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This study focuses on the development of mathematical models that explain and 

predict the combined effects of pH control and complexants (cyclodextrin), pH control 

and surfactants, as well as pH control and cosolvents on the total solubility of the drug. 

The total solubility of the drug is expressed as the sum of the concentrations of 

individual species. In complexant-water and surfactant-water systems free unionized 

drug [Du] and free ionized drug [Di] are present along with either complexed 

unionized drug [DuL] and complexed ionized drug [DjL], or micellar unionized drug 

[DuM] and micellar ionized drug [DiM], respectively. On the other hand, in cosolvent-

water system the only species present are free unionized drug [D'^n] and free ionized 

drug [D^i]. 

The equations developed show that a pH change favoring ionization of the drug not 

only increases the concentration of the ionized species in water, but also increases the 

concentration of the ionized species in cyclodextrins, micelles, or cosolvents. In fact, 

the concentration of the ionized species in the complexant, micelle, or cosolvent can 

be greater than those of the unionized species. The solubility data of flavopiridol and 

several other drugs reported in the literature support these conclusions. 
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A mathematical model is also developed to describe the combined effect of cosolvency 

and complexation on non-polar drug solubilization. The total drug solubility is 

determined by the summation of three drug species present in the solution: free drug 

[D], drug-ligand binary complex [DL], and drug-ligand-cosolvent ternary complex 

[DLC], The proposed equation describes the dependencies of these three species upon 

the intrinsic drug solubility, [Dul. the cosolvent solubilizing power, CT, the binary and 

ternary intrinsic complexation constants, Kb'" and Kt"", and the cosolvent destabilizing 

powers for the binary and the ternary complexes, pb and p,. The equation explains the 

decline in the solubility of fluasterone (a non-polar drug) produced by low cosolvent 

concentrations as well as the increase in the solubility produced by high cosolvent 

concentrations that are observed at all cyclodextrin concentrations. 
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CHAPTER 1. INTRODUCTION 

Solubility enhancement is often one of the major tasks in the development of 

parenteral formulations (Yalkowsky, 1999; Sweetana and Akers, 1996). This is 

especially true for sparingly water-soluble or non-soluble pharmaceutical compounds. 

The major approaches for increasing drug solubility include solute modification, 

solvent modification, and formation of a colloidal system (Yalkowsky, 1999). Solvent 

modification is the most effective means of producing a thermodynamically stable 

increase in solubility. Over the years, a variety of solubilization excipients have been 

developed. The four most commonly used solubilizing agents are buffers for pH 

control, cosolvents, surfactants, and complexing ligands (especially cyclodextrins) 

(Yalkowsky, 1999; Sweetana and Akers, 1996; Rubino, 1984; Powell, et al., 1998). 

pH control: This method is used for drugs that are ionizable within the 

pharmacologically acceptable pH range. Because the ionized form of the drug is 

usually more soluble than its unionized form in water, drug solubility can be increased 

by adjusting the solution pH so that the drug is partially ionized. An increase in total 

solubility by one or two orders of magnitudes is usually achievable as the pH of the 

solution is adjusted to one or two units above the pKa of an acid or below the pKa of a 

base. In some cases, the solution pH may have to be adjusted to extreme ends of the 

pH scale so that a sufficient increase in total solubUity can be obtained. This may be 
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problematic because a solution pH lower than 3 and higher than 9 is often associated 

with tissue irritation and phlebitis resulting from precipitation of the solubilized drug 

upon iv injection (Yalkowsky, 1999; Sweetana and Akers, 1996; Ward and 

Yalkowsky, 1993; Surakitbanham, 1994). Use of pH control may often lead to a 

decrease in the stability of the drug under conditions that increase solubility 

(Yalkowsky, 1999). 

Cosolvencv: A cosolvent is a water-miscible or partially water-miscible organic 

solvent. Adding a cosolvent into an aqueous medium reduces the strong 

intermolecular interactions of water molecules, thereby reducing its ability to squeeze 

out non-polar solute molecules (Yalkowsky, 1999). The use of the proper type and 

amount of cosolvent can provide a solubility increase of several orders of magnitudes. 

Due to its ease of use, relative safety, and huge solubilization potential, cosolvency is 

often considered at an early stage of formulation development (Sweetana and Akers, 

1996). A recent survey by Sweetana and Akers (1996) found that cosolvents have 

been employed in approximately 10% of FDA-approved parenteral products. 

However, cosolvent use has its clinical limitations; high concentrations often have 

high tonicity, and precipitation of solubilized drugs upon injection or infusion has been 

associated with phlebitis (Selander, 1981). Also, EtOH in concentration of greater 

than 10% may produce significant pain on injection (Sweetana and Akers, 1996). 



Micellization: A siirfactant is a compound that has two distinct molecular regions, one 

polar and the other non-polar. When the surfactant concentration exceeds the critical 

micelle concentration, the surfactant molecules orient themselves to form micelles, 

i.e., water-soluble aggregates with non-polar internal regions that can accommodate a 

non-polar solute and a polar mantle that is in contact with water. Nonpolar drugs 

squeezed out of water by water-water interactions can be incorporated into the non-

polar region of the micelles (Martin, 1993; Yalkowsky, 1999). Though often used for 

low dose drugs, surfactants are usually less effective in solubilizing drugs because it 

takes a large number of surfactant molecules to form a micelle large enough for a 

single solute molecule to be solubilized. Many surfactants are toxic to blood, which 

restricts their use in parenteral preparations (Sweetana and Akers, 1996). With so 

many different types of surfactants, there are only a very few including Tween 80 and 

cremophor EL that have been used in parenteral formulations. 

Complexation: Cyclodextrins, the most commonly used complexing agents, are cyclic 

oligomers of dextrose or its derivatives joined by a-l,4-linkages. They increase drug 

solubility by forming an inclusion complex with the non-polar region of the drug 

molecule (guest) being inserted into the cavity of the cyclodextrin molecule (host). 

Unlike the loosely structured micelle, the drug-ligand complex has a rigid structure 

and a definite stoichiometry, usually one-to-one at low ligand concentrations (Martin, 

1993; Yalkowsky, 1999). The parent cyclodextrins have their drawbacks: in addition 
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to the limited solubility, they are also found to have toxic effects on the kidney, which 

is the main organ for the removal of cyclodextrins. The chemical modification of P-

cyclodextrins such as hydroxypropyl p-cyclodextrin (HPPCD) and sulfobutyl ether P-

cyclodextrin (SBEPCD) has led to substantial progress in increasing intrinsic 

solubilities of the Ugands and in reducing their renal toxicity (Loftsson and Brewster, 

1996; Uekama, 1981). 

With each technique, there is a maximum value for the solubility that can be obtained. 

The choice of a solubilization technique also depends on many other factors: the 

physical-chemical property of the drug molecule, the desired concentration, the 

effectiveness of the method, the safety and cost of solubilizing agents, and possible 

precipitation upon injection of the formulation. 

The combined use of the aforementioned solubilization techniques has drawn 

particular interest in the last ten years in part because of the fact that each individual 

method has its limitation and a combination of different methods may have a 

synergistic effect in drug solubility enhancement. For many ionizable drugs, 

combined approaches of pH control with either cosolvents, surfactants, or 

cyclodextrins have generated a greater solubility increase as opposed to when each 

technique is employed alone. This is particularly the case in the use of pH control and 

complexation (Li, et al., 1998; Okimoto, et al., 1996; Savolainen, et al., 1998). Given 
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the fact that either pH control, cosolvent addition, snrfactant addition, or cyclodextrin 

addition has been well studied and understood, it is of interest to explore the 

mechanisms of these combined effect of the techniques on non-polar drug 

solubilization, i.e., pH and cosolvent addition, pH and surfactant addition, pH and 

cyclodextrin addition, and cosolvent and cyclodextrin addition. The knowledge gained 

in this study may shed light on possible synergistic effects obtained from these 

combined techniques and be useful in future parenteral formulation design. 
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CHAPTER 2. APPROACH 

This research is designed to understand the solubilization effect of four combined 

techniques: pH and cosolvent, pH and surfactant, pH and cyclodextrin, and cosolvency 

and complexation. It specifically pursues the following: 

1- To develop mathematical models that explore the fundamentals for each of the 

four combined techniques on drug solubilization. 

2. To evaluate the models using either flavopiridol (weak base with a pKa of 5.86) or 

fluasterone (a non-dissociable drug). This is designed to see if the experimental 

solubility results are consistent with the proposed models. 

3. To extend the above models to the solubilization of other drugs. 
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CHAPTER 3. THE COMBINED EFFECT OF COMPLEXATION AND PH ON 

SOLUBILIZATION 

SUMMARY 

Both pH control and complexation are widely used as solubilization techniques in drug 

formulation studies. Although these two techniques are often utilized in combination, 

few theoretical smdies have shown why the combined approach would work better 

than either one alone. This study constructs a background in which both the pH effect 

and complexation constants are used to explain the synergism between these 

techniques. The total solubility is determined by the addition of the four components 

present in the solution: free unionized drug [Du]> frce ionized drug [Di], unionized 

drug complex [DuL], and ionized drug complex [DiL]. A detailed description of [D,] 

and [DiL] reveals that the complexation constants and the pH at which the drug may 

ionize are both critical. A weakly basic drug, flavopiridol, is used as a test compound 

to examine the validity of the equation. Although the complexation constant for 

ionized flavopiridol (Ki = 149 M*') is less than half of that of the unionized species (Ku 

= 485 M"'), the solubility of the ionized drug complex [DjL] is seven-fold greater than 

that of the unionized drug complex [DuL]. This unexpected result is due to the twenty-

five-fold greater solubility of the ionized drug [Di] at pH 4.3 over that of the ftee 

unionized species [Du] at pH 8.4. The results of this and other complexation studies of 

several drugs taken from the literature lend support to the following: 
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If 
[DJ K, 

Then [DiLl>[D„L] 

INTRODUCTION 

Both pH control and inclusion complexation are commonly used solubilization 

techniques in formulating ionizable drugs (Martin, 1993). Since the unionized species 

usually forms a more stable complex with cyclodextrin than its ionic counterpart, it is 

often assumed that the unionized species is primarily responsible for the formation of 

the complex and the subsequent increase in solubility (Loftsson and Brewster, 1996). 

Recently, attention has been paid to the importance of the ionized species in 

determining the overall complexation of drugs with hydroxypropyl P-cyclodextrin 

(HPpCD) and sulfobutyl ether p-cyclodextrin (SBEpCD) (Okimoto, et al., 1996; 

Johnson, et al., 1994). This chapter aims to construct a background in which the 

combined effect of pH and complexation is explicitly considered. An equation is 

derived to explain the synergism of these two techniques in the solubilization of 

ionizable weak acids and bases. 

Flavopiridol [5,7-dihydroxy-8-(4-N-methyl-2-hydroxy-pyridyl)-6'-choloroflavone 

hydrochloride] is a weakly basic compound with an intrinsic solubility of 0.055 mM 

and a pKa of 5.68. Preformulation studies found that this drug could be formulated 
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into a stable formulation at a desired concentration of 10 mg/ml using a combination 

of pH control and complexation (Dannenfelser, et al. 1995). This drug will be used to 

validate the derived equation. 

BACKGROUND 

Effect  of  pH on drue solubil i ty  

It is well known that for ionizable drugs the aqueous solubility is strongly influenced 

by the pH of the solution. The relationships among the drug solubility, ionization 

constant (pKa), and the solution pH for a basic drug (Martin, 1993) are given by 

Equation 3.1. 

