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ABSTRACT 

The primary focus of this research is to develop an in vitro method that uses an 

appropriate formulationiblood ratio and contact time to evaluate the degree of 

hemolysis occurring after an intravenous injection. The effects of both the 

formulation composition and the formulationiblood contact time on hemolysis 

are given in Chapters l-IV. Since hemolysis is shown to increase as either the 

formulationiblood ratio and/or the contact time increases for various 

pharmaceutical vehicles, a small formulationiblood ratio and short contact time 

must be selected to determine the degree of hemolysis occurring as the 

formulation is rapidly diluted by the blood after an intravenous injection. 

Using a formulationiblood ratio of 0.1 and a contact time of 1 second, a 

dynamic method has been developed to evaluate intravascular hemolysis. The 

ability of this method to accurately evaluate hemolysis occurring after an 

injection is determined by comparing hemolysis data generated with this 

dynamic method to in vivo hemolysis data obtained from the literature. The 

results of this comparison are given in Chapter V. The in vitro hemolysis data 

are shown to be in agreement with in vivo hemolysis data. 
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CHAPTER I. INTRODUCTION 

Significance 

Many medicinal agents need to be fomiulated as parenteral solutions for 

intravenous administration. It is often necessary to add pharmaceutical 

excipients to these solutions to increase the solubility and/or stability of the 

drug. The biocompatibility of these formulations is an important consideration 

in their development. 

Some pharmaceutical excipients used in preparing parenteral formulation tend 

to induce hemolysis after an intravenous injection. Hemolysis is the destruction 

of red blood cells with the subsequent release of hemoglobin and other cellular 

components into the blood stream. Symptoms commonly seen in patients 

where hemolysis is present are chills, fever, pain in the abdomen and back, 

shortness of breath, prostration, and shock (Berkow, 1992). The severity of the 

symptoms produced by hemolysis is directly related to the amount of 

hemoglobin released into the blood stream and the ability of the body to 

eliminate that hemoglobin. 
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When hemoglobin is released in the plasma, it binds to haptoglobin, a plasma 

protein, to form a soluble complex (Pintera. 1971; Putnam, 1975). This 

complex is cleared from the plasma by the reticuloendothelial cells in the liver, 

spleen, and bone marrow. In these cells, the heme groups are converted to 

bilirubin which is then transported to the liver after binding to plasma albumin. 

In the liver, bilirubin is concentrated and conjugated to form bilirubin 

diglucuronide which Is then eliminated from the body. The conversion of heme 

into bilirubin diglucuronide is shown in Figure 1.1. Jaundice occurs when the 

amount of bilirubin exceeds the liver's ability to conjugate It. An accumulation 

of bilirubin in the blood stream can cause kemicterus, i.e.. a deposit of bilirubin 

on the basal ganglia of the brain that can lead to mental retardation, loss of 

hearing, or neonatal death. 

When the amount of hemoglobin released in the plasma is larger than the 

binding capacity of haptoglobin, unbound hemoglobin is present in the plasma. 

Approximately 50% of the unbound hemoglobin is rapidly excreted in the urine 

producing hemoglobinuria. Occasionally, intratubular hemoglobin casts are 

formed in the kidney. These casts obstruct the renal tubules producing 

nephrosis and acute renal failure (Lucke, 1946; Lalich, 1955; Jaenike, 1966a,b; 

Myers et al., 1966; Bimdorf and Lopas, 1970; Saitoh et al., 1993). 
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Figure 1.1. The conversion of heme into bilirubin diglucuronide 

Unbound hemoglobin which is not excreted is either sequestered by the 

reticuloendothelial system or oxidized in the plasma to form methemoglobin. In 

the plasma, the heme groups dissociate from methemoglobin and complex with 

hemopexin and albumin to form heme-hemopexin and methemalbumin, 
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respectively. These complexes are then eliminated from the plasma by the 

liver and metabolized in the same manner described above. The remaining 

globin group of methemoglobin binds to haptoglobin and is cleared from the 

plasma by the reticuloendothelial system. 

The hemoglobin-haptoglobin complex, heme-hemopexin complex, along with 

fragments of the red blood cell membrane, causes the reticuloendothelial cells 

in the spleen to become congested. This causes splenomegaly, an increase in 

the size of the spleen, which produces the premature destruction of 

erythrocytes, I.e., hypersplenism (Berkow, 1992). 

It is clear from the discussion above that hemolysis can produce a wide range 

of undesirable medical conditions. When hemolysis is mild, these conditions 

are usually reversible. However, death can occur when hemolysis becomes 

severe. Since hemolysis can be more harmful to the patient than the condition 

being treated, every effort must be made to minimize its occurrence. The use 

of in vitro methods to evaluate the ability of a formulation to induce this 

condition is thus an important component of intravenous formulation 

development. 
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In vitro methods for measuring hemolysis 

In 1893, Hamburger developed a hemolytic method to study the permeability 

of red blood cells. He determined that the volume of the erythrocytes is 

dependent on the osmotic pressure of the surrounding fluid. Parenteral 

solutions that have the same osmotic pressure as the intracellular fluid of the 

erythrocyte were thought to be isotonic. Wokes (1936) developed a hemolytic 

method to evaluate the isotonicity of solutions prepared for parenteral 

administration. He determined that all isotonic solutions tested were non

hemolytic except solutions prepared with boric acid. Boric acid solutions 

induced hemolysis at all concentrations tested, i.e., 0.5% to 5%. Husa and 

Rossi (1942) outlined various calculations and experimental methods for 

preparing isotonic solutions. They determined that 1.8% boric acid should be 

isotonic with red blood cells since the osmotic pressure is the same as the 

erythrocytes. The results of Wokes (1936) and Husa and Rossi (1942) 

suggest that iso-osmotic solutions may not be isotonic with red blood cells. 

The fact that iso-osmotic solutions may not be isotonic was further explained in 

the work by Husa and Adams (1944). They showed that many iso-osmotic 

solutions induce hemolysis and are, therefore, not isotonic with red blood 

cells. This was attributed to the fact that the osmotic pressure of a solution is 

dependent on the total concentration of dissolved particles in solution, while 
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the tonicity of a solution depends only on the total concentration of the 

dissolved particles that do not pass through or alter the cell membrane. The 

inability of some iso-osmotic solutions to prevent hemolysis was also shown by 

Hammarlund and Pedersen-Bjergaard (1961) who studied the degree of 

hemolysis induced by 161 pharmaceutical solutions. Their study showed that 

71 of these iso-osmotic solutions induced varying amounts of hemolysis. 

Many investigators have used in vitro methods to evaluate the hemolytic 

effects of solutions prepared with commonly used pharmaceutical excipients, 

i.e., amino acids and sugars (Husa and Adams, 1944; Grosicki and Husa, 

1954); salts (Husa and Adams, 1944; Hartman and Husa, 1957, Krzyzaniak et 

a!., 1996); cosolvents (Cadwallader, 1963; Smith and Cadwallader, 1967; Ku 

and Cadwallader, 1974; Nishio et al., 1982; Reed and Yalkowsky, 1985 & 

1986); surfactants (Al-Assadi et al., 1989; Riess et al., 1991; Ohnishi and 

Sagitani, 1993; Lowe et al., 1995); complexing agents (Rajewski et al., 1995; 

Shiotani et al., 1995). Note that the above is by no means a comprehensive 

list of the research done in this area. Some of these methods are summarized 

in Table 1.1. As shown by this table, each method is identified as either static 

or dynamic. Static methods determine hemolysis after incubating a 

predetermined volume of formulation with blood for a given period of time. 

The volume of formulation that is mixed with a given volume of blood is 
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designated by the fomnuiationrblood ratio, while the contact time determines 

how long the two liquids are incubated. For example, the method developed 

by Grosicki and Husa (1954) evaluates hemolysis after incubating 100 parts 

fomnulation with 1 part blood for 45 minutes. After the incubation is complete, 

the erythrocytes are separated by either sedimentation or centrifugation. The 

supernatant is then analyzed for hemoglobin. 

Table 1.1. Summary of various in vitro hemolysis methods 

In Vitro Method 
Formulation: 
Blood Ratio 

Contact 
Time 

Type of 
Method 

Wokes (1936) — 30 min. static 

Husa and Adams (1944) 50 30 min. static 

Grosicki and Husa (1954) 100 45 min. static 

Oshida and coworkers (1979) 10 30 min. static 

Fort and coworkers (1984) 100 20 min. static 

Reed and Yalkowsky (1985) 0.1 2 min. static 

Al-Assadi and coworkers (1989) 100 20 min. static 

Obeng and Cadwallader (1989) — ~ dynamic 

Lowe and coworkers (1995) 100 60 min. static 

Shiotani and coworkers (1995) 20 30 min. static 

Krzyzaniak and coworkers (1997a) 0.1 1 sec. dynamic 

- not specified 
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In the case of dynamic methods, hemolysis is detemiined after injecting a 

formulation into a flow of blood and quenching the hemolytic reaction at a 

predetermined formulationrblood contact time with a large volume of normal 

saline. The contact time is determined by the velocity of the formulationrblood 

mixture and the volume of the mixing tube. After quenching, the liquid is 

centrifuged and the amount of free hemoglobin in the supernatant is 

determined. 

