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ABSTRACT 

This Dissertation presents a number of projects and novel ideas related to 

pharmaceutical solution chemistry, including: combination solubilization 

and formulation techniques, predictive modeling methods, and 

experimentally demonstrated complexation theory. Chapter 1 presents both 

the underlying theory and experimental results of a formulation project for a 

novel anticancer drug which resulted in an 8,000-fold increase in solubility. 

Chapter 2 presents an extensive computer and literature-based predictive 

model for the estimation of cosolvent solubilization. Finally, Chapter 3 

presents an exhaustive theoretical derivation with experimental validation of 

a novel method to determine complexation stability constants in mixed 

stoichiometric systems of cyclodextrin complexes. 
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CHAPTER 1: SYNERGISTIC SOLUBILIZATION IN THE 

FORMULATION OF AMPB (2-4'-amino-3'-methylphenyl benzothiazole) 

ABSTRACT 

Complexation, micellization, cosolvency and pH control are the most 

common approaches used for increasing drug solubility. While each of these 

approaches can be effective alone, by combining pH control with any of the 

other approaches, a synergistic solubilization is possible for ionizable drugs. 

This provides an elegant and inexpensive means of improving drug 

solubility while minimizing unnecessary or expensive adjuvants and 

complex processes. At any pH there can be two drug species, ionized and 

unionized, each of which can be solubilized. This research utilized a 2-4'-

amino-3'-methylphenyl derivative of benzothiazole (AMBP) as a model 

compound to illustrate the theory. AMPB is currently in development at the 

National Cancer Institute as an anti-tumor agent. It has an aqueous 

solubility of only 1.1 (ig/ml at neutral pH which was unacceptably low for 

animal studies and, therefore, formulation work was needed to move the 

drug forward. Its low basic pKa (-2.8) provides a solubility of 45 P-g/ml at 

pH 1.1. However, by combining low pH with other solubilizing agents, a 
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significantly greater increase in solubility, on the order of milligrams per 

milliliter is safely achieved. At pH 1.1 with 20% sulfabutylether-P-

cyclodextrin (SBE-|3-CD), a solubility of 8.8 mg/ml was achieved, an 8,000-

fold increase over its solubility in water. The final formulation was 

concentrated enough for studies to continue in animals, and clearly 

illustrates the power of combining pH control with traditional solubilization 

methods for optimal formulation. 
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INTRODUCTION 

AMPB (2-4'-amino-3'-methylphenyl benzothiazole) has been shown to be 

active against a broad spectrum of breast, ovarian, renal and lung tumor cell 

lines in a potentially novel way, and its history has been reviewed by 

Bradshaw et al. (Bradshaw 2001). This study was performed because 

AMPB's limited aqueous solubility of 1.1 |J.g/nil, although acceptable for in 

vitro cell screens, required reformulation to increase concentrations for 

pharmacology and toxicology dosing in animals. 

The limited aqueous solubility of many new drug candidates is a common 

hurdle encountered in their development. It is essential to have a parenteral 

delivery vehicle for pre-IND studies, and a concentrated solution is a typical 

goal. As reviewed by Yalkowsky, buffers, cosolvents, surfactants, and 

complexation ligands are the most frequently used adjuvants for increasing 

the solubility of drugs in aqueous media (Yalkowsky 1999). The selection 

AMPB 
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of a solubilizing agent depends on the intrinsic solubility of the drug and the 

desired dose as well as on its cost, safety, ease of use, and solubilizing 

efficiency. This investigation examines a new drug candidate from the NCI, 

AMPB, to demonstrate the advantages of using pH adjustment coupled with 

cosolvency, micellization, and complexation to solubilize weak electrolytes. 

The theoretical background with equations and practical explanation is 

presented for each combination with discussion of experimentally obtained 

results and correlations. 
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MATERIALS AND METHODS 

Materials 

All chemicals used were analyzed by differential scanning calorimetry 

(DSC) for melting purity, and solution concentrations were appropriately 

corrected for thermogravimetric(TGA)-determined water content of solids. 

2-4'-amino-3'-methylphenyl benzothiazole, AMBP, was provided by the 

National Cancer Institute and was used as received after high performance 

liquid chromatography (HPLC) purity determination (99%+) and TGA water 

content assessment (<1%). Sulfobutylether-y^cyclodextrin (SBE-y9-CD), 

with an average molecular weight of 2160 Dal tons and 5.6% water content, 

was a gift from CyDex (Overland Park, KS). Hydroxypropyl-y^cyclodextrin 

(HP-/^CD), with an average molecular weight of 1500 Daltons and 7% 

water content, was obtained from Cyclodextrin Technologies Development 

Inc. (Gainesville, FL). Tween 80 had an average molecular weight of 1310 

Daltons. Cremophor EL's average molecular weight was calculated from the 

MALDI-TOF mass spec to be 1800 Daltons. All other chemicals were of 

analytical or HPLC grade and were purchased from Sigma-Aldrich (St. 

Louis, MO) and used as received. 
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Effect ofpH on Drug Solubility 

AMBP powder was added to duplicate vials containing various buffer 

solutions with constant ionic strength of 0.15M. The sample vials were then 

rotated for 10 days at 25°C using an end-over end mechanical rotator at 20 

rpm (Glas-Col Laboratory Rotator, Terre Haute, IN). The final pH of the 

suspensions was determined, and the samples were then centrifuged at 9000 

rpm for 5 minutes. To further ensure that no particulates were being 

analyzed, the supernatant of each vial was then filtered through 0.2 (im 

polytetrafluoroethylene (PTFE) Millipore filters into fresh vials. These vials 

were then diluted appropriately with mobile phase for analysis via HPLC. 

Twenty-four to 48 hours later, duplicate sampling was performed to verify 

that a true equilibrium solubility value was obtained. 

Solubilization by dijferent combinations of solubilizers at two pH values 

The AMBP powder was added to duplicate vials containing various amounts 

of two different surfactants, complexation ligands, and cosolvents in buffer 

solutions at either pH 1.1 or pH 8.0. All buffers were controlled to have a 

0.15M final ionic strength. The surfactants tested were polyethylene sorbitan 

monooleate (Tween 80) and polyoxyethylene-35-castor oil (Cremophor EL). 
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The complexation ligands tested were neutral hydroxypropyl-y^cyclodextrin 

(HP-/^CD) and anionically charged sulfobutylether-yff-cyclodextrin (SBE->^ 

CD). The cosolvents studied were ethanol and propylene glycol, the two 

most commonly used pharmaceutical cosol vents (Nema 1997). In the 

cosolvent studies, it was necessary to recalibrate the pH electrode at each 

cosolvent concentration due to the cosolvent effect on hydronium activity. 

All samples were then treated identically as the pH-solubility samples 

discussed above. 

HPLC Analyses 

The analysis of AMPB was performed using a Beckman Gold Nouveau 

HPLC system equipped with a model 168 diode-array UVA'^is detector at a 

wavelength of 254 nm. A Pinnacle octylamine 5|i.m column 150 x 4.6 mm 

(Restek, Bellefonte, PA) was used with an isocratic Iml/min flow of mobile 

phase composed of 50% A (0.1% trifluoroacetic acid in water) and 50% B 

(acetonitrile). Evaluation of the assay was done using AMBP standard 

solutions at concentrations ranging from 0.5 to 100 |J.g/ml, and all samples 

were diluted appropriately to fall within this range. The solubilizing agents 

in each assay were shown to be chromatographically separated from AMPB 
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by control injections, and thus they did not interfere with the quantification 

of AMPB in any of the solubilization samples. 

Note on Table Values 

Standard error values (SE) and standard deviations (SDEV) were calculated 

where appropriate using SPSS 11. In cases where error ranges are shown in 

parentheses (±), they are calculated as the worst-case possible based on 

taking the extremes of SE and/or SDEV values into consideration. Asterisks 

(*) next to values in the Tables indicate that the values were not explicitly 

determined, but rather assumed to be unchanged from the values determined 

and reported in the same Table from previous experiments. 
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RESULTS AND DISCUSSIONS 

Effect of pH on Drug Solubility 

For a weak electrolytic drug in a buffer, the total drug concentration, 

[D,o,], is equal to the sum of the unionized, [Du], and ionized, [D,], drug 

species. 

[D,o,] = [DJ + [DJ (Eql) 

Knowing a drug's pKa and its intrinsic solubility [Du], total drug solubility at 

any pH can be calculated using a form of the Henderson-Hasselbach 

equation (Martin 1993). For a drug such as AMPB, with a single basic 

group, the equation is: 

[D,„] = [D„] + [DJIO""^""' (Eq2) 

The concentration of unionized drug, [Du], in a saturated solution is always 

constant and equal to the intrinsic, unionized form's solubility. Thus 

equation 2 indicates that the concentration of the ionized drug increases 

exponentially with a decrease in solution pH below the pKg of the drug. 

Figure 1-1 shows that the pH-solubiiity profile of AMPB is consistent with 

an intrinsic solubility of 1.1 jig/ml and a basic pKa of about 2.7. The 

experimental values are shown as diamonds with error bars, whereas the 
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smooth line depicts the theoretical curve based on equation 2 with a pKa of 

2.7 and [DJ of 1.1 ^ig/ml. A paired t-test between the experimental and 

theoretical values gave a p value of 0.63, indicating that the two sets are not 

significantly different. It should be noted that this increase in solubility is 

ultimately bounded by the Ksp of the salt form in the isotonic vehicle. 

100 1 
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>> 

E 

10 1 

• Experimental Data 

— Theoretical Curve 

< 

0.1 

0 2 3 4 5 6 7 8 
PH 

Fieure 1-1. Experimental Data and Theoretical pH-Solubilization Curve for 
AMPB. 
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Solubilization by pH Control and Complexation 

Figure 1-2 illustrates the solubilization curves for AMPB by two 

common y^-cyclodextrin derivatives at two pH conditions - one above and 

one below the basic pKa of AMPB. In all cases, the solubility increases 

linearly with addition of either sulfobutylether-/?-CD (SBE-y^CD) or 

hydroxypropyl-y^CD (HP-/^CD). Linear solubilization curves are 

characteristic of complexation that is first-order with respect to drug. 

