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ABSTRACT 

A micellar electrokinetic chromatography method was developed for detection and 

quantification of alprostadil and its primary degradation product in the sterile powder form of 

the anti-impotence drug Caverject. Reversed-polarity field-amplification and reversed-polarity 

electrostacking were explored as on-column concentration techniques for the anionic analytes. 

A nearly 40-fold response enhancement for alprostadil in the drug formulation was achieved 

using the optimized reversed-polarity electrostacking method. To our knowledge, there are no 

published quantitative applications of this technique in the scientific literatrure. The optimized 

method is a 15 minute assay which involves introduction of an 18 cm sample plug, which is 

subsequently backed almost completely out of the column. The primary components of the 

run buffer are sodium phosphate salts and sodium dodecyl sulfate. Method validation 

following the guidelines generally accepted by the pharmaceutical industry was conducted and 

the results are reported here. Relative standard deviations for precision tests averaging 

approximately 3% were obtained for both components of interest, and response linearity was 

also demonstrated for each component. Reconstituted samples were shown to be stable for up 

to 8 hours, and alprostadil was resolved from all significant degradation products and process 

impurities. 
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INTRODUCTION
 

Capillary Electrophoresis 

"Capillary electrophoresis (CE) was born of the marriage of the powerful 

separation mechanisms of electrophoresis with the instrumentation and automation 

concepts of chromatography" (Heiger, 1992). Developed in 1979, capillary 

electrophoresis represents a somewhat new separation technique, especially when 

compared to the older and more established methods of gas chromatography, liquid 

chromatography, and conventional gel electrophoresis. Used mainly in the fields of 

analytical chemistry and biochemistry, capillary electrophoresis has became more 

widely accepted in recent years, as evidenced by the exponential growth in the 

number of papers published on the technique (Kuhr, 1992 and Monig, 1994). CE 

offers several advantages over other separation techniques, including highly efficient 

and fast separations, inexpensive and long lasting capillary columns, small sample size 

requirements, and low reagent consumption (Baker, 1995). 

Electrophoresis is a process for separating charged molecules based on their 

movement through a fluid under the influence of an electric field. The fluid, or run 

buffer, is a background electrolyte which maintains pH and provides sufficient 

conductivity to allow the passage of current necessary for separation. Other reagents, 

or additives, can be added to the buffer system in order to adjust the selectivity of the 

separation or change the rate of migration of the analyte molecules (Weinberger, 

1993.) 

High-performance capillary electrophoresis (HPCE) employs narrow-diameter 

capillaries for electrophoretic separations. These narrow capillaries, typically 25 to 
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100 J.'m in diameter, allow for very efficient heat dissipation. This permits the use of 

high voltages in driving the electrophoretic separation. High voltages allow for a fast 

separation process since the speed of electrophoresis is directly proportional to electric 

field strength (Weinberger, 1993). 

A capillary electrophoresis system is a relatively simple apparatus. A 

schematic diagram of the capillary electrophoresis system used in this experiment is 

included as Figure 1. The normal polarity of the system has the anode on the inlet 

side of the capillary, while the cathode is on the outlet side of the capillary. The 

outlet side of the system is constantly immersed in run buffer. Sample is introduced 

from the inlet side, either by drawing a vacuum from the outlet side or by applying a 

voltage across the system. Sample is introduced with both the capillary and electrode 

in the sample solution. After sample is introduced, the inlet of the capillary and the 

elctrode are returned to a run buffer vial. A voltage is then applied between the 

source and destination vials, creating an electric field to effect the separation. The 

solutes migrate through the capillary, where they are detected by the detector and its 

output is sent to an integrator or computer. The output of a CE system is an 

electropherogram, which is a plot of detector response versus time (Baker, 1995). 

Different solutes migrate through the capillary at different rates, according to 

the respective electrophoretic mobilities of the solutes. Solutes are detected as they 

migrate through the capillary. Solutes with greater electrophoretic mobility pass the 

detector window at a greater speed than those solutes with lower mobility. Peak area 

response for equal amounts is therefore greater for those solutes which traverse the 
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detector at a slower rate. Because of this, it is often necessary to use corrected areas 

(area/migration time) to normalize response when performing area response 

calculations on electropherograms. The correction factor is only used for peak areas 

since peak height is unaffected by the rate at which solutes pass the detector window 

(Baker, 1995). 