Applications of each type of method, i.e., static and dynamic, are described in 

the following sections. This includes information for preparing a hemolytically 

safe parenteral formulation as well as for selecting an appropriate in vitro 

method for evaluating either intravascular hemolysis or cell damage occurring 

after an intramuscular injection. 

Static methods 

Static methods are commonly used in determining the hemolytic potential of 

excipients used in parenteral formulations. Since many formulations are 

known to induce hemolysis, static methods have also been used to evaluate 

the ability of "protecting agents" to decrease the degree of hemolysis induced 

by hemolytic formulations. Many studies have been conducted to decrease 
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hemolysis by the addition of sodium chloride to these fomiulations (Husa and 

Adams, 1944; Cadwallader, 1963; Smith and Cadwallader. 1967; Ku and 

Cadwallader, 1974; Nishio et al., 1982; Reed and Yalkowsky, 1986; Fu et aL, 

1987). In many cases, the hemolytic effect of the solution decreased and 

sometimes disappeared when sodium chloride was added. 

In addition to determining the protecting effects of sodium chloride, Fu et al. 

(1987) evaluated the ability of sorbitol and polyethylene glycol 400 to prevent 

hemolysis induced by a 15% propylene glycol solution. They concluded that 

the addition of either of these substances at concentrations of approximately 

20% gives maximum protection against hemolysis induced by the propylene 

glycol vehicle. The protective abilities of the additives used in their study were 

attributed to the increase in the tonicity of the test vehicle as well as to the 

potential formation of a complex between the excipients. 

Static methods are also used to determine the rank-order of hemolytic 

potentials for excipients used in formulations. The rank-order determined by 

several workers for various cosolvents, surfactants, and complexing agents 

are summarized below. 
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Reed and Yalkowsky (1985) evaluated the hemolytic effect of many 

cosolvents and detemiined that dimethyl sulfoxide is more hemolytic than 

propylene glycol which is followed by a vehicle containing 10% ethanol and 

40% propylene glycol, ethanol, polyethylene glycol 400, dimethylacetamide, 

and dimethylisosorbide. 

Ohnishi and Sagitani (1993) evaluated the hemolytic effects of nonionic 

surfactants and determined the following hemolytic relationship: POE(20) 

oleyl ether is the most hemolytic followed by POE(40) monostearate, POE(20) 

sorbitan monooleate, and POE(20) hydrogenated castor oil. These 

surfactants are also known as Brij 97, Myrj 52, Tween 80 and Cremophor 

RH20, respectively. 

In the study by Rajewski et al. (1995), the following rank-order was 

determined for various cyclodextrins. p-cyclcdextrin was determined to be 

more hemolytic than hydroxypropyl-p-cyclodextrin, while sulfobutyl ether p-

cyclodextrin derivatives (SBE4-P-CD and SBE7-3-CD) were the least 

hemolytic. 

In general, the same rank-order can be determined for the same vehicles 

using different in vitro methods. With this information, excipients can be 
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selected on the basis of their relative hemolytic safety as well as their ability to 

solubilize the solute. For example, polyethylene glycol 400 was shown to be 

less hemolytic than propylene glycol (Reed and Yalkowsky, 1985; Krzyzaniak 

et al., 1997a) and a better solubilizing agent for some medidnal agents 

(Rubino and Yalkowsky, 1985). 

Dynamic method 

Dynamic methods are potentially very useful in evaluating the degree of 

hemolysis occurring after an intravenous injection. In developing such a 

method, the dynamics at the injection site must be considered. When a 

formulation containing components at their initial concentration is injected into 

a vein as shown in Figure 1.2, the formulation is rapidly mixed with blood 

resulting in a decrease in both drug and vehicle concentration. The 

concentration of these components in the blood immediately after the injection 

is dependent on their concentration in the formulation and the ratio of injection 

rate to the blood flow rate at the site of injection. The formulation and blood 

remain in contact at this ratio until the vein in which the injection occurred is 

joined by other veins, after which, the formulationiblood ratio progressively 

decreases as the formulation approaches the heart. All component 
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concentrations will decrease further with continued distribution and circulation 

in the body. 

Figure 1.2. The Interaction of a formulation with a red blood cell after an 
intravenous injection. 

The dynamics of an Intravenous Injection are responsible for the effect of the 

formulation composition and Injection rate upon hemolysis. Hemolysis Is 

dependent on the hemolytic nature of both the drug and vehicle components in 

a formulation as well as their concentrations as they are Initially diluted with 

blood at the Injection site. The initial dilution of the formulation by blood Is 

described by formulatloniblood ratio. As the ratio of formulation to blood 

decreases with increasing dilution, the rate of hemolysis will decrease until the 

formulation Is diluted enough so that It becomes non-hemolytic and hemolysis 

ceases. The formulatloniblood contact time is used to identify the time required 

for the formulation to become non-hemolytic. 
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In vitro methods that are intended to accurately evaluate intravascular 

hemolysis should use a formulationrblood ratio and contact time to simulate 

the brief interaction of the initially diluted formulation with blood following an 

intravenous injection. In order to develop such a method, the effect of these 

parameters on in vitro hemolysis must be determined. 

Reed and Yalkowsky (1985), while evaluating the hemolytic effects of several 

cosolvents, determined that hemolysis is dependent on the formulationrblood 

ratio. With this information, they developed an in vitro method using a 

fomiulationrblood ratio of 0.1 which is able to mimic the initial dilution of the 

formulation by blood that follows an intravenous injection. Their method also 

uses a relatively short, 2-minute, contact time to evaluate the hemolytic 

potential of pharmaceutical cosolvents. This was the shortest contact time that 

they were able to reproducibly use for a static method. Although their method 

is more physiologically realistic than previous methods, a contact time of 2 

minutes is still too long to accurately model the fluid dynamics of an injection. 

in order to further reduce the formulationrblood contact time, Krzyzaniak and 

coworkers (1996, 1997a) developed a dynamic in vitro method to evaluate 

hemolysis. They used this method to determine the effect of contact time on 

hemolysis induced by hypotonic solutions, cosolvent formulations, and 



surfactant formulations. The results for each of these formulation vehicles are 

discussed in Chapters ll-IV as independent reports. 

It will be shown that hemolysis increases with both the formulationiblood ratio 

and the contact time. The percent hemolysis determined by in vitro methods 

that use a large formulationiblood ratio and a long contact time is consistently 

larger than that occurring after an Intravenous injection. These factors led to 

the development of a physiologically realistic in vitro method by Krzyzaniak et 

al. (1997a). This new dynamic method uses a formulationiblood ratio of 0.1 

with a contact time of 1 second to evaluate hemolysis occurring during the 

short period of time that the initially diluted formulation components mix with 

blood before further dilution occurs. This ratio and contact time are believed to 

be a reasonable approximation for the average human situation. For example, 

the ratio of 0.1 Is representative of a 1 mL formulation Injected over 15 

seconds, i.e., injection rate of 4 mL/min, Into a vein with a blood flow rate of 40 

ml_/min. A contact time of 1 second corresponds to the time In which the 

formulation becomes non-hemolytic as it is rapidly diluted with blood from 

intersecting veins. 

The ability of this dynamic method to accurately determine the degree of 

hemolysis occurring after an intravenous injection Is determined by comparing 



26 

in vitro hemolysis data generated using this dynamic method to in vivo 

hemolysis data obtained from the literature. The results of this comparison are 

described in Chapter V. 
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CHAPTER II. HEMOLYSIS INDUCED BY HYPOTONIC SOLUTIONS 

Abstract 

A dynamic in vitro method for the determination of the degree of hemolysis 

induced by parenteral formulations is presented. This method utilizes a dual 

syringe pump apparatus that enables the mixing of a formulation with blood in 

various ratios and for various contact times. Formulation vehicles with varying 

tonicity were used to test the method. Hemolysis is shown to be directly 

related to both the hypotonicity of the test solution and the contact time. The 

proposed method makes it possible to evaluate the hemolytic effects of 

parenteral formulations at physiologically realistic contact times and 

formulation; blood ratios. 

Introduction 

Hemolysis is the destruction of red blood cells with the release of hemoglobin 

in the blood stream. An increase in hemoglobin levels in the blood stream may 

result in hemolytic anemia, jaundice, hemoglobinuria, etc. Since the 

intravenous administration of pharmaceutical excipients may cause some 

degree of hemolysis, intravenous formulations must be screened to determine 

their hemolytic potential before they are clinically tested. 
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Several methods have been developed for the in vitro measurement of 

hemolysis. The method by Husa and Adams (1944) has been the standard 

parenteral screening method for many years. Although generally quite useful, 

Husa's method has three major drawbacks. The absorbance spectrum of 

hemoglobin changes in the presence of nonaqueous solvents and metal ions 

causing inaccurate quantitation. The ratio of formulation to blood is 

unrealistically high for modeling intravenous injections. The incubation time is 

far too long to accurately mimic the interaction of the formulation with blood 

after intravenous injection. 