• SBE-B-CD (pH1.1) 

E 
30 -

* HP-B-CD (pH 1.1) 

D SBE-B-CD (pH 8.0) 

A HP-B-CD (pH 8.0) 

0 20 40 60 80 100 120 140 

Cyclodextrin (mM) 

Figure 1-2. Experimental Solubility Data for AMPB with 2 Cyclodextrins at 
2 pH Values. 
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The extent of drug solubilization due to complexation is directly 

related to the thermodynamic stability of the complex, quantitatively 

measured as the stability (association) constant. Assuming that complexation 

is in a 1:1 molar ratio between drug and complexant, it is straightforward to 

calculate stability constants from solubility slopes. There is also the very 

reasonable assumption that the complexant does not ionize or have a pH-

solubility dependence. If the pH is high enough so that the concentration of 

ionized species can be ignored as is the case with AMPB at pH 8, 

[Dtot] = [DJ + [DuL] (Eq 3) 

The equation to calculate the unionized stability constant from 

complexation solubility data is (Connors 1966): 

slope 

" Du(l-slope) 

The slopes and Ku values of the neutral form pH 8.0 curves in Figure 1-2 are 

given in Table 1-1. 



26 

Table 1-1. Complexation stability data for the unionized (pH 8.0) AMPB -
CD complexes. 

Complexing 

Agent 

[Du], 

(SDEV) 

Slope (SE) 

HP-P-CD 5.3 (0.4) 0.009 (0.0005) 1730 (±225) 

SBE-P-CD 5.3 (0.4) 0.017(0.001) 3294 (±444) 

Although these stability constants conespond to over a 200-fold increase in 

solubility, with 20% w/v cyclodextrin the overall solubility is still less than 

Img/ml. 

The situation improves at low pH when ionized AMPB is present at 

high concentration in solution. This is because there are then four species in 

solution: free un-ionized drug, Du, free ionized drug, Dj, unionized drug-

ligand complex, DuL, and ionized drug-ligand complex, DjL. The total drug 

concentration is thus the sum of these four species: 

[D,ot] = [DJ + [Dj] + [D,L] + [DiL] (Eq 5) 



27 

This relationship can be expanded in terms of [Du], to give (Li 1998): 

' K„[DJ ^ 
,1 + K„(D„)J 

(Eq6) 

[L tot ] •*" 
KiLDJlQP'^'P" 

l + Kj[Du]10P'^'P" 

TThis equation describes the complexation solubilization line in terms of total 

complexant (cyclodextrin) added. Since Du is constant, the slope of the 

solubilization line in Figure 1-2 can be algebraically solved to be: 

KJDJ Ki[D„]lOP'^''-P" 

1 + KJDJ l + KilDjoPl^^-P" 

By rearranging equation 7 so all terms on the right-hand side are known, it is 

p o s s i b l e  t o  s o l v e  f o r  t h e  s t a b i l i t y  c o n s t a n t  o f  t h e  i o n i z e d  s p e c i e s ,  K i :  

Ki = 
(k„[dJ-k„[dJ • slope - slope) 

[D„ ]10P'^"-p" (slope + K„ [D„ ]• slope - 2 • K„ [D„ ]-1) 
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All stability constants were then calculated by equation 8, and they are 

summarized in Table 1-2. 

Table 1-2. Complexation stability data for the AMPB - CD complexes. 

Cyclodextrin [D„], [iM 

(SDev) 

Slope (SE) K „ , M '  K i , M '  KJ Ki 

HP-P-CD 5.3 (0.4) 0.1549 

(0.0022) 

1730 

(±225) 

855 

(±93) 

2.02 

SBE-P-CD 5.3 (0.4) 0.3884 

(0.0095) 

3294 

(±444) 

2951 

(±161) 

1.12 

The Kj values, which represent the complex stability of the cationic 

form of AMPB, are smaller than the respective Ku values for both 

cyclodextrins. This is as expected when considering the driving force for 

complexation. Inclusion complexation is favored for compounds which are 

hydrophobic and cannot interact with water's hydrogen-bonding network. In 

essence, these compounds are squeezed out of water and into the 

hydrophobic cores of the cyclodextrins. Ionizing a molecule will increase its 

interaction with water (hydrophilicity) and correspondingly reduce the 

driving force for complexation which results in a reduced stability constant 

as evidenced by the data. Specifically, it is interesting to note the ratios of 
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the Ku/Kj stability constants in Table 1-2. The ratios represent how much 

stronger the unionized form of AMPB complexes than the ionized form. The 

low ratio observed with SBE-P-CD results from the fact that ionized AMPB 

is cationic and interacts electrostatically with the negatively charged SBE-j3-

CD. 

Although the neutral AMPB-CD complexes are stronger than the 

ionized complexes, it is the contribution of the ionized AMPB complex that 

provides the greatest overall solubility increase. Figures 1-3 and 1-4 

graphically depict each species' contribution to the total solubility for the pH 

8.0 and pH 1.1 situations, respectively. It is the formation of DjL with the 

anionic SBE-^-CD that is responsible for it having the steepest slope in 

Figure 1-2. 



30 

2 0.8 

Figure 1-3. Experimental AMPB Concentration by Species at pH 8.0 with 
20%w/v Cyclodextrins 
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Figure 1-4, Experimental AMPB Concentration by Species at pH 1.1 with 
20% w/v Cyclodextrins 

It is immediately apparent that the ionized complex, [DjL], is the primary 

contributor to the solubility gain for both cyclodextrins. Table 1-3 lists the 

data used to generate Figures 1-3 and 1-4, numerically demonstrating the 

benefit of combining pH with complexation. Thus, despite the weaker 

stability constants for the ionized forms, the much higher abundance of 
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cationic AMPB in solution results in a greater overall gain in solubility than 

with the more stable complexing neutrad species. 

Table 1-3. Experimental AMPB Concentration (mM) by Species at pH 1.1 
with Complexation 

SPECIES HP-P-CD SBE-P-CD 

D„ 0.0053 0.0053 

D„L 1.2122 1.6034 

D, 0.1788 0.1751 

D|L 19.2053 34.9502 

Solubilization by pH Control and MicelHzation 

Figure 1-5 shows the solubility of AMPB at two pH conditions at 

increasing concentrations of two surfactants. Increasing the concentration of 

either Tween 80 or Cremophor EL results in a linear increase in drug 

solubility at either pH, but the solubility increase is much greater at pH 1.1 

than that at pH 8.0. Again, a result of differences in the abundance between 

neutral and ionized AMPB species. 
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10 
• Cremophor EL pH 1.1 

A Tween 80 pH 1.1 

• Cremophor EL pH 8.0 

A Tween 80 pH 8.0 
8 

6 

4 

2 

0 

0 40 80 120 160 
Surfactant concentration (mM) 

Figure 1-5. Experimental Solubility Data for AMPB with 2 Surfactants at 2 
pH Values. 

Surfactant solubilization, like complexant solubilization involves four 

species which are in equilibrium: unionized drug [Du], ionized drug [Dj], 

unionized drug in the micelle [DyM], and ionized drug in the micelle [DjM]. 

A mass-balance equation for micellization and pH control can be established 

analogously to equation 5 described above for complexation; 
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[D'°'] = [D J + [Di] + [D„M] + [DiM] (Eq9) 

The values of [DuM] and [DjM] are related to the micelle concentration [CJ 

and micellar partition coefficients for the un-ionized species Ku and the 

ionized species Kj by, respectively. 

Note that [Cm] is equal to total surfactant added when the CMC is small 

enough to be ignored, as is typically the case with practical surfactant 

concentrations. 

To determine the values of the micellar partition coefficients from 

solubilization slope data, we combine equations 9 through 11 and solve for 

Ku or Kj in terms of added surfactant. This gives: 

[DuM] = Ku[Du][Cm] (Eq 10) 

and 

[DiM] = Ki[Di][Cm] ( E q l l )  

slope 
(Eq 12) 
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^ _ slope-K„ [Du] 

[dj 

The data for AMPB surfactant solubilization is summarized in Table 1-4, 

Table 1-4. Tween 80 and Cremophor EL solubilization data for AMPB at pH 
1,1 and pH 8.0 

Surfactant 

(pH) 

[D„], 

(SDev) 

[D|], 

(SDev) 

Slope 

(SE) 

K „ , M '  K i , M ^  

Cremophor EL 

(8.0) 

5.2 (0,3) n/a 0.031 

(0.0010) 

5962 

(±538) 

n/a 

Tween 80 

(8,0) 

5,3 (0.4) n/a 0.022 

(0.0002) 

4158 

(±327) 

n/a 

Cremophor EL 

(1.1) 

5.2* 177.9 

(6.8) 

0.081 

(0.0023) 

5962* 278 

(±43) 

Tween 80 

(1.1) 

5.3* 179.9 

(3.2) 

0.062 

(0.0013) 

4158* 224 

(±18) 



36 

Since the driving force for a drug entering a micelle is analogous to 

that of inclusion complexation, the same discussion made for the 

cyclodextrins applies. Briefly, the lower micellar partition coefficients 

observed for ionized drug with surfactants are due to the reduced 

hydrophobicity of the ionized form of the drug. The solubility of a drug in 

micelles is determined by the product of the micellar partition coefficient 

and drug water solubility, that is, Ku[Du] for the unionized drug and Ki[Di] 

for the ionized drug. The greater solubility observed for ionized drug in 

micelles at pH 1.1 is a result of the much higher concentration of ionized 

drug, [Dj], in water. 

Although the neutral AMPB micellar partition coefficients are 

stronger than the ionized coefficients, it is the contribution of the ionized 

AMPB in micelles, DjM, that provides the greatest overall solubility 

increase. This is obvious from Figure 1-6 which graphically depicts each 

species' contribution to the total solubility for the surfactants. 
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Figure 1-6. Experimental AMPB Concentration by Species, 20% w/v 
Surfactants 

Solubilization by pH Control and Cosolvents 

Cosolvents form homogeneous solutions with water, altering its 

polarity and thus its ability to squeeze hydrophobic compounds out of 

solution. Cosolvent-water solutions act as new solvents that have polarities 

between that of pure water and pure cosolvents. Hydrophobic drugs are 
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solubilized in an approximately log-linear fashion with the addition of 

cosolvents to water (Yalkowsky 1972,1976, 1981). The total solubility of an 

ionized drug in a mixed solvent, [D,ot], is the sum of two components, the 

unionized and ionized species: 

[D.O.] = [D\] + [D-^i] (Eq 14) 

The solubility of the unionized species of a drug in a cosolvent water 

mixture [D^^u] is related to the volume fraction of cosolvent (fv) in the 

mixture and the cosolvent's solubilization power for the unionized drug Gu 

by: 

[D'J = (DJ10'''''» (Eql5) 

Analagously, the value of [D'^j] is related to the volume fraction of cosolvent 

(fv) in the mixture and the cosolvent's solubilization power for the ionized 

drug Gi by: 

[D'i] = [Di]10^i^^ (Eq 16) 
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Substituting equations 15 and 16 into equation 14 gives the overall equation 

for the solubilization of a weakly basic electrolyte by pH control and 

cosolvency: 

[D,ot] = [DJ10^"^v+ (Eq 17) 