Electrophoretic mobility is a function of the charge-to-size ratio of the analyte. 

Under normal polarity (inlet positive), the migration order of analytes based solely on 

charge is cations, neutrals, anions. For cations, the larger the charge-to-size ratio, the 

greater the electrophoretic mobility. In conventional CE, neutrals migrate at the same 

speed as the electroosmotic flow of the run buffer through the capillary, since they 

are not attracted to either electrode. Anions, even though they are attracted to the 

positively charged inlet of the capillary, are generally swept toward the outlet side by 

the electroosmotic flow. The true electrophoretic mobility of the anions attracts them 

towards the inlet of the capillary, but, because the anions "swim upstream" against 

the electroosmotic flow, their apparent mobility is toward the outlet of the capillary. 

Therefore, for anions, the smaller the charge to size ratio, the greater the apparent 

electrophoretic mobility. 

Electrophoretic mobility of solutes is dependent upon several parameters, 

including the concentration of the run buffer. Low concentration buffers have low 

conductivities and high electric field strengths when high voltages are applied. The 

electric field may be expressed as E = V/d, where V is the applied voltage and d is 

the distance across which the field is applied. If there are two discontinuous zones of 



4 

different conductivities in a capillary, then the voltage drop across low conductivity 

region must be larger according to Ohm's law (V = IR), since the current must be 

the same throughout the capillary. This amplified electric field increases the velocity 

of solutes in the low conductivity region according to v = ItE, where v is the 

electrophoretic velocity and It is electrophoretic mobility. Conversely, high 

concentration buffers have higher conductivity values and low electric field strengths. 

Solutes have decreased velocity in this region of low electric field strength (Chien, 

1991). It is desirable to have separations take place in high concentration buffers in 

order to keep solutes in narrow bands in the capillary and decrease bandbroadening 

due to molecular diffusion. 

Electroosmotic flow is caused by the ionization of the surface silanol groups 

(Si-OH) on the inner surface of the fused silica capillary. The surface silanols, which 

are negatively charged above pH 3, create an electrical double layer in solution in the 

proximity of the capillary wall. The cationic component of the double layer consists 

of an inner, energetically immobile layer adjacent to the silanoate anion, and an outer, 

more diffuse layer of loosely bound cations. These outer cations are free to move, 

and hence are attracted to the negative electrode. Through hydrogen bonding this 

movement results in the flow of solution, i.e. electroosmotic flow, toward the outlet 

of the system (Baker, 1995). The velocity of electroosmotic flow is dependent upon 

the composition of the buffer and on the applied voltage. As run buffer pH increases, 

electroosmotic flow increases. This is due to increased ionization of the surface 

silanols, which in tum produces a larger concentration of cations in the electrical 
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double layer. The electroosmotic flow is proportional to the zeta potential, which is a 

measure of the potential drop across the double layer. Ionic strength also influences 

electroosmotic flow. At higher ionic strength the double layer is more compact, 

resulting in a reduced zeta potential. Qualitatively, the loose counter cations are more 

tightly held, and hence are less mobile. Other buffer characteristics such as viscosity 

and dielectric constant also play roles in determining electroosmotic flow (Baker, 

1995). 

Since a greater applied voltage increases the speed and efficiency of a 

separation, it would seem advantageous to run at as high an applied voltage as the 

power source would allow (30 kV). This could be the case if not for the effects of 

Joule heating. Ideally, capillary electrophoresis exhibits a flat (plug) profile resulting 

from electroosmotic flow. At low voltages, flow through the capillary has a flat 

profile, and molecular diffusion is the primary source of bandbroadening. Above a 

certain voltage, however, the capillary can no longer dissipate all the heat that is 

produced, resulting in convective currents which disrupt the flat profile. Maintenance 

of a plug profile is imperative for achievement of high efficiency in capillary 

electrophoresis. It is this feature which distinguishes CE from pressure driven 

chromatographic techniques (e.g. LC, GC), which exhibit a parabolic flow profile. In 

parabolic flow molecules in the center of the capillary migrate faster than those on the 

edge of the capillary. This type of flow causes bandbroadening and loss of efficiency 

(Weinberger, 1993). Figure 2 shows the two types of flow in a capillary. 
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Micellar Electrokinetic Chromatography 

Micellar electrokinetic chromatography, MEKC, is a specific type of capillary 

electrophoresis which employs micelles in the run buffer to enhance the separation. 