A novel hemolytic method developed by Reed and Yalkowsky (1985) partially 

addresses these problems. Their method eliminates changes in the 

hemoglobin spectrum due to pharmaceutical excipients by analyzing the 

amount of hemoglobin in the non-hemolyzed red blood cells. This was 

accomplished by mixing the test solution with blood for a fixed period of time 

and discarding the supernatant containing free hemoglobin and test solution. 

Then they rinsed the cells with saline to remove all traces of free hemoglobin 

and formulation. Finally, the remaining intact red blood cells were lysed with 

distilled water. The degree of hemolysis induced by pharmaceutical excipients 

was then determined by subtracting the percent hemolysis of the intact red 
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blood cells from 100%. Thus their method enables the analysis of the amount 

of hemoglobin in the intact red blood cells in a pure aqueous phase. 

Reed and Yalkowsky further modified Husa and Adams's method by lowering 

the formuiationiblood ratio from 50:1 to 1:10 and shortening the incubation time 

from 30 minutes to 2 minutes. Although these mixing volumes and times are 

more realistic than those of Husa and Adams, static models cannot truly mimic 

the very short contact and dilution times that occur at the injection site. 

Yalkowsky et al. (1983) developed a dynamic in vitro method to study 

precipitation at the injection site. They determined that the amount of 

precipitation seen with diazepam is dependent on the flow rate of the aqueous 

phase as well as the injection rate. Obeng and Cadwallader (1989) designed 

an in vitro dynamic flow system which is similar to the Yalkowsky apparatus to 

study those physical variables that are capable of causing hemolysis during an 

intravenous injection. After a test solution was injected into a flowing stream of 

blood, the test solutioniblood mixture flowed into a large volume of saline 

which is assumed to quench the hemolytic reaction. The saline mixture was 

centrifuged and the supernatant analyzed spectrophotometrically for 

hemoglobin. The contact time between the test solution and blood was found 

to be dependent upon the flow rate of the blood, the length of the mixing tube, 
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and the tube diameter. Although the Obeng and Cadwallader apparatus is 

capable of determining the effect of contact time on hemolysis, this was not 

done to any significant extent. 

The aim of this study is to develop a dynamic in vitro method for determining 

the degree of hemolysis induced by parenteral formulations as a function of the 

formulation composition, formulation.blood ratio, and contact time. This study 

examines the degree of hemolysis induced by test solutions of varying tonicity 

over contact times ranging from 0.5 seconds to 100 minutes. Hemolysis 

produced by short contact times is considered analogous to what occurs at the 

intravenous injection site while hemolysis produced by long contact times is 

analogous to cell damage occurring at the intramuscular injection site. 

Experimental 

Reagents 

Sodium phosphate dibasic (Na2HP04), sodium phosphate monobasic 

(NaH2P04), and sodium chloride were purchased from Sigma Chemical Co. 

(St. Louis, MO) and used to prepare the Sorensen's phosphate buffer. All 

chemicals were used as received. 
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Apparatus 

The experimental apparatus is illustrated in Figure 2.1. Blood was pumped 

through Tygon tubing (0.04 inch I.D.) using syringe pump 1. A formulation 

vehicle, i.e., test solution, was injected into the blood flow with syringe pump 2. 

The test solution.blood ratio and mixing time were controlled by adjusting the 

blood flow rate, the test solution flow rate, and the length and diameter of the 

mixing tube. The test solution and blood remained in contact until the mixture 

was diluted with a large amount of normal saline. 

Reconstituted Blood 

Expired, packed red blood cells were obtained from the American Red Cross 

and washed three times with normal saline to remove damaged cells, buffy 

coat, and free hemoglobin. The washed red blood cells were reconstituted to a 

40% hematocrit with isotonic Sorensen's phosphate buffer (pH 7.4). 

Formulation vehicles 

Formulation vehicles were made using deionized distilled water and varying 

amounts of sodium chloride. 
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Figure 2.1. Experimental Apparatus 

Injection of Formulation into Blood 

The reconstituted blood was infused through Tygon tubing at a predetermined 

rate, and the test solution was injected into the flowing blood as described 

above. Several formulationrblood ratios ranging from 0.1 to 30.0 were 

achieved by varying the infusion rate of the pumps. The test solution was 

mixed with blood for a set period of time, i.e., contact time, and then diluted 

with normal saline to quench the hemolytic reaction. 
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Quantitation of Hemolysis 

All samples were quenched with a sufficient amount of saline to yield a final 

solution consisting of at least 90% nomnal saline. After each sample was 

quenched, a two milliliter aliquot was transferred to a test tube and centrifuged 

at 3000 rpm for 10 minutes. The absorbance of hemoglobin in the supernatant 

was measured at a wavelength of 540 nm using a Beckman DU-7 

spectrophotometer. All samples were run in duplicate at room temperature, 

23°C. The absorbance for each sample was used to calculate the percent 

hemolysis by the following relationship: 

%  H e m o l y s i s  =  — — x  1 0 0  
aioo ~ao 

where Af = absorbance of hemoglobin in the supernatant after injecting the 

test solution 

Aq - absorbance of hemoglobin in the supernatant after injecting 

normal saline 

A^oo = absorbance of hemoglobin in the supernatant after total cell lysis 

Note that for each contact time of a given formulationiblood ratio, the final 

volume of both the blood and formulation vehicle are the same. 
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The method described above was used to evaluate the hemolytic potential of 

the test solutions at contact times of 0.008, 0.033, 0.010, and 0.333 minutes 

(i.e., 0.5, 2.0, 6.0, and 20.0 seconds). For convenience, the degree of 

hemolysis occurring at contact times exceeding 20 seconds was determined by 

mixing 1.0 mL of the reconstituted blood with the appropriate volume of test 

solution to achieve the desired ratio and quenching at the appropriate time. 

Although the hydrodynamics of this method are different than illustrated in 

Figure 2.1, the dilution of the formulation with blood is similar. This is 

supported by the fact that both procedures give the same results (i.e., within 

0.1 %) at contact times of 1.0, 3.0, and 10.0 minutes. 

Maximum Hemolysis 

The next section will show that hemolysis increases as a function of contact 

time until the maximum hemolysis occurs. For each water.blood ratio, the 

supematants were collected after reaching the maximum hemolysis. The 

ability of these supematants to produce hemolysis was determined by mixing 

1 mL with 1 mL of blood for 2 hours. This mixture and a blank, consisting of 

pure supernatant, were each diluted one hundred times with normal saline and 

centrifuged at 3000 rpm for 10 minutes. The hemoglobin absorbance was 

determined for the sample and blank using a spectrophotometer. The 
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difference in the hemoglobin absorbance is an indication of the hemolytic 

potential of the supernatant of solutions that produce a maximum amount of 

hemolysis. 

Results and Discussion 

Hemolysis Induced by Water 

The degree of hemolysis occurring in a hypotonic environment is related to the 

contact time and the volume of hypotonic solution added. The degree of 

hemolysis induced by six ratios of water to blood over contact times ranging 

from 0.5 seconds to 100 minutes is shown in Figure 2.2. 

As expected, hemolysis increases as the ratio of water to blood increases at 

each contact time. For example, the percent hemolysis occurring at a two 

second contact time increases from 0.65 to 65 for waterblood ratios ranging 

from 0.1 to 30.0. The degree of hemolysis also increases as the contact time 

increases for a given formulationrblood ratio until a plateau is reached 

indicating the maximum hemolysis for that mixture. Note that this plateau 

value is identical to the value obtained by Husa's method using a ratio of 0.1. 
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Figure 2.2. The effect of contact time on water-induced hemolysis for six 
volumes of water to 1 mL of blood. (•) 0.1 mL; (k) 0.3 mL; (A) 1.0 mL; 
(•) 3.0 mL; (•) 10.0 mL; {•) 30.0 mL. 

When a hypotonic solution is mixed with blood, the cells swell and burst 

causing the release of the intracellular contents into the extracellular fluid. The 

intracellular contents, which consist of potassium, chloride, phosphate, sodium, 

glucose, intracellular proteins, etc., as well as hemoglobin (Behrendt, 1957), 

mix with the test solution to increase its osmotic pressure. Hemolysis will 

continue until either all the cells are destroyed or the osmotic pressure of the 
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test solution containing the released cellular material is close enough to the 

osmotic pressure of the intracellular fluid to render the solution non-hemolytic. 

When this occurs, the maximum hemolysis is reached as indicated by a 

plateau as shown in Figure 2.2. 

The hemolytic nature of the supernatant after reaching the plateau was 

experimentally detemnined for each waterblood ratio. When the maximum 

amount of hemolysis induced by each test solution is less than 100%, there is 

no difference in the hemoglobin absorbance of the sample and the blank 

indicating that the supernatant is non-hemolytic after reaching the plateau. 

This is not the case for the ratio of 30 which induces 100% hemolysis. The 

supernatant from this solution is hemolytic because there are not enough red 

blood cell contents present to produce a solution that is iso-osmotic. 

