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Abstract

Silybin is a main component in silymarin, which is an antihepatotoxic polyphenolic substance isolated from the milk thistl&/phant,
marianum. A major problem in the development of an oral solid dosage form of this drug is the extremely poor aqueous solubility. In present
work, the solubility of silybin in aqueous poly(ethylene glycol) 6000 (PEG 6000) solution at the temperature range from 293.15 to 313.15 K was
measured by a solid liquid equilibrium method. The aim of this study is to investigate the possible effect of poly(ethylene glycol) concentration
and temperature on the solubility of the drug, and to reveal the solubilization capacity of the polymer for the drug. Experimental results reveal tha
the solubility of silybin increases with the increase both in PEG's concentration and temperature. With the increase in PEG’s concentration, the
transfer enthalpy and entropy for silybin from water to aqueous PEG solution increases first in a positive region, and then decreases to a negati
region. The transfer enthalpy is lower than the entropy term. A modified Universal Quasi Chemical (UNIQUAC) model was used to correlate
solubility data.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction was shown that silybmarin consists of a large number of flavono-
lignans, including silybin, isosilybin, silydianin and silychristin.
The solubility of biologically active compounds is often alim- Among them, silybin is the main component, and has been sepa-
iting factor for their applicability. Drugs are mainly hydrophobic rated commercially as a pure substance. The molecular structure
organic compounds. Therefore, the solubility enhancement aff silybin, isosilybin, silydianin and silychristin are shown in
drugsis animportanttaskin pharmaceutical technology, becauseg. 1 Currently, the most important medicinal application of
it leads to a better bioavailability. A broad variety of solubiliza- milk thistle is its use as a hepatoprotectant and as supportive
tion methods has been developed, reaching from changes twBatment of chronic inflammatory liver disorders, such as cir-
the physicochemical parameters of the solution, including pHhosis, hepatitis and fatty infiltration due to alcohol and toxic
adjustment and temperature variation, up to the application afhemicals Kvasnicka et al., 20031ts use has been widespread
cosolvents and excipients, like complexing agents or surfactantince preparations became officially available for clinical use. A
(Jinno et al., 2000; Kallinteri and Antimisiaris, 2001; Verheyenmajor problem in the development of an oral solid dosage form

et al., 2002; Viernstein et al., 20D3 of this drug is the extremely poor aqueous solubility, possibly
Silymarin is an antihepatotoxic polyphenolic substance isoresulting in dissolution-limited oral absorptioki gt al., 2003.
lated from the milk thistle planSilybum marianum. Derivatives The solubility enhancement of poorly soluble compounds can

of milk thistle have been used as herbal remedies for almost 208e induced by changes of temperature and solvation properties

years. Silymarin was considered as a pure compound with thasing different cosolvent compositiongérnstein et al., 2003

structure of 7-chromanol-3-methyl-taxifolin, but after the intro- Among the techniques to increase aqueous solubility/dissolution

duction of more accurate methods of analysis and separation,riate, the formulation of solid dispersions is one of the most pop-
ular ones, although few marketed products rely on this concept.
Polymers, such as poly(ethylene glycol) (PE@&rheyen et al.,

* Corresponding author. Tel.: +86 512 65880363. 2002; Damian et al., 200Gnd poly(vinylpyrrolidone) (PVP)
E-mail address: tchai@suda.edu.cn (T.-C. Bai). (Van den Mooter et al., 2001have frequently been used as a
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Fig. 1. Molecular structures of (a) 3,5,7-tyifiroxy-2-[3-(4-hydroxy-3-methoxyphenyl)-2-hydroxymethyl-2,3-dihydrobenzo[1,4]dioxifj-8hroman-4-one, sily-
bin; (b) 3,5,7-trihydroxy-2-[2-(4-hydroxy-3-methoxyph#g)i3-hydroxymethyl-2,3-dihydrobenzo[l,4]dioxin-6-yl]-chroman-4-one, isdsih; (c) 3,5,7-trihydroxy-
2-[7-hydroxy-2-(4-hydroxy-3-methoxyphenyl)-3-hydroxymethyl-2,3yditobenzofuran-5-yl]-chroman-4-one, silychristin; (d) 8-hydr@«4-hydroxy-3-metho-
xyphenyl)-4-(3,5,7-trihydroxy-4-oxo-chroman-2-yl)-9-oxa-tricyclo[4.3%€jdec-4-en-7-one, silydianin.