The most common micelle used in MEKC is aggregations of sodium dodecyI sulfate 

(SDS) molecules. SDS [CHr(CH2)1l-0-S03] will form micelles when present in 

solution at or above a concentration of 8.27 mM. The micelles are spherical in shape 

and form such that the hydrophilic, anionic S03 head groups are on the outside of the 

micelle, towards the aqueous buffer. The hydrophobic, hydrocarbon tails are in the 

center of the micelle, away from the aqueous buffer. SDS micelles form in aggregate 

groups of 62 individual SDS molecules (Baker, 1995). 

First introduced to enable the separation of neutral compounds by CE 

methods, MEKC has proven to be a versatile tool in effecting the separation process. 

While the instrumentation of MEKC is identical to that of CE, MEKC is more 

versatile because it employs not only differences in electrophoretic mobility in 

separating analytes, but also differences in phase distribution (Grossman and Colburn, 

1992). Addition of a highly hydrophobic compound to an aqueous solution containing 

micelles causes the compound to partition exclusively into the hydrophobic portion of 

the micelles. The compound, completely solubilized by the micelle, migrates through 

the capillary at the electrophoretic mobility of the micelles. If a highly polar, water 

soluble compound were to be placed in an aqueous solution of micelles, it would not 

partition at all in the micelles since it would be insoluble in them. This compound 

would then travel through the capillary according to its own electrophoretic mobility. 
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A compound of intennediate water solubility will partition between the run buffer and 

the micelles, according to its degree of hydrophobicity. The migration time of the 

compound of intennediate solubility is therefore dependent on its degree of 

hydrophobicity (Baker, 1995). 

On-Column Sample Concentration 

The major limitation of high-perfonnance capillary electrophoresis is its 

relatively poor concentration sensitivity, typically 10 to lOO-fold less than that of 

HPLC when employing UV detection (Albin et aI., 1993). Two major on-column 

methods for sensitivity enhancement of anionic analytes have been developed, 

primarily by Ring-Ling Chien and Dean Burgi. Each technique has resulted in 10 to 

85-fold response enhancement for a variety of analytes (Burgi and Chien, 1992). 

The first method, known as polarity-reversed field-amplified sample injection, 

employs discontinuous buffer systems and an electrokinetic sample injection to 

accomplish on-column concentration of analytes. This process is shown schematically 

in Figure 3. In the first step a plug of dilute sample buffer is injected into the column, 

which is already filled with high concentration run buffer. The polarity of the 

electrodes is then reversed (inlet -, outlet +) to perfonn the sample injection. The 

reversal of polarity causes the electroosmotic flow to be reversed, causing the 

concentration boundary between the low concentration sample buffer and the high 

concentration run buffer to move toward the inlet of the column. At the same time, 

the anionic analytes in low concentration buffer are under the influence of a large 

electric field strength, increasing their mobility and causing them to stack along the 
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concentration boundary in the capillary. The polarity of the electrodes is then 

switched back to the normal configuration (inlet +, outlet -) before the concentration 

boundary along which the analytes are stacked is carried into the sample vial by the 

electroosmotic flow (Chien and Burgi, 1991). 

An important consideration when performing this type of injection is the 

concentration difference between the run and sample buffers. As the concentration 

difference increases, the difference in the strength of the electric fields also increases. 

This results in more analyte stacking along the concentration boundary because the 

difference in analyte mobility between the two regions is enhanced (Chien, 1991). 

However, if the concentration difference between the two regions is too large, 

parabolic flow will result at the concentration boundary during the separation. This 

parabolic flow results in bandbroadening and loss of efficiency (Chien and Helmer, 

1991). 