Hemolysis induced by Salt Solutions 

The proposed method was also evaluated by determining the hemolytic 

potential of various sodium chloride solutions using a ratio of test solution to 

blood that is similar to that of an intravenous injection. Both Reed and 

Yalkowsky (1985) and Ward and Yalkowsky (1992) indicated that a ratio of 

0.1 mL of test solution to 1 mL of blood is an appropriate ratio for simulating an 
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intravenous injection. Figure 2.3 shows the percent hemolysis occurring for 

five salt concentrations using this ratio. 
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Figure 2.3. The effect of contact time on hemolysis induced by five salt 
solutions at a ratio of 0.1 mL of test solution to 1 mL of blood. % Sodium 
Chloride (w/v): HO.SO; (K)0.45; (A) 0.20; WO.IO; (+) 0.05; (•) 0.00. 

Figure 2.3 shows that hemolysis increases as the amount of sodium chloride in 

the test solution decreases. This is attributed to the degree of hypotonicity of 

the test solution. For example, a 0.9% (w/v) sodium chloride solution which is 

iso-osmotic with red blood cells produces virtually no hemolysis at all contact 
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times. As the concentration of salt is decreased, the test solution becomes 

more hypotonic and more hemolysis occurs. Additionally, as the contact time 

is increased for each ratio, the percent hemolysis increases until a plateau is 

reached. Since this plateau corresponds to the amount of hemolysis required 

to produce an isotonic supernatant, it occurs at zero percent hemolysis for 

normal saline. 

In addition to the above hypotonic solutions, two hypertonic solutions 

consisting of 1.8% and 3.0% sodium chloride were used to evaluate the 

proposed method. As expected, no hemolysis occurs at any contact time. This 

is attributed to the fact that when a hypertonic solution is injected into blood, 

the cells become crenated. Hemoglobin is not liberated since the cell 

membrane is not compromised. 

From the above, it is possible to determine the dependence of hemolysis on 

the composition and volume of the formulation and on the formulationiblood 

contact time. It is clear from Figures 2.2 and 2.3 that hemolysis is not an 

instantaneous process. For the hypotonic solutions studied, hemolysis 

increases as a function of contact time and reaches an equilibrium value in 

approximately one minute. 
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The proposed dynamic in vitro method enables the determination of the degree 

of hemolysis induced at various contact times with an overall average standard 

deviation of less than 1.5%. The small ratio and short contact times used in 

this study is analogous to the rapid dilution of a formulation with blood after an 

intravenous injection. Thus, it is possible to model the hemolysis occurring at 

the site of an intravenous injection in a physiologically realistic manner. 
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CHAPTER III. HEMOLYSIS INDUCED BYCOSOLVENT SOLUTIONS 

Abstract 

The degree of hemolysis induced by several cosolvent formulations is 

evaluated at various contact times using the dynamic in vitro method 

developed by Krzyzaniak et al. (1996). Hemolysis is shown to increase with 

cosolvent concentration and to be sigmoidally related to the logarithm of the 

formulationiblood contact time. With this information, a physiologically realistic 

in vitro method with a formulationiblood ratio of 0.1 and a contact time of 1 

second has been developed and used to estimate the amount of hemolysis 

occurring after an intravenous injection of some commonly used cosolvent 

formulations. 

Introduction 

Cosolvents are commonly used in intravenous formulations to increase the 

solubility of poorly water-soluble drugs. When using cosolvents, there is a risk 

of lysis of red blood cells with the subsequent release of hemoglobin and other 

cellular components into the blood stream. The increase of free hemoglobin 

in the plasma is associated with many undesirable medical conditions 

includingi renal dysfunction (Luck§, 1946; Lalich, 1955; Jaenike, 1966; Myers 
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et al., 1966; Bimdorf and Lopas, 1970; Saitoh et al., 1993), splenomegaly 

(Berkow, 1992), jaundice and kemicterus (Berkow, 1992). Therefore, the 

potential of a cosolvent vehicle to induce intravascular hemolysis should be 

determined prior to its clinical administration. 

When developing an in vitro method to evaluate intravascular hemolysis, the 

dynamics of the intravenous injection must be considered. As a cosolvent 

formulation is injected into a vein, the formulation is rapidly mixed with blood 

resulting In a decrease in the cosolvent concentration. The concentration of 

the cosolvent in the blood after the injection is dependent on its concentration 

in the formulation and the ratio of injection rate to the blood flow rate at the 

injection site. The formulation and blood remain in contact at this ratio until the 

vein In which the injection occurred is joined by other veins, after which, the 

formulation.blood ratio progressively decreases until the formulation and its 

cosolvent components are completely diluted by the total volume of blood in 

the body. 

The amount of hemolysis occurring after an injection is dependent on the 

hemolytic nature of the cosolvent, its concentration in the blood after the initial 

dilution, and the time it takes for further dilution to occur. For a formulation of a 

fixed composition, hemolysis is dependent only upon the formulation:blood 



ratio and upon the time it takes for the formulation to be diluted enough so that 

it becomes non-hemolytic. 

The two analogous in vitro parameters that are typically used to describe the 

hemolysis produced by a particular formulation are the formulationiblood ratio 

and the formulationrblood contact time. Several in vitm methods have been 

developed to evaluate hemolysis in which these parameters are specified 

(Husa and Adams, 1944; Grosicki and Husa, 1954; Fort et al., 1984; Al-Assadi 

et a!., 1989; Obeng and Cadwallader, 1989; Lowe et al., 1995). Neither the 

large formulationrblood ratios nor the long contact times commonly used in 

these methods are able to simulate the brief contact time of the diluted 

formulation components with blood that is associated with an intravenous 

injection. 

In an attempt to develop a more physiologically realistic model, Reed and 

Yalkowsky (1985) first determined that in vitro hemolysis is dependent on the 

formulationrblood ratio. They developed an in vitro method using a 

formulationrblood ratio of 0.1 and a relatively short, 2-minute, contact time to 

evaluate the hemolytic potential of pharmaceutical cosolvents. While this 

formulationrblood ratio is reasonable, a contact time of 2 minutes is still too 

long to accurately model hemolysis occurring after an intravenous injection. 
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The aim of this study is to detemnine the dependence of contact time upon 

cosolvent-induced hemolysis and to develop a realistic in vitro method for its 

evaluation. 

Experimental 

The percent hemolysis produced by various formulations was determined 

using the apparatus and procedure developed by Krzyzaniak et al. (1996). A 

brief description of this method is given below. 

Reagents 

Cosolvents commonly used in parenteral formulations were used to prepare 

each test solution. Ethanol was purchased from Quantum Chemical Co. 

(Anaheim, CA). Propylene glycol, glycerin, and polyethylene glycol (PEG 300, 

PEG 400, PEG 3360), were purchased from Sigma Chemical Co. (St. Louis, 

MO). Sodium phosphate dibasic (Na2HP04), sodium phosphate monobasic 

(NaH2P04), and sodium chloride were also purchased from Sigma Chemical 

Co. (St. Louis, MO) and used to prepare the Sorensen's phosphate buffer. All 

chemicals were used as received. 
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Reconstituted Blood 

Expired, human red blood ceils were obtained from the American Red Cross, 

washed with normal saline, and reconstituted to a 40% hematocrit with isotonic 

Sorensen's phosphate buffer (pH 7.4). 

Formulation vehicles 

Each vehicle was prepared by adding distilled water to the appropriate volume 

of cosolvent to yield either an iso-osmotic or a hypertonic solution. In order to 

avoid hemolysis due to osmotic effects which are independent of the hemolytic 

potential of the cosolvent, hypotonic test solutions were not used. The role of 

osmotic pressure in producing hemolysis has previously been described 

(Krzyzaniaketal., 1996). 

Hemolysis evaluation and analysis 

In general, a formulation vehicle was injected at a predetermined rate into a 

constant flow of reconstituted blood. The formulation and blood remained in 

contact for a given amount of time until the hemolytic reaction was quenched 

by dilution with normal saline. An aliquot of the quenched sample was 

transferred to a test tube and centrtfuged at 3000 rpm for 10 minutes. The 

absorbance of hemoglobin in the supernatant was measured at a wavelength 



of 540 nm using a spectrophotometer. Percent hemolysis was calculated from 

the absorbances of the sample, normal saline (a non-hemolytic blank), and 

water (a positive control) as previously described. 

The procedure described above was used to determine the effect of contact 

time on cosolvent-induced hemolysis using a formulationiblood ratio of 0.1 and 

contact times ranging from 0.5 seconds to 6000 seconds (100 minutes). A 

formulationiblood ratio of 0.1, i.e., 1 part formulation to 10 parts blood, was 

used in this study since it has previously been suggested to be a reasonable 

ratio for describing the initial dilution of a formulation by blood that 

accompanies an intravenous injection (Reed and Yalkowsky, 1985; Ward and 

Yalkowsky, 1992). With the use of this ratio, the injection of a 40% cosolvent 

solution will produce a 3.6% cosolvent solution in blood. At the end of the 

designated contact time, this mixture was diluted approximately one hundred 

fold with normal saline to quench further hemolysis. Note that the final volume 

of both the fonnulation and blood in the quenching solution was kept constant 

for each contact time. 

