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ABSTRACT 

This dissertation discusses some aspects of the solubilization of drugs from the 

perspective of the formulator. Chapter I emphasizes the importance of this research as 

well as the study of the practical aspects of aqueous solubilization of drugs. The most 

important solubilization techniques such as pH control, cosolvency, micellization, and 

complexation are introduced in Chapter II. Chapter III evaluates specifically the 

cosolvency technique by means of a discussion of the effect of pharmaceutically 

acceptable cosolvents upon the solubilization of several drugs. Chapter IV discusses 

the micellization technique in detail. In this chapter, the effect of Tween 80 on the 

solubilization of several drugs is evaluated. Finally, in Chapter V. the consequences 

of the dilution of a pH solubilized formulation are evaluated by means of two in vitro 

formulation dilution methods. 
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CHAPTER I. INTRODUCTION 

Significance 

The aqueous solubility of a compound is a thermodynamic constant, which is defined 

as the equilibrium concentration between a solute and its aqueous solution. This 

thermodynamic constant is one of the most important properties of a drug. The 

aqueous solubility of a dtug influences, by several means, its performance. For 

example, the aqueous solubility of a drug affects its dissolution, distribution in the 

body, and bioavailability. From the perspective of the formulator, a drug must be 

maintained in solution when it is formulated as liquid, or added in powder or solution 

form to liquids (infusion or biological fluids). Also, in a solid dosage form, the 

aqueous solubility of a drug could be the limiting step for its absorption. By whatever 

means, a drug must be dissolved before absorption can occur across biological 

membranes. 

Since, quite often, the aqueous solubility of a compound is lower than that required for 

the dosage form, formulators are asked to "solubilize" it. Solubilization is defined as 

the modification of the solute solubility. The solubilization approaches involve either 

alteration of solute or alteration of solvent. Because only the latter produces a 

thermodynamically stable solubility increase, solvent modification is the most 

effective means of solubilization. This dissertation focuses mainly on the aqueous 

solubilization of drugs by alteration of the solvent. 
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Since the solubilization of slightly soluble or insoluble solutes is a common problem 

during some steps of the drug formulation process, a considerable amount of scientific 

articles and books has been devoted to this topic. However, pharmaceutical scientists 

still confront significant difficulties in solving their solubility problems. These 

difficulties in solving practical solubility problems are related to the poor 

understanding of solubilization theories. Also, a great part of the solubilization 

literature does not offer practical help to the inexperienced scientist. 

This dissertation will discuss some practical aspects of the solubilization of drugs in 

aqueous media. A formulation development perspective will be used during this 

discussion. Chapter II introduces the most common solubilization techniques, such as 

pH control, cosolvency, micellization, and complexation. Specific reference is given 

to the rationale in the application of these techniques upon the solubility increase of a 

model hydrophobic compound, diazepam. Advantages, assumptions, and limitations 

of these solubilization techniques are described. Chapter III addresses the cosolvency 

technique in detail. The effect of common pharmaceutically acceptable cosolvents 

upon the solubility of several drugs is discussed. Linear functions that evaluate the 

ability of a cosolvent to solubilize a specific drug based on its octanol-water partition 

coefficient are provided. Since Chapter III covers a large number of compounds 

having a wide range of octanol-water partition coefficient values, its results are 

broadly applicable. Chapter IV discusses the micellization technique using Tween 80, 
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the most common surfactant employed in pharmacy, as a surfactant model. This 

chapter shows that both molar solubilization capacity and molar micellar-water 

partition coefficients in Tween 80 of several drugs are related to their octanol-water 

partition coefficients. Chapter IV provides an empirical mathematical model that 

allows prediction of the total drug solubility vs. Tween 80 concentration profile based 

on its octanol-water partition coefficient. Chapter V addresses the formulation 

dilution issue from the solubilization point of view. The dilution of a formulation 

changes not only the drug concentration, but also the solubilizer concentration. The 

consequences of this dilution are studied in this chapter by using a pH solubilized 

formulation. The effect of buffer capacity on the extent and lag-time of solute 

precipitation upon dilution is evaluated. Chapter V shows that an increase in the 

formulation buffer capacity substantially decreases the extent of solute precipitation 

and increases the lag-time for precipitation. A phenytoin formulation is used as a 

model. 
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CHAPTER 11. SOLUBILIZATION OF DIAZEPAM 

Abstract 

Several attempts to increase diazepam solubility are in the literature. This study 

discusses these different solubilization approaches. Specific reference is given to the 

rationale in the application of pH control, cosolvency, surfactants, and cyclodextrins. 

It was found that cosolvency is a more attractive means of solubilizing diazepam than 

either pH control, surfactants, or cyclodextrins. Advantages, assumptions, and 

limitations of these diazepam solubilization techniques are also described. 

Introduction 

Diazepam is a benzodiazepine that is widely used for the treatment of several anxiety 

states. Diazepam has several additional uses including the treatment of convulsions 

and spastic disorders. It is also used as a premedication in anesthesiology. 

Because diazepam (7-chloro-1,3-dihydro-1 -methyl-5-phenyI-2H-1,4-benzodiazepin-2-

one, see Fig. 2.11) has a water solubility of 0.05 mg/ml and a dose of 5 mg/ml. 

several attempts to increase its aqueous solubility have been reported (Mason et al.. 

1981; Newton et al., 1981; Rubino and Yalkowsky. 1985; Rubino et al., 1987; Neira et 

al., 1980; Genedi and Hamacher 1980; Reinhart and Bauer, 1995; Lin and 

Kawashima, 1987; Moro et al., 1986; Rosoff and Serajuddin, 1980, Uekama, 1981; 
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Rasool et al., 1991). In this study the different techniques reported in the literature for 

increasing diazepam solubility are compared. 

pH control 

Fig. 2.2 shows the solubility ratio, SR (which is defined as the observed total 

solubility divided by the solubility of the unionized species SJ for diazepam as a 

function of pH. The dashed line indicates the data obtained by extrapolation of the 

Henderson-Hasselbach equation that describes the effect of the pH and pK^ on the 

solubility ratio of a weak base, i.e.. 

CH3 0 

Figure 2.1. Diazepam molecular structure. 