The second method of on-column sample concentration of anionic analytes is 

known polarity-reversed electrostacking. This method, which is shown schematically 

in Figure 4, shares many similarities with the field-amplified method. In the first step, 

a long plug of sample in low concentration buffer is drawn into the capillary, which 

is already filled with high concentration run buffer. The sample is injected 

hydrostatically by drawing a vacuum from the outlet end of the capillary. After a 

sufficient length of sample solution is drawn into the capillary, the polarity of the 

electrodes is reversed and the low concentration sample plug is backed almost 

completely out of the capillary because of the reversal of electroosmotic flow. While 
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the sample plug is backed out of the column, the analyte anions stack along the 

concentration boundary between the sample and run buffers (Burgi and Chien, 1992). 

The analytes stack along the concentration boundary for the same reason they did in 

the field-amplified method. The low-concentration buffer experiences an increased 

electric field strength and the analyte anions move toward the boundary because of 

their increased mobility and their tendency to oppose the electroosmotic flow. In this 

type of scheme, the electrophoretic mobility of the ions of interest must be negative 

or opposite that of the electroosmotic flow. Otherwise, no stacking occurs (Burgi, 

1993). 

Too large a concentration difference between the run and sample buffers 

causes parabolic flow through the capillary in this method also. Burgi and Chien 

demonstrated that a lO-fold concentration difference between run and sample buffers 

is optimal in most cases (1991). It was also shown that resolution decreases the 

greater the plug length remaining after the polarity-reversal step. Therefore it is 

necessary to back the low concentration sample buffer as completely out of the 

column as possible. This is accomplished by monitoring the current in the column. 

During the period of polarity reversal, the current in the capillary rises as low 

concentration sample buffer is removed. When the current reaches approximately 90% 

of its value with only run buffer in the column, the polarity of the electrodes is 

returned to normal and the separation begins (Burgi and Chien, 1992). In practice, no 

commercial instrument allows the reversal time to be coupled to the current in an 

automated fashion. Therefore, in routine operation, the reversal step is based on time. 
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Project Background 

The anti-impotence drug Caverject, soon to be marketed by Pharmacia & 

Upjohn, Inc., contains as its active therapeutic agent alprostadil, or Prostaglandin E! 

(PGE!). The goal of this project is to develop an HPCE method for detection and 

quantification of PGE! and its primary degradation product, PGA!, for use as a 

quality control assay. Figure 5 shows the structures of PGE!, PGA!, and other related 

compounds. These compounds are all anionic above a pH of approximately five. 

Nearly all of Pharmacia & Upjohn's current quality control work is done by HPLC. 

An HPLC method for detection and quantification of alprostadil in Caverject is being 

developed concurrently with this project. The concentration of alprostadil in a 

reconstituted drug sample is 40 jLg/ml (40 ppm). In order to achieve suitable response 

for the components of interest, as well as for ease of sample preparation, on-column 

sample concentration strategies were explored. The optimized assay was also tested 

for adherence to the pharmaceutical industry's assay validation requirements. 

MATERIALS AND METHODS 

All capillary electrophoresis experiments were performed on an Applied 

Biosystems (now Perkin-Elmer) 270A capillary electrophoresis system, using software 

version 3.5. The system employs an ultraviolet variable wavelength detector with a 

deuterium lamp. A schematic diagram of the system is included as Figure 1. Under 

normal polarity the inlet side (right) is the anode and the outlet side (left) is the 
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cathode. 

Run buffers were prepared from solutions of sodium phosphate dibasic and 

sodium phosphate monobasic. Two stock solutions, one containing 30 mM NaH2P04, 

the other containing 30 mM Na2HP04, were prepared, each diluted in NANOpure™ 

water. Portions of the two solutions were then mixed in appropriate volumes to bring 

the pH of the resulting solution to 7. An appropriate amount of tetramethylammonium 

perchlorate (TMAP) was then added to the pH 7 run buffer in order to bring the 

concentration of TMAP in the run buffer to 10 mM. Sodium dodecyl sulfate (SDS) 

was then added to the run buffer to bring its concentration in the buffer to 75 mM. 