carrier in solid dispersion formulations. Numerous attempts taised to explain the solubility of organic compounds as well as
understand the physico-chemical principle behind the improveits temperature dependenclmyban-Gharamaleki and Acree,
ment of the dissolution of drugs by solid dispersion formulation1998. Enthalpy of solution values can be measured directly
with polymers have been reportédetheyen etal., 2002Equi-  from the temperature dependence of the saturation concentra-
librium solubilities of the drug in agueous polymer solutions oftion (Viernstein et al., 2003; Verheyen et al., 2002; Reinwald and
different polymer concentrations reveal the solubilization capacZimmermann, 1998 In this work, we focus our attention on the

ity of a polymer for the drug. Several approaches have beegolubilization capacity of PEG in dilute concentration region.
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The prediction of the solubility of drugs in aqueous mixed Norwalk, CT). Certified indium wire encapsulated in an alu-
solvents or even a reliable correlation of the available experminum crucible (supplied by instrument manufacturer) was used
imental data is of interest to the pharmaceutical science anfibrtemperature and heat flow calibration. An aluminum pan and
industry. Many methods, mainly empirical and semiempirical,lid without pinhole were used to contain the sample. An empty
were suggested for the correlation and prediction of the solueontainer of the same type was employed as a reference. Nitro-
bility of a solid drug in a mixed solventlbuyban-Gharamaleki gen gas of 99% purity was used as the purge gas for all the
and Acree, 1998; Jouyban-Gharamaleki et al., 1999, a0  experiments performed at a rate of 20 ml/min. Samples 3-8 mg
main difficulty in predicting the solid solubility in a mixed sol- were weighed tat0.1 mg. Balance model: FA 1004, Shanghai
vent consists of calculating the activity coefficient of a solute inBalance Instrument Factory. A mass losing profile of pure sily-
a ternary mixture. bin solid was measured by thermogravimetry (TG) instrument.

In present work, solubilities of silybin in aqueous PEG 6000Instrument model, PE-DELTA series 7, with, Nbrotection,
solution at temperature 293.15, 298.15, 303.15, 308.15 anitbwing rate: 20 ml/min. The TG curve shows that silybin is
313.15 K were measured by a solid—liquid equilibrium methoddecomposed above 473 K. In DSC measurement, samples were
The aim of this study is to investigate the possible effect of PEGheated at a scanning rate of 5 K minover a temperature range
concentration and temperature on the solubility of the drug. Thérom 303 to 473 K. Onset temperature and enthalpy of fusion
modified Universal Quasi Chemical (UNIQUAC) model was were determined (using the software attached to DSC appara-
used to correlate the solubility data. tus). The uncertainty ofy, and AgsH was less than 1K and

2Jg1, respectively.
2. Experimental
2.3. UV spectrometer measurement
2.1. Materials
The UV spectrometry was used as an experimental analyti-