C 
=1-1- J Q( 

5, 
(2.1) 
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The figure shows an exponential increase in SR with decreasing pH below the 

diazepam pK^ value of 2.8. Note that an SR of 100 is required to increase the 

solubility of diazepam from its value in water (0.05 mg/ml) to the current formulation 

concentration of 5 mg/ml. According to equation 2.1 this SR is obtained at a pH less 

than 0.8. Although FDA approved parenteral products range in pH from 1.8 to 11.6. 

an injectable formulation is more acceptable within a pH range of 4 to 8 (Sweetana 

and Akers, 1996). Consequently, the pH solubilization method is not an attractive 

means of solubilizing diazepam. 
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Figure 2.2. pH-Solubility Ratio profile for diazepam. The symbols are experimental 

values taken from the literature (Mason et al., 1981). The dashed line indicates a data 

extrapolation by means of the Henderson-Hasselbach equation (equation 2.1). 

Cosolvents 

Fig. 2.3 shows the effect of some commonly used cosolvents on the SR of diazepam. 

Note that in most cases a linear increase in cosolvent concentration produces an 

exponential increase in the diazepam SR. This relationsliip can be described 

mathematically (Rubino and Yalkowsky, 1985), as: 

• » < fc 
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\ogSR = 
COS ol J COS ol (2.2) 

where is the slope of the semi logarithmic plot of the SR vs. the volume fraction 

of the cosolventy^^^^^. The graph shows a large increase in SR with the concentration 

of propylene glycol (PG) or polyethylene glycol 400 (PEG 400). and an even larger 

increase with the less polar cosolvent. ethanol. In addition. Fig. 2.3 shows that the 

more polar cosolvent glycerine produces only a small increase in diazepam solubility. 

The rationale of the cosolvent approach to solubilize a non-polar compound is to 

decrease the polarity of the media and thereby decrease its ability to squeeze the solute 

out of the solution. 

For most parenteral products there is a maximum acceptable cosolvent concentration 

(although BiCNU® has 100% of ethanol, it is diluted before administration). 

According to Rubino (1984) the solubilization produced by multiple cosolvents is 

additive and mixtures can be used in place of a larger concentration of any single 

cosolvent, i.e., 

n 

logSR = Y, 
cosoLi (2.3) 
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Cosolvent mixtures are used to decrease the undesirable effects of a particular 

cosolvent. For instance, ethanol-PG mixtures are less viscous than a higher 

concentration of PG. They are also less irritating than a higher concentration of 

ethanol. Valium® (diazepam) contains 10 % of ethanol and 40 % of PG. Equation 2.3 

predicts a SR of ~45 (Ol-thanoi = 4.24 and cTpg = 3.03) for diazepam in this cosolvent 

mixture. The SR of 100 is obtained in Valium® by means of the additional excipients, 

such as benzyl alcohol and benzoic acid, which are listed as a preservatives and buffer, 

respectively, but act as cosolvents in the formulation. Even though the latter 

excipients are used mainly for other purposes, Yalkowsky (1999) showed that these 

excipients can dramatically increase the solubility of very insoluble solutes. Although 

this solubilization method is an effective means for preparing an i.v. diazepam 

formulation, the numerous reports of local pain during injection and the presence of 

thrombophlebitis are important disadvantages (Langdon et al.,1973; Mattila and 

Suistomaa 1984; Selander et al., 1981; Hogskilde et al., 1987; Forrest and Galletly. 

1988). However, these negative effects can be minimized if factors such as injection 

rate (Ward and Yalkowsky, 1993a) and formulation dilution (Ward and Yalkowsky, 

1993b) are controlled. 
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Figure 2.3. Cosolvents-Solubility Ratio profile for diazepam. Data taken from the 

literature (Rubino and Yalkowsky, 1985). 

Surfactants 

Fig. 2.4 shows the effect of some surfactants upon the diazepam SR. The dependency 

of the solubility ratio of an unionized drug on surfactant micelle concentration is 

described by: 

= l + (,,4, 



where is tiie solubilization capacity which is usually defined as the number of 

moles of unionized solute that are solubilized by mole of micellar surfactant and C 
mic 

is the molar concentration of the micellar surfactant. Note, that when the CMC is 

small, is approximately the total surfactant concentration and there is an apparent 

linear relationship between SR and the total surfactant concentration. None of the 

surfactants in Fig. 2.4 are able to reach a SR of 100 for diazepam. As in the case of 

cosolvents, combinations of surfactants can be used to increase the solubilization of a 

particular compound. If a combination of surfactants is used a mixed micelle is 

formed. In a favorable case, this mixture will have a lower CMC and higher 

solubilization capacity than either component. However, unlike the case of cosolvents 

this effect is not additive. Since most surfactants produce toxic effects, the use of a 

mixed micellar formulation can decrease or avoid the toxic effects of a single 

surfactant. Since a large number of surfactant molecules are required to form a 

micelle large enough to solubilize a single drug molecule, this method is generally 

only applicable to low dose drugs. The use of the surfactant solubilization is further 

restricted because only a few surfactants are FDA approved and their concentrations 

are very limited for parenteral products. Besides, as in the case of cosolvents when a 

formulation that contains a surfactant is diluted below its CMC the drug can 

sometimes precipitate (Yalkowsky, 1999). 
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Valium MM® is a mixed micelle formulation formed by lechitin and glycocholic acid. 

Because of both reduction of pain on injection and post injection venous sequelae, 

several studies suggest Valium MM® as a preferable alternative to the cosolvent 

aqueous formulations of Valium® or its equivalents. However, lower efficacy and the 

requirement of larger doses are important disadvantages of this formulation. A similar 

situation exists for the surfactant stabilized emulsion (Diazemuls®) of diazepam. 
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Figure 2.4. Effect of some surfactants on the Solubility Ratio of diazepam. Data 

taken from the literature (Lin and Kawashima. 1987; Moro et al.. 1986; Rosoff and 

Serajuddin, 1980). 

Cyclodextrins 

The effect on the diazepam SR of a, P and y cyclodextrins is shown in Fig. 2.5. The 

lines were generated by assuming that the effect of the cyciodextrin concentration 

upon the SR of diazepam is given by: 



SR  =  \  +  ̂ C ,  
ligand 

25 

(2.4) 

where is related to the complex (cyclodextrin-unionized drug) stability constant 

(taken from the literature. Uekama. 1981) and is the concentration of the 

ligand (i.e., cyclodextrin). As in the case of the other solubilization techniques there 

is not a single cyclodextrin that approaches the diazepam SR value of 100. The figure 

shows that P-cyclodextrin is a better solubilizer than a or y cyclodextrins. This is 

presumably because of p-cyclodextrin greater ability to snugly accommodate aromatic 

rings. However, the targeted SR value is only reached by very high concentrations of 

P-cyclodextrin (approximately 50 %). Because of their renal toxicity and high 

viscosity, high concentrations of P-cyclodextrins are not acceptable for parenteral use 

(Sweetana and Akers. 1996). Since solubilization by multiple ligands is additive, 

combinations can be used to minimized the undesirable effect of any single ligand. 