The TMAP used was obtained from GFS Chemicals, while the SDS used was 

obtained from Sigma in > 99 % purity. The sodium phosphate salts used were 

obtained from J. T. Baker. 

Sample buffers were prepared by mixing appropriate volumes of separate 

sodium phosphate mono and dibasic solutions to bring the final solution to pH 7. Each 

sodium phosphate solution was at a concentration of 1.6 mM. Ethanol was then added 

to make a 5% solution. An appropriate amount of 3-hydroxycinnamic acid, for use as 

an internal standard, was then weighed into the pH 7 sample buffer in order for the 

concentration of internal standard in solution to be 0.03 mM. The 3

hydroxycinnamic acid was obtained from Aldrich in 99 % purity. 

Sterile powder Caverject samples containing alprostadil (Lot #28462-TJA-110) 

were dissolved in one milliliter of sample buffer in order to be run on the capillary 

electrophoresis system. After dissolution in sample buffer the samples had the 
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following nominal composition: 

Material Concentration (mg/mD 

Alprostadil 0.040 
Lactose 172.0 
a-Cyclodextrin 0.664 
Sodium Citrate 0.047 

Standards were prepared by spiking internally issued control reference standards of 

either PGE\ or PGA\ into the sample buffer at the desired concentration. One 

milliliter of the sample buffer containing the analyte was then used to reconstitute a 

vial of the sterile powder placebo (Lot #28462-TJA-103). 

The optimized draft procedure, including system suitability tests, is included as 

the Appendix. The optimal procedure for separation of possible impurities is also 

given in the Appendix. Impurities were obtained either from Cayman Chemical Co. 

or internally issued from Upjohn Control Reference Standard stocks. The process of 

method optimization and the factors considered in the optimization of each condition 

are included in the Results section. 

Validation Methods 

The procedure used for validation of the optimized method generally follows 

that detailed by Clark-Evans and Manning (1990). The general categories of 

validation tests performed were selectivity, precision, linearity, stability, and 

sensitivity. 

Selectivity tests were performed by preparing a solution of all process 

impurities and degradation products in sample buffer. Each compound was also run 

individually for identification purposes. The selectivity tests were performed with a 2 
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second hydrostatic injection of the sample in order to see if all possible impurities 

could be resolved in the run buffer. 

Precision tests were performed for both PGE\ and PGA\. PGE\ precision data 

were obtained through both multiple injections of a single sample (quantifying the 

amount of instrumental fluctuation) and single injections of multiple sale preparations 

(quantifying fluctuations in instrumental response, sample preparation, and content 

uniformity of separate samples). PGA\ precision data was obtained through multiple 

injections of two standards, each at a different PGA\ concentration. The first standard 

contained 0.2 j.tg/ml PGA1 (0.5% of expected PGE\ concentration). The second 

standard contained 1.6 j.tg/ml PGA\ (4% of expected PGE\ concentration. These 

concentration levels reflect the approximate range at which PGA\ could be present in 

the drug formulation. 

Relative standard deviations were obtained for precision data by using either 

internal or external standardization. For each type of standardization, relative standard 

deviations were calculated using both peak area and corrected peak area (peak 

area/migration time). Peak height proved to be an unreliable parameter for response 

quantification. 

Response linearity for PGE\ was carried out by preparing standards 

encompassing a concentration range of 16 to 52 j.tg/ml (40-130% of expected PGE1 

concentration in the formulation). Response linearity for PGA\ was done by preparing 

standards within the 0.05 to 2.5 j.tg/ml range (approximately 0.1 to 6% of expected 

PGE1 concentration in the formulation). The maximum acceptable level of PGA\ in 
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Caverject is 2.0 Ilg/ml (5% of expected PGE l concentration). 

In order to gain a measure of the stability of a bulk drug sample reconstituted 

in sample buffer, a sample was stored at room temperature for approximately eight 

hours. The sample was then run at various intervals during the course of this period 

in order to measure the change in both PGE l and PGA l . Stressed samples were also 

tested in order to observe the amount of sample degradation due to heat and time. 