The contact time was varied by adjusting the formulation injection rate, the 

blood flow rate, and the volume of the mixing tube. For example, the following 

experimental conditions were used to achieve a fonnulationrbiood ratio of 0.1 
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and a 0.5 second contact time: test solution flow rate of 0.6 mL/min. blood flow 

rate of 6 mL/min, tube diameter of 0.04 inch I.D. and a tube length of 5 cm. 

Note that many combinations of the injection rate, blood flow rate, and volume 

of the mixing tube can produce the same contact time and formulation:blood 

ratio. 

Results and Discussion 

Effect of Contact Time on Hemolysis 

The hemolysis induced by solutions containing ethanol, propylene glycol, 

glycerin, and polyethylene glycol 300 at contact times ranging from 0.5 

seconds to 6000 seconds are given in Figures 3.1, 3.2, 3.3, and 3.4, 

respectively. It is clear from these figures that hemolysis is sigmoidally 

dependent on the logarithm of contact time. Each sigmoidal curve can be 

characterized by a minimum hemolysis occurring at short contact times and a 

maximum hemolysis occurring at long contact times. The minimum and 

maximum hemolytic potentials are shown to be dependent on the cosolvent 

used as well as its concentration in the formulation. 
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Figure 3.1. The effect of contact time on hemolysis induced by five 
concentrations of ethanol at a ratio of 0.1 mL of test solution to 1 mL of blood. 
% Ethanol (v/v): WI.S; (•) 10; (A) 50; (K)70; (*) 90. 

In vitro methods which use a long contact time will generally determine 

hemolysis at the plateau corresponding to maximum hemolysis. For example, 

hemolysis is at a maximum value at all contact times above 1 minute for ail of 

the ethanol, propylene glycol, and glycerin solutions as shown in Figures 3.1, 

3.2, and 3.3, respectively. The percent hemolysis detemiined at this plateau is 

not representative of the amount induced at the injection site since the contact 
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time of the initially diluted cosolvent sample with blood is brief during injection, 

and the cosolvent is rapidly diluted with the total volume of blood in the body. 
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Figure 3.2. The effect of contact time on hemolysis induced by six 
concentrations of propylene glycol at a ratio of 0.1 mL of test solution to 1 mL 
of blood. % Propylene glycol (v/v): (•) 2.1; (a) 20; (A) 30; (*) 40; (*) 50; 
(•) 60. 

From the above discussion, it is clear that in vitro methods which use a large 

formulationiblood ratio and a long contact time overestimate the hemolytic 

potential of the cosolvent system. Since cosolvent-induced hemolysis is 

dependent on the cosolvent concentration in the formulation, formulationiblood 
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ratio, and the formuiationiblood contact time before complete dilution, such 

methods are therefore unable to accurately evaluate hemolysis occurring after 

an injection. 
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Figure 3.3. The effect of contact time on hemolysis induced by five 
concentrations of glycerin at a ratio of 0.1 mL of test solution to 1 mL of blood. 
% Glycerin (v/v): ^ZO; (•) 10; (A) 15; (IC)20; (*) 50. 

The inability of these methods to accurately evaluate intravenous hemolysis is 

confirmed by the data of Fort et al. (1984). Their study shows the comparison 

of in vivo hemolysis data to in vitro hemolysis data obtained from a method 
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which uses a formuiationiblood ratio of 100, i.e., 5 mL of test solution to 0.05 

mL heparinized dog blood, and a contact time of 20 minutes. Note that test 

solutions were considered non-hemolytic when the percent hemolysis 

determined by their in vitro method was less than 20%. Since their 

comparison results in a false-positive result for all non-hemolytic cosolvent 

formulations tested, cosolvent-induced hemolysis must be evaluated using a 

more physiologically realistic formuiationiblood ratio and contact time. 
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Figure 3.4. The effect of contact time on hemolysis induced by five 
concentrations of polyethylene glycol 300 at a ratio of 0.1 mL of test solution to 
1 mL of blood. % Polyethylene glycol 300 (v/v)i (•) 7.5; (•) 20; (A) 40; (*) 60; 
(*) 80. 



52 

Although in vitro methods which use large formulationrblood ratios and long 

contact times are unable to accurately model an intravenous injection, they are 

potentially useful as an indication of cell damage resulting from .an 

intramuscular injection. This is because the muscle cells remain in contact 

with the undiluted formulation for a prolonged period of time. The muscle 

damaging potential and physico-chemical properties of many injectables were 

studied by Oshida et al. (1979). In their study, an in vitro method with a 

formulationrblood ratio of 10 and a contact time of 30 minutes was used to 

determine the presence of hemolysis. A strong correlation between hemolysis 

and muscle lesions is indicated after evaluating the toxic effects of several 

parenteral formulations. 

Hemolytic Potentials of Cosolvents 

A dramatic increase in hemolysis is observed with increasing contact time for 

each of the cosolvents studied as indicated in Table 3.1. The data show that 

at all contact times glycerin is the most hemolytic followed by propylene glycol, 

PEG 300, and ethanol. However, no difference in the hemolytic potential is 

observed for ethanol and polyethylene glycol 300 at a 1-minute contact time. 

The data in this table also shows that 50% solutions of ethanol and PEG 300 

are almost non-hemolytic at a contact time of 1 minute or less while 50% 
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propylene glycol Is only minimally hemolytic at a contact time of 1 second. 

This Is consistent with the fact that 40% propylene glycol is commonly used in 

marketed Intravenous products. Note that the results of testing a 50% 

propylene glycol solution at long contact times suggest that propylene glycol is 

unacceptable for intravenous injection. 

Table 3.1. Percent hemolysis induced by 50% (v/v) cosolvent in water 

Contact Propylene 
Time Ethanol PEG 300 Glycol Glycerin 

1 sec. <1 <1 3 5 

1 min. 1 1 88 96 

100 min. 2 28 87 98 

The degree of hemolysis induced by 40% solutions of PEG 300, PEG 400, and 

PEG 3350 at various contact times is given in Figure 3.5. From this figure, 

PEG 300 can be seen to be the most hemolytic while PEG 3350 is the least 

hemolytic. Interestingly, the PEG 300 solution is more hemolytic than the PEG 

400 solution on an equimolar basis. The hemolytic potentials could not be 

distinguished for equimolar PEG 400 and PEG 3350 because both test 

solutions induce very little hemolysis at all contact times. It is important to note 
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that ail three of the polyethylene glycols are non-hemolytic at short contact 

times. 
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Figure 3.5. The effect of contact time on hemolysis induced by polyethylene 
glycol 300, 400, and 3350 at a ratio of 0.1 mL of test solution to 1 mL of blood. 
40% Polyethylene glycol (w/v): (•) PEG 300; (•) PEG 400; (•) PEG 3350. 

Conclusion 

As previously discussed, a physiologically realistic formulationiblood ratio and 

contact time should be used to evaluate intravascular hemolysis. When using 



this method, hemolysis can be evaluated during the short period of time in 

which the initially diluted formulation components mix with blood, and before 

they are further diluted by the general circulation. It should be noted that the 

formulationiblood ratio and contact time will depend on many factors including 

the site of Injection and physical condition of the subject. Although no single 

formulationiblood ratio and contact time is appropriate for all in vivo situations, 

the degree of hemolysis occurring in vitro with a ratio of 0.1 and a contact time 

of about 1 second is believed to a reasonable approximation for hemolysis 

occurring in the human after an injection. This ratio would represent 1 mL of a 

formulation injected over 15 seconds, i.e., injection rate of 4 ml_/mln, into a vein 

with a blood flow of 40 mLVmln. A 1-second contact time corresponds to the 

time in which the formulation becomes non-hemolytic as it is rapidly diluted in 

the blood stream. 

The hemolytic potential of several pharmaceutical vehicles intended for 

intravenous administration has been determined using the ratio and contact 

time described above (Table 3.1 and Figures 3.1-3.5). This data indicates that 

the cosolvent formulations used In this study are generally non-hemolytic 

which is consistent with the fact that they are commonly used in marketed 

intravenous formulations. 
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CHAPTER iV. HEMOLYSIS INDUCED BY SURFACTANT SOLUTIONS 

Abstract 

Hemolysis induced by various surfactants as a function of the formulation 

composition and formulationiblood contact time is evaluated using the dynamic 

in vitro method of Krzyzaniak et al. (1996) with a formulationiblood ratio of 0.1. 

The amount of hemolysis induced by nonionic surfactant formulations is shown 

to be relatively low and to increase only slightly with contact time. However, 

when ionic surfactant formulations are used, hemolysis is shown to increase 

dramatically with surfactant concentration and to be sigmoidally related to the 

logarithm of contact time. Since surfactant-induced hemolysis is dependent on 

both the surfactant concentration and the contact time, intravascular hemolysis 

must be evaluated using an in vitro method that simulates the intravenous 

injection site. With this information, hemolytically safe surfactant formulations 

can be developed for intravenous administration. 