However, most of the undesirable effects of the cyclodextrins are also additive. Thus, 

cyclodextrin solubilization is not a good alternative for diazepam. Moreover, another 

factor to be considered is that currently no cyclodextrins are FDA approved for 

parenteral use and their cost is relatively high. 
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Figure 2.5. Solubility Ratio of diazepam as a function of concentration of a, P and y 

cyclodextrins. The straight line functions were generated by means of literature data 

(Uekama, 1981) and equation 2.4. 

Solubilization by multiple methods 

For weak electrolytes, the combination of pH control and other solubilization 

techniques provides a powerful means of increasing solubility while avoiding 

extremes in the composition of excipients. Basically, the cosolvent, surfactant, and 

complexant equations are applied to the ionized as well as unionized forms of the 
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solute. Since the ionized form for any weak electrolyte is more polar than the 

unionized form, the former will be less efficiently solubilized by the cosolvent, 

surfactant and ligand. Because the neutral form of diazepam dominates at pH higher 

than 2.8, all of the effects shown in Figs. 2.3 to 2.5 represent this form. Because of its 

low pK it is not practical to combine pH control with other methods of diazepam 

solubilization. 

In general, combinations of cosolvent, surfactant and complexation techniques are not 

very useful. This is because the solubilizing agents compete for the solute. 

Solubilizing agents such as cosolvents or surfactants can be incorporated into a 

cyclodextrin and prevent incorporation of the solute. Cosolvents increase the critical 

micelle concentration of surfactants and reduce the partitioning of the solute into the 

micelle. 

Summary 

On the basis of the above, the only practical means of obtaining a pharmaceutically 

acceptable 5 mg/ml solution of diazepam is through the use of a combination of 

cosolvents. 
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CHAPTER III. EFFECT OF COMMON COSOLVENTS ON THE 

SOLUBILIZATION OF DRUGS 

Abstract 

The effect of the addition of ethanol, glycerine, polyethylene glycol 400, and 

propylene glycol upon the solubilization increase of a wide variety of drugs by using 

the log-linear model is investigated. The solubilization power of the selected 

cosolvents was calculated for a wide variety of drugs from their log-solubility vs. 

cosolvent volume fraction profiles. The profiles were either experimentally 

determined or obtained from literature data. The results show a linear relationship 

between solubilization power and octanol-water partition coefficient of the selected 

compounds. The log-linear model predicts the amount of cosolvent needed to 

solubilize a drug from its log Kow 

Introduction 

Poor aqueous solubility is a common problem in the formulation of liquid dosage 

forms. This problem is crucial for parenteral dosage forms where it is necessary to 

incorporate the required dose of drug in a relatively small volume of liquid. Several 

solubilization methods are available to help achieve the desired drug concentration in 

an aqueous media (Sweetana and Akers, 1996 and Yalkowsky, 1999). 
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One of the most popular solubilization methods is cosolvency. Cosolvency is a 

technique in which water miscible solvents, or cosolvents, are added to water to 

increase the solubility of the drug. Most cosolvents have hydrogen donor groups 

and/or hydrogen acceptor groups as well as small hydrocarbon regions. The polar 

groups insure mutual miscibility with water while the hydrocarbon regions decrease 

the ability of water to "squeeze out" nonpolar compounds, thereby increasing 

solubility. 

Cosolvency is probably the oldest, most powerful and most popular method used to 

solubilize drugs. Nema et al. (1997), showed that cosolvents are used in 13 % of FDA 

approved parenteral products. However, in spite of the utility of cosolvency in 

Pharmacy, there are few systematic approaches to predict the proper kind and amount 

of cosolvent needed for a particular dose of a particular drug (Rubino, 1984). 

Unfortunately, most of these approaches are costly and time consuming because they 

require parameters that must be determined from experimental solubility data of the 

drug in various solvents (Li and Yalkowsky, 1994). 

The simplest and most reliable approach and the one that requires the least 

experimental data is the log-linear model (Yalkowsky and coworkers, 1972, 1976, and 

1985). The log-linear model predicts an exponential increase in nonpolar drug 

solubility with a linear increase in cosolvent concentration. This relationship is 

described by the following equation: 
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log S = log S + a f, (3.1) 

where is the total solute solubility in the cosolvent-water mixture, is its water 

solubility, CT is the solubilization power of the cosolvent for the solute, and is the 

volume fraction of the cosolvent in the mixture. Yalkowsky and Roseman, (1981) 

have shown that the constant a is related to the solute and the cosolvent by: 

cr = 5 log + T (3.2) 

where Kok is the octanol-water partition coefficient of the solute and 5" and T are 

constants that are dependent upon the cosolvent. 

Combing equation 3.1 and 3.2 gives: 

log S,„, = log S„ + (S log + T) f ,  (3.3) 

which expresses the total solute solubility in a mixed solvent in terms of the 

characteristics of the pure components. 
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The objective of this study is to quantitate the effect of the pharmaceutically 

acceptable cosolvents: ethanol (EtOH), glycerine, polyethylene glycol 400 (PEG 400), 

and propylene glycol (PG), upon the extent of solubilization of a wide variety of 

drugs. These cosolvents were chosen since they are used in approximately 66 % of 

the FDA approved parenteral formulations that contain cosolvents (Nema et al.,1997). 

The constants S and T of the equation 3.2 will be evaluated so that the ability of the 

above cosolvents to solubilize a specific drug can be estimated from its octanol-water 

partition coefficient by means of equation 3.3. Since this investigation covers a large 

number of compounds having a wide range of logATo,,. values, its anticipated that the 

results will be broadly applicable. 

Experimental section 

Chemicals 

Testosterone, testosterone propionate, testosterone enanthate, PG, and PEG 400 were 

purchased from Sigma Chemical Co (St. Louis. MO.). EtOH was obtained from 

Quantum Chemical Co (Anaheim, CA). Glycerine USP grade was purchased from 

Mallinckrodt (Paris, KU). The water used in this investigation was passed through a 

Milli-Q water purification system. All the chemicals were used as received. 
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Procedures 

Solubilities of testosterone and its propionate and enanthate derivatives were 

determined in cosolvent-water mixtures at concentrations between 0.0 and 1.0 fraction 

volume ifv). Excess drug was added directly into the cosolvent-water mixture. 