[D.OJ = [DJ + [DJ (3.1) 

where Dtot, Du and Dj represent the total aqueous solubility and the solubilities for 

unionized and ionized species, respectively. Since Du is equivalent to the intrinsic 

solubility of the drug and is independent of the solution pH, Equation 3.2 indicates that 

the concentration of the ionized drug increases exponentially with a decrease in 

solution pH below the pKa of the drug. 

[D.O.] = [DJ+[DJ10^'"^--''"' (3.2) 
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Effect  of  complexation on drue solubil i ty  

Inclusion complexation is a term used to describe the specific non-bonded interaction 

of a drug and a ligand. When an unionized drug and a ligand form a 1:1 complex, the 

free drug (Du), free ligand (L), and the drug-ligand complex (DuL) are related to the 

complexation constant Ku by 

Y — n 

The total ligand concentration (Ltot) in the solution is equal to the sum of the free 

ligand (L) and the ligand that is bound with the drug (DuL) by 

[L.C.]=[L]+[D„L] (3.4) 

Combining Eqs. 3.3 and 3.4 gives 

[D,L]=K„[D.IL„]-[D.L]} 

which can be rearranged to 

(3.5) 
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where the solubilization slope of the unionized drug Tu is defined as 

T. = (3.6) 
l + K.[Dj 

For a given concentration of ligand, the total concentration of the unionized drug 

(Du'°') is the sum of the concentration of the free unionized drug and of the drug in the 

complex (as given in Equation 3.5). This can be expressed as 

k'"J=[Dj+-t.[L,„] (3.7) 

By similar reasoning, the solubilization slope Xi for complexation of the ionized drug is 

given by 

. K|[D|] KIEDJO""--''"' 
'  l+Ki[Di] l  + Ki[D„]lO<'" '*- ' '"^ 

and the total concentration of the ionized species is 

D •« = D lO""--"' + . , U, -D.IO 
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Note that the solubilization slopes for the unionized and ionized species represent the 

fraction of the total ligand occupied by the drug, i.e., the ratio of the concentrations of 

the drug-ligand complexes to the total ligand concentration (see Equation 3.5). It 

increases as the product of the complexation constant and the free drug concentration 

increases for both unionized and ionized species. There are two limiting cases that 

apply to both species: 1) x is proportional to drug concentration [D] when K[D] is 

much less than unity; 2) x approaches unity when K[D] is much greater than unity. 

Figure 3.1 is a simulation of either Equation 3.6 or Equation 3.8 when K=1000 M*' 

and Du=0.01 mM. Thus, as show in Figure 3.1, the solubilization slope (x) increases 

linearly (see dotted line) with increasing free drug concentration in water at low 

concentrations and levels off at higher concentrations. 

Combined effect of DH and complexation on drue solubilization 

For a combined approach of both complexation and pH control for an ionizable drug, 

four species (unionized drug [Du]> ionized drug [Di], unionized drug-ligand [DuL] and 

ionized drug-ligand [DjL) are in equilibrium, and the total concentration of the drug is 

expressed as 

(3.10) 

Which can be expanded into 
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•L.« (3.11) 

If both Ku[Du] and Ki[Du] 10^'''^" are « 1 (as is usually the case for poorly water-

soluble drugs). Equation 3.11 can be simplified to 

Thus, the total solubility of the drug increases with a slope that can be described in 

terms of its intrinsic solubility, the difference between the pH and its pKa, and the 

complexation constants of its unionized and ionized species. It is well known that for 

most drugs the complexation constants for the ionized species are smaller than those 

of the unionized species. As a result, the unionized species is often assumed to be 

primarily responsible for the formation of the complex and the subsequent increase in 

solubility. However, Equation 3.12 indicates that the pH of the solution plays an 

important role in determining the relative contributions of the complexed as well as 

the free ionized species toward the total drug solubility. In the following sections, the 

effect of pH on the complexation of an ionizable drug is confirmed by a weakly basic 

drug, flavopiridol. 

[D" ]= [D„ ]+ [D„ + K„ [D„ ]L.„ + K, [D„ L,„ (3.12) 
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MATERIALS 

Flavopiridol was obtained from the National Cancer Institute and used as received. 

All other chemicals were reagent grade and purchased from Sigma or Aldrich. 

HPPCD with an average molecular weight of 1390 was obtained from Cyclodextrin 

Technologies Development Inc.. Samples for solubilization study were prepared in a 

series of HPpCD solutions ranging from 0 to 110 mM in 0.1 M citric-phosphate buffer 

(Diem and Lentner, 1974) at pH 4.3, 5.1,5.9 and pH 8.4. 

METHODS 

Solubility determination 

The phase-solubility method developed by Higuchi and Connors (Higuchi and 

Connors, 1965) was used to measure the solubility of flavopiridol: the drug was added 

to vials containing 0.5 ml HPPCD solutions until drug crystals were observed. The 

sample vials were then rotated using an end-over-end mechanical rotator at 25°C for 7 

days. After 7 days all samples with crystal presented were considered to have reached 

their equilibrium solubility and were removed from the rotator. The samples were 

filtered through a 0.45-^m filter and the sample pH at equilibrimn was measured 

before HPLC analysis. 
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HPLC Analysis 

The HPLC assay used an EPS C18 column (100 cm X 4.6 mm, Alltech) with a mobile 

phase composed of acetonitiile and 50 mM phosphate buffer at pH 3.0 (ratio 35: 65). 

Tne flow rate was controlled at 1 ml/min; the effluent was detected at 263 nm. The 

assay was evaluated at three concentrations of flavopiridol: 5, 25, 75 ^g/ml, intra-day 

and inter-day. The relative standard deviation was 1.2%. 

RESULTS 

Figure 3.2 shows the solubilities of flavopiridol at four pH conditions as a fiinction of 

the concentration of HPPCD. The drug solubility in the absence of HPPCD at pH 8.4 

is approximately 0.055 mM and 1.37 mM at pH 4.3. The solubility increases linearly 

as a function of the concentration of HPPCD at all pHs (open symbols). However, the 

increase in solubility is far more significant at the low pH. For example, the 

solubilization slope based on the regressions (solid lines) of the solubilities is 0.18 at 

pH 4.3 while it is only 0.03 at pH 8.4. 

The above slopes are incorporated into Eqs. 3.6 and 3.8 and the complexation 

constants are calculated. It is found that the complexation constants for the ionized 

and unionized forms of flavopiridol with HPpCD are Kj = 149 M ' and Ku = 485 M 

respectively. The lower complexation constant for the cation is obviously due to its 

greater affinity to water. 
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Two dotted lines in Figure 3.2 represent calculated solubilities from Du, Ku, Kj, pKa 

and PH via Equation 3.12. The calculated solubilities are compared with the 

experimental data (opened symbols) obtained at the corresponding pH conditions. The 

strong relation between the predicted and the experimentally obtained solubility data 

provides support for the validity of Equation 3.12. 

DISCUSSION 

The reason that the ionized flavopiridol has a larger solubilization slope than its 

neutral form is because the solubilization slope is proportional to the product of its 

complexation constant and its concentration. Although the complexation constant for 

the ionized species is less than one third of that of the unionized species, it is nearly 

thirty-fold more soluble at pH 4.3 than at pH 8.4. This causes the cation to have a six

fold greater solubilization slope. 

The solubilization slope of an unionized drug, TU = Ku[Du]/{l+ Ku[Du]}. is 

independent of the pH of the solution, because both K„ and [Du] are related only to the 

properties of the drug and ligand. Note that, because Ku[Du] is much smaller than 

unity, the maximum solubilization slope for this species is a constant, which is equal 

to the product of its intrinsic solubility and its complexation constant. The 

solubilization slope of an ionized drug, on the other hand, is highly dependent upon 

pH of the solution as indicated by Equation 3.8. 



Table 3.1 gives a summary of calculated concentrations of four flavopiridol species 

that comprise Equation 3.12, i.e., [Du], [DuL], [Di], and [DjL]. At pH 4.3 it was found 

that [DjL] accounts for over 75% of the total solubility whereas [Di] is only 10%. This 

indicates that at a pH where the free ionized species [Di] increases, the amount of the 

ionized drug that complexes with the ligand increases to a much greater extent. The 

fact that the solubility of [DjL] is seven-fold greater than that of [D,] explains the 

higher total solubility of flavopiridol at pH 4.3 than at pH 8.4. 

The above description of the combined effects of pH and complexation on solubilities 

is supported by literamre data for indomethacin, papaverine, miconazole, KIN-272, 

and thiazolobenzimidazole in either the anionic sulfobutyl ether of P-cyclodextrin 

(SBEPCD) or the neutral hydroxypropyl P-cyclodextrin (HPPCD). Table 3.2 lists the 

Ku and Kj values that are reported for those drugs and Table 3.3 lists TU and ti for the 

same drugs. Although the Ku is bigger than Ki in every case, the corresponding values 

of the Xi are bigger than or equal to those of TU. This lends support to Equation 3.12, 

and confirms the role of pH in dmg solubilization by complexation. Note that the two 

cases where Xi/Xu ratio reaches unity (papaverine and miconazole with HPpCD) are the 

results of small differences between pH and the pKa of the drugs so that [Di] is 

approximately equal to [Du]. 
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CONCLUSIONS 

Any pH alteration that increases the concentration of the firee ionized drug will also 

increases the concentration of ionized drug complex. This fact is independent of the 

value of the complexation constant. Furthermore, the solubility of the ionized 

complex can exceed both solubility of the fiee unionized drug and the solubility of the 

unionized drug complex. 



0 5 10 

Drug concentration (mM) 

Figure 3. 1. Schematic plot of the solubilization slope (x) against the free drug 
concentration [D] showing the signiflcance of the initial slope (dotted line) and the 
saturation value of x. 
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Figure 3.2. Theoretical calculated solubility (dotted lines) versus experimentally 
obtained solubilities (symbols) at different pHs. 
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Table 3.1: Concentration of various flavopiridol species (mM) in 10% HPpCD under 
acidic and basic conditions. 

Free 
Unionized 

Complexed 
Unionized 

Free 
Ionized 

Complexed 
Ionized 

pH [D„] [D„L] [Di] [DiL] 

8.4 0.06 1.8 0.0 0.0 

4.3 0.06 1.8 1.5 10.9 
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Table 3.2: Complexation constants for unionized drugs (Ku) and ionized drugs (Kj). 

UGAND SOLUTE pKa K„ Ki Ki/K„ 

HPPCD Flavopiridol 5.68 485 149 0.31 

SBEpCD Indomethacin ' 4.81 4710 819 0.17 

HPpCD Indomethacin' 4.81 1590 955 0.60 

SBEPCD Papaverine' 6.78 1000 937 0.94 

HPpCD Papaverine ' 6.78 337 174 0.52 

SBEpCD Miconazole ' 6.91 417000 410000 0.98 

HPpCD Miconazole ' 6.91 104000 42300 0.41 

SBEpCD KIN-272 ^ 5.12 292 96 0.33 

HPpCD Thiazolobenz 

imidazole ^ 

3.55 1033 81 0.08 

1: Okimoto, 1996 
2: Johnson, 1994 
3: Tinwalla, 1993 
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Table 3. 3. Solubility slopes for unionized drugs (tu) and ionized drugs (Xi). 