Introduction 

Surfactants are commonly used as solubilizing agents in formulations for 

intravenous administration. Surfactants are also used to stabilize emulsions 

and suspensions by reducing the interfacial tension between the dispersed 
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phase and the bulk phase. A review of these pharmaceutical approaches in 

developing parenteral formulations as well as a list of marketed formulations 

containing surfactants is given by Sweetana and Akers (1996). 

The biocompatibility of pharmaceutical surfactants is an important 

consideration when developing an acceptable formulation for intravenous 

administration. It is generally known that surfactants can produce changes in 

the permeability of biological membranes as well as solubilize membrane lipids 

and proteins (Miyajima et al., 1987; Kondo, 1976; Isomaa et al., 1986; 

Hagerstrand, 1991). After an intravenous injection, these changes can 

sometimes occur in the erythrocyte membrane and result in hemolysis. 

Hemolysis is defined as an alteration, dissolution, or destruction of red blood 

cells In such a manner that hemoglobin is liberated. Since an increase in 

blood hemoglobin levels may result in many undesirable medical conditions 

including anemia and jaundice (Berkow, 1992), renal dysfunction (Lucke, 1946; 

Lallch, 1955; Jaenike, 1966; Myers et al., 1966; Bimdorf and Lopas, 1970; 

Saitoh et al., 1993), and death (Bell, 1992), the hemolytic effects of surfactant 

formulations must be determined before they are intravenously administered. 

Many in vitro methods have been developed to study the hemolytic potential of 

surfactant formulations (Miyajima et al., 1987; Kondo, 1976; Tragner and 
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Csordas, 1987; Al-Assadi et al., 1989; Riess et ai.,1991; Ohnishi and Sagitani. 

1993; Lowe et al., 1995; Stenz and Bauer, 1996). Unfortunately, the 

formulationiblood ratios (FBR) and contact times used in most of these 

methods are not able to simulate the dynamics of an intravenous injection. For 

example, the percent hemolysis determined by the method by Lowe et al. 

(1995) which uses a formulationiblood ratio of 100 and a contact time of 60 

minutes will be much larger than the degree of hemolysis occurring as the 

formulation is rapidly diluted with blood after an injection. Note that in the 

Intravenous system, hemolysis is dependent on the excipient concentration at 

the injection site and the time it takes for the excipient to be diluted with 

enough blood so that it becomes non-hemolytic. Therefore, the degree of 

hemolysis induced by surfactant formulations occurring after an intravenous 

injection should be evaluated using a more physiologically realistic method. 

The aim of this study is to evaluate the hemolytic potential of intravenously 

administered surfactant formulations using a physiologically realistic in vitro 

method. The results of this study will indicate whether or not various 

surfactants are acceptable for intravenous administration. This information will 

aid in developing hemolytically safe parenteral formulations. 
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Experimental 

The experimental procedure developed by Krzyzaniak et al. (1996) was used 

in this study to determine the hemolytic effects of surfactant solutions as a 

function of contact time. A brief description of their method is given below. 

Reagents 

The following chemicals were used in this study without further purification. 

Tween 80 and sodium oleate were purchased from Fisher Scientific Company 

(Fair Lawn, NJ). Tween 20, sodium lauryl sulfate (SLS), and 

cetyltrimethylammonium bromide (CTAB) were purchased from Sigma 

Chemical Company (St. Louis, MO). Pluronic F-68, Pluronic F-127, and 

Cremophor EL were purchased from BASF Corporation (Parsippany, NJ). Myrj 

52 and Brij 35 were purchased from Spectrum Chemical Manufacturing 

Corporation (Gardena, CA). Sodium phosphate dibasic (Na2HP04), sodium 

phosphate monobasic (NaH2P04). and sodium chloride were also purchased 

from Sigma Chemical Co. (St. Louis, MO) and used to prepare the Sorensen's 

phosphate buffer. 
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Reconstituted blood 

Expired, packed red blood cells were obtained from the American Red Cross, 

washed three times with normal saline, and reconstituted to a 40% hematocrit 

with isotonic Sorensen's phosphate buffer (pH 7.4). 

Formulation vehicles 

In general, surfactants that are used in parenteral formulations as either 

solubilizing or emulsifying agents were selected for this study (Sweetana and 

Akers, 1996; Stenz and Bauer, 1996; Wade and Weller, 1994). CTAB was 

also selected since it is an acceptable antimicrobial agent for parenteral 

solutions (Wade and Weller, 1994). Surfactant formulations were prepared 

with normal saline to ensure that the hemolytic potential of the surfactant will 

be determined without the hemolytic effects of a hypotonic solution. 

Hemolysis evaluation and analysis 

A test solution was injected into the reconstituted blood which was flowing 

through tubing at a constant rate. The formulation and blood remained in 

contact at a constant ratio until the hemolytic reaction was quenched by 

dilution with a large volume of normal saline. An aliquot of the quenched 

sample was transferred to a test tube and centrifuged for 10 minutes. The 
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absorbance of oxyhemoglobin in the supernatant was measured at a 

wavelength of 540 nm using a spectrophotometer. The absorbance of each 

sample was used to calculate the percent hemolysis by the following 

relationship: 

% Hemolysis = x 100 
A^oo - AQ 

where A  ̂ - absorbance of hemoglobin in the supernatant after injecting the 

test solution 

Aq absorbance of hemoglobin in the supernatant after injecting 

normal saline 

A^qo = absorbance of hemoglobin in the supernatant after total cell lysis 

This dynamic method, with a formulationiblood ratio of 0.1, was used to 

determine the percent hemolysis occurring at contact times ranging from 0.5 

seconds to 6000 seconds (100 minutes). The FBR of 0.1 was used since it 

has previously been suggested to be a reasonable approximation for 

describing the initial dilution of a formulation by blood that accompanies an 

intravenous injection (Reed and Yalkowsky, 1985; Ward and Yalkowsky, 1992; 

Krzyzaniak et al., 1997a). 
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Results and Discussion 

The percent hemolysis induced by sodium oleate, sodium lauryl sulfate, and 

CTAB as a function of both concentration and contact time is illustrated in 

Figures 4.1,4.2, and 4.3, respectively. From these figures, hemolysis is shown 

to increase with surfactant concentration as well as with the time in which the 

surfactant is in contact with blood. 
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Figure 4.1. The effect of contact time on hemolysis induced by four 
concentrations of sodium oleate. SO, at a ratio of 0.1 mL of test solution to 1 
mL of blood. % SO (w/v): (•) 0.01; (•) 0.10; (A) 0.50; (K) 1.00. 
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The sigmoidal relationship between hemolysis induced by these surfactants 

and the logarithm of contact time is consistent with previous studies that 

evaluated the hemolytic effects of hypotonic solutions (Krzyzaniak et al., 

1996) and cosolvent solutions (Krzyzaniak et al., 1997a). 
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Figure 4.2. The effect of contact time on hemolysis induced by four 
concentrations of sodium lauryl sulfate, SLS, at a ratio of 0.1 mL of test 
solution to 1 mL of blood. % SLS (w/v): (•) 0.01; (•) 0.10; (a) 0.50; (k) 1.00. 
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Figure 4.3. The effect of contact time on hemolysis induced by four 
concentrations of cetyltrimethylammonium bromide, CTAB, at a ratio of 0.1 mL 
of test solution to 1 mL of blood. % CTAB (w/v): (•) 0.01; (a) 0.10; (A) 0.50; 
(K) 1.00. 

It Is also clear from Figures 4.1, 4.2, and 4.3 that CTAB is the most hemolytic 

ionic surfactant while sodium oleate is the least hemolytic at each contact time. 

Although sodium oleate is the least hemolytic ionic surfactant studied, its 

hemolytic potential is apparent at concentrations greater that 0.1%. Hemolysis 

induced by sodium oleate is a likely cause of the complications seen in 

patients receiving an intravenous injection of 5% ethanolamine oleate during 
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endoscopic injection sclerotherapy (Wada et al.. 1990; Ohta et al., 1993). 

Note that ethanolamine oleate is rapidly converted to ethanolamine and oleic 

acid after injection (Matsubara et al., 1989). The hemolytic effects of oleic acid 

caused hemoglobinuria and acute renal failure in many patients. 

The percent hemolysis induced by various surfactants at contact times ranging 

from 0.5 second to 100 minutes is given in Table 4.1. It is clear from this table 

that nonionic surfactants at concentrations of 10% are relatively non-hemolytic 

at each contact time. The low hemolytic potential for these nonionic surfactants 

is consistent with the fact that they are typically used in marketed formulations. 

Even when used in lower concentrations, the ionic surfactants listed in this 

table are much more hemolytic than the nonionic surfactants. For example, 

almost complete hemolysis was observed for solutions of sodium lauryl sulfate 

and CTAB at a concentration of 0.5% while solutions containing 10% nonionic 

surfactant induce very little hemolysis. 