Silybin was purchased from Panjin Green Biological Devel-cal method. Model: TU-1800, Beijing Analysis Instrument Co.,
opment Co. Ltd., Liaoning, China. Its purity was claimed to China. It was suggested by drug quality criterion that sily-
be 97% detected by a UV-spectrometer at the wavelengthin should be detected in the wavelength range from 252 to
252-288 nm by the company. The drug was recrystallized i288 nm.
methanol and being dried under vacuum at 353K over 24 h, Silybin standard solutions were prepared in ethanol solvent.
and then analyzed by HPLC. Our HPLC measurement revealBhe maximum absorption wavelength was shift from 288 to
that the mass percent of silybin is 96.8%, isosilybin is 1.1%270 nm with the increase in silybin’s concentration. To choose
silycristin is 0.1%, silydianin is 0.8% and other impurities area proper calibration curve range, the optimum detection wave-
1.2%. Their chemical structures are showifig. 1 Silycristin  length should be determined. By considering the relationship
and silydianin are hydrophobic drug effective components. Thepetween UV maximum absorbance and silybin’s concentra-
have similar medicine effect as silybin. In a drug sample, thdion, a linear response range was found, where the maxi-
content of these hydrophobic impurities is too small, and theynum wavelength is from 288 to 285 nm. Therefore, calibration
hardly dissolve in water. Their impact on the solubility of silybin equation was prepared within the range of 288-285nm. For
is difficult to consider. In view of the fact that it is still difficultto  silybin + PEG + water solution, the maximum absorption wave-
separate more pure silybin from natural substances, in solubilitiength can be controlled within this maximum wavelength range
measurement, the drug was used without further treatment. by diluting it with known masses of PEG + water solution.

PEG 6000 was received from Shanghai Chem-Reagent Co. In this work, the solubility data of silybin was measured in
Its purity was of analytical grade. Both reagents were stored ové?EG 6000 aqueous solution. But the calibration equation of sily-

P>Os in a desiccator before use. bin was prepared in ethanol. By considering the solvent effect
on the maximum absorption of UV spectra, we noticed that, the
2.2. Differential scanning calorimeter measurement difference of absorbance between ethanol and water is much

small (within the experimental error), but the solvent effect of

Some physical properties of silybin are showfable 1 The ~ PEG aqueous solution is obvious. However, by using a proper
melting temperaturelf,) and enthalpy of fusionX,sH) of sily- reference solvent (the blank), the solvent effect of aqueous PEG
bin are necessary in solubility correlation and were measuregolution on UV absorbance can be eliminated.
by a differential scanning calorimeter (DSC) technique (Instru- [N solubility determination, silybin samples were taken from

ment: Perkin-Elmer Dsc-7 differential scanning calorimeterquilibrium bottles. Known masses of the aqueous PEG solu-
tion, with the same concentration as the equilibrium solvents,

Table 1 were added to dilute the sample to prevent solid deposition and
Physical properties of silybin to adjust the concentration of silybin to be within the linear
response range of the UV absorption. For silybin + PEG + water
solution, the wavelength used in the determination is at their
My (gmot~t) 482.436 maximum absorption, mostly at=287 nm. To eliminate the

I 4241 golvent effect on absorbance, the blank was filled with the iden-
AnsH (IG7) 93+2 tical solvent with the sample.

Properties Silybin
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2.4. Solubility measurements Table 2
Solubility (mass fractionx 10*S) of silybin in aqueous PEG 6000 solutian;
Binary solutions of PEG 6000 + water were prepared. Know"ass fraction of PEG
masses of PEG were added into 25Famiumetric flask. Water 100w, T(K)
was added into the flask. The flasks were putinto a therm_ostatic 293.15 298.15 303.15 308.15 313.15
bath at a temperature of 298.15 K, and water was added into the

: 0 0.424 0.540 0.691 0.833 0.997
flask until the flask mark was reached. The polymer concentrag;
. X .1000 0.626 0.780 0.916 1.16 1.52
tions were determined as g cth Because the temperature had g 5005 0.725 0.975 1.19 1.50 1.82
effect on solvent volume, it was better to convert the polymen.soo1 0.866 1.11 1.40 1.85 2.29
concentration from mass per unit volume into the mass frace.7997 1.01 1.27 1.61 213 2.67
tion for equilibrium calculations. The densities of aqueous PECS’-gggE’ igg ig’g i-gg g-gg 2-;3
solqtlon were measured by a'den5|meter for the use of con}—.501 142 170 210 251 312
verting the polymer concentration. Polymer concentration was gqq 1.74 213 255 3.02 353

controlled within a mass fraction af2.0%.