UGAND SOLUTE pKa PH Xi pH Tu Vtu 

HPpCD Flavopiridol 5.68 4.4 0.18 9.0 0.03 6.0 

SBEPCD Indomethacin ' 4.81 7.0 0.4 4.0 0.02 20.0 

HPpCD Indomethacin ' 4.81 7.0 0.45 4.0 0.01 45.0 

SBEpCD Papaverine ' 6.78 6.0 0.03 8.0 0.02 1.5 

HPpCD Papaverine ' 6.78 6.0 0.01 8.0 0.01 1-0 

SBEpCD Miconazole ' 6.91 6.5 0.007 8.0 0.004 1.8 

HPpCD Miconazole ' 6.91 6.5 0.002 8.0 0.002 1.0 

SBEpCD KIN-272 ^ 5.12 3.5 0.03 7.0 0.003 10.0 

HPpCD Thiazolobenz 

imidazole ^ 

3.55 2.2 0.08 7.0 0.03 2.7 

1: Okimoto, 1996 
2: Johnson, 1994 
3: Tinwalla, 1993 
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CHAPTER 4. SOLUBILIZATION OF IONIZED AND UNIONIZED 

FLAVOPIRIDOL BY ETHANOL AND POLYSORBATE 20 

SUMMARY 

Since the ionized species is more polar than its unionized counterpart, it is often 

assumed that the ionized species of the drug does not make a meaningful contribution 

to solubilization by either cosolvents or surfactants. This report extends previous 

studies on solubilization of the ionic species by a combination of pH control and 

complexation to pH control and micellization and to pH control and cosolvency. The 

total aqueous solubility is expressed as the addition of the concentration of all 

contributing species: free unionized drug [Du], &ee ionized drug [Dj], unionized drug 

micelle [DuM], and ionized drug micelle [DjM] for surfactant, and fiee unionized drug 

[D'^u] and free ionized drug [D'^i] for cosolvent. The equations indicate that under 

certain conditions the ionized species can be more important in determining the drug 

total solubility than the unionized species. Flavopiridol, a weak base, is used to test 

these newly generated equations. As expected the micellar partition coefficient and 

solubilization power for ionized flavopiridol are both less than that of the unionized 

species. However, at acidic pH the solubilities of the ionized drug in surfactant 

micelles [DiM] and in cosolvent-water [D'^i] are both much greater than that of the 

unionized drug. This is because the solubilization of the ionized drug is proportional 
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to its aqueous solubility, and its solubility [DJ can be as much as 24-fold greater than 

that of the free unionized species [Dq]. 

INTRODUCTION 

The control of pH along with either a cosolvent, a surfactant or a complexant is often 

used to improve the aqueous solubility of drugs (Martin, 1993). It is commonly 

believed that the unionized species makes the major contribution to the improvement 

of the total aqueous drug solubility. In a recent study we found that a change of pH 

favoring ionization of the drug signiHcantly increased not only the solubility of the 

drug in water, but also the amount of the drug solubilized by the complexant (Li, et al., 

1998). In fact the ionized species were shown to be solubilized to a greater extent than 

the unionized species (Li, et al., 1998; Johnson, 1994; Tinwalla, 1993; Okimoto, et al., 

1996). 

In this chapter, we extend our studies on the role of the ionized species in improving 

aqueous solubility to pH control combined with either cosolvency or miceUization. 

The newly developed equations are verified using flavopiridol [5, 7 - dihydroxy-8-(4-

N-methyl-2-hydroxy-pyridyl)-6'-choloroflavone hydrochloride], a derivative of 

rohitukine that has been developed for the treatment of breast cancer, as a model drug. 

The drug is weakly basic with an apparent pKa of 5.68 and a low intrinsic solubility of 

0.025 mg/ml for its zwitterionic form (Dannenfelser, et al., 1995). 
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BACKGROUND 

Solubilization bv Surfactant 

A surfactant or surface-active agent has two distinct regions: one polar and one non-

polar. When it is added to aqueous media, the surfactant molecules orient themselves 

to form micellar aggregates, provided their concentration exceeds the critical micellar 

concentration (cmc) (Martin, 1993). Because the interiors of these micelles are much 

less polar than water, they can more effectively dissolve the non-polar drug molecules. 

As a result, the apparent aqueous solubility is increased. 

For a given surfactant solution there is an equilibrium among four species: unionized 

[Du], ionized drug [DJ, unionized drug in the micelle [DuM], and ionized drug in 

the micelle [DjM]. The total concentration of the drug [D'°'] is. 

The concentrations of the ionized drug and the unionized drug are related by the 

Henderson-Hasselbalch equation: 

[D™ ]= [D. ]+ [D, ]+ [D.M]+ [D,M] (4.1) 

(4.2) 
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The value of [DuM] is related to the micellar partition coefficient for the unionized 

species KQ and the micellar concentration [Cm] (Martin, 1993) by. 

[D.M]=K.[DJ[C„] (4.3) 

Note that [Cm] is equal to the total surfactant concentration when the critical micellar 

concentration is small enough to be ignored. Similarly the value of [DjM] is related to 

the micellar partition coefficient for the ionized species iq by, 

[DiM]=Ki[Dj-[C„] (4.4) 

Therefore, Equation 4.1 can be expanded to, 

[d" ]= [D„ ]+ [D„ ]- + k:„ [D„ ]-[C„ ]+ K, [D„ ]- • [C„ ] (4.5) 

Equation 4.S indicates that the total drug aqueous solubility is a function of [Du], pKa, 
[Cm], and solution pH. The ionized species will be solubilized to a greater 

extent than the unionized species (i.e., [DjM] > [DuM]) if iQ[Di] > iCu[Du]. This 

condition will be met if > Ki,, i.e., if pKa - pH > logK^ - logiQ. This is 
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similar to a previously developed equation which describes solubilization by pH 

control and complexation (Li, et al., 1998). 

Solubilization bv Cosolvent 

Unlike surfactants, cosolvents form homogeneous solutions with water. These 

solutions act as new solvents that have polarities between that of water and the pure 

cosolvents. In any cosoivent-water mixture, the concentrations of the unionized 

species [D^^u] and the ionized species [D^^O are in equilibrium as described by Equation 

4.2. The total solubility in the mixed solvent [D*°*] is. 

The value of [D'^u] is related to the cosolvent concentration [C] in the mixture and the 

solubilizing power for the unionized drug Oa (Yalkowsky, 1999) by. 

Similarly, the value of [D^] is related to the solubilizing power for the ionized drug Oj 

[D"']=[D%]+[D=,] (4.6) 

(4.7) 

by. 

(4.8) 
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Equation 4.8 can be expressed as. 

[D'i ]= [D„ ]- (4.9) 

Substituting Equation 4.7 and Equation 4.9 into Equation 4.6 gives. 

[D'™ ]= [D„ ]- + [D„ ]- (4.10) 

The total drug solubility in a mixed solvent can therefore be described in terms of 

[Du], CTu, CTi, pKa, [C], and solution pH. In general, the solubilizing power of the 

cosolvent for the ionized species G, is smaller than that of the unionized species Cu. 

As a result, the unionized species is often assumed to be primarily responsible for the 

improvement of total drug solubility. However, Equation 4.10 indicates that the 

solubilization of the ionized species can be more important than that of the unionized 

species in determining total drug solubility. In fact, the concentration of the ionized 

species will exceed that of the unionized species if the difference between the drug's 

pKa and the solution pH is greater than the difference between the solubilization 

powers of the cosolvent for the unionized species to that of the cosolvent for the 

ionized species, i.e., pKa-pH > (Tu-Oj. 
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In this report, the effect of the ionized species on the total drug solubility by either 

micellization or cosolvency (as predicted by Eqs. 4.5 and 4.10, respectively) is 

confirmed using a weakly basic drug, flavopiridol. 

MATERIALS 

Flavopiridol was provided by the National Cancer Institute and used as received. All 

other chemicals were reagent grade and purchased from Sigma (ST. Louis, MO) or 

Aldrich (ST. Louis, MO) and used without further purification. Citrate-phosphate 

buffers were prepared according to Scientific Tables (Diem and Lentner, 1974). 

Samples for the solubilization studies were prepared in a series of either polysorbate 

20 or ethanol solutions at concentrations of 0%, 1.25%, 2.5%, 5%, 10%, and 20% in 

citric-phosphate buffers at pH 4.3,5.0, and 8.4. 

METHODS 

Solubility Determination 

An excess amount of flavopiridol was added to vials containing 0.5ml of an aqueous 

solution of either polysorbate 20 or ethanol. The sample vials were then rotated at 20 

rpm using an end-over-end mechanical rotator (Glas-Col Laboratory Rotator, Terre 

Haute, IN)) at 25°C for 6 days. Samples with drug crystals present were then 

considered to have reached their equilibrium solubility and were removed ftom the 
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rotator. The samples were filtered through a 0.45-jmi filter and the pH at equilibrium 

was measured before performing the HPLC analysis. 

HPLC Analysis 

The HPLC assay used an EPS C18 column (100 cm X 4.6 mm, Alltech, Deerfield, IL) 

with a mobile phase composed of acetonitrile and 50 mM phosphate buffer at pH 3.0 

(ratio 35: 65). The flow rate was controlled at 1 ml/min (125 Solvent Module, 

Beckman); the effluent was detected at 263 nm (168 detector, Beckman). All 

experimental data are the average of duplicate values with a CV less than 3%. 

RESULTS AND DISCUSSIONS 

Solubilization bv Surfactant 

In Figure 4.1, the experimental total aqueous solubility is plotted against the 

concentration of polysorbate 20 at pH 4.3 (open circles) and pH 8.4 (open squares). 

Although linearity between the drug aqueous solubility and the surfactant 

concentration is observed at both pHs, the solubilization slopes are quite different. 

The solubilization slope at pH 4.3 is approximately 15-fold higher than the slope at pH 

8.4. 

These solubilization slopes can be used to calculate polysorbate 20 micellar partition 

coefficients for unionized and ionized flavopiridol via Equation 4.5. The calculated 
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values are Ku = 333.3 M and iQ = 185.4 M"', respectively. The lower micellar 

partition coefficient for the ionized drug is obviously due to its greater affinity for 

water. 

With [Du], pKa, Ku, and iq, we can calculate [Dj], [DuM], and [DjM] at any given 

combination of surfactant concentration and solution pH by using Eqs. 4-2, 4.3, and 

4.4, respectively. Table 4.1 lists these values and the experimental total drug solubility 

for a 10% surfactant concentration at pH 8.4, 5.0, and 4.3. It is seen that the highest 

total drug solubility is achieved at pH 4.3 where most of the drug is ionized. At this 

pH [Di] accounts for 5% of total solubility and [DjM] accounts for approximately 

88%. The high concentration of the [DjM] is primarily responsible for the higher total 

solubility in the acidic solution than in the neutral solution. Note that [DuM] remains 

constant at all pH conditions, since it is only determined by [Du] and K;,, both of which 

are pH-independent. 

Solubilization by Cosolvent 

Figure 4.2a shows the experimental aqueous solubility of flavopiridol vs. the 

concentration of ethanol at pH 4.3 (open circles) and pH 8.4 (open squares). Unlike 

the linear surfactant solubilization curves, the drug solubility increases exponentially 

as the cosolvent concentration increases. Again, the solubilization curves are different 



at different solution pHs. The drug solubilities in both water and 10% ethanol solution 

at pH 4.3 are about 20-fold greater than that at pH 8.4. 