RESULTS AND DISCUSSION 

Method development by capillary electrophoresis involves the optimization of 

many experimental parameters, any of which can be critical to the ultimate 

performance of the method. The general strategy and factors considered in the 

optimization of the important parameters involved in the optimized method are 

detailed here. 

Detector Wavelength The detector wavelength was set at 200 nm after 

obtaining the absorption spectra of PGE l and PGA l . Both compounds showed end 

absorption at 200 nm, with no other shared absorptions. The absorption spectra for 

these compounds is included as Figure 6. Molar absorptivities measured at 200 nm in 

run buffer for PGE l , PGA l , and the internal standard are: 

PGE\ 7127 (cm- l M- l ) 

PGA l 
3839 (cm- l M- l ) 

3-hydroxycinnamic acid 12946 (cm- l M- l 
) 

Applied Voltage The voltage applied during the run time of a sample was 

arrived at by applying a series of voltages to the run buffer and monitoring the 
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resultant current. Current should vary linearly with voltage as given by Ohm's law 

(V =IR). A plot of current vs. voltage was generated to detennine at what voltage the 

current began to deviate from linearity. The positive deviation results from excessive 

heat that can no longer be dissipated. This Ohm's law plot is included as Figure 7. 

An applied potential of 20 kV was chosen because this is the highest voltage at which 

the current behaves linearly. The point at which the Ohm's law plot is no longer 

linear coincides with the point at which plug flow is disrupted by heat-induced 

convective currents, thereby causing bandbroadenig and loss of efficiency. Our goal 

was to achieve the maximum voltage allowable from the Ohm's law plot that would 

allow the assay to take place within 15 minutes. 

Capillary Dimensions Both 50 and 75 I-tm (inner diameter) capillaries were 

examined. While the 75 I-tm capillary produced higher absolute response, the peak 

shape was inferior to that of the 50 I-tm capillary. The peaks produced with use of the 

75 I-tm capillary showed substantial distortion and were wider than the peaks produced 

using the 50 I-tm capillary. The greater distortion in the peaks obtained with the 75 

I-tm capillary was most likely due to Joule heating effects. Wider capillaries dissipate 

heat less effectively than narrower ones. The 75 I-tm capillary produced a current 

during runs of approximately 55 I-tA, compared to the 45 I-tA current produced by the 

50 I-tm capillary. This increased current most likely led to Joule heating and peak 

distortion. For these reasons a 50 I-tm capillary is used in the optimized method. 

Representative electropherograms for each capillary diameter are included as Figure 

8. 
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Illi Both the ron and sample buffers were chosen to be at pH 7. Since the 

pKa's of the relevant prostaglandins in the analysis are all approximately five, this 

ensured that the analytes would be negatively charged in the buffers. This would help 

to limit the differences in electrophoretic mobility of the analytes if they were of the 

same charge, rather than a mixture of neutrals and anions. The buffers at pH 7 also 

allowed the analysis to take place in less than 15 minutes, which was an original goal 

of the method development. Minor changes in buffer pH can occur during multiple 

sample rons. In order to keep these changes from causing significant shifts in analyte 

migration times, it is necessary to change both the ron and sample buffer after 

approximately every four rons. 

Buffer Concentration and Constituents It was desired to maximize the 

concentration difference between the ron buffer and the sample buffer in order to 

improve the effect of stacking, peak response, and resolution. The lowest 

concentration of phosphate sample buffer that could be obtained while maintaining pH 

7 upon sample addition was found to be 1.6 mM. The ron buffer was designed to 

give maximum peak response and resolution, while not causing excess current in the 

capillary. TMAP was included in the buffer because it improved the resolution of the 

primary degradation product, PGA1, and PGB1, a possible degradation product at high 

pH. Micellar electrokinetic chromatography was explored when buffers of solely 

phosphates showed inadequate separation of analytes. The sodium dodecyl sulfate 

micelles were found to have an optimum concentration in the ron buffer of 75 mM. 

Electropherograms showing peak shapes as a result of varying the concentration of 
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SDS are included in Figure 9. 

