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a b s t r a c t

The heat capacity Cp of solid mixtures of silybin and poly(vinylpyrrolidone) (PVP) K30 was mea-
sured by differential scanning calorimetry (DSC). The IUPAC name for PVP is 1-ethenylpyrrolidin-2-one,
and that for silybin is 3,5,7-trihydroxy-2-[3-(4-hydroxy-3-methoxyphenyl)-2-hydroxymethyl-2,3-
dihydrobenzo-[1,4]dioxin-6-yl]-chroman-4-one. By analyzing the curves of (dCp/dT) against temperature
vailable online 5 April 2011

eywords:
ilybin
oly(vinylpyrrolidone) (PVP) K30
eat capacity

T, some apparent points, a maxima point and a minima point, to characterize the Cp curve were obtained.
The maxima point in the region of w1 < 0.4 is a character of amorphous solid state of PVP, where w1 is the
mass fraction of silybin. In this region, silybin is dispersed into the amorphous solid of PVP. The minima
point in the region of w1 > 0.4 is a character of crystalline silybin. In this region, a mixture of crystalline
silybin and an amorphous solid dispersion is observed.
SC

. Introduction

Silybin is an antihepatotoxic polyphenolic substance isolated
rom the milk thistle plant, Silybum marianum. Its structure is
hown in Fig. 1. It is widely used as a drug to maintain liver health
nd to treat a range of liver and gallbladder disorders, includ-
ng hepatitis, cirrhosis, and jaundice [1–3]. The poor solubility in

ater limits its biological and medicinal application. To improve
he solubility and dissolution rate, a variety of methods have been
eveloped, among them including methods to incorporate silybin

n a dosage form using cyclodextrin complex, liposomes, and solid
ispersions, respectively [4,5].

Solid dispersion is one of the most promising methods of
mproving the dissolution rate and bioavailability of poorly water-
oluble drugs [6]. In these dispersions, the drug can be present in the
ully crystalline, fully amorphous or partially crystalline and amor-
hous state. Often the amorphous solid dispersion of drug shows
greater solubility and dissolution rate in comparison to the crys-

alline material [7]. Some polymers such as poly(ethylene glycol)
PEG), poloxamer and poly(vinylpyrrolidone) (PVP) have been the
ommon carriers used for solid dispersions [5,8,9]. Therefore, it is
mportant to study a solid dispersion in pharmaceutical applica-
ions.

Poly(vinylpyrrolidone) (PVP), with the IUPAC name 1-

thenylpyrrolidin-2-one, is one of the most common compounds
n making a solid dispersion drug [10–12]. Its amorphous solid
tate promotes the drug solubility and dissolution rate. During the

∗ Corresponding author. Tel.: +86 512 65880363; fax: +86 512 65880089.
E-mail addresses: tcbai@suda.edu.cn, tcbai@sina.com (T.-C. Bai).
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preparation and medicinal application, the most important thing is
to study the phase state of solid mixtures. To address this problem,
the dependence of the phase state on the composition and the
temperature must be known. Among many physical properties,
heat capacity is an essential amount to study the phase transition,
critical phenomena, and glass transition [13–17]. Therefore, basic
data is important in evaluation of the efficiency of drugs.

In this work, solid dispersions and mixtures of silybin and PVP
K30 were prepared by a solvent evaporation method. Heat capacity
(Cp) of these binary systems was measured by differential scanning
calorimetry (DSC). By analyzing the effect of composition on Cp,
information about the phase state and the conditions to prepare a
solid dispersion drug can be obtained.

2. Experimental

2.1. Materials

Silybin (CAS. no. 22888-70-6, with IUPAC name
3,5,7-trihydroxy-2-[3-(4-hydroxy-3-methoxyphenyl)-2-
hydroxymethyl-2,3-dihydrobenzo-[1,4]dioxin-6-yl]-chroman-
4-one) was purchased from Panjin Green Biological Development
Co. Ltd., Liaoning, China. Its purity was 0.97 mass fraction
determined by UV-spectrometry at (252–288) nm. This purity
was confirmed by HPLC with 96.8% silybin, 1.1% isosilybin,
0.8% silydianin, 0.1% silychristin, and 1.2% other impurities.
Poly(vinylpyrrolidone) (PVP) K30 (CAS. no.: 9003-39-8, with

IUPAC name 1-ethenylpyrrolidin-2-one and a 0.985 mass fraction
purity) was received from SinoPharm Chemical Reagents Co. Ltd.
The main impurity in PVP is water. All samples were dried under
vacuum at 333 K for 48 h before use.