Solubility measurement of silybin was carried out by adding
an excess amountto 100 ml of demineralized water or to an aque- . _
ous PEG solution [mass fraction is from 0.1 to 2.0%] in sealeqV"ereK is independent of temperature, andsoifm is related
glass containers. The stoppered tubes were rotated for 60 h {R — AtusHm fand.[aln ya/o(IT)]. i
water baths at 293.15, 298.15, 303.15, 308.15 and 313.15K, ON considering the transfer Gibbs free energyy (),
respectively. Preliminary experiments had shown that this tim&Nthalpy &« H) and entropy £S), for silybin from pure water

period was sufficient to ensure saturation. After 60 h, the rotal3) ©© PEG (2) +water (3) solution, we have

The relative standard error is 0.023.

tion was stopped and the saturated solutions were kept still for S(2+3)

2 days at the equilibrium temperature to ensure the solid wadtrG = —RT In {5(3)] 3)
deposited. The solution was filtered through a QB mem-

brane filter (Anpel Science Instrument Co., Shanghai), whichAtrH{ = AsolHm(2 + 3) — Asolfim(3) 4)
was performed in the water bath at the equilibrium temperature, AvH — AyG

and then diluted with water or aqueous PEG solution to prevenfrS = —————— (5)

crystallization. The known masses saturated solution and dilu-

tion solvent were used to ensure that the drug concentration wa¢1eres(2 + 3) ands(3) is the solubility of drug in aqueous PEG

calculable. Three tubes containing identical aqueous PEG sol§olution and water, respectivelitsoi/m(2 + 3) andAsoiHm(3)

tion were used for comparing test. Silybin concentration in eacf$ the molar enthalpy of solution of silybin in aqueous PEG

tube was detected triplicate. Experimental uncertainty study fogolution and water, respectively.

silybin in pure water at temperatures from 293.15 to 313.15K

showed that the mean value of the relative standard deviation &2. Solubility

0.023. The concentration of silybin in the diluted solution was

analyzed by a UV—-vis spectrometer. The solubility of silybin in PEG 6000 aqueous solution is

determined at temperatures of 293.15, 298.15, 303.15 308.15

and 313.15 K, respectively. The data of solubility is presented in

Table 2 The PEG concentrations are converted from mass per

3.1. Thermodynamic equations unit volume at 298.15K to the mass percent. It can be found
from Table 2that, the solubility of silybin increases with the

For ternary solution in this work, component indexes arelncrease in PEG'’s concentration and temperature.

assigned for (1) silybin, (2) PEG and (3) water. The solubil-

ity (mole fraction)x; of a solid solute (1) in solution is given by 3.3. Thermodynamic properties

Reid et al. (1987andAcree (1984)

3. Results and discussions

At fixed PEG concentration, the plots of Snversus 17’
Inyix; = — AtusHm <1 _ T> (1) are approximately linear. The enthalpy of solutioRs§iHm)
RT Tm can be calculated from the slopes of Eg). The values of
AsolHm are presented ifiable 3 From the standard deviations
the melting temperature of pure solid solute (A)usHm is the of the linear fitting, the uncertai_nty AhgoHm IS predi_cated to
be 0.5kJmotl. The endothermic enthalpy of solution further

molar enthalpy of fusion of solute (1). ; . . . . .
In general, solubility of drug is expressed in mass fractioneXpla'”S the increase in solubility with temperature. With the

(5). The enthalpy of solutionAsqHm, can be evaluated from increase in PEG concentratiolgoHy, increases first, and then

wherey is the acitivity coefficient at temperatufe andTy, is

the slopes of the Van't Hoff plots by using decreases.
The transfer entropyA;S) can be calculated by E¢p). The
ns—— AsolHm LK @) values of AyG and Ay H are calculated by Eq¢3) and (4),