Note that the above expression for cosolvent solubilization is in an 

exponential form as opposed to the linear equations for surfactant or 

complexant solubilization described previously. Since the solution itself is 

homogenous, there are only two species in solution, ionized and unionized 

drug. Figure 1-7 shows the solubilization data for AMPB in ethanol and 

propylene glycol at pH 1.1 and 8.0. 
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Figure 1-7. Experimental Solubility Data for AMPB with 2 Cosolvents at 2 
pH Values. 
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In general, the solubilizing power of the cosolvent for the unionized 

species (Ou) is larger than that of the ionized species (Gj) because of the 

decreased hydrophobicity of the ionized form. For an in depth discussion of 

how hydrophobicity and cosolvency are related and can be predicted, the 

reader is referred to Chapter 2 of this Dissertation. The neutral species is 

often assumed to be the primary contributor to total drug solubility in 

cosol vent-water solutions. However, as was shown with complexation and 

micellization, the weaker solubilization effect on ionized species is more 

than made up for by the vastly larger amount of ionized species in solution 

at the appropriate pH. As the data in Table 1-5 shows, this also holds true for 

combination solubilization with cosolvents and pH. 
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Table 1-5. Ethanol and Propylene Glycol solubilization data for AMPB at 
pH 1.1 and pH 8.0 

Cosolvent (pH) o„ Gi 

Ethanol (8.0) 5962 (±538) n/a 

PG (8.0) 4158 (±327) n/a 

Ethanol(1.1) 5962' 278 (±43) 

P G ( l . l )  4158' 224 (±18) 
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CONCLUSIONS 

The control of pH can be used in combination with complexation, 

micellization, or cosolvency to improve total drug solubility. A pH alteration 

that increases the ionized drug concentration in solution can also increase its 

overall solubility because of increased incorporation into complexes, 

micelles, and cosolvent-water solutions. This fact is independent of the value 

of the complexation constant, the micellar partition coefficient, or the log P 

of the drug. It should be noted that the solubility of the ionized AMPB-

cyclodextrin complex exceeded that of all other species including the un

ionized drug complex, the ionized and unionized drug micelle solubilities, 

and the free ionized and unionized drug solubilities. It is interesting to note 

that on a weight basis the surfactants are nearly three times as efficient in 

solubilizing AMPB free base as the cyclodextrins while the cyclodextrins 

are nearly three times as efficient as the surfactants in solubilizing the 

cationic form. 

Selecting a formulation to move forward depends on a number of 

factors beyond simply the solubility attainable. Important considerations 

include chemical and physical stability, cost, safety, and the likelihood of 
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precipitation at the site of injection. It is unwise to formulate at the 

equilibrium solubility, which is the concentration maximum, of any 

formulation system because of the potential for precipitation during 

manufacture or storage. In the case of AMPB, the formulation selected was 

20% SBE-P-CD at pH 2.0 with a drug concentration of 4mg/ml, which was 

below the AMPB solubility in that formulation. This assured that the drug 

would remain in solution during storage, and it allowed a degree of 

protection against precipitation upon injection. 
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CHAPTER 2: SOLUBILIZATION BY COSOLVENTS: ESTABLISHING 
USEFUL CONSTANTS FOR THE LOG-LINEAR MODEL 

ABSTRACT 

The purpose of this study was to develop constants for the log-linear 

cosolvent model, thereby allowing accurate prediction of solubilization in 

the most common pharmaceutical cosolvents: propylene glycol, ethanol, 

polyethylene glycol 400, and glycerin. The solubilization power (a) of each 

cosolvent was determined for a large number of organic compounds from 

the slope of their log-solubility vs cosolvent volume fraction plots. The 

solubilization data at room temperature were either experimentally 

determined or obtained from the literature. The slopes of the nearly linear 

relationship between solubilization power and solute hydrophobicity (log 

Kow) were obtained by linear regression analysis for each considered 

cosolvent. Thus, knowing or calculating a compound's partition coefficient 

is all that is needed to predict solubilization. 
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INTRODUCTION 

Poor aqueous solubility is a common concern in the pharmaceutical 

sciences. There are several established methods for increasing the 

equilibrium solubility of non-polar drugs in aqueous vehicles (Sweetana and 

Akers 1996, Myrdal 1999). Cosolvency, the addition of water-miscible 

solvents to an aqueous system, is one of the oldest, most powerful, and most 

popular of these. Cosolvent solubilization is particularly important for 

parenteral dosage forms where it is desirable to incorporate the required dose 

as a true solution in the smallest volume of liquid as possible. Cosolvents are 

used in 13% of FDA-approved parenteral products, and the cosolvents 

chosen for this study; propylene glycol (PG), ethanol (EtOH), glycerin, and 

polyethylene glycol 400 (PEG 400), are used in approximately 66% of those 

products (Nema 1997). 

Although several theories exist to explain cosolvency, a qualitative 

and intuitive way to understand it is as follows. Most cosolvents have 

hydrogen bond donor and/or acceptor groups as well as small hydrocarbon 

regions. Their hydrophilic hydrogen bonding groups ensure water miscibility 

while their hydrophobic hydrocarbon regions interfere with water's hydrogen 



47 

bonding network, reducing the overall intermolecular attraction of water. By 

disrupting water's self-association, cosolvents reduce water's ability to 

squeeze out nonpolar, hydrophobic compounds, thus increasing solubility. A 

different perspective is that by simply making the polar water environment 

more non-polar like the solute, cosolvents facilitate solubilization. This is 

supported by the observation that cosolvents reduce the solubility of polar 

compounds such as amino acids, ostensibly by reducing the polarity of the 

aqueous environment and thereby reducing the favorable interactions 

between solute and solvent. 

Despite their popularity and utility in pharmacy today, most cosolvent 

formulations are developed experimentally, a slow and costly process. In 

order to speed development, intelligently designed experiments and a better 

understanding of when and to what extent cosolvents will succeed are 

necessary. Several investigators have developed predictive models for 

cosolvent solubilization. A simple and accurate one suitable for 

preformulation that requires little or no experimental data is the well known 

log-linear model proposed by Yalkowsky and coworkers (Yalkowsky 1972, 

Yalkowsky 1976, Yalkowsky 1981). It is a straightforward and easily used 

model that requires no experimental data, and thus minimal resources of 
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lime and drug. There are several other model-based approaches that fit the 

data slightly more accurately but they are based on the log-linear model and 

simply contain additional terms to account for non-ideality (Jouyban-

Gharamaleki 1999). It is well-known that additional terms will inherently 

provide a better fit, but at the expense of simplicity and elegance. Whereas 

the log-linear model needs no experimental data to predict solubilization for 

a new chemical entity, models containing additional parameters require 

novel experimental data for each new compound in order to quantify their 

added terms. These models are therefore more accurately described as 

interpolative rather than predictive. 

The log-linear model is idealized and based upon three basic 

assumptions. Its key statement and basic assumption is that the mixed 

solvent's solubilization power changes as a function of the log linear 

composition-weighted mixture of its pure components. In other words, in log 

terms, the molar solubility of a solute in a mixed solvent system is a linear 

combination of its molar solubilities in the pure component solvents. 

Secondly, the model assumes that the solute is not altered in any way by 

changes in the solvent. This means that no solvate formation or change in 

crystal structure with cosolvent addition takes place. Thirdly, it assumes that 
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the volume contribution from dissolved solute is negligible and can be 

ignored. Deviations from these assumptions have been discussed in depth by 

Rubino and Yalkowsky (1987) and Morris (1987). 

The log-linear model describes an exponential increase in a nonpolar 

drug's solubility with a linear increase in cosolvent concentration. This 

relationship is described algebraically by: 

logs mix logSw+afc (Eq 1) 

where Smi* and are the total solute solubilities in the cosolvent-water 

mixture and in water, respectively, a is the cosolvent solubilization power 

for the particular cosolvent-solute system, and f^ is the volume fraction of 

the cosolvent in the aqueous mixture. Thus, to determine the degree of 

solubilization of a certain compound by a particular cosolvent, one needs a 

value for the solubilization power term, o. One way to obtain this value is by 

experimentation where individual sigma (a) terms can be obtained from the 

slope of the log (S^ix/Sw) vs. cosolvent volume fraction (fc) profile of each 

selected drug and cosolvent. This is obviously not saving any time or 

resources since the experiment itself will directly show solubilization power. 
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Expanding the log-linear model's predictive ability is the focus of this 

research. It was demonstrated that a linear relationship exists between o and 

the logarithm of the solute's partition coefficient (log Kow) (Valvani 1981). 

This is a key relationship and critical to appreciate. Essentially, it describes a 

linear correlation between how strongly a solute is solubilized to how 

hydrophobic the compound is. In essence, the more hydrophobic the solute, 

the more it will be solubilized by cosolvent addition. This linear relationship 

for solubilization power can be algebraically described by the following 

simple formula of a straight line: 

a = slogKow +1 (Eq 2) 

where s and t are cosolvent constants that are solute independent and logKow 

is the partition coefficient of the solute of interest. The parameters s and t are 

the linear regression terms for slope and intercept, respectively, obtained 

from data sets of solubilization power versus solute polarity for each 

cosolvent. Given a large enough data set for robust regression, they are 

constant and unique for each individual cosolvent. The advantage of this 

relationship is that the only ab initio data required to predict the 
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solubilization of a solute in a cosolvent-water mixture is the compound's 

octanol-water partition coefficient. Fortunately, this value can be accurately 

predicted by any of a number of in-silico methods such as ClogP® (BioByte 

Corp. 1999) or, if desired, it can be obtained experimentally. An expanded 

form of the log-linear equation is obtained by substituting o from equation 2 

into equation 1 giving; 

logSmix = logSw + (slogKow + t)fc (Eq 3) 

which expresses the total solute solubility in a mixed solvent system solely 

in terms of the properties of the pure components; water, cosolvent, and 

solute, thus eliminating the need for any individual solute-cosolvent 

experiments. This is a major advantage in both cost and time. The practical 

key to being able to utilize the log-linear model without experimental data is 

having a reliable set of values for each cosolvent's s and t constants. With 

these constants in hand, one can quickly and quantitatively predict how 

effective cosolvents will be at solubilizing any compound. 
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OBJECTIVES 

The objective of this study is to quantify the two log-linear model 

constants s and t for the four most common pharmaceutically used 

cosolvents. By substituting the s and t values into the log-linear model (Eq 

3) along with a compound's octanol-water partition coefficient, one can 

estimate the solubilization provided by any of these cosolvent systems for 

any new compound. Since this investigation includes a large number of 

compounds spanning a wide range of polarities and structural features, the 

results should be broadly applicable and provide accurate estimations of 

cosolvent solubilization for most new chemical entities (NCEs) and 

compounds of interest. 
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MATERIALS AND METHODS 

Chemicals 

The water used in this investigation was house deionized (DI) water that was 

then passed through a Millipore Super-Q water purification and deionization 

system (>18MQ resistance). All chemicals used for experiments were of 

analytical or spectrophotometric grade or were proprietary chemicals and 

were used as received. 