Figure 4.2a can be re-plotted semilogarithmically as is seen in Figure 4.2b where 

nearly parallel linear relationships between log[D""] and cosolvent volume fraction are 

evident at both pHs. This linearity persists up to 20% cosolvent. The slopes at pH 4.3 

and pH 8.4 show that Cu and aj are quite similar, with values of 0.06 and 0.05 %'\ 

respectively. 

Table 4.2 lists the experimental total drug solubility [D'°*] in 10% cosolvent and the 

calculated [D'^u] and [D^j] via Equation 4.7 and Equation 4.9. As in surfactant 

solubilization, the total drug solubility in cosolvent is much higher at pH 4.3 than that 

at pH 8.4. Although the solubility of flavopiridol increases by nearly the same factor 

at both pH values, the amount of drug solubilized is much greater at the lower pH. 

This occurs because the concentration of ionized drug far exceeds the 

concentration of the unionized drug [D'^u] in the solution at pH 4.3. It is also noted that 

the value of [D*^u] is pH-independent. 

Validation of Equations 

The calculated solubilities (dotted lines), via Equation 4.5 for polysorbate 20 solution 

and via Equation 4.10 for ethanol solution, are compared in Figure 4.1 and Figure 4.2 

with the experimental solubility data (open triangles) at pH 5.0, respectively. The 
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strong agreement between the predicted and the observed solubility data supports the 

validity of both Equation 4.5 and Equation 4.10. 

CONCLUSIONS 

A pH change that favors the ionization of the drug not only increases the solubility of 

the ionized species in water, but also increases the solubility of the ionized species in 

both micelles and cosolvent. This is independent of the values of the micellar partition 

coefficient and the solubilization power. Furthermore, the solubilities of the ionized 

species in the micelles and cosolvent can exceed those of the unionized species. 

For micellization: 

[DjM] > [D„M], if (pK, -pH)> (logK„ -logK;) 

For cosolvency: 

\P'i\ > [D-^u], if (pK. -pH)> (a„-a,) 

Note that these are similar to the following relationship, which was previously 

derived for complexation 

[D.,L] > [D„L], if (pK. -pH)> (logK„ -logK^) 

where Ku and Kj are complexation constants for the unionized and ionized solutes, 

respectively and [DuL] and [DjL] are the concentrations of the corresponding 

complexes. 
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Figure 4. 1. Experimentally determined flavopiridol solubilities (symbols) and 
calculated solubility (dotted line) in polysorbate 20 solutions at different pHs. 
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Figure 4.2a. Experimental flavopiridol solubilities (symbols) and calculated solubility 
(dotted line) in ethanol solutions at different pHs. 
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Table 4. 1. Concentration of various flavopiridol species (mM) in 10% polysorbate 20 
under different pHs. 

pH Total Free Micelled Free Micelled 

unionized unionized ionized ionized 

[D""] PU] [DuM] [Di] [DiM] 

8.4 1.85 0.06 1-79 0.00 0-00 

5.0 6.92 0.06 1.79 0.29 4-78 

4.3 27.3 0.06 1-79 1.44 24.0 
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Table 4.2: Concentration of two flavopiridol species (mM) in 10% ethanol under 
different pHs. 

pH Total Unionized Ionized 

[D'i] 

8.4 0.25 0.25 0.00 

5.0 1.19 0.25 0.94 

4.2 4.98 0.25 4.73 
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CHAPTER 5. SOLUBILIZATION OF FLAVOPIRIDOL BY PH CONTROL 

COMBINED WITH COSOLVENTS, SURFACTANTS, OR COMPLEXANTS 

SUMMARY 

This study investigates the roles of both ionized and unionized species of flavopiridol 

in solubilization by complexation, micellization, and cosolvency. pH control was used 

in combination with surfactants (polysorbate 20 and polysorbate 80), cosolvents 

(ethanol and propylene glycol), as well as uncharged and anionic complexing agents 

(HPPCD and SBEPCD) to solubilize flavopiridol. These combined techniques 

increase not only the solubility of the unionized flavopiridol, but also the solubility of 

the ionized drug. This study confirms that previously developed equations effectively 

characterize the roles of pH, pKa, and either complexation constant, micelle partition 

coefficient, or cosolvent solubilizing power in determining drug total aqueous 

solubility. 

INTRODUCTION 

Flavopiridol is a synthetic derivative of rohitukine that is currently undergoing clinical 

trails by the National Cancer Institute as an anti-neoplastic agent. This compound is a 

potent CDK inhibitor and promotes apoptosis when combined with other 

chemotherapeutic agents (Schwartz, et al., 1996). It has a water solubility of 0,025 

mg/ml, which is 400 times lower than the desired concentration for intravenous 
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infusion. Although this compound has an apparent pKa value of 5.86, solubilization 

using pH control could not produce a stable 10 mg/ml solution that does not 

precipitate upon injection (Dannenfelser, et al., 1995). Furthermore, other 

solubilization techniques such as cosolvency, micellization, and complexation were 

ineffective in providing adequate solubilization within a physiologically acceptable 

vehicle (Dannenfelser, et al., 1995). 

In a previous study, we investigated the combined effect of pH control and 

complexation on drug solubilization (Li, et al., 1998). It was shown that the solubility 

of the complex is proportional to the product of the complexation constant and the 

solute solubility for both the unionized and ionized solutes. Though the ionized solute 

has a smaller complexation constant, it has greater water solubility compared with that 

of the unionized solute. A change in pH favoring solute ionization will not simply 

increase the solubility of the solute in water, it will increase the solubility of the 

complex, because the latter is proportional to solute concentration. Further studies 

also suggest that, under certain circumstances, the solubilization of the ionized solute 

by either cosolvent or surfactant is more important than the solubilization of the 

unionized solute in determining the total solubility (Li, et al., 1999). It is of note that 

the current iv flavopiridol dosage form used for clinical trails is formulated in a 

lOmg/ml solution by using pH control in combination with complexation. This 
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formulation does not precipitate upon dilution by isotonic Sorensen's phosphate buffer 

(Dannenfelser, et al., 1995; Li, et al., 1999). 

This work compares the role of ionized flavopiridol species to the role of unionized 

species in drug solubilization by complexation, micellization, and cosolvency. pH 

control is used in combination with surfactants (polysorbate 20 and polysorbate 80), 

cosolvents (ethanol and propylene glycol (PG)) as well as the uncharged and anionic 

complexing ligands (HPPCD and sulfobutyl ether P-cyclodextrin (SBEPCD)), 

respectively. 

OH 

HO-

.OH 

ins 

Flavopiridol 

MATERIALS 

Flavopiridol was provided by the National Cancer Institute and used as received. 

Hydroxypropyl P-cyclodextrin (HPpCD), having an average molecular weight of 1390 

with an average degree of substitution of 4.4 was obtained from Cyclodextrin 

Technologies Development Inc. (Gainesville, FL). Sulfobutyl ether P-cyclodextrin 
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(SBEPCD), having an average molecular weight of 2162.01 and an average degree of 

substitution of 7, was a gift from CyDex, L.C. (Overland Park, KS). All other 

chemicals were of reagent grade and purchased from Sigma (St. Louis, MO) or 

Aldrich (St. Louis, MO) and used without further purification. Citrate-phosphate 

buffers were prepared according to Scientific Tables (Diem and Lentner, 1974). 

METHODS 

Solubility Determination 

An excess of flavopiridol was added to duplicate vials containing 0.5nil of the 

following solutions: HPPCD, SBEPCD, polysorbate 20, polysorbate 80, ethanol, and 

propylene glycol with concentrations of 0, 2.5, 5, 10, and 20% in citric-phosphate 

buffers at pH 4.3, and 8.4. The sample vials were then rotated using an end-over-end 

mechanical rotator at 20 rpm (Glas-Col Laboratory Rotator, Terre Haute, IN) at 25°C 

for 6 days (preliminary data indicate that flavopiridol is stable for two months under 

these conditions). Samples with drug crystals present were considered to have reached 

their equilibrium solubility and were removed from the rotator. The samples were 

filtered through a 0.45-^m filter and the pH at equilibrium was measured before 

performing the HPLC analysis. 
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HPLC Analysis 

The HPLC assay was modified from a previous report (Li, et al., 1998). Briefly, a 

Pinnacle octyl Amine column (150 cm X 4.6 mm, Restek, Bellefonte, PA) was used 

with a mobile phase composed of 0.1% triethylamine in 50 mM phosphate buffer at 

pH 2.5 (adjusted by H3PO4) and acetonitrile in a ratio of 35: 65. The flow rate was 

controlled at 1 ml/min (125 Solvent Module, Beckman, Fullerton, CA); the effluent 

was detected at 263 nm (168 detector, Beckman, Fullerton, CA). Neither the buffer 

nor any of the solubilizing agents interfere with the assay. 

RESULTS AND DISCUSSIONS 

Solubilization bv pH Control and Complexation 

Figure 5.1 shows the effect of the complexation agents, HPPCD and SBEPCD, upon 

the solubility of flavopiridol at pH 4.3 and pH 8.4. The drug solubility in the absence 

of either HPpCD or SBEpCD is approximately 0.055 mM at pH 8.4 and 1.37 mM at 

pH 4.3. The solubility increases linearly as a function of the concentration of both 

cyclodextrins at both pH conditions. However, the solubility increase is far more 

significant at the low pH where the drug is cationic. For example, in the presence of 

10% HPpCD, its solubility is 6-fold greater at pH 4.3 than that at pH 8.4. Similarly, 

when SBEpCD is used, the solubility difference between the two solution pHs is 12-

fold. 



Li et al. (1998) showed that Equation 5.1 describes the dependency of total solubility 

of a drug on the concentration of complexation ligand at any pH. 

[D™ ]= [D„ ]+ [D„ ]- + K„ • [D„ ]. [L]+ Kj - [D„ ]• lO^'"'.-''»>. [L] (5.1) 

where [Du] is the solubility of free unionized drug, [L] is the ligand concentration, and 

Ku and Ki are the complexation constants of the unionized and of the ionized species, 

respectively. The equation describes the total solubility as the sum of four species: 

free unionized drug [DJ, free ionized drug unionized drug-ligand 

complex Ku-[Du]-[L], and ionized drug-ligand complex The 

solubility data from Figure 5.1 were used to calculate the complexation constants of 

neutral and cationic flavopiridol species with a neutral ligand, HPpCD, or with an 

anionic ligand, SBEPCD, via Equation 5.1. The values obtained are Ku = 485 M"' and 

Ki = 149 M"' for HPpCD, and K„ = 991 M ' and Ki = 421 M*' for SBEpCD, 

respectively. 

Despite the fact that the complexation constant is greater for the uncharged than for the 

cation, the latter is often more efficiently solubilized. The solubility of a weak base 

increases exponentially with a decrease in solution pH below its pKa. As a result, the 

ratio of the solubility of the ionized to unionized drug often exceeds the ratio of the 

complexation constant of the unionized to ionized drug, i.e., 10*'^"''"^ > Ku/K,- (or 
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[H]/Ka > Ku/Ki). Accordingly the cationic drug-llgand complex can have a greater 

solubility than the unionized drug-ligand complex. This is consistent with the results 

of other studies (Okimoto, et al., 1996; Johnson, et al., 1994; Yalkowsky, 1999). 