dx.doi.org/10.1016/j.tca.2011.03.022
http://www.sciencedirect.com/science/journal/00406031
http://www.elsevier.com/locate/tca
mailto:tcbai@suda.edu.cn
mailto:tcbai@sina.com
dx.doi.org/10.1016/j.tca.2011.03.022
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Fig. 1. Chemical structures of silybin. CAS: 22888-70-6. IUPAC name:
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In this experiment, all samples were dried under vacuum at
,5,7-trihydroxy-2-[3-(4-hydroxy-3-methoxyphenyl)-2-hydroxymethyl-2,3-
ihydrobenzo-[1,4]dioxin-6-yl]-chroman-4-one.

.2. Preparation of samples

The pure samples of silybin and PVP were dried under vacuum
t 333 K for 48 h to remove water. The freshly dried compounds
ere quickly weighed in a glass bottle with hermetic seal cover.

wo accurately weighed compounds were mixed to form binary
ixtures. The composition of the mixture is determined at this step.

he mass fractions of silybin, w1, in the mixtures used in this work
re 0.1000, 0.1994, 0.2999, 0.3989, 0.5000, 0.5996, 0.6997, 0.8001
nd 0.8996, respectively.

To prepare the sample to be a solid dispersion, liquid ethanol
as added to dissolve the mixture. After sample dissolves in

thanol completely, the solvent was evaporated under reduced
ressure at about 313 K in a rotary evaporator. After that, sam-
le was dried under vacuum at 333 K over 48 h, and then it was
tored over P2O5 in a desiccator before use. During this process,
olvent was added and then removed, but the mass ratio of two
omponents (silybin to PVP) is unchangeable. The initial value of
omposition is still an available choice.

.3. DSC analysis and heat capacity measurements

The heat capacity was measured with a differential scanning
alorimeter (NETSCH, DSC-204F1, Germany). Certified indium wire
ncapsulated in an aluminum crucible was used for temperature
nd heat flow calibration. An empty aluminum pan and lid was
sed as the reference for all measurements. Nitrogen gas with a
urity of 0.99999 (volume fraction) was used as a purge gas at a
ate of 20 mL min−1, and protective gas was used at 70 mL min−1

n operation. Samples of about 5 mg were weighed to ±0.01 mg
sing a balance (model BT25S, Sartorius AG. Beijing). A thin disk of
apphire was used as the heat capacity standard.

The measurement of heat capacity includes three runs [14,15].
n empty Al pan with a lid was the first run to obtain the baseline.
he second and third runs were performed on the sapphire and the
ample, respectively. One empty Al pan was used through three
uns. A three-segment heating program was used in DSC opera-
ion. The first segment lasting for 15 min was an isothermal one
t the initial temperature; the second segment was a dynamic one
ith a heating rate of 5 K min−1, and the final segment lasting for

5 min was another isothermal one at the final temperature. The
eat capacity is calculated by Eq. (1).

p,sam = Cp,std
(Fsam − Fbsl)mstd

(Fstd − Fbsl)msam
(1)

here Cp,sam/J K−1 g−1 and Cp,std/J K−1 g−1 are the heat capacity of
he sample and standard substance (sapphire), respectively. Fsam,

bsl and Fstd are the heat flows of the sample, baseline, and sapphire
uns respectively, and mstd and msam are the masses of the standard
ubstance and the sample, respectively.
Fig. 2. The thermogravimetric trails (sample mass loss with temperature rising, w
is mass fraction) of silybin (solid line) and PVP K30 (dash line).

2.4. Thermogravimetric analysis

Thermogravimetric (TG) analysis was used to determine the
mass loss during the process of temperature programming. The
TG experiment was performed with a TA Instruments SDT 2960
in a dynamic flow of nitrogen (0.99999 volume fraction). The gas
flow rate was 100 mL min−1. Approximately 2 mg of sample was
weighed in an aluminum pan and heated from room temperature
to 773 K at a rate of 10 K min−1, and the loss of weight was recorded.

2.5. Infrared spectroscopy

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

3. Results and discussions

3.1. Thermal analysis for pure PVP K30 and silybin

To set up the experimental steps and operation conditions to
measure heat capacity, the thermal behavior of pure PVP and silybin
was analyzed first.

The TG trails of silybin and PVP K30 are shown in Fig. 2. The mass
loss due to water evaporation for silybin is found in the range from
406 to 420 K. Decomposition of silybin is found above 540 K. The
TG trail of PVP K30 shows water evaporation below 393 K, and the
temperature of molecule decomposition starts at 633 K. If sample
was prepared carefully, the mass loss due to water evaporation can
be reduced to less than 2%.