Experimental Procedures 

The solubilities of compounds were determined in cosolvent-water mixtures 

at a minimum of three points between and including 0.0 to 1.0 volume 

fraction (fc). Note that 0 and 1 volume fraction represents solubility in pure 

water and cosolvent, respectively. Excess solute was added directly into the 

cosolvent-water mixtures which were then rotated end-over-end at room 

temperature (25°C). Equilibrium was assumed to be reached after 

subsequent measurements at least 24 hours apart gave identical results 

(within 2%), After equilibration, the suspensions were centrifuged at 5,000 

to 8,000g for adequate time to pellet the excess solid chemical and the 

supematants were filtered through 0.22 ^im disposable Millipore PTFE 
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membrane filters before analysis by HPLC. Analyses were performed at 

least twice. For ionizable compounds, all solutions were pH-adjusted to 

ensure that greater than 99% unionized form was present (more than 2 pH 

units away from the pKa) as calculated by the Henderson-Hasselbach 

equation. 

Procedure to Obtain Literature Data 

The log (Smix/Sw) vs fc profiles for other compounds were obtained directly 

from published data or reprocessed from available data. Data selection 

criteria included: adequate time for (24 hrs) or test for equilibration, room 

temperature experiments (22°C - 27°C), and at least duplicate data. In cases 

where the cosolvent-water mixtures were reported in w/v units, the data 

were converted to cosolvent volume fraction (v/v) units using the density of 

a solute-free solvent mixture. For ionizable compounds, data were only 

accepted if the pH was controlled to maintain the unionized form in solution. 
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Calculation of a and logKow values 

The individual solubilization powers of drugs in PG, EtOH, glycerin, and 

PEG 400 (apG, Ceioh, CTciycerin, and Greg 4oo» respectively) were obtained from 

the slope of their log (Smix/Sw) versus fc profiles using a zero-intercept linear 

regression in EXCEL®. The log Kqw values were obtained from the ClogP® 

version 4.0 software. 
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RESULTS AND DISCUSSION 

Regression Data 

All the experimental and literature data were combined and regressed for 

each cosolvent. Figure 2-1 shows all these data as plots, all on the same 

scale, of solubilization power (o) versus log partition coefficient (log Kow) 

for 251 solute-cosolvent pairs covering a wide range of compound polarities 

and structures. 
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Figure 2-1. Plots of solubilization power (a) versus solute log Kowfor a wide 
variety of compounds in each cosolvent examined. Linear regression lines 
are shown with equations. The slopes and intercepts of these lines are the 
cosolvent constants s and t, respectively. Complete data sets with references 
are in Appendix A at the end of this Dissertation. 
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There is a clear inverse correlation between solubilization power and 

compound polarity extending over many orders of magnitude. This trend is 

as expected from the log-linear model (Eq 3). The more nonpolar a 

compound, the less favorable its interaction with water and, thus, the more it 

is solubilized by addition of a cosolvent. 

Desolubilization Effects 

Conversely, it is interesting to note the desolubilization effect observed with 

cosolvents and polar solutes. The points in Figure 2-1 with negative a 

values, seen for all of the cosolvents, represent hydrophilic compounds 

which were desolubilized by cosolvent addition. This is similar to the 

reduction in solubility of hydrophobic solutes upon addition of salts, 

commonly called the "salting-out" effect. Salting-out for NaCl was 

quantified and predicted by Ni (2000). Again, whether and to what extent a 

solute is solubilized or desolubilized depends on its polarity and the change 

in polarity of the solvent brought about by cosolvent or salt addition. 
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Parameter Summary 

Table 2-1 lists the cosolvents considered and the relevant values obtained 

from the regression lines in Figure 2-1 as well as the polarity (log Kow) of 

the cosolvents. 

Table 2-1. Cosolvents' logKow values, their s and t values with 
standard errors in parentheses (Eq 2: a = slogKow + t), n (number of 
individual compounds in regression), r^ (correlation values), and 
standard error values for the overall regressions on o (from Figure 2-
1). 

Cosolvent Cosolvent 
log Kow 

s(SE) t(SE) n gSE 

Ethanol -0.31 0.93 
(0.02) 

0.40 
(0.05) 

120 0.96 0.51 

Propylene -0.92 0.77 0.58 84 0.94 0.48 
glycol (0.02) (0.07) 

PEG 400 -0.88 0.74 
(0.07) 

1.26 
(0.22) 

25 0.84 0.62 

Glycerin -1.96 0.35 
(0.04) 

0.26 

(0.10) 
22 0.82 0.27 

All parameters are statistically significant with p-values less than 0.05, and 

the small standard errors for the regression parameters, s and t, show that 

they are reliable values. 
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Discussion of s Values 

It is clear from Table 2-1 that > ^pg > > Werin the 

least polar cosolvent, ethanol, produces the highest s value, and the most 

polar cosolvent, glycerin, produces the lowest s value. This key correlation 

is seen by comparing the cosolvent log Kqw and s columns of Table 2-1, 

which are plotted in Figure 2-2. 

Ethanol 

a 0,75 
:> 
(0 

c 
> 
o 
(0 
o 
o 

PG 

0.5 Y = 0.36(0.02)X + 1.06(0.03) 

R^ = 0.99 

Glycerin 

-2 -1.5 -1 -0.5 0 
Cosolvent logKow 

Figure 2-2. The cosolvents's values plotted against their log Kow values. The 
best-fit linear regression line and equation are shown with standard errors in 
parentheses. The error bars represent ± 1 standard error. 



61 

A strong correlation (r^=0.99) is seen between the partition coefficient 

of the cosolvents and their s values. The regression equation is shown with 

standard errors in parentheses. This relationship indicates the potential to 

predict the value of other cosolvents' s values based on their partition 

coefficient. With ongoing studies it should be possible to extend and validate 

this relationship for other interesting cosolvent systems such as DMSO, and 

PVP. 

Discussion oft Values 

Although several physical chemical parameters were investigated, including 

low Kow, solubility parameter, hydrophilic/lipophilic balance (HLB), 

hydrogen bond accepter to donator ratio (HBA/HBD), and dielectric 

constant, no correlation could be found to satisfactorily describe the t value 

trend. For compounds with near neutral partition coefficients (logKow = 0), 

the t value is the primary descriptor for their cosolvent solubilization. Since 

the t values are statistically significant with p < 0.05 they are included in the 

model for optimal accuracy. 
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Multiple Cosolvents 

It should also be noted that the log-linear model has been shown to 

work for mixed cosolvent systems in the following form: 

log Smix = log Sw + 2:(afc) (Eq 4) 

where the individual solubilization powers and volume fractions for each 

cosolvent are linearly summed. This is assuming that there are no specific 

non-ideal interactions between the different cosolvents. This is reasonable 

on the grounds that cosolvency is a bulk solvent effect. In other words, the 

properties and proportion of water are being altered with cosolvent addition, 

regardless of the number of cosolvents used. This extension of the log-linear 

model was experimentally verified by Morris (1987). He studied the use of 

ternary and quinary cosolvent systems on solubilization and found the log-

linear model to predict solubilization in these systems with similar or better 

accuracy as it did for the binary systems (Morris 1987). 
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CONCLUSIONS 

When faced with solubility problems, the log-linear model gives 

reliable and timely estimates of how effective common cosolvent systems 

will be at solubilizing compounds. It is a straightforward and quick 

calculation, requiring no experimental data, which has been shown to give 

accurate estimates of cosolvent solubilization for a wide range of 

compounds. The best predictions are obtained for ethanol and propylene 

glycol cosolvent systems because of the plethora of available data, although 

glycerin and PEG-400 are also reasonably estimated with the model. This 

report quantifies the effects of the four most common pharmaceutically 

relevant cosolvents and provides constants for the log-linear equation with 

which a formulator can quickly estimate drug solubilization in cosolvent 

systems with no need for experimental data. 



CHAPTER 3: THEORETICAL DEVELOPMENT AND EXPERIMENTAL 

VALIDATION OF A NOVEL TECHNIQUE TO SEPARATE STABILITY 

CONSTANTS IN 1:1 AND 2:1 MIXED STOICHIOMETRY 

COMPLEXATION SYSTEMS 

INTRODUCTION AND OBJECTIVES 

Inclusion complexation research has shown that in certain systems 

more than one guest molecule complexes with each host cyclodextrin 

molecule. Surprisingly, despite the general recognition of this phenomenon, 

there is no research which elucidates the structure of these higher order 

complexes or provides a reasonable means to separate their micro-stability 

constants (i.e., K|;i and K2;i). 

The overall purpose of this research is to develop a model to 

determine the micro-stability constants of these complexes and to 

characterize their structure. Specifically of interest are the alkyl-benzoic acid 

derivatives that are hypothesized to dimerize or stack within the 
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hydrophobic cyclodextrin cavities forming 2:1 inclusion complexes. To meet 

these aims, these primary goals must be met: 

1) Determine a mathematically and theoretically sound means of 

separating the micro-stability constants of 1:1 and 2:1 stoichiometric 

binding from the experimental methods available. 

2) Test the theory with experimentation on model systems. 
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HISTORY AND SIGNIFICANCE 

Cyclodextrins (CDs) are cyclic oligomers of D-glucose attached by a-

1,4-Iinkages. CDs with six, seven, and eight glucose units have been named 

a-, P", and y-cyclodextrin, respectively. They were discovered in 1891 by 

Villiers who isolated a small amount from a culture of Bacillus amylobacter 

growing on a starch medium (Villiers 1891). Between 1903 and 1911, 

Schardinger characterized the compounds and published a detailed 

description for their preparation and isolation (Shardinger 1903). It is now 

known that CDs are formed by the action of the cyclodextrin-trans-

glycosidase enzyme on starch, and modem production of CDs makes use of 

recombinant bacterial biosynthesis. This has resulted in an extreme decrease 

in the cost of pure cyclodextrins, making them attractive industrial 

chemicals. 

As a result of the Ci-conformation of the residues and the lack of free 

rotation around glycosidic bonds, CDs are not cylindrical but rather slightly 

conical. For a CD with n glucose residues, the smaller diameter opening is 

capped with n primary hydroxymethyl groups while the larger diameter 

opening is capped with 2n secondary hydroxyls. Consequently, CDs have 



67 

relatively hydrophilic exterior surfaces and hydrophobic interior cavities 

(Clarke 1988, Grifflts 1973). In addition to the naturally occurring CDs, a 

number of modified CDs are available where the hydroxy groups are 

derivatized with a variety of substituents including alkyl, hydroxyaikyl, 

carboxyalkyl, and sulfoalkylether groups among others. These derivatives 

increase the variety of CD applications because of their differing physico-

chemical properties and toxicity. 