RT respectively. The values &S are presented iflable 3 The
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Table 3
The enthalpy of solutionAsq1Hm) of silybin in agueous PEG solution, the transfer entrofay) for silybin from water to aqueous PEG solution, and the predicted
uncertainty on enthalpy of solutiod 4so/Hm), transfer free energy{G) and transfer entropy¢S)

100w, AsolHm (kJmol?) AyS (IK ™t molt) atT (K)

293.15 298.15 303.15 308.15 313.15
0 327
0.1000 33.1 4.66 4.46 3.73 4.13 4.85
0.2005 34.7 11.2 11.5 11.1 11.3 11.3
0.5001 375 223 22.1 21.7 22.2 22.3
0.7997 37.6 23.8 235 23.1 23.6 23.8
0.9995 34.9 15.4 15.7 15.8 15.7 15.5
1.203 335 11.5 11.3 11.2 11.2 11.6
1.501 29.9 0.47 0.12 —0.03 0.06 0.52
2.000 26.9 —-8.15 —-8.13 —8.36 -8.21 —-8.10
3ArG (kImol?) 0.05
3AsolHm (kJmol1) 0.5
3ArS (JK T mol™1) 0.2

predicted uncertainty oAG and AyS are listed inTable 3 where thew2 andws are the mass fraction of PEG and water,
The comparison of enthalpy and entropy effect is shown irrespectively. Qualitatively, the coefficientgap andhiz express
Fig. 2 Two characteristics can be observed fiieign. 2 First, for  the effect from the interaction of silybin (1)-PEG (2), and sily-
TAyS, the temperature effect is small. Second, the concentrabin (1)-water (3) omAyH, respectively. The coefficient d@bs
tion effect: with the increase in PEG’s concentratioig,HH and  expresses the effect from the interaction between PEG (2) and
TAS increases first within positive region, and then decreasewater (3) on theAyH. Using least square method to fit the
to a negative region. The curve dfyH always locates in a data of AyH, coefficientshiz, hiz and hp3 can be obtained
lower side. This phenomenon is an indication that within the(h1>=—1.06x 10°, h13=—0.284 andhy3=1.07x 105). By
positive region, the process of drug dissolution is entropy favorecomparing their relative magnitude, we can get some informa-
able and enthalpy unfavorable, and entropy effect is over th&on. Because the value 6f3 is much small, the effect from the
enthalpy effect. But within the negative region, the contributioninteraction between silybin and water is unobservable. Because
from enthalpy term and entropy term is reversed, the enthalpthe value ofhy, is negative and much lower, the interaction
effect causes drug dissolution more favorable, but the entroplgetween silybin and PEG is in favor of the silybin dissolution.
effect leads to the dissolution to be difficult, sinkgH is more  On the opposite side, the value/st is positive and much high,
negative thar A¢S. the interaction between PEG and water obstruct the dissolution
To discuss the meaning of the convex curves of enthalpy, wef silybin. In much dilute concentration region af, k23 is
simply suppose that the transfer enthalpy can be expressed byesponsible for the raise of thigH curve. This means that the
polynomial expansion, this is a customary way of dealing witheffect of the interaction between PEG and water is in the ascen-
interaction between solutes in a solvedorfes, 1988; Lilley, dant. With the increase in PEG’s concentration, the effeat pf
1999, is rising, and overcomégas at the maximum point.

AvH = h h h 6
r 1212 + 13W3 + A2z ©) 3.4 Activiry coefficient by UNIQUAC

8- To evaluate drug solubility, an important procedure is to cal-
culate the activity coefficient of the drug in aqueous solution. By
UNIQUAC model, the activity coefficient is composed of two

= [u}
E 4 parts, the combinatorial/f°™) and residualy;®°) part (Acree,
= ] 1984; Reid et al., 1997
<. TA S
s " Iy =Inyfo™ + Inyp*e )
v, 2] AH For a multi-component mixture, the combinatorial term is
2 .