Equilibrium was reached by gentle agitation over 2 days at room temperature. After 

equilibration, the suspensions were centrifuged, filtrated through 0.22 |im Millipore 

membranes, and analyzed by HPLC. The solubility v.v. cosolvent concentration 

profiles for other compounds were obtained from literature data. 

Literature data 

All literature data were converted to a log (Stot/S«) vs. fy profiles. In the cases where 

the cosolvent-water mixtures were reported in w/v units, the data were converted to a 

fv using the density of a solute-free solvent mixture. 

Calculation of a and logAfow values 

The solubilization powers of EtOH, Glycerine, PEG 400, and PG (geioh^ ^Glycerine, 

c^PEG 400, and ctrg, respectively) were obtained from the slope of the log (Stot/Sw) vs. 

cosolvent volume fraction (f^) profiles of the selected drugs. The XogKo^v values were 

obtained by means of the ClogP® software. 
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Results and Discussion 

Figure 3.1 shows the effect of PG on the logarithm of the ratio of testosterone 

and its propionate and enanthate derivatives. Similar data were obtained using EtOH. 

Glycerine, and PEG 400. 

10 
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• Testosterone 

• Testosterone Propionate 
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• 

2 A • 
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0 0.2 0.4 0.6 0.8 1 

Propylene Glycol, (fv) 

Figure 3.1. Log of the solubility ratio as a function of propylene glycol, (fv), for 

testosterone, testosterone propionate, and testosterone enanthate. 

Table 3.1 lists log/Co,,. and <7 values determined for the above compounds along with 

some data from the literature for EtOH, Glycerine, PEG 400, and PG. Note that, as is 
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predicted by the log-linear model, the higher the logA'o,,' of the compound the higher 

the solubilizing power (a). Same trend is observed for each cosolvent. 

Table 3.1. log/To,,. and solubilizing power (CT) of EtOH. Glycerine, PEG 400, and PG 

for some drugs 

Compound log/^o,^ EtOH Glycerine PEG 400 PG 

(CTEtOH) (O' Glyecrme) (<y PEG 400) (cipa) 

Caffeine -0.07 0.105 -0.209 0.085 

Phenobarbital 1.47 2.501 0.920 1.944 

Benzocaine 1.86 2.597 0.850 3.030 2.217 

Benzoic acid 1.87 2.279 0.840 3.370 1.896 

Methyl paraben 1.96 2.731 0.76 2.916 1.880 

Phenytoin 2.47 3.249 1.563 3.998 2.978 

Diazepam 2.99 3.412 1.185 3.140 2.798 

Naphthalene 3.30 3.330 1.604 3.824 2.800 

Testosterone 3.32 4.422 2.840 3.444 

Ibuprofen 3.50 4.237 1.253 3.581 2.935 

Indomethacin 4.27 3.570 1.336 3.911 2.703 

Testosterone Propionate 4.69 6.423 4.885 4.940 

Testosterone Enanthate 6.81 8.312 6.327 7.772 
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The solulDiliz2.tion power rstios^ ct pg/ ^ ElOHi ^ Glyccrinc/ CJ EtOH, CT peg 400/ CT Eton, and a 

PEG 400/ <y PG are shown in Table 3.2. Columns 3 and 4 shown that EtOH is a better 

cosolvent than PG and glycerine for all of the compounds. The data in column 5 

suggest that EtOH is better than PEG 400 for nonpolar solutes while PEG 400 is better 

than EtOH for polar solutes. Column 6 suggests PEG 400 is better than PG for polar 

solutes but not necessarily for nonpolar solutes. 
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Table 3.2. \o%Kow and some solubilization power ratios of some drugs 

Compound logATou' a pc/ <7 Ciiyccrmc/ ^ pi;g 40()/ c7 p^g 400/ 

EiOH cf Rion cr Eion a pg 

Caffeine oisl T99 -2.47 

Phenobarbital 1.47 0.78 0.37 

Benzocaine 1.86 0.85 0.33 1.17 1.37 

Benzoic acid 1.87 0.83 0.37 1.48 1.78 

Methyl paraben 1.96 0.69 0.28 1.07 1.55 

Phenytoin 2.47 0.92 0.35 1.23 1.34 

Diazepam 2.99 0.82 0.48 0.92 1.12 

Naphthalene 3.30 0.84 -— 1.15 1.37 

Testosterone 3.32 0.69 0.30 0.85 1.22 

Ibuprofen 3.50 0.78 0.37 0.64 0.83 

Indomethacin 4.27 0.76 0.38 1.10 1.45 

Testosterone Propionate 4.69 0.77 0.76 0.99 

Testosterone Enanthate 6.81 0.94 0.76 0.82 
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Figure 3.2. Ethanol solubilization power. aEton, as a function of the logarithm of the 

octanol-water partition coefficient of several drugs (n=120). 
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Figure 3.2. Glycerine solubilization power, aoiyccnnc. as a function of the logarithm of 

the octanol-water partition coefficient of several drugs (n=24). 
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Figure 3.2. Polyethylene Glycol 400 solubilization power, gpeg 4oo, as a function of 

the logarithm of the octanol-water partition coefficient of several drugs (n=24). 
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Figure 3.2. Propylene Glycol solubilization power, gpg. as a function of the logarithm 

of the octanol-water partition coefficient of several drugs (n=95). 

Figures 3.2, 3.3, 3.4, and 3.5 show that Ethanol, Glycerine, PEG 400. and PG 

solubilization powers, CTeiqh, cyGiyccrme. cypEcaoo. and ctrg, respectively, are linearly 

related to the polarity of the solute by means of its log/C^^^, which is consistent with the 

log-linear model (equation 3.2). These Figures demonstrate that the efficiency of the 

cosolvents increases when the polarity of the solute decreases. Note that this trend is 

observed over about 12 orders of magnitude for EtOH and PG. 
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Table 3.3 shows the dependence of the solubilization power on both the polarity of the 

tested drugs, by means of their log/;fou', and the polarity of the cosolvents, by means of 

their S and T values. The last column of this table shows the log/Co,^ of the cosolvents. 