HOCI 

6 Angsroms 

OH 

•OH 
CHjOH 

Hydrophilic 
Exterior 

HO 
8 Angstroms 

CHOH 
Lipophilic 

Cavity 

Figure 3-1. P-Cyclodextrin Molecule and Schematic 

One of the most interesting and often exploited properties of CDs, and 

the focus of this project, is their ability to act as host ligands by forming 
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Stable inclusion complexes with an enormous variety of guest molecules 

(Rekharsky 1998). A plethora of CD research related to complexation has 

been published in a variety of fields ranging from pharmaceuticals and 

cosmetics to food, environmental and even material and fabric science. This 

research has shown that CDs increase solubility and stability, mask taste, 

improve bioavailability, provide chiral separation, allow selective synthetic 

reactions, and that they can serve as models for enzyme-substrate binding 

kinetics (Bekers 1991, Ikeda 1998). The key factor uniting these studies is 

the formation of molecular inclusion complexes with CDs. The interactions 

between host, guest, and solvent molecules that result in complexation are 

important and will be mentioned. 

From a thermodynamic perspective, there are several driving forces 

leading to CD complexation. By far the most common and well-understood 

solvent is water, for which the hydrophobic effect is well-documented 

(Tanford 1973). The theory essentially considers bulk water as a semi-

ordered network of intermolecular stabilizing hydrogen bonds that on a 

macroscopic level reduce the solubility of hydrophobic compounds by 

"squeezing" them out of solution. Soluble, hydrophilic compounds are those 

that possess functional groups which can interact with water molecules 
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either by directly taking part in hydrogen bonding or by Van der Waals 

polarizing interactions imparting long distance order to a "hydration layer" 

surrounding themselves. These effects are enthalpic in nature, and represent 

favorable, solubilizing interactions (negative free energies). CDs, which 

possess a hydrophilic region on their exterior, are relatively soluble in water 

because of these effects. However, their hydrophobic cavities do not interact 

favorably with water. 

The geometry of the cavity is such that any water within it cannot 

have the same H-bonding structure of bulk water but must be disordered and 

thus in a higher energy state. This high energy water is easily displaced by 

hydrophobic compounds which are squeezed out of the polar bulk water and 

into the cavities of CDs. The complexed hydrophobic compounds are then in 

a hydrophobic environment where they can interact favorably via Van der 

Waals forces. Obviously for inclusion to occur, there are certain geometric 

requirements that limit the size of guest molecules to those that can fit within 

the cavity. More specifically, for the most energetically favored 

complexation, a snug fit is the best since the most amount of high energy 

water will be replaced and also because the attractive Van der Waals 

interactions fall off as the sixth power of radius. 
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Although the water within the cavity is disordered, the water 

surrounding the cavity is highly ordered as a consequence of the hydroxyl 

groups lining the CD openings. This highly ordered water is disrupted upon 

complexation, which is enthalpically unfavorable but entropically favorable. 

Obviously there are competing forces at play in complexation which, when 

taken as a whole, determine the overall stability of the formed complex. The 

stability of any complex, because it must be reversible, is described by an 

equilibrium constant. These constants are commonly referred to as stability 

constants, and they are unique for each guest and host system and for each 

individual guest host stoichiometry. 

The simplest stoichiometries are 1:1, 1:2, and 2:1 (Guest:CD). The 

appropriate equilibria for these cases are, respectively: 

[G] + [CD] <=> [GCD] (Eq 1) 

[GCD] + [CD] « [GCD2] (Eq 2) 

[G] + [GCD] « [G2CD] (Eq 3) 

The corresponding equilibrium constants are, by definition: 
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„ _ [GCD] 

[G][CD] 

[GCD,] 

[CD][GCD] ^ 

_ [G2CD] 

[G][GCD] 

Brackets signify molar concentrations and the constants have units M"'. 

Guest-CD stability constants are analogous to acid dissociation constants 

(Ka) in the sense that they describe a freely exchanging system at its 

equilibrium. As would be expected, each of these different stoichiometric 

species has unique physico-chemical properties. As a result, it is desirable to 

know which species exist in a given system and to what extent. 

There are a number of published techniques for determining 

stoichiometrics and stability constants, however, complications arise when a 

hostiguest system forms a mixture of stoichiometric species. The problem is 

that the techniques for determining stoichiometry will typically only provide 

evidence for the existence of multiple complexes. If it is known or 

discovered that only 1:1 or 2:1 complexes exist for a given system, it is 

possible to determine the individual stability constants. The problem is that 
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there have been no known documented cases where a compound forms 

higher order complexes without also forming 1:1 complexes. Thus, all 

higher order complexing systems are also mixed stoichiometric systems. 

There are methods for determining the individual stability constants in 1:1 

and 1:2 mixed systems, but no published methods exist for the case of 1:1 

and 2:1 mixed systems. This chapter describes a method for the evaluation 

of the individual stability constants for systems forming both 1:1 and 2:1 

complexes. 
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BACKGROUND AND PRELIMINARY STUDIES 

In order to study mixed 2:1 complexing systems, it is obviously first 

necessary to find systems which form mixed 1:1 and 2:1 systems. Pivotal 

studies in mixed and higher order complexation phenomena were performed 

in the 1950's by Higuchi and Lach investigated stacking complexes formed 

with compounds like caffeine (Higuchi 1954). The first well studied higher 

order cyclodextrin complexes were reported in the mid 1960's by Pauli, 

Lach, and Cohen (Lach 1963, Pauli 1965). They studied a series of phenyl 

alkanoic acids and found several which formed mixed 1:1 and 2:1 

complexes with cyclodextrins using the solubility method described below. 

However, because there was no known way to separate the stability 

constants for these 2:1 mixed systems, they simply calculated overall 

constants assuming all complexes formed were 2:1. Obviously this is a gross 

and inaccurate assumption because it provides no information about the 

individual species present. Other researchers published alternatives to the 

solubility method including, potentiometric, NMR, and competitive 

spectroscopy. However, these methods also provide no separation of the 2:1 

binding constants, but rather only an overall apparent complexation constant. 
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These methods differ from the solubility method in that they do not require 

saturated solutions of substrate. It is this difference that the current proposal 

will exploit to solve the problem of separating the individual stability 

constants. 

Solubility Method 

The solubility of a substance is the concentration of that substance in a 

solution that is in equilibrium with the pure substance (typically a crystalline 

solid). In other words, the rate that molecules of a substance are dissolving 

into solution is equal to the rate that molecules are coming out of solution 

(e.g., by recrystallizing) at its solubility. This equilibrium will be shifted by 

the addition of a compound that complexes with the dissolved substance. 

When substance in solution is complexed, excess solid substance will 

dissolve to replace it, effectively increasing the solubility. The total 

solubility is considered to be the sum of all substance in solution, whether it 

is complexed or not. The solubilization effect of complexation can be 

visualized by several simple relationships. 
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A substance's equilibrium solubility without complexation can be described 

as follows: 

[Substance solid] <=> [Substance in solution] 

With the addition of an appropriate complexing species the relationship 

becomes: 

[Substance sond] <=> [Substance in solution] <=> [Complexed Substance in solution] 

By complexing free compound (guest) in solution, the equilibrium 

solubility will be shifted to the right. The free guest concentration will be the 

same (intrinsic solubility) because it is replenished by further dissolution of 

the solid, but the total amount of guest in solution will be the sum of the 

intrinsic plus the amount in the soluble complexes. Thus, as long at the 

complex is soluble, the overall effective solution concentration of a 

compound is increased by complexation. This can be observed 

experimentally by determining total compound solubility (concentration) as 

a function of different complexant concentrations. A typical experimental 
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profile of a complexation solubilization experiment is shown in Figure 3-2. 

The initial rising portion of the curve is important and will be discussed 

below. The plateau region represents the solubility of the complex itself plus 

the intrinsic drug solubility, and it can be used to help determine 

stoichiometry. The falling portion only occurs when excess solid drug is 

exhausted and represents the free drug in solution being turned into 

precipitating complex. The highest ligand concentration plateau is the 

solubility of only the drug-ligand complex as all the free drug has been 

exhausted and converted into the complexed form. 
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solubility * 

X 

i 
8 intrinsic drug 
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Figure 3-2. Typical complexation solubility profile at increasing 
concentrations of ligand, here Caffeine (Donbrow and Ben-Shalom, 1965) 



77 

A typical complexation solubility profile will initially give either a 

straight line (Aunear) or a concave upward (Apositive) or downward curve 

(ANegative) depending on the species formed. Complexes that are first order in 

ligand are linear, whereas complexes that are higher order in ligand will 

curve positively at high ligand concentration. Negative curvature indicates 

self association of the ligand in solution. These cases can be seen graphically 

in Figure 3-3 below: 

s 
.2 

CO u 
e 
s e 
6 

Higher order 
in ligand 

(1:2) 

First order 
in ligand 

Non-ideal solvent effects or self-
association of ligand 

Ligand Added 

Figure 3-3. Theoretical solubility plots of complexing systems with 

higher order ligand (Ap), first-order ligand (AJ, and self association 

of ligand (An) as a function of ligand added. 
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Single 1:1 Complexation by the Solubility Method 

For clarity, the simple case of a single 1:1 complex as determined by 

the solubility method will be discussed. If it is known or assumed that only a 

single 1:1 complex is formed, the mass balance expressions for the solubility 

experiment are: 

GT = [ G] + [GCD] (Eq7) 

CI>r = [CD] + [GCD] (Eq 8) 

Where GJ is total guest concentration, [G] is the concentration of free 

(uncomplexed) guest in solution, [GCD] is the concentration of 1:1 complex 

in solution, CDJ is total cyclodextrin concentration, and [CD] is the 

concentration of uncomplexed cyclodextrin in solution. Because there is 

always excess guest present with the solubility method, [G] is a constant 

equal to the intrinsic equilibrium solubility of the guest, Gq. AS a 

consequence, the mass balance for guest can be written as follows: 

GT = GO + [GCD] (EQ9) 
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Combining equations 7, 8, and 9 with the definition of the stability constant 

K|:i (Eq 4) gives: 

KijG, 

l  + KijGo 
cd- (Eq 10) 

It can be seen that this equation is in the form, y = mx +b , and that a plot of 

GT VS. CDJ is linear (Figure 1. Ap) with: 

intercept = 

slope = K1.1G, 

l+Ki:iGo 

Solving for the 1:1 stability constant from this relationship gives: 

K,:i = slope 

Go(l-slope) 
(Eqll) 

Since both the slope and intrinsic solubility (Go) are measured 

experimentally, it is trivial to solve for the 1:1 stability constant with the 

solubility method for a system known to complex only with 1:1 

stoichiometry. 
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Mixed Complexation Problems 

Although it is straightforward to determine the stability constant for 

1:1 systems, complications arise when the system forms higher order 

complexes in either species. There are established methods for separating 

stability constants of higher order complexes in ligand (e.g., 1:2) (Higuchi 

1965). These systems can be recognized by their solubility curves that are 

linear at low ligand concentration but concave upward at higher ligand 

concentrations (Figure 1. Ap). This is apparent from the second order 

dependence on ligand in the equation describing their solubility curve; 

With this expression and the corresponding free ligand expression, it 

is straightforward to obtain the stability constants by nonlinear regression or, 

alternatively, through linearization by reciprocal plotting. Eq 12 becomes 

linear and is easily solved as can be seen: 

GT= GO+ K,:,GO[L] + K,:,K,:2GO[L]' (Eq 12) 

Gt-Go 
-?^^ = K,„Go+K„K,2GO[L] (Eq 13) 
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Furthermore, it can be seen that at low ligand concentrations, it is 

primarily the 1:1 species contributing to the solubility increase which is 

linear, whereas at higher ligand concentrations the 1:2 species becomes more 

important, resulting in positive curvature of the solubility curve. 