When the percent hemolysis determined for the surfactants used in this study 

is compared to the percent hemolysis determined using previously developed 

methods, non-hemolytic surfactants compare very well while hemolytic 

surfactants do not. This is attributed to the fact that the percent hemolysis 

determined by non-hemolytic surfactants will be very close to zero at ail 
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concentrations and contact times. This is not the case for hemolytic 

surfactants which are both concentration and time dependent. For example, 

Myrj 52 is shown to be relatively non-hemolytic at all contact times using the 

method by Krzyzaniak et al. (1996) with a FBR of 0.1. In the study by Ohnishi 

and Sagitani (1993) which uses a FBR of 1, Myrj 52 is shown to be very 

hemolytic. This difference can be explained by calculating the concentration of 

surfactant in the blood for each formuiationiblood ratio described above. In the 

method by Krzyzaniak and coworkers, a 10% Myrj 52 formulation is diluted to a 

concentration of approximately 1 % when 1 mL of the formulation is mixed with 

10 mL of blood, i.e., a FBR of 0.1. When using the method by Ohnishi and 

Sagitani with a FBR of 1, a 10% Myrj 52 formulation is diluted to a 

concentration of only 5% after the initial dilution with blood. Since surfactant-

Induced hemolysis is concentration dependent, lower surfactant concentrations 

will result In less hemolysis. 

From the above discussion, it is clear that the hemolysis produced by a given 

formulation is dependent on the formuiationiblood ratio and contact time. The 

percent hemolysis determined by in vitro methods that use a large 

formuiationiblood ratio and/or a long contact time will be larger than that 

occurring after an intravenous injection. Therefore, the amount of intravascular 
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hemolysis induced by a surfactant formulation should be determined using a 

physiologtcally realistic formulationiblood ratio and contact time. 

Table 4.1. Percent hemolysis induced by various surfactants 

Contact Time 
seconds minutes 

0.5 2 6 20 1 3 10 30 100 

Nonionic Surfactant 

10% Pluronic F-127 0 0 0 0 0 0 0 0 0 

10% Cremophor EL 0 0 0 0 0 0 0 0 0 

10% Tween 80 0 0 0 0 0 0 0 0 1 

10% Pluronic F-68 0 0 0 0 0 1 3 3 3 

10%Myn52 1 1 1 2 1 1 1 2 2 

10%Brij35 0 0 4 4 3 3 3 4 5 

10% Tween 20 0 0 1 2 2 1 3 6 17 

Ionic Surfactant 

0.5% Sodium oleate 9 10 12 13 12 14 17 18 26 

0.5% SLS 23 30 48 80 82 81 89 93 98 

0.5% CTAB 73 74 79 92 94 95 93 97 98 

The dynamic in vitro method developed by Krzyzaniak and coworkers (1996) 

with a formulationiblood ratio of 0.1 and at a contact time of 1 second is 



believed to be more physiologically realistic than previous methods for 

evaluating intravascular hemolysis. Note that a formulationrblood ratio of 0.1 

would represent 1 mL of a formulation injected over 15 seconds into a vein with 

a blood flow rate of 40 miymin while a contact time of 1 second is 

representative of the time in which the formulation is diluted with enough blood 

to render the formulation non-hemolytic. The appropriateness of their method 

is supported by the fact that, in all cases, the in vitro data generated for various 

cosolvent formulations using this method are in agreement with in vivo 

hemolysis data (Krzyzaniak and Yalkowsky, 1995 & 1996). 

Hemolytically safe surfactant formulations can be identified by using the 

dynamic in vitro method described above. Ten percent solutions of the 

nonionic surfactants used in this study are non-hemolytic under these 

conditions, whereas the ionic surfactant formulations are non-hemolytic only at 

a concentration below 0.01% (w/v) as shown in Figures 4.1, 4.2, and 4.3. 
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CHAPTER V. COMPARISON OF IN VITRO AND IN VIVO HEMOLYSIS DATA 

Abstract 

A dynamic in vitro method has recently been developed by the authors to 

evaluate hemolysis resulting from an intravenous injection. That method was 

used in this study to determine the degree of hemolysis induced by several 

cosolvent vehicles that have previously been evaluated in vivo. The in vitro 

data generated for each of these vehicles was compared with the in vivo 

hemolysis data to determine the accuracy of their method. The results of this 

comparison show that the in vitro data are in agreement with in vivo data for 

each vehicle. Therefore, the potential for formulations to induce intravascular 

hemolysis after injection can be determined by using this dynamic in vitro 

method. With this information, hemolytically safe formulations can be more 

easily prepared. 

Introduction 

Pharmaceutical excipients are commonly used in parenteral formulations to 

increase the solubility and stability of medicinal agents. The biocompatibility of 

these excipients is an important consideration for developing a safe 

formulation. Many excipients are known to induce hemolysis when 
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administered intravenously. Hemolysis is defined as an alteration, dissolution, 

or destruction of the erythrocyte membrane which results in the release of 

hemoglobin into the plasma. Since an increase in plasma hemoglobin has 

been associated with many undesirable medical conditions including anemia, 

jaundice, kemicterus, and acute renal failure (Berkow, 1992; Lucke, 1946; 

Lalich, 1955; Jaenike, 1966; Myers et al., 1966; Bimdorf and Lopas, 1970; 

Saitoh et al., 1993), the hemolytic potential of pharmaceutical additives used in 

formulations must be determined before they are intravenously administered. 

Several in vitro methods that have been developed to evaluate the hemolytic 

potential of parenteral formulations are listed in Table 5.1 (Husa and Adams, 

1944; Grosicki and Husa, 1954; Oshida et al., 1979; Fort et al., 1984; Reed 

and Yalkowsky, 1985; Al-Assadi et al., 1989; Lowe et al., 1995; Shiotani et al., 

1995; Krzyzaniak et al., 1997a). From this table, it is clear that most of these 

methods use a large formulationiblood ratio and long contact time to evaluate 

hemolysis. Since it has previously been determined that hemolysis increases 

with both the formulationiblood ratio (Reed and Yalkowsky, 1985; Krzyzaniak 

et al., 1996) and contact time (Krzyzaniak et al., 1997a; Krzyzaniak et al., 

1996; Krzyzaniak et al., 1997b; Ohnishi and Sagitani, 1993; Miyajima et al., 

1987), the degree of hemolysis determined by these methods will be larger 

than the amount occurring after an intravenous injection. This is demonstrated 
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in the study by Fort et al. (1984) which compared in vivo hemolysis data to in 

vitro hemolysis data which were obtained using their static hemolytic method 

as described in Table 5.1. It is clear from their data that an accurate 

quantitative relationship between in vivo and in vitro hemolysis was not 

established. In general, the percent hemolysis calculated using this static in 

vitro method is high for both non-hemolytic and hemolytic test solutions, 

causing false-positive results for some non-hemolytic vehicles. 

Since the percent hemolysis determined by the static methods described 

above can be larger than that occurring after an intravenous injection, a more 

physiologically realistic in vitro method must be used to evaluate intravascular 

hemolysis. Such a method was developed by Krzyzaniak et al. (1997a) to 

simulate the dynamics of an intravenous injection. Their method uses a 

physiologically realistic formulationiblood ratio of 0.1 and contact time of 1 

second to evaluate hemolysis during the short period of time that the initially 

diluted formulation components mix with blood before further dilution occurs. 

This ratio is representative of a 1 mL formulation injected over 15 seconds, i.e., 

an injection rate of 4 mLVmin, into a vein with a blood flow rate of 40 mL/min. A 

contact time of 1 second corresponds to the time in which the formulation 

becomes non-hemolytic as it is diluted in the venous system. 
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Table 5.1. Summary of various in vitro hemolysis methods 

In Vitro Formulation: Contact Type of 
Method Blood Ratio Time Method 

Husa and Adams (1944) 50 30 min. static 

Grosicki and Husa (1954) 100 45 min. static 

Oshida and coworkers (1979) 10 30 min. static 

Fort and coworkers (1984) 100 20 min. static 

Reed and Yalkowsky (1985) 0.1 2 min. static 

Al-Assadi and coworkers (1989) 100 20 min. static 

Lowe and coworkers (1995) 100 60 min. static 

Shiotani and coworkers (1995) 20 30 min. static 

Krzyzaniak and coworkers (1997a) 0.1 1 sec. dynamic 

Although the in vitro method developed by Krzyzaniak et al. (1997a) is able to 

simulate the dynamics of the injection site better than previously developed 

static methods, the ability of this method to accurately determine intravascular 

hemolysis must be confirmed. The aim of this study is to verify that this 

dynamic method is able to accurately evaluate the degree of hemolysis 

occurring after an intravenous injection. This can be accomplished by 

comparing in vitro hemolysis data generated using this dynamic method to in 

vivo hemolysis data. 



73 

Experimental 

The experimental apparatus and procedure developed by Krzyzaniak et al. 

(1996) is used to determine the percent hemolysis induced by each vehicle. A 

brief description of their method is given below. 

Reagents 

Ethanol was purchased from Quantum Chemical Co. (Anaheim, CA). 

Propylene glycol, polyethylene glycol 400, sodium phosphate dibasic 

(NazHPOA), sodium phosphate monobasic (NaH2P04), and sodium chloride 

were purchased firom Sigma Chemical Co. (St Louis, MO). All chemicals were 

used as received. 