Table 3.3 shows the following rank order: S„. , > So„ > > S„, . , where 
® Elhanol PG PEG 400 Glyccnnc' 

the least polar cosolvent, EtOH. produces the highest S value, and the most polar 

cosolvent, glycerine, produces the lowest S value. According to the log-linear model 

this ranking order is expected. The strong correlation between S and T values with the 

polarity of the cosolvents is observed by comparing columns 2 and 3 with column 6 of 

Table 3.3. where the graph between S and cosolvent logATo,,. produces r"=0.995 and the 

graph between T and cosolvent logKow produces r"=0.874. 

Table 3.3. S and T of the tested cosolvents, {Equation: a = T + S x logK„w) along 

with n (number of drugs used to obtain these correlation values) and their logATou. 

Cosolvent S T n 
- "1 • 
r' Cosolvent logAToiv 

Ethanol 0.93 0.38 120 0.96 -0.31 

Glycerine 0.34 0.29 24 0.81 -2.42 

Polyethylene glycol 400 0.73 1.20 24 0.76 -0.88 

Propylene glycol 0.76 0.57 95 0.93 -0.92 
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Conclusions 

The log-linear model gives simple guidelines for solving solubility problems using 

cosolvents. Simple equations that can be applied to the prediction of the solubilization 

of several compounds by means of ethanol, glycerine, polyethylene glycol 400, and 

propylene glycol in aqueous mixtures based on the log-linear model are given. 
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CHAPTER IV. TWEEN 80 SOLUBILIZATION DESCRIPTORS OF DRUGS 

Abstract 

The molar solubilization capacities (k) and the molar micellar-water partition 

coefficients ( K^,) in Tween 80 of several drugs (including barbiturates, steroids, and 

benzoic acid derivatives) are related to their log octanol-water partition coefficients 

(log/ifo,,,). Both K and values were calculated from solubility vs. Tween 80 

concentration profiles, which were either experimentally determined or obtained from 

the literature. There is a linear relationship between logATo,,. of the tested compounds 

and the logarithm of the molar micellar partition coefficient (logK^,). On the other 

hand molar solubilization capacities are nearly independent of logATo,, . It is shown that 

the ability of Tween 80 to solubilize a drug can be predicted from its log/To,, value. 

Introduction 

Although there are many types of surfactants, only a few have precedence for use in 

parenteral products. By far the most popular surfactant used in FDA-approved 

parenteral products is Tv/een 80. Recent reviews show that Tween 80 is added into 

about 60 % of all injectable formulations that contain solubilizing, suspending, or 

emulsifying agents (Nema et al., 1997) and it is present in about 40 parenteral 

formulations (Powell et al., 1998). 
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The most common descriptors of surfactant solubilization are the molar solubilization 

capacity, k, and the micelle-water partition coefficient. Km (Atwood and Florence, 

1983 and Yalkowsky, 1999). The k value is defined as the number of moles of the 

solute that can be solubilized by one mole of micellar surfactant. That parameter 

characterizes the ability of the surfactant to solubilize the solute and its value is equal 

to the slope of the line, of a plot of Stot vs. Csuri- The general equation for micellar 

solubilization is : 

where Stot is the total solute solubility, Sw is the water solubility, Csurt" is the number of 

moles of surfactant in solution, CMC is the critical micellar concentration, and Cmic is 

the molar concentration of the micellar surfactant. If the surfactant concentration is 

much greater than the CMC, Csurf approximates the term Cmic in the above equation 

and: 

S,,=S,,+k(C,„,.-CMC) 

(4.1) 

(4.2) 
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The micellar partition coefficient. Km, is defined as the ratio of solute concentration in 

the micelle to the solute concentration in water for a particular concentration of 

surfactant. Km is related to the solubilization capacity by means of: 

Note that, both k and Km describe the ability of a surfactant to solubilize a particular 

drug, but in different ways. The value of Km is related to the water solubility of the 

compound, whereas the k value is not. 

Since Km is restricted by the surfactant concentration, it will be convenient to define a 

molar micelle-water partition coefficient Kj^ as the micelle-water partition coefficient 

in a one molar surfactant solution, i.e.. 

(4.3) 

1^ N _ Csurf=lM ^ JS 
M s (4.4) 

The above normalized molar micellar-water partition coefficient is also equal to the 

solubilization capacity normalized by the intrinsic solubility of the solute. 
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Since the driving forces for the partitioning of a compound into a micelle and into 

octanol are similar, Collete and Koo (1975) and Tomida et. al. (1978) correlate them 

for some benzoic acid derivatives in Tween 20 and Brij 35 solutions, respectively. 

Thus, and logAfo,,. can be expected to be correlated by: 

where a and b are constants which are dependent upon the surfactant. Combining the 

above equations gives: 

which relates the total solubility of any solute to its water solubility, its octanol-water 

partition coefficient, the surfactant concentration, and the surfactant specific constants 

a and b. 

The objective of this investigation is to evaluate the constants of equation 4.5 so that 

Tween 80 solubilization can be estimated from octanol-water partition coefficient via 

equation 4.6. 

logK^ =a + blogK„,, (4.5) 

S ,ot= S J l  +  C , „ , . x l O  
(a+blogK„^ ) ,. 

J (4.6) 
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Experimental Section 

Solubility Determination 

The solubilities of testosterone and its propionate and enanthate derivatives were 

determined in Tween 80/water mixtures at concentrations between 0 and 12 %. 

Excess drug was added directly into the surfactant-water mixture. Equilibrium was 

reached by gentle agitation over 2 days at room temperature. After equilibration, the 

solutions were centrifuged, filtrated through 0.22 |j.m Millipore membranes, and 

analyzed by HPLC. The solubility vs. Tween 80 concentration profiles for other 

compounds were obtained from literature data. 

Calculation of k, Kj^ , and logATou values 

K and KJ*, values were calculated from the drug Stot v.y. Tween 80 concentration 

profiles and equations 4.2 and 4.4. The log^ou values were obtained by the ClogP 

software. 
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Results and Discussion 
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Figure 4.1. Total solubility (S101) vs. Tween 80 concentration profiles for testosterone 

(o) and its propionate (D) and enanthate (~)derivatives, logKow values of 3.32, 4.69, 

and 6.81, respectively. 