Solubilization bv oH control and Micellization 

Figure 5.2 shows the solubility of flavopiridol as a function of both surfactant 

concentration and pH of the solution. An increase in the concentration of surfactants, 

either polysorbate 20 or polysorbate 80, produces a linear increase in drug solubility. 

Again, the solubility increase is much greater at pH 4.3 than that at pH 8.4. This 

phenomenon can be described by Equation 5.2 (Li, et al., 1999), 

[d" ] = [D„ ]+ [D„ ]- lO<'"'.-''"> + K„ • [D J. [C„]+ Ki - [D„ ]• . [c„ ] (5.2) 

where KU and are micellar partition coefficients for the unionized species and the 

ionized species of drugs, respectively, and [Cm] is micellar concentration. The value 

of [Cm] is approximately equal to the total surfactant concentration when the critical 

micellar concentration is small. Note that Equation 5.2 is analogous to Equation 5.1 

which characterizes solubilization by combined pH control and complexation. 

The solubility data from Figure 5.2 are incorporated into Equation 5.2 and the micellar 

partition coefficients are calculated to be KU - 375 M and Ki = 194 M with 



polysorbate 20, KU = 551 Mand IQ = 214 M with polysorbate 80, respectively. The 

lower micellar partition coefficients for the cation is obviously due to its greater 

affinity to water. According to Equation 5.2, the solubility of drug in micelles is 

determined by the product of the micellar partition coefficient and drug water 

solubility, i.e., Ku lPul for the unionized drug and iQ [Dil for the ionized drug. As in 

the case of complexation, the solubility of the drug in micelles will be greater for the 

ionized species than for the unionized species if > KU/IQ. Again, the greater 

solubility of ionized drug in micelles at pH 4.3 results from its greater solubility in 

water. The slightly higher solubilization capacity of polysorbate 80 in comparison 

with polysorbate 20 is because of the larger hydrophobic core produced by its longer 

alkyl chains. 

Solubilization bv oH Control and Cosolvencv 

Figure 5.3a shows the effects of ethanol and propylene glycol upon the total solubility 

of flavopiridol as a function of pH. Unlike the effects of complexant or surfactant, an 

increase in the concentration of cosolvents produces an exponential increase in drug 

solubility. Once more, the drug solubility at pH 4.3 is much higher than that at pH 8.4. 

In a previous study (Li, et al., 1999), the pH related solubilization produced by a 

cosolvent was described by. 
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[0'"]= [D J-10""f^^ + [D •10®'^'^^ (5.3) 

where [C] is the cosolvent concentration and Cu and Cj are the solubillzing powers of 

the cosolvent for the unionized and the ionized species, respectively. Note that since 

the values of CTu and G\ are dependent upon the polarity of the solute, an will be greater 

than Oi for both cosolvents. If the difference between the drug pKa and the solution pH 

is greater than the difference between the cosolvent solubilizing powers for the 

unionized species and for the ionized species, i.e., pK, - pH > Cu - Ou then the 

solubilization of the charged species can exceed that of the neutral species. 

Figure 5.3a can be re-plotted semi-logarithmically as is seen in Figure 5.3b where 

linear relationships between log[D'°'] and cosolvent volume fraction are evident at 

both pHs in both cosolvents. The slopes at pH 4.3 and pH 8.4 show that <Ju and CTJ are 

only slightly different, with values of 0.06 and 0.05 for ethanol, and 0.05 and 0.04 for 

propylene glycol. Although the unionized drug solubility increases by a slightly higher 

factor them that of the ionized drug (i.e., Ou > Oi for both cosolvents), the amount of 

drug solubilized is much greater at the lower pH where the drug ionizes. This is 

because the concentration of cation far exceeds the concentration of the uncharged 

drug in the solution at pH 4.3. It was also observed that both <Tu and Oi in ethanol are 

slightly larger than those in propylene glycol. This larger increase in drug solubility is 

results from the fact that ethanol is less polar than propylene glycol. 
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CONCLUSIONS 

As described by Equations 5.1, 5.2, and 5.3, pH control can be used in combination 

with complexation, micellization, or cosolvency, respectively, to improve the ionized 

drug solubility as well as the unionized drug solubility. These equations characterize 

the effects of unionized and particularly ionized species with respect to the pH, pKa, 

and either the complexation constant K, micelle partition coefficient k, or solubilizing 

power o. They provide a theoretical background for understanding the dynamics of 

these combined techniques. The knowledge gained in this study may help in 

producing physically stable formulations for weakly ionizable drugs. 
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CHAPTERS. SOLUBEJTY AND SOLUBILIZATION OF lONEABLE DRUGS 

USING THE COMBINED APPROACH OF PH AND COMPLEXATION 

INTRODUCTION 

Solubility enhancement is often required for parenteral formulation design. This is 

especially true for poorly water-soluble drugs, as it is often necessary to deliver the 

desired dose in a limited volume of aqueous liquid (Yalkowsky, 1999; Sweetana and 

Akers, 1996; Rubino,1984; Powell, et al., 1998). Over the years, a variety of 

solubilization techniques have been developed and used including pH control, 

cosolvency, micellization, and complexation (especially by cyclodextrins) 

(Yalkowsky, 1999; Martin, 1993, Sweetana and Akers, 1996). It is of note that there 

are certain limitations to each of these techniques. For example, a solution pH lower 

than 3 or higher than 9 may cause pain and local irritation. High cosolvent 

concentration may produce high viscosity, toxicity, and precipitation of the solubilized 

drug upon injection. Also many surfactants and cyclodextrins are nephrotoxic 

precluding their application to parenteral formulations (Sweetana and Akers, 1996; 

Nema, et al., 1997; Selander, et al., 1981; Ward and Yalkowsky, 1993). 

In the past ten years, much attention has been paid to the combined use of these 

solubilization techniques (Li, et al., 1998; Li, et al., 1999; Okimoto, et al., 1996; 

Lostsson and Brewster, 1996; Savolainen, et al., 1998). For many ionizable drugs. 



combined approaches of pH control with either cosolvents, surfactants, or 

cyclodextrins have generated a greater solubility enhancement as opposed to when 

each technique is employed alone (Li, et al., 1998; Li, et al., 1999; Okimoto, et al., 

1996; and Dyer, D. L., 1959; ). This is particularly pronounced in the use of pH 

control and complexation (Li, et al., 1998; Menard, et al., 1988). 

This study aims to understand the fundamentals and various factors that come into 

play in the combined use of pH control and cyclodextrins, and to review many recent 

applications in the field. 

MATHEMATICAL DESCRIPTION 

Several different methods have been proposed to describe the total drug solubility of 

an ionizable drug in a pH controlled complexation ligand (cyclodextrin) solution (Li, 

et al., 1998; Lostsson and Brewster, 1996; Yalkowsky, 1999). In a previous study we 

investigated dmg total solubility in aqueous cyclodextrin solutions at different pHs 

based on the assumption that both the unionized and the ionized drug species form a 

1:1 complex with cyclodextrin (Li, et al., 1998). The total solubility [DtoJ is 

calculated as the sum of the concentrations of four species in solution: unionized 

drug [Du], free ionized drug [Di], unionized drug-ligand complex [DuL], and ionized 

drug-ligand complex [DjL]. 



[D„l=[D.]+[D,]+[D,L]+[DiLl 
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(6.1) 

The concentrations of the ionized drug and the unionized drug for a weak base are 

related by Henderson-Hasseibalch equation. 

The concentration of unionized drug-ligand complex, [DuL], is related to the 

complexation constant for the unionized species Ku and the total ligand concentration 

[Ltoi] by, 

[D.L]=K.[D.HL„1 (") 

where the value of K„ depends upon the polarity of the unionized solute and its steric 

fit into the complexing ligand. Siimlarly the concentration of ionized drug-ligand 

complex, [DjL], is related to the complexation constant for the ionized species Kj and 

can be expressed as. 

[D,L]=K,[D,][L„] (6.4) 
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where the value of Kj is associated with the polarity of the ionized solute and its fit 

into the complexing ligand. Inserting Equations 6.2, 6.3, and 6.4 into Equation 6.1 

gives: 

[D,«]= [D. ]+ [D. JO'"'--'"' + K. [D. ]• [L„]+ K, [D, Jo'"'--'"' [L„] (6 J) 

Note that the Equation 6.5 is the sum of four items which, as shown by Equation 6.1, 

represents four different drug species in the pH controlled cyclodextrin solutions. The 

following is evident from Equation 6.5: 

a) in the absence of ligand. Equation 6.5 can be written as the sum of the first two 

items, i.e.. 

b) in the absence of ionized drug. Equation 6.5 can be written as the sum of the first 

item and the third item, i.e.. 

[D'" ]= [D„ ]+ [D„ (6.5a) 

(6.5b) 
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c) when the two approaches are used in combination, it is necessary to include the 

fourth item, (DjL), which accounts for the synergistic effect of the combined approach. 

This is rather interesting: a pH change that favors the ionization of the drug not only 

increases the solubility of the ionized species in water, but also increases the solubility 

of the ionized species in cyclodextrin, i.e., [DjL]. Put another way, the favored 

solution pH greatly increases the availability of the ionized species so that it can be 

complexed into the cyclodextrin cavity. This is independent of the two drug-ligand 

complexation constants, Ku and Ki. Even though Ki is far smaller than Ku for many 

ionizable drugs, the total drug solubility is increased dramatically at a solution pH 

where the drug is ionized as a result of the existence of DjL, i.e., the synergistic effect. 

The slope, x, in the solubility-ligand concentration plot is often used to describe the 

ligand solubilizing capacity of a drug. According to Equation 6.5, the slope for the 

unionized drug and the ionized drug, Tu and v,, can be given as 

^U=k„[DJ (6.6) 

(6.7) 

The total solubilizing slope TIM can be expressed as the sum of to and tj, i.e.. 



(6.8) 

Equation 6.8 shows that TWI is always either equal to or greater than TU- For a weak 

base the value of T,ot increases dramatically with pH when (pKa-pH) is positive, i.e., 

when its pKa is above the solution pH. 

A plot of Equation 6.5 is given in Figure 6.1 for a weak base with a pKa of 6.0. Both 

the total solubility and solubilization slope values are greater at pH 4.0 where the drug 

is ionized than those at pH 6.0 where the drug is unionized, even though the 

complexation constant of the unionized drug is 20-fold greater than that of the ionized 

drug. 

EFFECT OF SOLUTION PH 

Since ionization of the drug increases the availability of the ionized species for 

complexation with the cyclodextrin cavity, a change in solution pH favoring ionization 

increases the amount of drug solubilized not only in water but also in cyclodextrin. 

This is independent of the complexation constants of the ionized species and the 

unionized species. Menard et al. (1988) reported that the solubility of phenytoin (pKa 

8.2) could be dramatically increased if pH control is employed along with 

complexation. The data in Table 6.1 show that although the apparent complexation 
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constant is 3-fold greater for the unionized drug (pH S) than that for the ionized drug 

(pH 9), the latter has a 5-fold greater total solubility. 

The levemopamil study by McCandless (1998) is particularly interesting. 

Levemopamil is a basic drug with a pKa of 8.9 in pure aqueous solution. Figure 6.2 

shows that solution pH plays a much more important role in solubility enhancement in 

the presence of 20% cyclodextrin than in the absence of cyclodextrin. For example, in 

absence of cyclodextrin, an increase in solution pH to 5.8 (where the drug is totally 

ionized) only produces a small drug solubility increase (approximately 2.2 mg/ml). 