Although this approach is possible and well established for the higher 

order systems in ligand, there are currently no published methods to separate 

the constants for higher order complexes in guest (i.e. 2:1). The reasons for 

this and the proposed solution follow. 
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Mixed 1:1 and 2:1 Complexation with the Solubility Method 

If it is known or determined that both 1:1 and 2:1 complexes exist in a 

system, the mass balance equations describing guest and cyclodextrin are as 

follows: 

Gt = Go + GoK,:,[CD] + 2Go'K2:,[CD] (Eq 14) 

CDt = [CD] + GoK,:,[CD] + Go^K2:i[CD] (Eq 15) 

By combing these two equations, the relationship for total guest 

concentration can be found in terms of total cyclodextrin concentration: 

Gx =Go + 
GqKm +2Go^K,: |K2 j 

1 + G„K,: |+Go2K,, |K2:|  
CDt (Eq 16) 

It is a linear relationship (Figure 1. Al) with the form, y = mx + b, with: 

intercept = 
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slope = GoKi:i+2Go"KijK2:i 

l  + GoKi:i +Go^K|.IK2;1 

The problem in solving the individual constants for these mixed 

systems is that the slope is a complex term with two unknowns, the stability 

constants Ki;i and Kim. Since there is an infinite number of solutions to this 

relationship, it is not possible to solve for the true stability values from the 

solubility experiment alone. Current practice in such situations, which is the 

same as that published in the 1960's, is to evaluate an overall apparent 

stability constant which is calculated as if only 2:1 complexes form. 

Although this approach does provide some quantitative measure of the 

complexation, it is inherently unsatisfactory because it ignores the 1:1 

species that are also present. Without knowledge of the individual stability 

constants, it is impossible to know anything about the relative populations of 

1:1 and 2:1 species. This is a major shortcoming of the current status quo, 

and again, this proposal aims to address this shortcoming. 

Although the solubility experiment alone cannot provide a solution for 

both stability constants, with knowledge of either of the two unknown 

stability constants it is trivial to solve for the other. The key is to determine 
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one of the two stability constants independently of the other. To do this 

requires either an experiment that is sensitive to only one of the two species 

or an experiment in which only one of the two species is present and 

observed. The latter of these approaches will be the focus of this work. 
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Development of the Theory of How to Determine the 1:1 Stability Constant 

in a Mixed 1:1 and 2:1 System 

In a mixed system containing both 1:1 and 2:1 species, the 

equilibrium in solution will be as follows: 

[G] + [CD] <=> [CCD] + [G] <=> [G2CD] 

FTIEE 1:1 2:1 

From the above discussion of the solubility method it should be apparent 

that both 1:1 and 2:1 species will be present because of the excess solid 

guest phase: 

GUESTsoiid <=> [G] + [CD] [CCD] + [G] <=> [G2CD] 

SOLID FREE 1:1 2:1 

The excess solid guest will be in equilibrium with the free guest in solution, 

maintaining a constant free guest concentration equal to the intrinsic 

solubility. Because of this steady state condition of free guest, the formation 

of both the 1:1 as well as the higher order 2:1 complexes will be favored. 
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Although this is the situation with saturated guest concentration, the 

system would be quite different under conditions of extremely low free guest 

concentration: 

Dropping the free guest concentration to very low levels will shift the 

equilibria to the left and favor formation of free guest and 1:1 complex. 

Since the 2:1 complex contains twice the relative number of guest molecules 

per species, it will be the least favored form under conditions of low guest 

concentration. This is apparent by considering the 2:1 stability constant and 

that the concentration of the 2:1 complex is a function of both free guest and 

1:1 complex concentrations. At low guest concentrations, both the free guest 

and the 1:1 complex will exists at very low concentrations. When both of 

these species exist in very low concentrations, the result is compounded on 

the concentration of 2:1 complex, which is dependent on the product of the 

free and 1:1 species. Thus, the contribution of 2:1 species will be 

insignificant in comparison to the effect of the 1:1 complex. 

+ [CD] [CCD] + <=> [G2CD] 
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This is analogous to the linear portion of the solubility experiment 

discussed previously for mixed 1:1 and 1:2 complexation systems. At low 

ligand concentrations, the curve is linear because it is primarily the 1:1 

complex contributing to the solubilization. By lowering the guest 

concentration in a mixed 1:1 and 2:1 system, the 1:1 species predominates. 

One test of this assumption would be to repeat the experiment at several 

different very dilute guest concentrations and watch for a change in the 

constants. Although this is theoretically valid, it is unnecessary because the 

experiments used to determine the 1:1 constant will directly show whether 

the assumption of 1:1 complexation is valid. 



88 

Experimental Determination of the 1:1 Stability Constant by Potentiometry 

In order to perform experiments at very dilute guest concentrations, a 

sufficiently sensitive analytical method must be used. Because it is well 

established, inexpensive, and fits the requirement of sensitivity, the 

potentiometric method is ideal. The only special requisite is that the 

substrate must have an acidic or basic functionality. The fundamental 

hypothesis of the potentiometric method is that ionized and unionized forms 

of a compound will complex with different affinities (different stability 

constants for each form). This is logical considering the driving forces 

discussed earlier. Ionized compounds will interact more favorably with 

water and thus they will be less driven to find a hydrophobic shelter. It 

follows that if the neutral form binds more strongly, the apparent pKa of the 

compound will shift to make both acids and bases appear weaker. 

To illustrate the method, the equilibria present in the most common 

case, a monofunctional acid, will be described. Because we are attempting to 

isolate only the 1:1 complexation constant with this method, the following 

derivation will be made assuming only 1:1 species exist. As will be shown 
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later, violation of this assumption will be apparent from the fit of the data to 

the equations. 

The four separate equilibria in a solution of ligand and 

monofunctional acid are; 

HA + L « HAL 

A- + L <=> AL" 

HA <=> H^ + A 

The respective equilibrium constants are: 

K - .7^ 

K|:ib=-^^^ (Eql8) 
tA-][L] 

It should be noted, hence, that another equilibrium constant can 

be defined for the dissociation of bound free acid, however this 
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constant can be written as a function of the others so it will be 

excluded from further discussion. 

An apparent dissociation constant accounting for bound and unbound 

acid can be defined by considering both free acid species and both conjugate 

base species as follows: 

[HA] + [HAL] 

Substitution with the appropriate equilibrium relationships above 

gives: 

(H-K|,||,[L]) 

^ 'd + KuJL]) 

Taking negative logarithms of both sides gives: 

Where ApKa' = pKa - pKa 

Defining ApKa =logC gives: 
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c = l + Ki:ia[L] 

l + Ki:ib[L] 
(Eq 23) 

Free ligand concentration for this type of system is evaluated by combining 

the mass and charge balance equations with the equilibrium expressions. The 

result for a 1:1 complexing system is: 

Sj 
[L] - [L-r ] - ^ _ Q-— (Eq24) 

(C-1)(R+C)"^ 

Where, 
R = ̂  

^^l;lb 
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Assumption validation and determination of constants. 

The ultimate goal of the potentiometric method is to solve for the Ki;ia 

stability constant. However, the first step is to be sure that the assumption of 

1:1 compiexation is valid. This can be accomplished by plotting the 

experimentally measured values of log C versus l/L]-. In a purely 1:1 

complexing system, at high ligand concentrations the value of C approaches 

a limiting value. Although this can be observed from the experimental plot 

of C vs Lj, it is best tested in the reciprocal form. A plot of log C versus 

1/LT should become linear at high ligand concentration as shown in Figure 

3-4 below, which shows data that was generated from this project using 

phenylacetic acid. 
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logC 

1/LT 

Figure 3-4. logC versus 1/LT plot of phenylacetic acid showing that at very 
high ligand concentrations, the curve becomes linear. 

This linearization is a result of the free ligand concentration 

approaching total ligand at high total ligand values. Using statistical analysis 

software, a set of high ligand concentration data points, such as those 

indicated by the tangent line in Figure 3-4, can be evaluated for their 

linearity. The software performs a "runs test" which calculates trends in the 

residuals from a linear regression and outputs a probability of linearity. If the 

line is statistically sound, the assumption that only 1:1 species exist is 
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validated. This is true since the presence of higher order complexes will 

result in curvature because the functions describing them are not first order. 

At this point it is possible to obtain the individual stability constants 

by nonlinear regression. Using standard regression software it is trivial to fit 

the experimental data to the model equation with the stability constants as 

parameters, however, reasonable estimates of the parameters are helpful to 

avoid local minima. This is where a graphical method is useful. Since 

linearization of Eq 23 is possible, the results obtained by a linear plotting 

method can be used to validate a nonlinear regression solution. A convenient 

consequence of the validation regression line is that the y-intercept (Lj 

approaches infinity) is equal to R, the ratio of Ki;ia over Ki:ib. This value is 

an extrapolation whose length depends on the experimental data. 