Cholic acid (3a,7a,12a-trihydroxy-5/J-cholan-24-oic acid) was also explored as 

a possible micellar phase. The resolution of possible impurities was excellent with 

cholic acid, none of the possible impurities co-eluted with PGE1• The response 

achieved was also comparable to that achieved using SDS. The problem with cholic 

acid was that its presence in the buffer produced erratic electroosmotic flow rates, 

causing shifts in migration times and non-reproducible results. 

Internal Standard The choice of 3-hydroxycinnamic acid was based upon its 

purity (99%), stable peak response, and migration time. The compound was shown to 

have a well-behaved, reproducible response under experimental conditions and also 

had a migration time considerably less than that of the analytes, preventing any co

elution problems. The concentration of the internal standard in the sample buffer is 

0.03 mM to make the peak heights of the internal standard and the PGE1 at 40 JLg/ml 

approximately equal. 

Injection Strategies The first attempts at sample concentration involved the 

polarity-reversed field-amplified injection method (Figure 3). The optimum injection 

sequence for this technique was found to be a 45 second electrokinetic injection of 

low concentration sample buffer (5 kV under normal polarity), then a 30 second 

elecrokinetic injection of solutes in sample buffer (5 kv under reversed polarity). 

Using control reference standards of PGE1 and PGA1 spiked into sample buffer, 

approximately lO-fold response enhancement (as compared to a 2 second vacuum 

sample injection) was achieved. When this injection sequence was attempted using a 
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Caverject sample reconstituted with one milliliter of sample buffer, PGE1 was found 

to have a smaller response than that of a 2 second vacuum sample injection. 

The reduced response observed for the Caverject sample led us to abandon the 

polarity-reversed field-amplified injection method. The failure to achieve response 

enhancement with the formulation was most likely due to the presence of lactose in 

Caverject. The lactose is present in such a large concentration, 172.0 mg/ml as 

compared to 0.040 mg/ml of alprostadil, that it most likely lessened the electric field 

strength in the sample buffer, thereby lowering the mobility of the alprostadil and 

preventing stacking along the concentration boundary. 

The next attempt at sample concentration involved the polarity-reversed 

electrostacking method (Figure 4). The optimal injection sequence for this method 

was found to be an 80 second vacuum injection of the sample in low concentration 

buffer, followed by a 65 second period of reversed polarity with 20 kV of applied 

voltage. The polarity reversal time is critical because insufficient removal of the low 

concentration sample buffer results in significant loss of resolution and peak 

distortion. This effect is shown in Figure 10. A representative electropherogram of a 

Caverject sample using this injection technique is included as Figure 11. The presence 

of the small negative peak at approximately 3.1 minutes (referred to as the "water 

dip") is caused by the narrow band of low concentration sample buffer passing by the 

detector. This peak serves as a visual check to ensure that the sample plug was not 

completely backed out of the capillary, resulting in sample loss. Another way to 

insure that the sample is not backed out of the capillary is to monitor the current on a 
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stripchart recorder. If the current during the reversal of polarity reaches or exceeds 

that of the current during the run, then sample was more than likely backed out of the 

capillary. 

Twenty-fold response enhancement for alprostadil in Caverject was achieved 

using the polarity-reversed electrostacking method (when compared to a 2 second 

vacuum sample injection). Forty-fold response enhancement was achieved using this 

method when compared to a 2 second vacuum sample injection with the sample 

reconstituted with one ml of run buffer. These comparisons are shown in Figure 12. 

The success of this method when using the sterile powder formulation is most 

likely due to the non-discriminatory nature of the vacuum injection. Whereas the 

field-amplified method relied upon an enhanced electric field to selectively pull 

anionic analytes into the capillary, the electrostacking technique employs a vacuum 

injection which indiscriminately draws all components into the capillary. The vacuum 

injection ensures that the anionic analytes will be present in the capillary, enabling the 

reversal of electroosmotic flow to push the concentration boundary toward the inlet of 

the column with consequent stacking. 