Figure 4.1 shows the S101 vs. Tween 80 concentration profiles for testosterone and its 

propionate and enanthate derivatives. Although the solubilization capacity (K), 

appears to be correlated to the logKow of testosterone and its derivatives, such as 

relationship is not observed for most compounds. 
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Table 4.1 lists the compounds considered in this study along with the logarithms of 

their octanol-water partition coefficients (logAr„„.). their solubilization capacities 

(logK), and their molar micellar-partition coefficients (). The values of logA^o,^ and 

l o g K j ^  i n  T a b l e  4 . 1 ,  e a c h  r a n g e  o v e r  m o r e  t h a n  1 0  o r d e r s  o f  m a g n i t u d e .  T h i s  t a b l e  

shows that these values are highly correlated with each other. On the other hand this 

table shows that the solubilization capacity, logK, range with a few exceptions over 

only 2 orders of magnitude and in most cases is not correlated with the logarithm 

octanol-water partition coefficient. This suggests that molar solubilization capacity 

can not be used to compare the ability of Tween 80 to solubilize most drugs with 

different hydrophobicities. 



Table 4.1. logAToir values, logarithm of solubilization capacity values, logK, logarithm 

of normalized micellar partition coefficient, logK.^, in Tween 80 for the tested 

compounds. 

Drug lOgKow logK logKjJ Reference 

Barbital 0.65 -0.60 0.76 Ismail, et al., 1970 

Codeine 1.14 -0.14 1.41 Kiittel. 1968 

Allobarbital 1.15 -0.77 1.28 Ismail, et al., 1970 

Acetanilide 1.16 -0.10 1.33 Kuttel, 1964 

Aspirin 1.19 -0.07 1.45 Ahsan and Blaug, 1960 

Phenobarbital* 1.47 -0.41 1.83 Ismail, et al., 1970 

Phenobarbital* 1.47 -0.39 1.90 Ahsan and Blaug, 1960 

p-hydroxybenzoic acid 1.58 -0.13 1.14 Ahsan and Blaug, 1960 

Butethal* 1.73 -0.12 1.87 Kuttel, 1964 

Butethal* 1.73 -0.13 1.57 Ismail, et al.. 1970 

Cyclobarbital 1.77 -0.48 1.62 Ismail, et al., 1970 

Atropine 1.83 -0.36 1.76 Kuttel, 1968 

Benzocaine 1.86 -0.15 1.95 Hamid and Parrot, 1971 

Benzoic acid 1.87 0.07 1.63 Gerakis, 1993 

Methyl paraben 1.96 0.11 1.92 Patel and Kostenbauder, 1958 

Secobarbital 1.97 -0.09 2.12 Ismail, et al., 1970 

Furosemide 2.03 -1.74 2.49 Shihab, etal., 1979 

Amobarbital 2.07 -0.65 1.89 Ismail, et al., 1970 
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Table 4.1. -Continued 

Drug logKow logK iogK^ Reference 

Camphor 2.18 -0.83 1.86 Kuttel, 1964 

Griseofulvin 2.18 -1.82 2.77 Sjokvist, eta a!., 1992 

Carbamazepine 2.19 -0.60 2.17 Samahaand Cadaila, 1987 

Menadione 2.19 -0.51 2.19 EI-Khawas and Daabis, 1969 

o-hydroxybenzoic acid 2.26 0.03 1.92 Ahsan and Blaug, 1960 

Quinine 2.64 -0.58 2.15 Kuttel, 1968 

Papaverine 2.95 0.74 2.95 Kuttel, 1968 

17-hydroxy-progesterone 3.17 -2.12 2.58 Lundberg, 1980 

Ethisterone 3.30 -3.02 2.64 Lundberg. 1980 

Testosterone 3.32 -1.46 2.63 This paper 

p-dichlorcbenzene 3.44 -0.06 2.08 Kuttel, 1964 

Ibuprofen 3.50 0.07 3.50 Devi and Rao, 1995 

Timobesone acetate 3.50 -2.29 3.93 Ong and Manoukian, 1988 

Ethynylestradiol 3.67 -0.68 3.76 Lundberg, 1980 

Progesterone 3.87 -1.33 3.22 Lundberg, 1980 

Estradiol 4.01 -1.85 4.37 Lundberg, 1980 

Indomethacin 4.27 -1.08 3.47 Krasowska, 1976 

Testosterone propionate 4.69 -1.19 4.62 This paper 

Felodipine 4.80 -1.36 5.05 Anderberg,et al., 1988 

DMP 323** 4.86 -0.84 3.91 Maurin, et al., 1996 

Cinmethacin 4.97 -1.76 3.78 Krasowska, 1976 
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Table 4.1. -Coniimied 

Drug logKow logK logK^ Reference 

Tolfenamic acid 5.17 -1.31 3.75 Raunio and Turakka, 1982 

Testosterone enanthate 6.81 -0.40 5.66 This paper 

Calciferol 9.39 -0.63 9.60 Chung-Ti, 1984 

a-Tocopherol 11.20 0.51 11.00 Imai, et al.. 1983 

*data from two sources, ** 4R-(4a, 5a, 6p. 7P)-hexahydro-5,6-bis (hydroxy)-1,3-bis 

(4-hydroxymethyl)phenyl-methyl-4.7-bis (phenylmethyl)-2H-1,3-diazepin-2-one 
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Figure 4.2. Logarithm of the Tween 80 molar micellar-water partition coefficient, 

logK^, vs. logKow profile of the tested drugs. 

Figure 4.2 shows a strong correlation between logarithm of the octanol-water partition 

coefficient and the logarithm of the molar micellar-water partition coefficient for the 

tested compounds. Since the driving force for micelle solubilization increases as the 

hydrophobicity of the solute increases, the relationship between the solute logKow and 

the Tween 80- water partition coefficient to solubilize it is expected. 
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This relationship is described by : 

log = 0.9201 xlog ATo,, + 0.0690 (r-=0.94) (4.7) 

If units, M"', are converted into, (g Tween 80/lt of solution)"', then equation 4.6 

becomes: 

log = 0.9201 X log ATo,,, + 3.1856 (4.8) 

Inserting equation 4.7 into equation 4.6 gives: 

S„, (4.9) 

According to the t-test of Student the coefficients a and b of the equation 4.9 are not 

statistically different from 0.0 and 1.0, respectively. Therefore, equation 4.9 can be 

approximated by: 

^lol ~ ^ow ^ ^TwcenSO ) (4.10) 
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which relates the total solubility of a drug to its partition coefficient and the Tween 80 

concentration. Equation 4.9 is capable of predicting the Stoi vs. Tween 80 

concentration profile of any drug from its octanol-water partition coefficient. 