Experiments can be taken to high ligand concentration to reduce the length 

of the extrapolation, however the R value obtained by this extrapolation will 

only be used as an initial estimate for later calculation. Since the line being 

extrapolated is from a linear regression, it is trivial to obtain the confidence 

interval and significance of the intercept. Thus, the extrapolated R value will 

have a known degree of uncertainty that can be reported. 
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With an initial estimate of the R value, the individual absolute values 

for the Ki.ia and Kijb constants can be determined by the linear plotting 

method mentioned previously. The most direct method gives the constants as 

the intercept and slope of a linear form of Eq 23 as follows: 

C - 1  
= KI:IA -KI-IBC (EQ 25) 

This can more easily be seen graphically in Figure 3-5 which follows: 
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y-intercept = Ki:ia 

C-l/L 

C 

Figure 3-5. Potentiometric data plot of C-l/L versus C, which is used to 
obtain the stability constants for the free acid and conjugate base forms of a 
weak acid that are complexing. 

If the R value determined from this plot does not closely match the 

initial estimate from the reciprocal plot, it is indicative of an error in 

extrapolation and necessitates reevaluation. Preliminary studies have shown 

the line generated by Eq 25 to have little dependence on the estimate of R 

used. This is a consequence of the number of experimental points since each 
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point is included in the line and inherently contains the C and R values. 

Because of the ease of obtaining experimental data with the potentiometric 

method, it is trivial to obtain numerous data points and thus arrive at a 

precise evaluation of the stability constants. In both the nonlinear and linear 

methods, the constants can be evaluated with their respective standard errors 

and significance. Once the constants are solved, the Ki.ia constant, which 

represents the neutral form, is used in the slope relationship of the solubility 

experiment to determine the K2:i stability constant. Thus, using two different 

experiments, both of the individual stability constants are determined for a 

mixed 1:1 and 2:1 complexation system. 

It should be mentioned that numerous analytical techniques have been 

described to determine stability constants including, among others, NMR, 

fluorimetry, polarimetry, and conductometry. Although the potentiometric 

method stands on its own as an analytical tool, its results can be verified 

with other methods. For compounds with no acidic or basic functionality, a 

simple and inexpensive choice is direct or indirect spectroscopy which will 

be briefly oudined below. 
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Alternate Determination of the 1:1 Stability Constant: Spectroscopy 

For spectroscopy, the compound must possess a suitable 

chromophore, although competitive spectroscopic methods can be utilized 

for non-absorbing substrates. Whereas with the potentiometric method a 

compound's pKa must shift upon complexation, with the spectroscopic 

method a compound's absorption spectra must shift. Analogous to the 

change in pKa as a function of added ligand, the change in absorbance as a 

function of added ligand is utilized to determine complexation constants. 

With the spectroscopic method, higher order complexation (violation of the 

1:1 low-concentration assumption) can be detected by several means. Any 

dependence on wavelength is indicative of higher order complex formation. 

This is typically observed as the existence of multiple intersections as 

opposed to a single isosbestic point. Also, as with the potentiometric 

method, any dependence on slight changes in substrate concentration 

indicates the formation of multiple complexes. In cases where the 

potentiometric method is imprecise or simply for validating the results, the 

spectroscopic method can easily be employed for a more robust evaluation. 



99 

RESEARCH DESIGN, MATERIALS, AND METHODS 

Cyclodextrins were complexed with a set of phenylalkanoic acid 

derivatives, which were utilized because they have been documented to form 

1:1 and 2; 1 mixed complex systems and they possess low solubility, acidic 

functional groups, and UV chromophores. Solubility experiments were 

performed on each system to determine the solubilization slope as described 

previously. Subsequently, each system was assayed with the potentiometric 

assay at several low concentrations. The ionic strength was critical and 

maintained at 0.15M for all samples. Additionally, the pH probe was 

calibrated at three or more standard points before each series of 

measurements. Sample pH was measured at the beginning and at each 

sample test point to assure accuracy. 
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RESULTS 

Stable, reproducible values for potentiometric studies indicated that 

the concentrations used were indeed low enough to show only 1:1 

complexation. The solubility measurements showed linear increases with no 

apparent plateau regions at any of the cyclodextrin concentrations studied. 

The results are summarized below in Table 3-1. 

Table 3-1. Summary of complexation stability for alkanoic acid derivatives 

showing individual, separated stability constants. 

Compound Solubility Slope K,:, K2:1 logP 

Phenylacetic acid 1.48 104 200 1.41 

4-Phenylpropanoic acid 1.34 241 1300 1.84 

4-Phenylbutyric acid 1.08 1034 7077 2.42 
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The approach was validated by running the potentiometric experiment 

at three slightly different substrate concentrations and arriving at nearly 

identical 1; 1 stability constant values. It is interesting to note the correlation 

between the log P of the compounds and their respective stability constants. 

As would be reasonably expected, the more hydrophobic a compound is the 

more driving force it will have to complex within a cyclodextrin. It was nice 

to see this trend so consistently demonstrated with the compounds used in 

this study. 

Although not explicidy shown, it is hypothesized that the acids are 

included in a 2:1 complex by one of two means. Possibly a reinforced 

hydrogen bonding dimer is formed between two acid moieties which is 

included in the cavity. The other hypothesis is that the phenyl rings form a 

stacked association within the hydrophobic cavity while the acid groups 

hydrogen bond with the ring hydroxys of the cyclodextrin host. Both of 

these models have been verified to be physically possible by means of 

computational modeling software with energy minimization routines. 
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CONCLUSIONS 

It is widely recognized that complexation can often occur with mixed 

stoichiometrics. Whereas 1:1 and 1:2 mixed systems have been addressed 

successfully, there has been no solution provided in the literature to separate 

the stability constants of 1:1 and 2:1 mixed systems. This research provides 

an experimentally demonstrated theory for separating the individual stability 

constants in these unique systems. With knowledge of these individual 

constants, it is possible to determine relative abundances of each species in a 

given system. Depending upon the physico-chemical properties of each 

species, this information could be very valuable to anyone working with 

higher order complexation systems in a variety of fields. 
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APPENDIX 

Note; Reference Key at End of Data 

Ethanol Data 

Drug logP s value Reference 
Triglycine -4.29 -4.63 b 
Glutamine -3.64 -3.72 b 
Histldine -3.56 -2.46 b 
Glucose -3.53 -2.21 b 
Mannose -3.53 -1.85 b 
Asparagine -3.41 -2.81 b 
Tartaric Acid -3.22 -2.90 a 
Glycine -3.21 -2.63 b 
Carbamidodiglycylglycine -3.15 -2.76 b 
Serine -3.07 -3.36 b 
Xylose -3.02 -1.80 b 
Alanine -2.96 -2.16 b 
beta-Alanine -2.96 -2.08 b 
epsilon-Aminocaproic Acid -2.95 -1.70 b 
Threonine -2.94 -3.07 b 
Glycylglycine -2.92 -3.46 b 
Carbamidoglycylglycine -2.87 -2.04 b 
Dihydroxyphenylalanine -2.74 -1.22 b 
Glutamic Acid -2.69 -2.99 b 
Mannite (mannitol) -2.65 -2.99 b 
alpha-Amino iso-Butyric 
Acid -2.62 -1.79 b 
alpha-Amino n-Butyric Acid -2.53 -1.31 b 
Aspartic Acid -2.41 -2.23 b 
Cefroxadine -2.27 -1.97 d 
Valine -2.26 -1.61 b 
Hydantoin -1.69 -1.09 b 
Phenylalanine -1.52 -1.22 b 
Leucine -1.52 -1.12 b 
Cefamandole -1.47 -1.52 d 
Norleucine -1.38 -0.95 b 



Hydantoic Acid -1.38 -1.13 b 
Formylglycine -1.19 -0.80 b 
Methylhydantoic Acid -1.18 -0.64 b 
Tryptophan -1.06 -0.75 b 
5-Ethyl Hydantoin -0.64 0.06 b 
Succinic Acid -0.59 0.02 b 
Formyl alpha-Aminobutyric 
Acid -0.35 0.14 b 
5-Carboxymethyl Hydantoin -0.31 -0.70 b 
Caffeine -0.07 0.11 a 
5-lsobutyl Hydantoin 0.29 0.91 b 
p-Hydroxyacetanllide 0.50 1.31 b 
Acetaminophen 0.51 1.66 b 
N-Methyl 4-Aminobenzyl 
Amide 0.51 0.98 b 
Formylleucine 0.58 0.99 b 
Benzamide 0.64 0.97 b 
Barbital 0.65 1.52 e 
Phenyl Thio Urea 0.75 1.06 b 
p-Aminobenzoic Acid 0.83 1.49 b 
Metharbital 1.14 1.32 b 
Acetanilide 1.16 1.70 b 
Aspirin 1.19 1.47 d 
Camphoric Acid 1.24 1.81 b 
DIgoxIn 1.26 1.33 d 
p-Acetanisidine 1.26 2.01 b 
Methyl p-Aminobenzoate 1.39 2.49 b 
o-Nitrobenzoic Acid 1.46 1.69 b 
Phenobarbital 1.47 2.51 e 
Methyl p-
Acetyloxybenzoate 1.48 2.60 b 
p-Hydroxybenzoic Acid 1.56 1.81 b 
Butabarbital 1.58 1.97 e 
VInbarbital 1.63 1.95 e 
p-Acetotolulde 1.66 1.80 b 
Methyl-N-acetyl-p-
Amlnobenzoate 1.68 2.38 b 
Phenacetin 1.79 2.13 b 



105 

m-Nltrobenzoic Acid 1.83 2.02 b 
p-Nitrobenzoic Acid 1.83 1.33 b 
Benzocaine 1.86 2.60 a 
Benzoic acid 1.87 2.28 a 
Strychnine 1.93 1.50 b 
Methyl paraben 1.96 2.73 a 
m-Nitrophenol 1.96 2.06 b 
o-Nitrophenol 1.96 2.17 b 
p-Nitrophenoi 1.96 1.91 b 
o-Chlorobenzoic Acid 2.05 1.73 b 
Amobarbital 2.07 2.59 e 
Pentobarbital 2.07 2.70 e 
Benzene 2.14 2.96 b 
Oxazepam 2.25 2.23 b 
Salicylic acid 2.26 2.23 d 
Phenytoin 2.47 3.42 a 
Lorazepam 2.51 2.24 d 
Methyl Salicylate 2.62 3.21 b 
Methyl N,N-dimethyl-p-
Aminobenzoate 2.62 3.39 b 
Quinidine 2.64 1.74 d 
Diuron 2.68 2.34 a 
Canrenone 2.68 3.86 b 
m-Chlorobenzoic Acid 2.70 2.20 b 
p-Chlorobenzoic Acid 2.70 2.56 b 
2,3-Dimethoxynaphthalene 2.86 3.96 b 
Thiopental 2.88 2.82 b 
Diazepam 2.99 2.91 d 
Thiamylal 2.99 4.17 b 
Xylene 3.03 3.51 b 
2,7-Dimethoxynaphthalene 3.14 3.73 b 
Testosterone 3.30 3.33 a 
Naphthalene 3.32 3.46 a 
Ibuprofen 3.50 4.42 a 
Diphenylamine 3.50 4.24 b 
2,3-Diethoxynaphthalene 3.94 3.55 b 
Biphenyl 4.01 4.06 b 
Phenyl Salicylate 4.12 3.32 b 
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Indomethacin 4.27 3.79 a 
1,3,5-T richlorobenzene 4.28 3.62 b 
2,7-Djethoxynaphthalene 4.34 3.94 b 
Anthracene 4.49 4.35 b 
Phenanthrene 4.49 4.04 b 
1,2,4,5-Tetrachlorobenzene 4.60 4.37 b 
1,2,3,4-Tetrachioroben2ene 4.63 4.92 b 
1,2,3,5-Tetrachloroben2ene 4.66 4.63 b 
Testosterone propionate 4.69 5.42 a 
4-Chlorobiphenyl 4.74 4.90 b 
DMP 323''' 4.86 5.35 a 
Pentachlorobenzene 5.18 5.05 b 
Chrysene 5.66 5.68 b 
Hexachlorobenzene 5.70 5.24 b 
Benzo(a)pyrene 6.12 5.66 b 
Perylene 6.12 5.51 b 
Testosterone enanthate 6.81 7.31 a 