The DSC curve of silybin is shown in Fig. 3. An endothermic peak
due to the melt of solid silybin with a peak top at 435.2 K is found.
And an exothermic peak due to the decomposition of silybin with
a peak top at 540.4 K is found.

Based on these observations, to measure the heat capacity for
mixtures of silybin + PVP K30 by DSC, the temperature program
should be operated below 406 K to avoid molecular decomposition,
and the effect of water evaporation should be taken into consider-
ation.
333 K for 48 h before DSC test. However, during the process of
sample be weighed and be loaded into crucibles, moisture will be
absorbed by samples because of the hygroscopicity of solids. Within
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Fig. 5. FT-IR spectra (transmittance vs. wavenumber �) of mixtures of [sily-
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Fig. 3. The DSC curve of silybin.

he interval after the sample was loaded into the DSC instrument
nd before the Cp has been measured, DSC scan was performed
nder the protection of nitrogen gas to remove the water in sam-
le. In Fig. 4, it shows the DSC scan was repeated four times for pure
VP K30. In which, a broad endothermic peak due to water evapo-
ation below 393 K is found. Repeated scan leads the water peak to
e depressed. In Fig. 4, the first two scans were Fsam/msam, where
hey were run to remove water. The third and fourth scans were
Fsam − Fbsl)/msam, where they were recorded to evaluate the heat
apacity, which is overlapped as expected. For silybin, the water
emoving by DSC scan is more easier than it does for PVP K30.

.2. FT-IR spectroscopy

Infrared spectra were recorded in order to tell us if there were
ossible interactions and chemical reactions between silybin and
VP K30 in the solid state. The infrared spectra of silybin, PVP K30,
nd some of their mixtures (w1 = 0.5996 and 0.3989), are shown in

ig. 5.

For silybin the band at 3450 cm−1 is assigned to free –OH bond
ibration, 2900 cm−1 is assigned to the stretching vibration of C–H,
640 cm−1 is assigned to the stretching vibration of the band of
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ig. 4. DSC curves of four repeated scans to pure PVP K30. The first (dash dot line)
nd second (short dash line) scans (Fsam/msam) were run to evaporate water. The
hird (dash line) and fourth (solid line) scans [(Fsam − Fbsl)/msam] were recorded to
valuate the heat capacity.
bin(1) + PVP K30 (2)] with mass fractions of w1 = 1, 0.5996, 0.3989, and 0 (in order
from top to bottom).

C O group, 1500 cm−1 is assigned to aromatic group; 1270 cm−1

is assigned to C–O–C vibration, 820 cm−1 is assigned to C–H of
aromatic group bending vibration [18].

The spectrum of PVP K30 shows, among others, important band
at 2950 cm−1 (C–H stretch), 1660 cm−1 (C O) and 1280 cm−1(C–N).
A very broad band was also visible at 3450 cm−1 that was attributed
to the presence of water confirming the broad endothermic peak
detected in the DSC scan.

The peak corresponding to the C O stretch of the amide function
of PVP, is being shifted towards higher wave number for sam-
ple with w1 = 0.3989. It changes from 1660 cm−1 for pure PVP, to
1679 cm−1 for the mixture of w1 = 0.3989. The reason of this obser-
vation can be interpreted as a consequence of solid dispersion,
where the hydrogen bonding between OH and C O of silybin was
replaced by the interaction between silybin and PVP. But for pure
silybin and the sample of w1 = 0.5996, the peak corresponding to
the C O stretch is 1640 cm−1. Band shift was not observed. It may
be attributed to the excess amount of silybin, which was unable
to be dispersed into the solid dispersions. Furthermore, the broad
band at 3540 cm−1 caused by H-bonding of water present in the
samples, increases in intensity as the amount of polymer increases.
These observations indicate that, with the increases in silybin, there
is less amount of water present in these mixtures [8].

3.3. Heat capacity

The specific heat capacity Cp for samples of [silybin (1) + PVP K30
(2)] were measured at temperature ranging from 298.15 to 370.15 K
by DSC. Binary samples with a mass fraction w1, from 0.1 to 0.9
were prepared by the method of preparing solid dispersions. To
eliminate the influence of water, the DSC scan was run repeatedly
three times from ambient temperature to 373.2 K, and then Cp was
measured during the fourth run.