Conclusions 

A linear relationship between logarithm of octanol-water partition coefficient (logATo,,,) 

and logarithm of normalized micellar-water partition coefficient is observed (logK ̂  ). 

Therefore, the ability of Tween 80 to solubilize a specific drug can be predicted from 

its log/Co,,. No correlation between logKgw and molar solubilization capacity was 

found. 
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CHAPTER V. BUFFER CAPACITY AND PRECIPITATION CONTROL OF 

pH SOLUBILIZED PHENYTOIN FORMULATIONS 

Abstract 

The main objective of this investigation is to develop a phenytoin intravenous 

formulation that does not precipitate upon dilution. The effect of the buffer capacity at 

pH 12 of several phenytoin formulations on the extent and lag-time of phenytoin 

precipitation upon dilution with Sorensen's Phosphate Buffer is evaluated. Phenytoin 

precipitation was evaluated by means of static and dynamic in vitro dilution methods. 

It is shown that an increase in the formulation buffer capacity decreases substantially 

the extent of DPH precipitation and increases the lag-time for precipitation. In 

addition, a comparison between static and dynamic in vitro methods to measure 

precipitation is presented. 

Introduction 

Phenytoin (DPH) has been prescribed in the treatment of epilepsy and cardiac 

arrhythmia since 1938 (Caramichael, et al., 1980). DPH is a weak acid with a pKa of 

8.3 and water solubility of 20.3 ng/ml (Schwartz, et al., 1977; Agarwal and Blake. 

1968). In order to obtain the desired concentration of 50 mg/ml in the iv commercial 

formulation (Elkins-Sinn, Inc.) the pH is adjusted to 12, and 40% propylene glycol 

(PG) and 10% ethanol (EtOH) are added. 
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Since the solubility of DPH is dependent upon dissociation, in vivo and in vitro 

precipitation of the free acid can occur as a result of the pH changes that accompany 

dilution. In fact, the literature is replete with reports of crystallization occurring when 

phenytoin sodium solutions are mixed with blood or various intravenous admixture 

fluids (Schroeder and DeLuca, 1974; Pfeifle, et al., 1981; Surakitbanham, et al., 

1994). Precipitation at the intravenous administration site and/or the presence of 

crystals in the dosage form has been related to irritation and phlebitis. This is 

manifested most often as pain, burning, or itching at the injection site, although severe 

sequelae such as necrosis have been reported (Tuttle, 1977; Wilensky and Lowden, 

1973; Jamerson, et al., 1994; Kilarski. et al. 1984). 

Schroeder and DeLuca (1974) measured the amount of DPH cr>'stals produced by the 

mixing of DPH formulation with human plasma. These authors observed that both the 

amount and size of the DPH crystals increase with a decrease in the plasma to DPH 

formulation ratio. Markowsky et al. (1991) reported the pH and concentration 

changes at different times of several brand name DPH formulations upon dilution with 

a fixed amount of normal saline. Their study shows that while most mixtures 

precipitated, Dilatin® brand does not form crystals for up to 2 hours after dilution with 

normal saline. The absence of precipitation for this brand was related to its 

significantly higher admixture pH when is compared with the other brands. 



58 

Surakitbanham et al. (1994) reported that the presence and the amount of DPH 

precipitate depend upon the initial pH of the formulation and the pH and buffer 

concentration of the dilution media. They developed an equation to calculate the 

change in solubility resulting from the change in pH due to dilution. Their study used 

a static method with Sorensen's phosphate buffer (SPB) as dilution media. In 

addition, their study shows that supersaturated solutions of DPH may or may not 

actually precipitate in a given period of time. 

The lag-time or induction time for precipitation is defined as the time elapsing 

between the creation of the supersaturation and the formation of a detectable quantity 

of the precipitate (Boistelle and Astier, 1988). If a supersaturated solution is created 

when a formulation is diluted, a long induction time for precipitation is due to the 

retarded nucleation and crystal growth (Kibe et al., 1985). 

The main objective of this investigation is to develop a safer phenytoin intravenous 

formulation. The effect of the buffer capacity at pH 12 of several phenytoin 

formulations on the extent and lag-time of phenytoin precipitation upon dilution with 

pH 7.4 Sorensen's Phosphate Buffer will be evaluated. In addition, a comparison 

between static and dynamic methods to measure precipitation will be presented. 
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Materials and Methods 

Materials 

Phenytoin sodium, potassium phosphates, and polyethylene glycol (PG) were used as 

provided by Sigma Co. Ethanol (200 proof dehydrated alcohol, USP Punctilious, 

Quantum Chemical Co.) was used as received. The water used was filtered through a 

double-deionized purification system (Milli-Q Water System from Millipore Co.). 

The pH Sorensen's phosphate buffer (SPB) was prepared according to Diemm and 

Lentner (1974). The buffer capacity (P) at pH 12.0 of each formulation was adjusted 

with potassium phosphate buffer. In the case of the formulation at (3 =0.02 the pH was 

adjusted with KOH. 

Methods 

Static precipitation method and evaluation of precipitation lag-time 

One ml of DPH formulation was added to a test tube containing 1 ml of SPB. The 

mixture was agitated for approximately 3 seconds. The presence or absence of DPH 

crystals was visually determined. One ml of this mixture was added to 1 ml of SPB, 

and the agitation and evaluation of precipitation were repeated. This serial dilution 

process was repeated 10 times. Two individuals independently evaluated all samples. 

In a separate experiment the pH of similar samples was evaluated immediately after 

the agitation step. 
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The lag time for precipitation of similar samples was obtained by the above 

experimental procedure, but in this case the visual determination of the DPH crystals 

was performed at several times (i.e., 0, 10, 30, 60 and 900 min) after each dilution. 

Dynamic precipitation method 

The experimental set up is described elsewhere in detail (Yalkowsky, et al., 1983). 

Briefly, the dilution media (SBP) was pumped through Tygon tubing (1/32 inch l.D.) 

by a peristaltic pump at the rate of 40 ml/min. The tested formulation was injected at 

three rates (0.5. 1.0, and 1.5 ml/min) into dilution media with the aid of a syringe 

pump. The absorbance of the dilution media-formulation mixture was evaluated by 

means of a spectrophotometer equipped with a flow cell. The mixing distance (i.e. the 

distance between the injection site and the flow cell) was 54 cm. The increase in 

turbidity at 500 nm was assumed to be a measure of precipitation. 

