emperature of onset point corresponding to the main pe
EG 6000 is 333.9 K with an enthalpy of fusion 209 J g−1.
For samples of solid dispersion with the composi

ower than 33.3% (w/w) of silybin, the DSC profiles (Fig
urves B–E) showed the absence of silybin peaks. This r
uggests that silybin was completely soluble in the liq
hase up to a concentration of 33.3%. Because the

ng temperatures of eutectic composition (Fig. 2curve E)
nd PEG are close, DSC profiles are the combinatio

wo melting processes. With increasing silybin, the sec
ndothermic peak corresponding to the drug started to a
nd gradually shifted towards the melting of pure sily
Fig. 2curves G and I), but the second peak was very br

Phase diagram of silybin and PEG 6000 is represent
ig. 3. The phase diagram can be considered as a speci
f a eutectic in which the liquidus curve and the solidus c
re superimposed (curve CD). Similar phase diagrams
een observed in other PEG 6000 and drug systems[2]. Char-
cteristics of eutectic point were evaluated with wtE% = 33.3
f silybin, TmE = 324.3 K and�fusHwE = 97 J g−1.
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Fig. 2. DSC curves for solid dispersions of PEG 6000 and silybin. Mass
percent of silybin: (A) 0; (B) 16.7; (C) 22.2; (D) 25.0; (E) 33.3; (F) 35.70;
(G) 40.0; (H) 50.0; (I) 66.7; (J) 100.

Fig. 3. Phase diagram for solid dispersions of silybin and PEG 6000: (�)
experimental; line DC and AFC (—) Flory–Huggins model.

Fig. 4. The diagram of enthalpy of fusion for solid dispersion of PEG 6000
and silybin: (�) experimental; line (—) Flory–Huggins model.

3.2. Enthalpy of fusion

Fig. 4 shows the total melting enthalpy of two peaks
for silybin and PEG 6000 mixture. The values of�fusHw
decrease with the increase in weight percent, wtsily%, of sily-
bin.

3.3. FT-IR spectroscopy

To further study the possibility of an interaction of sily-
bin with PEG 6000 in the solid state, more information was
gathered using FT-IR spectroscopy. The possible interaction
could occur between theOH and O groups of PEG 6000
and OH, O and C O groups of silybin. Any interaction
would be reflected by shifts inOH, O and C O vibration.
The infrared spectra of silybin, PEG 6000 and some of their
solid dispersions are shown inFig. 5. Comparing the spectra
of solid dispersions of silybin and PEG 6000 prepared by
fusion-cooling (Fig. 5C and D assigned for wtsily% = 50 and

F ybin.
M

ig. 5. FT-IR spectroscopy for solid dispersion of PEG 6000 and sil
ass percent of silybin: (A) 0; (B) 100; (C) 50; (D) 33.3.
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Fig. 6. X-ray diffraction patterns for solid dispersions of PEG 6000 and
silybin. Mass percent of silybin: (A) 100; (B) 66.7; (C) 50.0; (D) 25; (E)
16.7; (F) 0.

33.3, respectively), no difference was observed in the position
of the absorption bands. The spectra can be simply regarded
as the superposition of those of silybin and PEG 6000. In
Fig. 5B–D, the absorption band, assigned to the free OH,
3460 cm−1 is still present. However, the band assigned to OH
due to intermolecular association at 3175 cm−1 is decreased
in intensity in spectra C and D. Silybin hydrogen bonds to
itself. When silybin is dispersed into PEG, this hydrogen
bonding is decreased. No indication for hydrogen bonding
between silybin and PEG was observed.

3.4. X-ray powder diffraction

Fig. 6shows some of the X-ray diffractograms for silybin
and PEG 6000 solid dispersions. The diffraction spectrum of
pure silybin showed that the drug was crystalline as demon-
strated by numerous distinct peaks. The characteristic peaks
for PEG 6000 showed two peaks with highest intensity at 2θ

of 19.16◦ (4.629Å, d-spacing) and 23.32◦ (3.811Å). Charac-
teristic peak positions of silybin at 14.56◦ (6.079Å), 17.20◦
(5.151Å), 19.56◦ (4.535Å) and 24.40◦ (3.645Å) could also
be detected in the samples with the carrier/drug weight ratio
of 2:1 and 1:1. The peak at 19.56◦ (4.535Å) in the samples
prepared with the ratio of 3:1 and 5:1 (PEG 6000/silybin)
could not be detected. These changes in the intensity of sily-
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3.5. Fitting Tm and �fusH by Flory–Huggins model

The Flory–Huggins model[9] was used to fit the melting
temperature,Tm, and the enthalpy of fusion,�fusH. The liq-
uidus curve of phase diagram was divided into two parts, the
PEG and silybin rich regions, respectively. Corresponding to
these two regions, the Flory–Huggins model is reformed to
Eqs.(1) and (2), respectively:

{�fusH
◦
m2(T/Tm2) − RT [ln φ2 + (1 − φ2)(1 − Vm2/Vm1)]}

−�fusH
◦
m2 = �w(1 − φ2)2 (1)

{�fusH
◦
m1(T/Tm1) − RT [ln (1 − φ2) + φ2(1 − Vm1/Vm2)]}

−�fusH
◦
m1 = �wφ2

2 (2)

where subscript 1 and 2 are for silybin and PEG indices,
�fusH

◦
m is the molar enthalpy of fusion,Vmi the molar volume

of component, andφ is the volume fraction. In PEG rich
region, the fitting result is shown inFig. 3 curve DC with
the model parameter�w = −369 kJ mol−1. But in silybin
rich region, experimental data is not sufficient to be fitted
with an acceptable precision. Therefore, another approach
was considered. At eutectic point, the value ofT in Eqs.(1)
and (2)are equivalent. Combining Eqs.(1) and (2),�w was
c −1 d
l
A ines
D
e d
t

�

w
− e.
F h
e tion,
�

R

[
[ usti-

.
[ rm.

[ 03)

[ her-

[ 997)

[ 496.
[ , D.

[ olu-
in might be explained as the result of the changes in cr
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From these observations we could deduce that the
alline nature of silybin was still maintained, but the rela
eduction of diffraction intensity of silybin peaks in PE
000 preparation at these angles suggested that the a
f drug in the samples is decreased and/or the quali

he crystals worsened. The positions of PEG 6000 pat
ere the same in the solid dispersions, which ruled ou
ossibility of compound formation between PEG 6000
ilybin.
t

alculated to be−17.3 kJ mol . By this value, the predicte
iquidus curve in silybin rich side is presented inFig. 3curve
FC. The predicted eutectic point is the cross point of l
C and AFC (wtE,sily% = 30.7 andTmE = K). In order to fit the
nthalpy of fusion, the model parameter,�w, was assume

o be concentration dependent:

w = Vm[A + B(φ2 − φ1)] (3)

here fitting parameterA is −0.533 kJ cm−3, and B is
0.254 kJ cm−3. Vm is the mole volume of the mixtur
itting result is shown inFig. 4 with fair agreement wit
xperiment. The enthalpy of fusion at eutectic composi
fusHwE, was predicted to be 100 J g−1.
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