The value of the composition (w1) is determined in the process of
preparing binary mixture as described in Section 2.2. During those
processes of sample be weighed and be loaded into the DSC cru-
cible, moisture absorption by sample is unavoidable. Therefore, we
have three DSC scans under nitrogen protection to remove water.
In the fourth scan, the mass loss was not observable. This has been

confirmed by checking the weight of samples before and after the
fourth run. The final mass after Cp test was chosen to calculate the
heat capacity. Over the processes of DSC operation, the mass ratio
of silybin to PVP was not changed. Only water and solvent were
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Table 1
The coefficients of Eq. (2) (ai) and Eq. (4) (ai1 and ai2) obtained by fitting Cp data
in temperature range from 298.15 to 370.15 K, and the standard error s and the
correlation coefficient R of the fit.

w1 (range from 0 to 0.4)

a11 1.279
a21 0.0962
a31 1.334
a41 −1.071
a12 −0.4206
a22 0.6164
a32 −2.371
a42 1.625

w1

0.5000 0.5996 0.6997 0.8001 0.8996 1

a1 1.166 1.163 1.156 1.148 1.168 1.162
a2 0.1504 0.5289 0.6805 0.7809 0.4882 0.5823
ig. 6. Cp curves against temperature T/K for [silybin (1) + PVP K30 (2)] with mass
ractions of w1 = 0, (solid line); 0.1000, (dash line); 0.1994, (dash dot line); 0.2999,
dot line); 0.3989, (dash dot dot) by DSC.

bsorbed and then be evaporated. Therefore, the initial value of the
omposition determined in Section 2.2 is still a better choice.

The Cp data are listed in the Table in Supplementary data. The
p curves can be classified into two types according to their curve
eatures. One is the curves of the solid dispersions with the shape
imilar to that of pure PVP K30. Another is the curves with the char-
cter of mixing solid dispersion and crystalline silybin. Figs. 6 and 7
how these two types of curves, respectively.

.4. Equations to fit the Cp

There are many empirical equations to correlate the data of
p with temperature and compositions [14–17]. For example, the
ependence of Cp on temperature can be expressed by Eq. (2) in
he range from an initial temperature Ti to a final temperature Tf.

p = a1 + a2x + a3x2 + a4x3 + a5x4 (2)

here,

T − T
= i

Tf − Ti
(3)

The coefficients of Eq. (2) can be obtained by fitting experimental
ata of Cp. For samples with w1 = 0–0.4, the best form of Eq. (2) have
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ig. 7. Cp curves against temperature T/K for [silybin (1) + PVP K30 (2)] with mass
ractions of w1 = 0.5000, (dash dot dot line); 0.5996, (dot line); 0.6997, (dash dot
ine); 0.8001, (dash line); 0.8996, (short dash line) and 1.0 (solid line) by DSC.
a3 2.065 0.8688 0.4159 −0.3301 −0.1319 −0.9706
a4 −3.663 −2.594 −2.268 −0.9659 −0.4872 1.351
a5 1.736 1.576 1.563 0.9410 0.5381 −0.4137

four terms, that is from a1 to a4, and a linear relationship between
ai and w1 is found.

ai = ai1 + ai2w1 (4)

The coefficients of Eq. (4) for samples of this group are listed in
Table 1.

For samples of another group with w1 = 0.5–1, the best form of
Eq. (2) have five terms, a1 to a5. The values of ai are listed in Table 1.

Equations of Cp against T are different for two groups of samples.
Correspondingly, samples are in two different mixing states.

3.5. The differential curve of Cp

To find the difference appeared in curve feature of two groups of
samples, the differential curves of (dCp/dT) against T are plotted in
Figs. 8 and 9 for samples of (silybin + PVP K30), respectively. Some
characteristic parameters can be extracted from these curves.

Fig. 8 presents the differential curves for samples with
w1 = 0–0.5. Obviously, there is one maxima point for each com-

position. Both the values of the maxima point, (dCp/dT)max and
temperature T(max), decrease with the increase in w1. Fig. 10
gives the depression of T(max) with w1. However, for the
curve of w1 = 0.5, there are two extreme points, one maxima at
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Fig. 8. The curves of (dCp/dT) against (T − Ti)/(Tf − Ti) for samples with mass frac-
tions of w1 = 0, (solid line); 0.1000, (dash line); 0.1994, (dash dot line); 0.2999, (dot
line); 0.3989, (short dash line) and 0.5000 (dash dot dot line).
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(max) = 316.15 K and one minima at T(min) = 355.15 K. Apparently,
he character of that curve (w1 = 0.5) is different from those curves
f w1 = 0–0.4. Because the shape of the differential curve of samples
f w1 = 0.1–0.4 are similar to the curve of pure PVP K30 (w1 = 0), then

t can be concluded that these samples have the solid state similar
o PVP. That is to say that, silybin has been dispersed into the amor-
hous solid of PVP K30. However, as w1 excess to 0.4, dispersion
eaches to a saturation state, and excess amount of silybin crystal-
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Fig. 10. The dependence of T(max) (�) and T(min) (�) on w1.

lized from the amorphous dispersions. Therefore, a minima point
outside the PVP amorphous scope is found in the composition of
w1 = 0.5.