Propylene Glycol Data 

Drug loaP s value Reference 
Asparagine -3.41 -1.38 f 
Glycine -3.21 -1.61 c 
Glutamine -3.15 -1.44 f 
Serine -3.07 -1.64 f 
Alanine -2.96 -1.43 c 
Threonine -2.94 -1.58 f 
Glycylglycine -2.92 -2.02 f 
Valine -2.26 -1.26 f 
Methionine -1.87 -1.00 f 
dl-Phenylalanine -1.52 -0.77 a 
Phenylalanine -1.52 -1.31 c 
Leucine -1.52 -1.09 f 
Uracil -1.07 0.08 c 
Tryptophan -1.06 0.20 f 
Thymine -0.62 0.47 c 
Adenine -0.09 1.45 c 
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Caffeine -0.07 -0.35 c 
Theophylline -0.02 0.29 c 
Benzamide 0.64 1.05 a 
4-Aminoacetophenone 0.83 1.03 c 
p-Aminobenzoic Acid 0.83 1.45 a 
Aniline 0.92 1.15 a 
Aminopyrine 1.00 0.54 c 
Acetanilide 1.16 1.12 c 
Methyl p-Aminobenzoate 1.39 1.71 g 
Phenobarbital 1.47 2.08 c 
p-Hydroxybenzoic Acid 1.56 1.59 c 
Phenacetin 1.58 1.47 c 
Hydrocortisone 1.61 1.57 c 
Benzocaine 1.86 2.22 a 
Ethyl-p-aminobenzoate 1.86 2.21 c 
Benzoic acid 1.87 1.90 c 
Nitrobenzene 1.89 2.00 a 
Methyl paraben 1.96 1.88 c 
Secobarbital 1.97 1.38 c 
Alprazolam 2.12 2.59 c 
Benzene 2.14 1.95 c 
Griseofulvin 2.18 3.43 a 
o-Hydroxybenzoic Acid 2.19 2.03 a 
Salicylic acid 2.26 2.04 c 
Fluorobenzene 2.29 2.15 a 
Hydrocortisone Acetate 2.30 2.28 c 
Triazolam 2.42 2.33 c 
Propyl p-Aminobenzoate 2.45 2.67 g 
Phenytoin 2.47 2.98 c 
Ethylparaben 2.47 2.31 c 
Flucinolone acetonide 2.49 2.30 c 
Trichloroethylene 2.63 1.41 a 
Toluene 2.64 2.24 a 
Diuron 2.69 2.31 a 
Hydrocortisone 
Propionate 2.80 2.67 c 
Chlorobenzene 2.86 2.67 a 
n-Butyl p-Aminobenzoate 2.86 3.59 c 
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Hydrocortisone Butyrate 2.86 3.51 c 
U-34,865 2.87 3.17 h 
Diazepam 2.99 2.83 c 
Bromobenzene 2.97 2.70 a 
Propyl paraben 3.04 2.90 c 
Flucinolone acetonide 
acetate 3.04 2.81 c 
Naphthalene 3.30 2.72 c 
Testosterone 3.32 2.65 a 
Diflorasone diacetate 3.30 2.80 c 
Ibuprofen 3.50 3.44 a 
Timobesone acetate 3.48 3.90 a 
n-Butyl p-
Hydroxybenzoate 3.50 3.25 g 
Betamathasone 17-
valerate 3.50 4.05 a 
Hydrocortisone 
pentanoate 3.57 3.25 c 
Canrenone 2.68 3.51 i 
Hexyl p-Aminobenzoate 3.95 3.98 c 
1,2,3-T richlorobenzene 4.14 3.03 c 
1,3,5-Trichlorobenzene 4.14 3.42 c 
Indomethacin 4.27 2.85 a 
Hydrocortisone 
Hexanoate 4.35 4.41 c 
1,2,4-T ribromobenzene 4.53 3.55 c 
1.2,4.5-
T etrachlorobenzene 4.60 3.70 c 
Anthtracene 4.63 3.41 c 
1.2.3.4-
T etrachlorobenzene 4.63 3.70 c 
1,2,3,5-
T etrachlorobenzene 4.66 3.64 c 
Testosterone propionate 4.69 4.94 a 
1,3.5-Tribromobenzene 4.73 3.75 c 
DMP 323** 4.86 4.42 a 
Hydrocortisone 
Heptanoate 4.88 4.82 c 
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Octyl-p-aminobenzoate 5.02 5.45 0 
Testosterone enanthate 6.81 6.77 a 
Dodecyl-p-
aminobenzoate 7.31 6.57 0 

PEG-400 Data 

Drua loqP s value Refen 
Oxfenicine -2.36 -0.4802 a 
Acetazolamide -0.26 1.5559 a 
Caffeine -0.07 -0.21 a 
Acetaminophen 0.51 0.95 a 
ABPP*** 1.46 2.99 a 
Benzocaine 1.86 3.03 a 
Benzoic acid 1.87 3.37 a 
Methyl paraben 1.96 2.92 j 
Alprazolam 2.12 3.00 a 
Griseofulvin 2.18 3.12 k 
Phenytoin 2.47 4.00 a 
Canrenone 2.68 3.15 i 
Norethindrone 2.97 2.69 i 
Diazepam 2.99 3.13 a 
Propyl paraben 3.04 4.07 j 
Ketoprofen 3.12 4.55 a 
Naphthalene 3.30 3.82 a 
Testosterone 3.32 2.84 a 
Ibuprofen 3.50 3.58 a 
Estradiol 3.86 4.48 a 
Progesterone 3.87 3.20 a 
Indomethacin 4.27 3.91 a 
Testosterone propionate 4.69 4.89 a 
DMP 323" 4.86 4.67 a 
Testosterone enanthate 6.81 6.33 a 
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Glycerine Data 

Drua loqP s value Reference 
dl-Phenylalanine -1.52 -0.29 a 
Acetazolamide -0.26 0.41 a 
Acetanilide 1.16 0.34 a 
Coumarin 1.39 0.88 1 
Phenobarbital 1.47 0.92 a 
p-Hydroxybenzoic Acid 1.56 1.19 a 
Phenacetin 1.58 0.30 a 
Benzocaine 1.86 0.98 a 
Benzoic Acid 1.87 0.84 a 
Methyl paraben 1.96 0.76 a 
o-Hydroxybenzoic Acid 2.19 0.83 a 
Phenytoin 2.47 1.56 a 
Diazepam 2.99 1.22 a 
Propyl paraben 3.04 1.13 a 
Naphthalene 3.30 1.60 a 
Ibuprofen 3.50 1.25 a 
Hexyi p-Aminobenzoate 3.95 2.13 m 
indomethacin 4.27 1.34 a 
1,2,3.4-
T etrachlorobenzene 4.63 2.08 a 
1.2,3,5-
T etrachlorobenzene 4.66 1.86 a 
1,2,4,5-
Tetrachlorobenzene 4.60 1.82 a 
DMP 323" 4.86 2.02 a 
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Appendix References Key 

a experiments performed in this laboratory 

b Li, A., and Yalkowsky, S.H., 1994. Solubility of Organic 
Solutes in Ethanol/Water Mixtures. J Pharm Sci., 83,1735-
1740. 

0* Yalkowsky, S.H., and Rubino, J.T., 1985. Solubilization by 
Cosolvents I: Organic Solutes in Propylene Glycol-Water 
Mixtures. J Pharm Sci., 74, 416-421. 

d Herman, R.A., and Veng-Pedersen, P., 1994. Quantitative 
Structure-Phamacokinetic Relationships for Systemic 
Drug Distribution Kinetics not Confined to a Congeneric 
Series. J Pharm Sci., 83, 423-428. 

e Breon, T.L., and Paruta, A.N., 1970. Solubility Profiles for 
Several Barbiturates in Hydroalcoholic Mixtures. J Pharm 
Sci., 59, 1306-1313. 

f Gekko, K., and Koga, S., 1984. The stability of protein 
structure in aqueous propylene glycol. Amino acid 
solubility and preferential solvation of protein. Bioch 
Biophys Acta., 786, 151-160. 

g Rubino, J.T., and Obeng, E.K., 1991. Influence of solute 
structure on deviations from the log-linear solubility 
equation in propylene glycol.water mixtures. J Pharm Sci., 
80, 479-83. 
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h Personal communication with Gordon L Flynn 

i Chlen, Y.W., and Lambert, H.J., 1975. Solubilization of 
steroids by multiple cosolvent systems.Chem Pharm Bull., 
23, 1085-1090. 

j Shimamoto, T., Mima, H., and Nakagaki, M. 1979. 
Interaction of p-hydroxybenzoic acid esters with 
polyethylene glycol. Chem Pharm Bull., 27, 2557-2563. 

k Huettenrauch, R., Fricke, S., 1981. Molecular 
pharmaceutics. Part 56. Importance of macromolecular 
spiralization in solubilization. Pharmazie, 36, 575-6. 

I Seidell, A., 1941. "Solubilities of Organic Compounds" 3rd 
ed Vol 2 New York 

m Yalkowsky, S.H., Valvani, S.C., and Amidon, G.L. Solubility 
of nonelectrolytes in polar solvents. IV. Nonpolar drugs in 
mixed solvents. J Pharm Sci., 65,1488-1494. 

Notes 

* Original data was reanalyzed in Excel® as described 
in this manuscript 

** nonpeptide cyclic urea HIV protease inhibitor 
2-amino-5-bromo-6-phenyl-4(3)-pyrlmidinone 
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