However, in presence of 20% cyclodextrin, raising solution pH to the same value of 

5.8, the drug solubility is increased to 25 mg/ml, out of which at least 21 mg/ml is 

solely contributed by the ionized dnig-ligand complex (DjL) species. Note that the 

complexation constant Ku is 1502 M and Kj is 30.4 M "V 

Our previous study on flavopiridol, a weak base with a pK^ of 5.8, is also quite 

illustrative (Li, et al., 1998). The drug has a much higher solubility in 10% HPPCD at 

pH 4.3 than that at pH 8.4. Since the solubility difference is much more than what can 

be by ionization alone, some of the increase must be attributed to the formation of 

ionized drug-ligand (DiL) species. As is shown in Table 6.2, at pH 4.3 where the drug 

is ionized, the total solubility is 14.24 mg/ml. The new species, DiL, accounts for 

more than 75% of the total solubility and the finee ionized species, Di, only accounts for 
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10% of the total drug solubility. This is in spite of the fact the ionized flavopiridol has 

a smaller complexation constant (K; = 149 M'') than its unionized counterpart (Ku = 

485M"'). 

Indomethacin is an acidic drug with a pK^ of 4.81. Figure 6.3 shows the normalized 

apparent complexation constant and the solubilizing slope of HPPCD as a function of 

solution pH (Backensfeld, et al. 1991). The slope, T, in the solubility-ligand 

concentration plot is often used to describe the ligand solubilizing capacity of a drug. 

The higher the value of T, the greater amount of drug solubilized in cyclodextrin. It is 

seen that although the value of the complexation constant decreases approximately 10-

fold as solution pH increases, the value of x is over 20-fold greater in the basic media. 

Studies on other basic drugs confirm the results obtained for phenytoin, levemopamil, 

flavopiridol, and indomethacin described above, and support the use of Equation 6.5. 

These include papaverine, miconazole, KIN-272, and thiazolobenzimidazole with 

either the anionic SBEPCD or the neutral cyclodextrins, HPpCD and pC3D. Table 6.3 

lists Xu and Xi for the aforementioned drugs. In each of the cases, the Xi is greater than 

or equal to the Xu. Note that the data for the two drugs where the Xi /Xu ratio is near 

unity, i.e., papaverine and miconazole, are likely a result of the small difference 

between pH used in the study and the pKg of the drugs, which makes [D;], i.e., 

[Du]xl0^'''^'''"\ approximately equal to [Du]. 
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EFFECT OF COMPLEXATION CONSTANT 

As indicated by Equation 6.5, the total solubility is also a function of the complexation 

constant. At any given solution pH, ionization of drug molecule often decreases the 

complexation constant. Table 6.4 lists the complexation constants of the unionized 

species (Ku) and the ionized species (Kj) for a number of drugs. It can be seen that in 

many cases the complexation constant of the unionized species is over 3-fold greater 

than that of the ionized species. There are also exceptions. For example, the 

complexation constant for nitrophenolate ions with a-cyclodextrin was reported by 

Bergeron, et al. (1977) to be greater than those for the corresponding nitrophenols. 

Since cosolvent addition reduce the intermolecular hydrogen-bonding interactions, the 

ability of cyclodextrin to complex with both unionized and ionized drug species in a 

new cosolvent-water system is much lower than that in a pure aqueous system. For 

example, the complexation of ketoprophen with HPPCD was studied at different 

concentrations of four alcohols: methanol, ethanol, propanol, and butanol (Junquera 

and Aicart, 1997). Figure 6.4a and 6.4b show the complexation constants of the 

unionized species and ionized species as a function of alcohol concentration. The 

complexation constant decreases as the concentration of the alcohol increases. At the 

same alcohol concentration, the longer the chain length of the alcohol, the more 

pronounced reduction on the complexation constant Interestingly, the ratio of the 



complexation constant of the unionized species over the ionized species remains 

approximately constant, irrespective of both the chain length of the alcohol and the 

amount added. The study also examined the salt effect on ketoprophen and HP^CD 

complexation. Salts such as CaCh, ZnCla, and KCl at concentrations up to 0.05 M 

were found to have no effect on the complexation constant. 

The interaction between the charge of a drug and the charge on an ionic cyclodextrin 

was found to affect the degree and strength of complexation. Anionic charged 

cyclodextrins were reported to increase the solubility of cationic charged drug 

molecules more than neutral cyclodextrins. Similarly, cationic charged cyclodextrins 

preferentially increase the solubility of the anionic charged drug molecules. Li et al. 

(1998) investigated the solubilization of both anionic SBE^CD and neutral HPpCD on 

flavopiridol, a weakly basic drug, and found that SBE^CD is a more effective 

solubilizer than HPPCD. This is especially true in acidic solution where the drug is 

mostly cationic (see Figure 6.5). The complexation constant of the unionized 

flavopiridol is 2-fold greater with SBEPCD than with HPPCD. However, the 

complexation constant of ionized flavopiridol is approximately 3-fold greater with 

SBEpCD than with HPpCD. The ratio of Kj/Ku is 0.31 for HPpCD and 0.42 for SBE 

pCD. This is a result of the electrostatic attraction between the positively charged 

flavopiridol and the negatively charged SBEpCD. The dependence of the Ki/Ku ratio 

on charge-charge interactions was reported in studies on basic drugs such as 
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papaverine, miconazole, and KIN-272, and on acidic drugs such as indomethacin, 

naproxen, and warfarin with either SBEPCD or HPpCD (see Table 6.5). In all cases 

IC / IC the rauo ' is greater than unity for basic drugs and are less than unity for K,/K, 

acidic drugs. 

CONCLUSIONS 

As described by Equation 6.5, the combined use of pH and complexation produces a 

synergistic effect on solubilization of ionizable drugs as a result of the existence of a 

new species, i.e., ionized drug-ligand complex (DjL). The equation characterized the 

synergistic effect with respect to the pH, pKa, complexation constant K of the ionized 

drug provides theoretical background for understanding the dynamic of the combined 

approach. The solubilization studies of flavopiridol and other drugs from literatures 

confirm and support the use of Equation 6.5. 
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Figure 6. 1. Illustrative scheme of solubilization by pH and complexation for a weak 
base, with an intrinsic solubility of 0.1 mM, pKa = 6.0, Ku = 1000 NT', and Kj = 50 



Table 6. 1: Phenytoin apparent complexation constant (K) and total solubility (D'**) 
0.012 m P-cyclodextrin at various pHs (Menard et al.,1988) 

PH K(M-') [D'""] (mM) 

5 847.9 1.0 

7 923.9 1.1 

8 695.9 1-4 

9 277.0 5.0 
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Figure 6. 2. Solubility of levemopamil vs. solution pH in 0% and 20% HPpCD 

(McCandless, et al., 1998) 
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Table 6. 2: Flavopiridol solubility in 10% HPpCD at acidic and basic solution pH 

Total Free Complexed Free Complexed 
Solubility Unionized Unionized Ionized Ionized 

pH [D„] [D„L] [DJ [DiL] 

8.4 1.86 0.06 1.8 0.0 0.0 

4.3 14.26 0.06 1.8 1.5 10.9 

Li, etal., 1998 



Figure 6. 3. Nonnalized complexation constant (K, M*') and solubilizing capacity (x) 
vs. solution pH (Backensfeld, et al.,1991) 



Table 6.3: Solubilizing capacity for unionized (Tu) and ionized drug species (ti). 

SOLUTE LIGAND pKa pH TJ pH Xo tj/tu 

Phenytoin ' HPpCD 8.30 7.4 0.1 11.0 0.96 9.6 

Phenytoin ' SBEpCD 8.30 7.4 0.1 11.0 0.96 9.6 

Levemopamil ^ HPpCD 8.90 4.0 0.98 10.6 0.16 6.1 

Flavopiridol ^ HPpCD 5.68 4.4 0.18 8.4 0.03 6.0 

Flavopiridol ^ SBEpCD 5.68 4.4 0.64 8.4 0.05 11.8 

Indomethacin * HPpCD 4.81 7.0 0.45 4.0 0.01 45.0 

Indomethacin SBEpCD 4.81 7.0 0.4 4.0 0.02 20.0 

Papaverine * HPpCD 6.78 6.0 0.01 8.0 0.01 1.0 

Papaverine SBEpCD 6.78 6.0 0.03 8.0 0.02 1.5 

Miconazole * HPpCD 6.91 6.5 0.002 8.0 0.002 1.0 

Miconazole SBEpCD 6.91 6.5 0.007 8.0 0.004 1.8 

Glisentide ' pCD 6.30 4.2 0.003 8.6 0.2 67.0 

KIN-272 ^ SBEpCD 5.12 3.5 0.03 7.0 0.003 10.0 

Thiazolobenz- HPpCD 3.55 2.2 0.08 7.0 0.03 2.7 

imidazole ^ 

I: Savolainen, et al., 1998 
2: McCandless, et al. 1998 
3; U, et al., 1998 
4: Okimoto, et al., 1996 
5: Tinwalla, et al., 1993 
6: Johnson, et al., 1994 
7: Zomoza, et al., 1998 
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Table 6.4; Complexation constant (NT*) for unionized (Ku) and ionized drug species 
(Ki) 

Solute Ligand K„ Ki KJKi 

Cinnamic acid aCD 2260 110 20.5 

Prostaglandin F2a ' aCD 182 22 8.4 

4-Cyanobenzoic Acid aCD 713 115 6.2 

Phenytoin'' pCD 848 277 3.1 

5-Phenylbarbituric Acid pCD 1690 190 8.9 

Chlorpromazine pCD 13100 3260 4.0 

Glisentide pCD 510 80 6.4 

Phenytoin ' HPpCD 1215 352 3.5 

Levemopamil HPPCD 1502 30 49.4 

Dihydroergotamine HPPCD 82 63 1.3 

Flurbiprophen HPpCD 9600 2530 3.8 

Ibuprofen HPpCD 15700 4700 3.3 

Ketoprophen HPpCD 1430 460 3.1 

KIN-272 ® HPpCD 95 20 4.7 

Naproxen HPpCD 2800 240 12.0 

Thiazolobenzimidazole ^ HPpCD 1033 81 12.8 

Thioctic Acid HPpCD 3410 2390 1.4 

Naproxen SBEpCD 4900 250 20 

Phenytoin ' SBEpCD 1267 476 2.7 

8: Thomas, et al., 1980 14: Helm, 1995 
9: Uekema, 1978 15: Junquera, et al., 1998 
10: Boudevile and Burgot, 1995 16: Junquera, et al., 1997 
11: Menard, 1988 17: Loftsson, et al., 1999 
12: Zomona, 1998 18: Junquera and Aicart, 1999 
13: McCandless, 1998 
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Figure 6. 4. Ketoprophen complexation constant (Ku, Kj) in HPpCD vs. alcohol 
concentration (Junquera and Aicart, 1997). 
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Figure 6. 5. Solubilization of flavopiridol by HPPCD and SBEPCD at acidic and basic 
pHs (Li, et al., 1999) 



Table 6.5; Complexation constants for unionized drugs (Ku) and ionized drugs (Ki). 