-4

D; Z 6; PD;
com _ _t Al R b R Bl .
6 Iny; _In<x,~)+(2)q’ In <4>i>+ll (Xi)z)cjl]
0.000 ' ()ADT()S ‘ O.DTIO ‘ 0‘{)115 013:20 (8)
W

7 with
Fig. 2. Transfer enthalpyAiH, O) and transfer entropyTAyS) at 7= (M)
293.15; @) 298.15; &) 303.15; ) 308.15; (@) 313.15K, for silybin from ;. (E) i —qi)— (i — 1), z=10 )
water to aqueous PEG solution as a function of mass fraction of REJ5 ( 2
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Table 4 Table 5
UNIQUAC parameters The interaction parameters;{ and u;;) of modified UNIQUAC model, the
adjustable parameters in H45), the standard deviatiow) and the correlation
Component Ti qi coefficient R)
Silybin (1) . 16.603 12.384 Parameter  Binary system, silybin Ternary system, silybin (1) + PEG
PEG monomer unit (2) 1.5927 1.32 (1) +water (3) (2) +water (3)
Water (3) 0.920 1.400 —
UNIQUAC UNIQUAC  Modified UNIQUAC
o 0.027 0.108 0.078
qiXi rix; R 0.9984 0.9907 0.9954
6; = S D = S (10) L, 1268 1.268 1.268
4% I u11 (K) 120.2 120.2 120.2
. ‘ uzs (K) —221.1 —221.1 —221.1
ri=Y ViRe  gi=) viO 1) wr ~117.4  —1115
u22 (K) —887.4 —816.2
whereg; is the surface area fractio®,; the volume fraction for  uz30 (K) 1299 1114
component. v} is the number of groups of tygen moleculari. 231 (K) —383400
386500

Or andR;, are the surface area parameter and volume parameté#? (K)

for groupk. In this work,R; andQy are obta@ned from literature _ _ (312055 — 10°5%? /(n — p)}¥/2, wheren is the total number of

(Reid et al., 198y Parameters; andg; are listed inTable 4 experimental data points andis the total number of adjustable parameters
For ternary solution in this work, component index areused in the fitting.

assigned for (1) silybin, (2) PEG and (3) water. Under condi-

tion of x; approaches to infinite dilution, f°™ can be written For a ternary system, other parameters, suah 833 and
as uz2 should be regressed from ternary solubility data by Eq.
com " z 1Y rjx; (13). But the fitting result is not satisfying. The standard devia-
Iny; "™ =In — | + (*) aIn|—=—— tion is 0.108. However, the correlation coefficient is fairly good
ST 2 rLyqjx;
(R=0.9907).
ri g To improve the fitting accuracy, modification on UNIQUAC
th— (=)D xil (12) _ . :
dorjx; was introduced. It was supposed that the interaction param-
eter ;) is concentration and temperature dependent. In this
The term of Iny!®Sis calculated by work, the saturation concentration of silybin is within a much
dilute region, and the concentration of PEG was within the dilute
) regiontoo. Therefore, it was supposed that enlyis concentra-

(13)  tion dependent. On considering the temperature effeasen
et al. (1987)proposed that interaction parameter is temperature
dependent. Combining the temperature and concentration effect
OoNnup3, We proposed an equation

QjT,'j
In yireS: qi 1—1In Z@ffﬂ — Z (Zkekfk]
J

J

where

Uji — Ui _
= e {_ T } 4 uas = wzso+ [uzas + uzael03 — 02)] ! TOTO (15)
7j; is the Boltzmann factor in UNIQUAC model. Parametgfs
andu; are related to the molecular interactionjef and i—i, 40
respectively, and usually are obtained by fitting experimental
data. In this workuy;; andu;; are obtained by fitting experimental
solubility data via Eq(1). The UNIQUAC model can math-
ematically represent thermodynamic excess properties with a
reasonable degree of accuracy.