Fig. 9 presents the differential curves for samples with
w1 = 0.5–1.0. There are two extreme points for these samples.
One maxima point corresponds to the amorphous solid disper-

sions of silybin in PVP K30, and another minima point corresponds
to the crystalline silybin. With w1 increases, T(max) decrease
and disappears until w1 = 0.8. Whereas, the minima, with a value
of (dCp/dT)min as a characteristic parameter of crystal silybin,
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Table 2
The temperature of the minima, T(min); the maxima, T(max); and the values of
(dCp/dT)min at the minima, and the (dCp/dT)max at the maxima for curves of dCp/dT
against T for system of silybin + PVP K30.

w1 T(min) (K) (dCp/dT)min

(J g−1)
T(max) (K) (dCp/dT)max

(J g−1)

1 319.15 0.00443
0.8996 336.15 0.00358
0.8001 342.15 0.00214
0.6997 345.15 0.00088 303.15 0.00983
0.5996 348.15 0.00131 308.15 0.00885
0.5000 355.15 −0.00030 316.15 0.00840
0.3989 320.15 0.00640
0.2999 324.15 0.00699
0.1994 325.15 0.00764
0.1000 327.15 0.00833
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ncreases from w1 = 0.5–1. Another characteristic parameter, the
emperature of the minima T(min), decreases with w1 increase. For

1 < 0.4, the minima disappeared, which indicates silybin has been
ispersed completely into the amorphous solid dispersion of PVP.
he values of T(min) and T(max) are shown in Fig. 10. Parameters of
xtreme points, T(min), (dCp/dT)min, T(max), and (dCp/dT)max, are
isted in Table 2.

From above discussion, it can be concluded that, a solid disper-
ion of silybin in PVP is formed in the region of w1 < 0.4. As w1 > 0.4,
mixture of crystalline silybin and an amorphous solid dispersion

s formed.

.6. Thermodynamic properties

The change in thermodynamic properties, from the initial tem-
erature Ti to a given temperature T, can be calculated from the Cp

ata. Thermodynamic relations are given as below.

H =
∫ T

Ti

CpdT (5)

S =
∫ T

Ti

Cp

T
dT (6)

G = �H − T�S (7)

here, H, S and G are the enthalpy, entropy and Gibbs function,
espectively. To evaluate the mixing effect, a mixing function, for
xample the mixing enthalpy, is defined by Eq. (8).

mix�H = �H − (w1�H1 + w2�H2) (8)

here, �H, �H1 and �H2 are the enthalpy change defined by Eq.
5) for mixtures, pure component 1 (silybin) and 2 (PVP), respec-
ively. The mixing enthalpy (�mix�H) and entropy (�mix�S) are
raphically shown in Fig. 11. It can be found in the region of w1 < 0.4
hat, the mixing enthalpy (�mix�H, Fig. 11a) and entropy (�mix�S,
ig. 11c) are negative, and depress with the increase in both tem-
erature and w1. Whereas, in the region of w1 > 0.4, the change of

mix�H and �mix�S (Fig. 11b and d) with T and w1 is more com-

lex. Some of them are negative, decrease with temperature raise,
nd increase with w1 increase. For the cases of w1 close to 1, the
ffect mixing is small.

[
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4. Conclusion

The heat capacity Cp of solid mixture [silybin (1) + PVP K30 (2)]
is an essential piece of data in predicting the thermodynamic prop-
erties and the phase state. It is valuable in the evaluation of the
efficiency of drugs. From the differential curve of (dCp/dT) against
T, some apparent parameters, a maxima point and a minima point,
characterizing the Cp curve and solid state have been obtained. The
maxima point in the region of w1 < 0.4 is a character of amorphous
solid state of PVP. A solid dispersion of silybin in PVP is formed in
this region. The minima point in the region of w1 > 0.4 is a character
of crystalline silybin, where a mixture of crystalline silybin and an
amorphous solid dispersion is formed.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.tca.2011.03.022.
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