HPPCD SBEpCD 

SOLUTE pK. Ku Ki Ki/Ku Ku Ki Ki/Ku SBEpCD 

HPpcD 

Flavopiridol 5.68 485 149 0.31 991 421 0.42 1.36 

Papaverine 6.78 337 174 0.52 1000 937 0.94 1.81 

Miconazole 6.91 104000 42300 0.41 417000 410000 0.98 2.39 

KIN-272 5.12 95 20 0.21 292 96 0.33 1.57 

Indomethacin 4.81 1590 955 0.60 4710 819 0.17 0.28 

Naproxen 4.81 1600 331 0.20 3670 432 0.12 0.60 

Warfarin 4.79 2540 509 0.20 10100 262 0.03 0.15 

00 
ON 
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CHAPTER 7. COMBINED EFFECT OF COSOLVENT AND CYCLODEXTRIN ON 

SOLUBILIZATION OF NON-POLAR DRUGS 

SUMMARY 

Solubility enhancement has broad implications in parenteral formulation design. A 

simple mathematical model has been developed to describe the combined effect of 

cosolvency and complexation on non-polar drug solubilization. The total drug 

solubility is determined by the summation of three drug species present in the solution: 

free drug [D], drug-ligand binary complex [DL], and drug-ligand-cosolvent ternary 

complex [DLC]. The proposed model established the dependencies of these three 

species upon the intrinsic drag solubility, [Du], the cosolvent solubilizing power, <j, the 

binary and ternary intrinsic complexation constants, Kb"" and Kt'"\ and the cosolvent 

destabilizing powers for the binary and the ternary complexes, pb and pt. A non-polar 

solute, fluasterone, is used to evaluate the newly generated equation. The model 

explains the decline in drug solubility produced by low cosolvent concentrations as 

well as the increase in the solubility produced by high cosolvent concentrations that 

are observed at all cyclodextrin concentrations. 
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INTRODUCTION 

Solubility enhancement has broad implications in parenteral formulation design. This 

is especially true for poorly water-soluble drugs, as it is often necessary to deliver the 

desired dose in a specified volume of aqueous liquid. Over the years a variety of 

solubilization techniques have been studied and widely used including pH adjustment, 

cosolvent addition, surfactant addition and cyclodextrin addition (Martin, et. al., 1993; 

Yalkowsky, 1999; Sweetana and Akers, 1996; Loftsson and Brewster, 1996). 

Among these techniques, cosolvent and cyclodextrin addition are highly effective for 

non-polar solutes. As a water-miscible or partially miscible organic solvent, the 

cosolvent reduces strong water-water interactions and thereby reduces the ability of 

water to squeeze out non-polar solute (Yalkowsky, 1999). Cosolvency is often 

considered at early stages due to its huge solubilization potential. Because of their 

safety, cosolvents are employed in approximately 10% of FDA approved parenteral 

products (Sweetana and Akers, 1996). Cyclodextrins are cyclic oligomers of dextrose 

or its derivatives joined by a-l,4-linkages. They increase drug solubility by forming 

an inclusion complex with the non-polar region of the drug molecule (guest) being 

inserted into the cavity of the cyclodextrin molecule (host). Such a drug-ligand 

complex has a rigid structure and a definite stoichiometry, usually one-to-one at low 

ligand concentrations (Sweetana and Akers, 1996; Loftsson and Brewster, 1996; 

Connors, 1997). It is of note, however, that there exist clinical limitations to these 
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aforemeniioned methcxls (Yalkowsky, 1999; Sweetana and Akeis, 1996). For 

example, high concentrations of cosolvent have high viscosity, high tonicity, and 

phlebitis can result from precipitation of the solubilized drug upon iv injection 

(Yalkowsky, et. al., 1998; Rubino, 1984). In fact, ethanol in concentrations greater 

than 10% may well produce significant pain (Yalkowsky, 1999; Sweetana and Akers, 

1996). Some cyclodextrins have been reported to have significant renal toxicity 

(Sweetana and Akers, 1996; Rajewski and Stella, 1996). 

Recently, the combined use of cosolvency and complexation has drawn particular 

interest (Loftsson, et al., 1993; Pitha and Hoshino, 1992; Reer and Muller, 1993; Zung, 

et al.,1991). Zung et. al. (1991) observed synergistic effects of cosolvency and 

complexation in solubilizing pyrene by using a series of alcohols. The complexation 

constants of both pyrene/p-cyclodextrin and pyrene/y-cyclodextrin were found to be 

much greater in the presence of an alcohol than in pure water. It was suggested that 

the cosolvent acts as a space-regulating molecule so that the drug molecule can better 

fit into the cyclodextrin cavity. In other studies, it was found that the presence of 

cosolvents decreases the formation of drug-ligand complex. Pitha et al. (1992) 

reported that the complexation constant of testosterone with hydroxy propyl-p-

cyclodextrin (HPPCD) is ten thousand-fold lower in 80% ethanol than in water. They 

reasoned that the cosolvent may act by competing with the drug for entry into the 

cyclodextrin cavity or by reducing the solvent polarity. A similar antagonistic 
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cosolvent effect was observed for ibuprofen in a HPpCD-propylene glycol-water 

system (Loftsson, et al., 1993). 

Given the fact that both cosolvency and complexation have been well studied and 

understood, it is of interest to explore the mechanisms of the combined effect of the 

two techniques on non-polar drug solubilization, and to explore the dynamics among 

the solute, cosolvent and the cyclodextrin. The knowledge gained in this study may 

shed light on possible synergistic effects of this combined technique and be useful in 

future parenteral formulation design. 

This chapter aims at constructing a simple mathematical model to explain the 

combined effect of cosolvency and complexation on non-polar drug solubilization. 

The model will be evaluated by using fluasterone as non-polar solute, ethanol (EtOH) 

as cosolvent, and hydroxy propyl-p-cyclodextrin (HPPCD) as complexing ligand. 

Fluasterone (16a-fluoro-5-androsten-17-one) is a structural analog of 

dehydroepiandosterone that is being developed for cancer chemoprevention (Kelloff, 

et. al., 1996). 
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F 

Fluasterone 

THEORETICAL BACKGROUND 

Assumptions 

The proposed model is based upon the following assumption: the complex formed is 

either a drug-ligand (cyclodextrin) binary complex or a drug-ligand-cosolvent ternary 

complex with the stoichiometries assumed as 1:1 and 1:1:1, respectively. 

For a given complexant solution there is an equilibrium between the free drug and the 

drug-ligand binary complex. When a cosolvent is introduced into the solution, it not 

only changes the concentration of the free drug [D] and the binary complex [DL], but 

it also may be involved in the formation of a drug bearing ternary species, DLC (Zung, 

et al., 1991; Kano, et al, 1982; Hamai, 1989). hi the presence of a binary 1:1 complex 

and a ternary 1:1:1 complex, the total solubility of the drug [D*®*] is: 

Basics 

(7.1) 
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Free Drue 

The concentration of free (i.e., uncomplexed) drug [D] is related to intrinsic drug 

solubility [Du] and cosolvent concentration [C] by (Yalkowsky, 1999, Rubino, 1984): 

[D]=[Dj-10"t^l (7.2) 

where a is the cosolvent solubilizing power. The value of a depends upon the polarity 

of both the solute and the solvent (Yalkowsky, 1999, Rubino, 1984). Here it is 

assumed that complexation ligand has a negligible effect on the solubilizing power. 

Similar assumptions have been made in some other studies (Yalkowsky, 1999). 

Equation 7.2 indicates that the logarithm of solubility in a mixed solvent increases 

linearly with cosolvent composition, i.e., an increase in [C] will produce an 

exponential increase in [D]. It has been validated on hundreds of non-polar solutes in 

ethanol, propylene glycol, and other cosolvents (Yalkowsky, 1999; Rubino, 1984; Li 

and Yalkowsky, 1994). 

Binary Complex 

The concentration of drug-ligand binary complex [DL] is related to the concentration 

of free drug [D], the total concentration of ligand [L], and the apparent binary 

complexation constant, Kb"*^, by (Harrison and Eftnk, 1982): 
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[DL]=K,'^.[d]-[L] (7.3) 

in which Kb®'''' is a function of cosolvent concentration (Pitha and Hoshino, 1992; 

Harrison and Eftnk, 1982; Tachibana and Kiba, 1997). The apparent complexation 

constant, Kb®'''', in a cosolvent-water solution is empirically related to the cosolvent 

concentration and the intrinsic complexation constant Kb'"', i.e., the complexation 

constant in water, by: 

where pb is the destabilizing power of the cosolvent for the binary complex. The value 

of Pb depends upon the polarity difference between the solute and the cosolvent, the 

steric factors between the solute and the complexing ligand. By incorporating 

Equation 7.2 and 7.4 into Equation 7.3, the binary complex can be expressed as: 

Kb"^ = Kb'" • (7.4) 

[DL]= Kb"" • • [D„ ]• 

(7.5) 

which shows that [DL] is linearly dependent upon the ligand concentration and 

exponentially dependent upon the cosolvent concentration. If a > Pb, an increase in 
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[C] will give rise to an exponential increase in [DL]; If ti< pb, an increase in [C] will 

give rise to an exponential decrease in [DL]; If a = Pb, [C] will have no effect upon 

[DL]. 

Ternary Complex 

The concentration of the 1:1:1 ternary complex [DLC] is related to the ftee drug 

concentration [D], the ligand concentration [L], the cosolvent concentration [C], and 

appaient ternary complexation constant, by: 

[DLC]= K/" [Dj-W-Lc] (7.6) 

By analogy to Equation 7.4, K,"'''' is related to the cosolvent concentration and the 

intrinsic ternary complexation constant, Kt'"', by: 

j.app^K;« 10-p.{c] 

where p, is the cosolvent destabilizing power for the ternary complex. The value of pt 

depends upon the polarity difference between the solute and the cosolvent, the steric 

factors between the solute and the complexing ligand. Note that Kt""^ approaches Kt'"' 

as the cosolvent concentration approaches zero. The concentration of the ternary 
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complex can be expressed by inserting Equation 7.2 and 7.7 into Equation 7.6. This 

gives: 

[DLC] = K/" -• [D„ ]• • [L]- [C] 

= [D„ ]• [L1- [C]- (7.8) 

which indicates that [DLC] has a linear dependency upon the ligand concentration and 

a complex dependency upon the cosolvent concentration. H" O > pt, an increase in [C] 

will produce an increase in [DLC]. If a < Pt, an increase in [C] will increase [DLC] 

only when [C] > when [C] < an increase in [C] will decrease 

[DLC]. If a = pt, an increase in [C] will increase [DLC] linearly. 

Total Solubility 

In the presence of both cosolvent and complexant the drug's total solubility is 

determined by the summation of three solution components: free drug [D], dnig-ligand 

binary complex [DL], and drug-ligand-cosolvent ternary complex [DLC]. biserting 

Equation 7.2,7.5, and 7.8 into Equation 7.1 gives: 

[D'"]= [Dj lO°f^' + [D„]Kb'" •10^°-P»^f'^^[L]+[D„]K/" .10^®-^'^f*^J[Llc] (7.9) 
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where the total solubility is related to the parameters: [Du], Kb'"', Kc'"', a, Pb» and pt, 

which have been described in the preceding sections. In the following sections, the 

combined effect of cosolvent and complexation on drug solubilization described by 

Equation 7.9 is confirmed by solubilization of a very non-polar compound, 

fluasterone, in a water-EtOH-HPpCD system. 