Reconstituted blood 

Expired, packed red blood cells were obtained from the American Red Cross 

and washed with normal saline to remove all damaged cells and free 

hemoglobin. The washed cells were then reconstituted to a 40% hematocrit 

with isotonic Sorensen's phosphate buffer (pH 7.4). A new blood sample was 

prepared before each experiment. 
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Formulation vehicles 

Each solution was prepared by adding the appropriate volume of cosolvent to 

either normal saline or distilled water. Note that ETOH. PEG, and PG 

corresponds to ethanol. polyethylene glycol, and propylene glycol, 

respectively. 

Hemolysis evaluation and analysis 

The experimental apparatus is illustrated in Figure 5.1. The reconstituted 

blood was infused through tubing at a rate of 3 mUmin using pump 1. Each 

formulation vehicle was infused into the flow of blood at a rate of 0.3 mUmin 

using pump 2. The formulation and blood, at a fixed ratio of 0.1, were mixed in 

a 0.04 inch I.D. tube for a mixing distance of approximately 5 cm. The 

formulation and blood were in contact in this tube for 1 second. After this time, 

the formulation and blood were diluted in 100 mL of normal saline to quench 

the hemolytic reaction. All experiments were conducted at room temperature, 

i.e., 23 degrees Celsius. 

After the hemolytic reaction was quenched, a 2 mL aliquot of the diluted 

sample was centrifuged at 3000 rpm for 10 minutes. The absorbance of 

oxyhemoglobin in the supernatant was measured at a wavelength of 540 nm 
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using a spectrophotometer. The percent hemolysis was determined for each 

vehicle using the following relationship: 

% Hemolysis = x 100 
Aioo - Afl 

where Af - absorbance of hemoglobin in the supernatant after injecting the 

test solution 

Aq = absorbance of hemoglobin in the supernatant after injecting 

normal saline 

A^qo = absorbance of hemoglobin in the supernatant after total cell lysis 

Comparison of in vitro and in vivo hemolysis data 

The dynamic method described above was used to generate in vitro hemolysis 

data for nine pharmaceutical vehicles for which in vivo hemolysis data were 

published by either Banziger (1967), Gentry and Black (1976), or Fort et al. 

(1984). These data are given in Table 5.2, where "yes" designates that the 

formulation is hemolytic, and "no" indicates that the formulation is non

hemolytic. The hemolytic method of Fort et al. (1984) was used as a 

representative static method to contrast the results of the dynamic in vitro 

method of Krzyzaniak et al. (1997a). Note that Fort et al. (1984) suggested 
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that a formulation is non-hemolytic if the percent hemolysis is less than 20%. 

When using the dynamic in vitro method, a formulation is considered to be 

non-hemolytic if the percent hemolysis is less than 2% since this is the 

maximum mechanical firagility of red blood cells in their method. 

/' distance 

formulation 

pump 1 

pump 2 

blood 

Figure 5.1. Experimental Apparatus 

Results and Discussion 

The results of this comparison are given in Table 5.2. It is clear that the 

hemolysis data generated using the method described above are in better 

agreement with in vivo hemolysis data than that of Fort et al. (1984). This is 

attributed to the use of the physiologically realistic formulationrblood ratio of 
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0.1 and contact time of 1 second to evaluate hemolysis occurring as the 

formulation is rapidly diluted with blood after an intravenous injection. As 

previously discussed, hemolysis evaluated by static methods will be greater 

than hemolysis occurring after an intravenous injection due to their use of 

unrealistically high formulationiblood ratios and/or contact times. It is therefore 

not surprising that 4 of the 9 formulation vehicles tested by the static method of 

Fort et al. (1984) give false-positive results. 

Table 5.2. Detection of hemolysis by in vivo and in vitro methods 

Hemolvsis Detected 
Formulation in vivo in vitro in vitro 

# Composition literature Fort et al. This work 

1 normal saline (NS) no no no 

2 10% ETOH in NS no no no 

3 30% ETOH in NS no yes no 

4 40% PG in NS yes yes yes 

5 60% PG in water yes yes yes 

6 10% PG + 30% ETOH in NS no yes no 

7 10% ETOH + 20% PG in water no yes no 

8 10% ETOH + 40% PG in water yes yes yes 

9 20% ETOH + 30% PEG 400 in water no yes no 



From the data in Table 5.2, it is clear that hemolysis is produced by formulation 

vehicles containing propylene glycol at concentrations greater than 20%. The 

hemolytic effect of these vehicles may be eliminated by using a slower injection 

rate. A slower injection rate is representative of a lower formulationiblood 

ratio, which will result in a decrease in the excipient concentration at the site of 

injection (Ward and Yalkowsky, 1992). Since hemolysis has been shown to be 

directly related to excipient concentration (Fort et al., 1984; Reed and 

Yalkowsky, 1985; Lowe et al., 1995; Krzyzaniak et al., 1997a; Krzyzaniak et 

a!., 1997b; Ohnishi and Sagitani, 1993; Miyajima et al., 1987), a decrease in 

excipient concentration will result in less hemolysis. For example, the degree 

of hemolysis induced by a vehicle containing 40% propylene glycol will be 

lower for a formulationiblood ratio of 0.1 than a ratio of 1 since the 

concentration is lower at the injection site. The approximate concentrations of 

PG at the injection site for formulation:blood ratios of 0.1 and 1, i.e., 1 part 

formulation diluted with 1 part blood, are 4% and 20%, respectively. The 

dynamic in vitro method described above can aid in selecting a 

formulationiblood ratio that renders a hemolytic formulation non-hemolytic by 

sufficient dilution with blood. This formulationiblood ratio, along with the blood 

flow rate at the site of injection, can be used to determine an appropriate 

Injection rate. 
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Although static methods are unable to accurately evaluate intravascular 

hemolysis, they are useful as an indicator of cell damage resulting from an 

intramuscular injection since the muscle cells are in prolonged contact with the 

undiluted formulation. This is shown in a study by Oshida et al. (1993) which 

evaluated the hemolytic potential and muscle damaging effects of many 

parenteral formulations. Hemolysis was determined using an in vitro method 

with a formulationiblood ratio of 10 and a contact time of 30 minutes. From 

their data, a strong correlation between hemolytic potential and muscle lesions 

is evident. When parenteral formulations were determined to be non-hemolytic 

to slightly hemolytic, either no change or a slight change in muscle tissue was 

observed in 81% of the formulations. When more than slight hemolysis was 

present, 91 % of the solutions were shown to cause severe muscle damage. 

In vitro methods can be used to determine the safety of parenteral 

formulations. Static methods are potentially useful in determining the muscle 

damaging effects of a formulation. However, they may give false-positive 

results for formulations injected intravenously. When using the dynamic in 

vitro method by Krzyzaniak et al. (1997a) with a physiologically realistic 

formulationiblood ratio and contact time to evaluate intravascular hemolysis, 

the false-positive results are eliminated, and the results are in agreement with 

in vivo hemolysis data. This dynamic method can, therefore, be used to 
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accurately determined the degree of hemolysis induced by pharmaceutical 

excipients after an intravenous injection. 
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SUMMARY OF METHODS 

The biocompatibility of pharmaceutical excipients's an important consideration 

In the preparation of parenteral formulations, fn vitro hemolytic methods are 

very useful in evaluating the potential toxicity induced by these formulations 

after parenteral administration. These methods can be classified into two 

groups, i.e., methods with a large formulationiblood ratio and long contact time 

and methods with a small formulationiblood ratio and short contact time. The 

appropriate use of each type of method is given below. 

In vitro methods that use a large formulationiblood ratio and long contact time 

are useful in determining the isotonicity of formulations as well as for 

determining the cell damaging potential of intramuscular injections. This type 

of method has been shown to be unable to distinguish the rank-order for 

hemolytic cosolvent vehicles (Krzyzaniak and Yalkowsky, 1996). Furthermore, 

they have the potential to give false-positive results when evaluating hemolysis 

occurring after an intravenous injection. 

In vitro methods that use a small formulationiblood ratio and short contact time 

are useful in determining the rank-order for hemolytic solutions since the 

percent hemolysis is much less than 100%. This type of method can also be 
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used to evaluate the hemolytic effects of formulations administered 

intravenously. For example, the percent hemolysis determined by the dynamic 

method of Krzyzaniak et al. (1997a) shows that the vehicles used in this study 

are generally non-hemolytic. This is consistent with the fact that they are 

commonly used in marketed intravenous formulations. Furthermore, the 

dynamic method does not give the false-positive results that are characteristic 

of static methods. This type of method is not recommended for evaluating the 

isotonicity of solutions since short contact times may not be sufficient to 

establish equilibrium. 

It should be noted that both static and dynamic in vitro methods can be 

developed with either large or small formulationiblood ratios as well as long or 

relatively short contact times. They are, therefore, potentially able to evaluate 

the toxic effects of either an intravascular or intramuscular injection using an 

appropriate hemolysis limit which is selected using in vivo data. 

The methods described above can aid in the development of parenteral 

formulations for which hemolysis is minimized. The safety of these potential 

formulations can accurately be evaluated for either intravenous or 

intramuscular administration using the appropriate in vitro method. 
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