Results and Discussion 

Figure 5.1 shows the pH change of unbuffered and buffered pH 12 placebo 

formulations as a function of dilution fraction (DF). Note that the pH of the 

unbuffered formulation drops to practically pH 7.4 at the first dilution (DF=0.5). 

whereas the buffered formulations do not reach this pH until the fifth dilution 

(DF=0.03). 
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Figure 5.1. pH as a flinction of dilution fraction of DPH placebo formulations at 

different buffer capacities (*,x, and +, buffer capacity 0.00, 0.16, and 0.22). 

Figure 5.2 shows the pH-DF profiles of unbuffered (P=0.02) and buffered pH 12 DPH 

formulations. Again the pH decrease with diluting is greatest for the unbuffered 

formulation. The presence or absence of precipitation is indicated by closed and open 

symbols, respectively. The unbuffered formulation precipitates at the first dilution 

(DF= 0.50), while the formulation at P=0.16 does not precipitate until the fifth 

dilution, and the P=0.27 buffered formulation does not precipitate at any dilution. 
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Figure 5.2. pH as a function of dilution fraction of DPH formulations at different 

buffer capacities (#, •, •, buffer capacity 0.00. 0.16. and 0.27, respectively). Closed 

and open symbols indicate the presence or absence of precipitation, respectively. 

Since the driving force for precipitation is supersaturation, the precipitation of DPH 

formulations as a flmction of dilution can be explained in terms of the difference 

between concentration, which is dependent of DF, and solubility, which is dependent 

on pH. Note that in the case of a weak electrolyte, such as DPH, supersaturation at a 

given DF is a function of pH. All formulations are initially (i.e., DF=1) clear solutions 

. . . . •a - -
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at pH 12. Figure 5.2 shows that at a DF of 0.5 the unbuffered formulation has a much 

lower pH than the buffered formulations. At this pH the solubility of DPH is lower 

than its concentration. In fact, this formulation is sufficiently supersaturated to 

precipitate instantaneously. On the other hand the pH of the buffered formulations is 

not low enough to produce supersaturation and there is not precipitation. The figure 

also shows that the p=0.27 buffered formulation resist precipitation to a greater extent 

than the p=0.16 formulation. 

Interestingly, the unbuffered formulation is less sensitive than the buffered 

formulations to pH changes at DF between 0.500 to 0.125. Although it is not shown 

the plateau was observed for several buffered formulations. The resistance of the 

unbuffered formulation to pH change is believed to be due to the precipitation of DPH 

free acid. In the non-precipitating pH 12 phosphate buffered placebo solution shown 

in Fig. 5.1 the change in hydrogen ion concentration is mainly compensated by the 

shift of the buffer reaction + P04"^ ->• HPO4"". However, in the precipitating DPH 

formulations the precipitation reaction (DPH + H* -> DPH4') competes with the 

buffer reaction for the hydrogen ions. That is, while DPH precipitation is occurring, 

fewer hydrogen ions are available to shift the buffering reaction and therefore the 

concentration of hydronium ions (and thus the pH) is relatively constant. 
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Table 5.1 shows the presence or absence (+ or respectively) of precipitation at 

different times as a function of dilution fraction for the formulation at p=0.16. It is 

shows that there is no precipitation at DF of 0.5 up to 15 hours (900 min) after mixing. 

Also, this table shows that the lag-times for precipitation at dilution fractions 0.25 and 

0.125 are 900 and 30 minutes, respectively, and that precipitation is instantaneous at 

all dilution fractions lower than 0.063. 

Table 5.1. Presence {+) or absence (-) of precipitation at different times as a function 

of dilution fraction for DPH formulation at p=0.16. 

Dilution Time (min) 

fraction 0 10 30 60 900 

1.000 - - - - -

0.500 - - - - -

0.250 - - - - + 

0.125 - - + + + 

0.063 + + + + -r 

0.031 + -f + + 

0.016 + + + + + 

0.008 + + + + + 

0.004 + + + 
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Since an increase in buffer capacity decreases the supersaturation or driving force for 

precipitation, longer times for precipitation are expected at higher buffer capacities. 

This is seen in Fig. 5.3 which shows the relationship between the lag-time for 

precipitation and the formulation buffer capacity. It is clear that an increase in the 

formulation buffer capacity increases the time required for the formation of DPH 

crystals. Thus, the increase in p is not only controlling the pH of the DPH 

formulations upon dilution, but it is also increasing the lag time for DPH crystal 

formation. This finding is quite relevant because if the lag time for precipitation of a 

supersaturated solution is longer than the transit time between the injection site and the 

site of infinite dilution, the solution will not precipitate. 
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Figure 5.3. Lag-time for precipitation at DF = 0.25 of DPH formulations as a function 

of buffer capacity. 

Figure 5.4 shows the results of the dynamic injection of pH 12 DPH formulations at 

(5=0.02, P=0.16, and p=0.27 at three injection rates into a 40 ml/min stream of SPB. 

The latter is assumed to be a reasonable model for blood. In all cases the higher the (3 

the lower the area under the curve (AUC) at the same injection rate. Actually, the 

formulation at highest buffer capacity has practically no precipitation at any of the 

injection rates. Figure 5.4 shows that the AUC of either formulation increases when 

the formulation injection rate increases. This observation is due to the higher degree 

of DPH supersaturation. Although the presence of precipitate in these studies is 
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consistent with the results from the static method, the dynamic method enables the 

demonstration of the fact that the extent of precipitation is sensitive to the degree of 

DPH supersaturation. 

P=0.02 

(3=0.16 

p=0.27 

3.0 

0.0 

3.0 

0.0 

3.0 

0.0 

Injection rate, ml/min 0.5 

Dilution fraction 0.013 

1.0 

0.025 

r\ 

1.5 

0.038 

Figure 5.4. Absorbance at 500 run as a function of time at three buffer capacities, (P), 

and three formulation injection rates of DPH formulations. 
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Conclusions 

An increase in the formulation buffer capacity decreases the extent of DPH 

precipitation and increases the lag-time for the precipitation. Also, the experimentally 

simpler static and the more realistic dynamic methods show comparable results in 

evaluating DPH precipitation. These evaluation techniques confirm that a phenytoin 

formulation with a buffer capacity of 0.27 will not precipitate when diluted with SPB. 

It is believed that such a formulation will not precipitate upon IV injection. 
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