METHODS 

Solubility Determination 

Fluasterone was added to vials containing certain percentages of both hydroxy propyl-

P-cyclodextrin (HPPCD) and ethanol (EtOH). HPPCD concentration ranges from 0 to 

20% and ethanol concentration ranges from 0 to 75% were investigated. The sample 

vials were rotated using an end-over-end mechanical rotator at 20 rpm (Glas-Col 

Laboratory Rotator, Terre Haute, IN) at 25°C for 6 days (preliminary data indicate that 

fluasterone is stable for 50 days under these conditions). Samples with drug crystals 

present were considered to have reached their equilibrium solubility and were removed 

from the rotator, passed through a 0.45-^m filter, and analyzed by HPLC. All samples 

were prepared in duplicate. 

HPLC Analysis of Fluasterone 

A Pinnacle octyl amine column (150 cm X 4.6 mm, Restek, Bellefonte, PA) was used 

with a mobile phase composed of 75% acetonitrile in water. The flow rate was 
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controlled at 1.1 ml/min (125 Solvent Module, Beckman, FuUerton, CA). The column 

effluent was monitored at a wavelength of 220 nm (168 detector, Beckman, FuUerton, 

CA). The evaluation of the assay was made by using fluasterone standard solutions at 

concentrations ranging from 0.001 to 0.1 mg/ml, intra-day and inter-day, coupled with 

different solubilizing agents. The relative standard deviation was 1.05%. None of the 

solubilizing agents interfere with the assay. 

RESULTS AND DISCUSSIONS 

Solubilization b\ ethanol alone 

The intrinsic solubility [Dul of fluasterone was determined to be 0.045 ug/ml 

(0.000155 mM). Figure 7.1 shows the dependency of the drug's total solubility [D'°'] 

upon ethanol concentration [C]. The exponential solubility increase is described by 

Equation 7.2, with a cosolvent solubilizing power (CT) of 0.3401. 

Solubilization by HPBCD alone 

The aqueous solubiUty of fluasterone increases linearly with HPpCD concentration [L] 

up to 20% as shown by the open circles in Figure 7.2. Incorporating the slope into 

Equation 7.3 indicates the formation of a 1:1 reversible drug-Ugand complex with an 

intrinsic complexation constant (Kb'"') of 1.80x10^ M"'. 
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Solubilization by combined use ofethanol and HPBCD 

Figure 7.2 shows that at every HPPCD concentration investigated the fluasterone 

solubility is slightly higher in the presence of 0.2% ethanol (open squares in Figure 

7.2) than in pure water. An ethanol concentration of 0.2% is not enough to function as 

a cosolvent to affect drug complexation (Zung, et al., 1991; Kano,et al., 1982; Hamai, 

1989; Munoz de la Pena, et. al., 1991). Nevertheless, it produces a consistent increase 

in drug solubility. This suggests that ethanol must increase fluasterone solubility by 

some other mechanism, such as the formation of a complex that contains drug, ligand, 

and cosolvent. Equation 7.9 shows that the formation of a ternary complex would be 

responsible for the increased fluasterone solubility in the HP^CD solutions containing 

0.2% EtOH. Here, as in other studies (Kano,et al., 1982; Hamai, 1989), it is assumed 

that the ternary species responsible for the increased drug solubility is a 1:1:1 complex. 

Extrapolation of IQ®'''' (=Kt'"' -10"^' ^^) to zero cosolvent concentration by Equation 7.9 

gives a K,'"' of 1.42x10^ NT*. 

The solubility of fluasterone increases linearly with HPPCHD concentration at all 

ethanol concentrations. It is interesting to note that the slope of the solubilization 

curve varies with ethanol concentrations [C]. The slope decreases when [C] increases 

from 0.2% to 25.06% as shown in Figure 7.2, but increases when [C] increases from 

25.06% to 75.19% as shown in Figure 7.3. This can be seen more clearly from cross 

sections of the data of Figure 7.2 and 7.3 at equal HPpCD concentrations that are 



shown in Figure 7.4. The figure also indicates a minimum total drug concentration at 

about 25% ethanol. Nearly 60 total solubility [D"*] data points from Figure 7.4 and 

known values of [Du], <5, Kb, K,, [L], and [C] were used to calculate pb and pt by 

means of non-linear regression analysis. Their values were found to be 0.515 and 

0.340, respectively. As the cosolvent concentration increases, the magnitude of pb [C] 

and pt [C] increases, resulting in a greater destabilizing power for both the binary and 

ternary complexes. This is because the increased cosolvent concentration reduces 

solvent polarity so that non-polar molecules are more likely to stay out of the 

cyclodextrin cavity. 

The concentration of binary drug-ligand complex [DL] is proportional to the product 

of the apparent complexation constant and the concentration of the free drug, i.e., Kb'^'' 

• [D], which equals [Du] Kb'"'-10^®''*^^'^. An increase in the cosolvent concentration 

simultaneously produces an exponential increase in [D] (= [DJ-10"'^^) and an 

exponential decrease in Kb^ (=10,'"*-lO"**"^*^). As a result, [DL] is dependent upon 

the difference between the solubilizing power (<J) and the destabilizing power (pb) of 

the cosolvent for [DL]. Since CT = 0.340 and pb = 0.515, this difference is negative. 

An increase in [C] leads to an exponential decrease in [DL] and the concentration of 

the binary complex becomes negligible when [C] reaches 50%, 



100 

The concentration of the ternary complex depends on the cosolvent concentration [C] 

and the difference between the cosolvent solubilizing power (o) and the cosolvent 

destabilizing power (pO for the ternary complex. Non-linear regression analysis of the 

solubility data indicates that the difference between a and pt for fluasterone is 

negligible (see Table 7.1). Consequently, the exponential term in Equation 7.8 is 

constant and an increase in ethanol concentration produces a linear increase in the 

ternary complex concentration [DLC]. 

With the values of [Du], Kb'"\ Kt'"', Pb and pt given in the Table, we can calculate [D], 

[DL], [DLC], and [D*°'] at any given combination of EtOH and HPPCD concentration 

by using Equations 7.2, 7.5, 7.8, and 7.9, respectively. Figure 7.5a shows the 

calculated values of [D], [DL], [DLC], and [D'°*] at 20% HPpCD under different 

EtOH concentrations. Both the exponential increase and the exponential decrease can 

be seen more directly as straight lines on the semi-logarithmic scale of Figure 7.5b. 

The figure also shows that the calculated [D'°'] decreases initially and approaches a 

minimum where [C] is approximately at 25%. Such a decrease is due to the fact that 

the decrease in [DL] outweighs the increase in [D] and [DLC] resulting from the 

addition of ethanol. After 25%, [D"*] starts to increase due to the increase in both [D] 

and [DLC]. Note that [DLC] is greater than [DL] even though Kb'"* is approximately 

10-fold greater than This finding is consistent with testosterone studies (Pitha 

and Hoshino, 1992) in which [DL] was diminished in a solution containing HPpCD 
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and 60% ethanol. However, the solid produced by evaporating the aqueous solvent 

contained a small amount of ethanol. Since a 1:1:1 testosterone-HP^CD-ethanol 

complex would contain only 2.7% ethanol, this observation might be explained by the 

existence of the ternary complex [DLC], such as described above. 

Validation of the proposed model 

Calculated total drug solubilities (solid lines) using Equation 7.9 are compared in 

Figure 7.6 with the experimental solubility data (symbols) at different concentrations 

of HPPCD. The strong agreement between the predicted and the observed solubility 

data supports the validity of the proposed model. Note that as the cyclodextrin 

concentration approaches zero the total solubility approaches the log-linear 

relationship commonly observed in a simple cosolvent-water system. 

CONCLUSIONS 

An equation is developed to describe the combined effect of ethanol and HP^CD upon 

fluasterone solubility. The equation is validated with respect to the intrinsic drug 

solubility, [Du]» the cosolvent solubilizing power, a, the binary and ternary intrinsic 

complexation constants, Kb'"' and Ki"", and the cosolvent destabilizing powers for the 

binary and the ternary complexes, pb and pt. This equation can be used to explain the 

linear dependence of non-polar solute solubility upon cyclodextrin concentration that 

is observed at all ethanol concentrations. It also can be used to describe the decline in 
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the solubility produced by low cosolvent concentrations as well as the increase in the 

solubility produced by high cosolvent concentrations that are observed at all 

cyclodextrin concentrations. Thus, it provides a theoretical background for 

understanding the dynamics of the combined cosolvent-complexant technique in the 

solubilization of non-polar drugs. 

Table?. I: Estimation of solubilization parameters. 

Parameter Symbol Value 

Intrinsic binary complexation constant 1.80xl(f 

Intrinsic ternary complexation constant Kt'"' (M-') 1.42x10^ 

Cosolvent solubilizing power a 3.40x10' 

Cosolvent destabilizing power on binary complex Pb 5.15x10"' 

Cosolvent destabilizing power on ternary complex Pt 3.40x10' 
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Figure 7. 1, Fluasterone solubility as a function of EtOH concentrations. 
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Figure 7. 3. Solubility of fluasterone as a function of HPpCD and EtOH 
concentrations. 
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Figure 7. 4. Solubility of fluasterone as a function of EtOH concentration in different 
HPPCD concentrations. 
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Figure 7. 5. Calculated solubility of fluasterone in 20% HPpCD. 
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Figure 7. 6. Calculated total drug solubilities (solid lines) of fluasterone versus the 
experimental solubility data (symbols) at different HPPCD concentrations. 
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SUMMARY 

Mathematical models and equations were developed to describe and predict the 

combined effects of various solubilization techniques on the total drug solubility in a 

number aqueous and semi-aqueous solutions including pH control and complexants 

(cyclodextrins), pH control and surfactants, pH control and cosolvents, as well as 

cosolvents with complexants. 

In a pH-controlled complexant-water or a pH-controlled surfactant-water system, the 

total solubility is calculated by the summation of the four drug species present in the 

solution: free unionized drug [Du] and free ionized drug [Dj] along with either 

complexed unionized drug [DuL] and complexed ionized drug [DjL], or micellar 

unionized drug [DuM] and micellar ionized drug [DiM]. In a pH-controlled cosolvent-

water system, however, the total solubility is calculated by the summation of free 

unionized drug [D'^u] and fi«e ionized drug 

The equations developed show that a pH change favoring ionization of the drug not 

only increases the concentration of the ionized species in water, but also increases the 

concentration of the ionized species in cyclodextrins, micelles, or cosolvents. In fact, 

the concentrations of the ionized species in the complexant, micelle, or cosolvent can 
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be greater than those of the unionized species. The solubility data of flavopiridol and 

several other drugs reported in the literature support these conclusions. 

In a cosolvent-complexant-water system, total drug solubility is calculated by the 

summation of the three drug species present in the solution: free drug [D], drug-ligand 

binary complex [DL], and drug-ligand-cosolvent ternary complex [DLC]. The 

proposed equation describes the dependencies of these three species upon the intrinsic 

drug solubility, [Du], the cosolvent solubilizing power, <y, the binary and ternary 

intrinsic complexation constants, Kb'"' and Kc"", and the cosolvent destabilizing powers 

for the binary and the ternary complexes, pb and pt. The equation explains the decline 

in the solubility of fluasterone (a non-polar drug) produced by low cosolvent 

concentrations as well as the increase in the solubility produced by high cosolvent 

concentrations that are observed at all cyclodextrin concentrations. 
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