For binary system of silybin dissolves in water, solubility data
was located within the infinite dilution region; the role of param-
eterryzplaysin curve fitting is to adjust the intercept of the curve
Iny;°° as a function of 1. To obtain parameteng;s, u11 and
u33, the solubility data of water in silybin solvent is needed, but
this is difficult. Therefore, for the convenience of data fitting, 00 e
713 IS assumed to be evaluated bys = exp[—(u13 — u33)/To], 00 01 02 03 04 05 06 07 08 09
where Ty is a reference temperature, here it is 293.15K. By 100 x,

using a nonlinear least squares fitting technique based on ﬂI]—'leg. 3. Mass fraction solubilitys) of silybin (1) in PEG 6000 (2) + water (3),

Levenberg—Marquardt algorlthm, which is performed by SOft'xz mole fraction of PEG monomer unit. Experiment@l= (H) 293.15; @)

ware of Origin 6.1 (OriginLab Corporation), the fitting results 29s.15; @) 303.15; ) 308.15; #) 313.15K. Lines (—) modified UNIQUAC
were obtained and presentedTiable 5 correlation.

10's
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where Tp is an arbitrary reference temperature, here it iSJinno, J., Oh, D.M., Crison, J.R., Amidon, G.L., 2000. Dissolution of ionis-
293.15K. Theuyso, uz31 and uzz, are adjustable parameters. able water-insoluble drugs: the combined effect of pH and surfactant. J.

The effect of concentration and temperaturesgnandu; 3 are Pharm. Sci. 89, 268-274. _ ,
Jones, M.N., 1988. Biochemical Thermodynamics, second ed. Elsevier.

ne,g_leCted' App'y!”g these mOdlfI(_:atlonS to (?’Orr_e_late the SOlfJouyban-GharamaIeki, A., Acree Jr, W.E., 1998. Comparison of models
.Ub”'ty dgta, the fitting result was improved S'9n|f|cant|Y-_The ~ for describing multiple peaks in solubility profiles. Int. J. Pharm. 167,
interaction parameters and adjustable parameters are listed in 177-182.

Table 5 Correlation results are graphically showrFig. 3. Jouyban-Gharamaleki, A., Valaee, L., Barzegar-Jalali, M., Clark, B.J., Acree
Jr., W.E., 1999. Comparison of various cosolvency models for calculating

. solute solubility in water—cosolvent mixtures. Int. J. Pharm. 177, 93-101.
4. Conclusion Jouyban-Gharamaleki, A., York, P., Hanna, M., Clark, B.J., 2001. Solubil-
ity prediction of salmeterol xinafoate in water—dioxane mixtures. Int. J.

The solubility of silybin is increased with the increase in both ~ Pharm. 216, 33-41.

PEG's concentration and temperature. At fixed PEG COncemréf_alIinteri, P., Antimisiaris, S.G., 2001. Solubility of drugs in the presence
tion, the enthalpy of solutionA <o, c:;m be calculated from of gelatin: effect of drug lipophilicity and degree of ionization. Int. J.
' Py solfm Pharm. 221, 219-226.

the slopes of the Van't Hoff plots. Kvasnicka, F., Biba, B., Sevcik, R., Voldrich, M., Kratka, J., 2003. Analysis
The characteristics of transfer enthalpy and entropy for sily- of the active components of silymarin. J. Chromatogr. A. 990, 239-245,
bin from water to aqueous PEG solution reveal that, with thd-arsen, B.L., Rasmussen, P., Fredenslund, A., 1987. A modified UNIFAC

increase in PEG's concentratiofy & andT AyS increase first group-contribution model for prediction of phase equilibria and heat of
' r mixing. Ind. Eng. Chem. Res. 26, 2274-2286.

an_d ,then decre:ajse from a pOSItI\(e reglpn toa neQajtlve reg'o'ﬂr, F.-Q., Hu, J.-H., Jiang, Y.-Y., 2003. Preparation and characterization of
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