Validation Results 

The separation of possible impurities is shown in Figure 13. 11-.6 PGE\ co

elutes with PGE\ and is seen as a shoulder on the PGE\ peak. This is of no practical 

significance since 11-.6 PGE\, although theoretically possible, has never been detected 

in alprostadil (at a detection limit O. 11 % of nominal concentration). The impurities 

electropherogram (Figure 13) was run under a 2 second vacuum injection in order 
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maximize resolution of all components. 

The results of precision experiments for PGEt are summarized in Table I. The 

results are given in percent relative standard deviation. The relative standard 

deviations obtained for PGEt are higher than those generally seen in HPLC, which 

typically shows relative standard deviations in response to be less than 2 percent. The 

results of precision experiments for PGA t are summarized in Table II. These results 

are also given in percent relative standard deviation. 

The relatively high RSD values obtained for PGE t (in comparison to HPLC) 

could be due to the inadequacy of the vacuum injection system. The CE system used 

for these experiments is a first generation instrument which employs a rather primitive 

vacuum injection system. When running multiple injections, this can result in 

reproducibility problems. In the precision experiments described above, an outlier was 

thrown out of nearly every data set. For PGEt , reproducibility results for internal and 

external standardization are comparable. In general, enhanced performance is 

achieved in CE through use of an internal standard (Baker, 1995). Improved 

performance is also generally achieved through use of area correction, as here. 

Response linearity results for PGE t are given in Table III. Percent recovery is 

obtained by dividing the amount found by the amount added and multiplying by 100. 

Figure 14 shows the regression plot of amount of PGE t found versus amount of PGE t 

added. Although the intercept value for the regression line (3.9 /Lg/ml) amounts to 

nearly 10% of label, it was found to be statistically not different from 0, at the 95 % 

confidence level. Similarly, the slope of the regression line (0.91) was found to be 
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statistically not different from 1, at the 95 % confidence level (Clark-Evans and 

Manning, 1990). Response linearity results for PGA\ are given in Table IV. Figure 

15 shows the regression plot of amount of PGA\ found versus amount of PGA\ added. 

Note the improved regression statistics, as compared to PGE\, at the low PGA\ 

concentration. Although the standard errors are somewhat larger in comparison to 

HPLC, this could once again be due to irreproducibility of the vacuum injection 

system. 

External standards for precision and linearity tests were prepared by spiking 

control reference standards into sample buffer, then using the spiked sample buffer to 

reconstitute a sterile powder placebo for alprostadil. The use of a placebo was 

necessary since the simple solution of reference standards in sample buffer was 

completely backed out of the capillary during polarity reversal. We believe this is due 

to differences in solution viscosity. Changes in viscosity of the sample solution and 

changes in electroosmotic flow from alprostadil in sample buffer to the fonnulation 

are due to the presence of the large amount of lactose in the bulk drug, thus 

eliminating the possibility of preparing standard with only PGE\ reference standard 

and sample buffer. 

Figure 16 shows electropherograms from a fresh reconstituted Caverject 

sample and a sample which was stressed at 80° C for a period of 14 days. The 

stressed sample shows an increased amount of PGA\, but no other peaks are present 

in the prostaglandin region. Figures 17 shows electropherograms from a fresh placebo 

for PGE\ and a placebo which was kept for 16 days at 70° C. Neither 
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electropherogram shows any peaks in the prostaglandin region. Stability results for the 

reconstituted sample left at room temperature for nearly 8 hours are shown in Figure 

18. It is seen that there is less than a 1% change in the response of PGA1 in 

comparison to PGE1 over the measurement period, well within the RSD observed for 

the determination of PGE1• Therefore, the sample reconstituted with sample buffer 

may sit for up to 8 hours prior to being run, a stability which wo\l1d allow extended 

runs using an autosampler. Run stability constraints for the HPLC assay, which 

requires a refrigerated autosampler, specifies that reconstituted samples be run within 

12 hours. 

The lowest possible detection limit is desired for PGA1 in order to accurately 

chart its growth with time in stability studies. The limit of detection for PGA1, 

defined as a signal to noise ratio of 3: 1, was found to be 0.04 ILg/ml. The limit of 

quantification for PGA t , defined as a signal to noise ratio of 10: 1, was found to be 

0.12 ILg/ml. Detection and quantification limit definitions were taken from Clark

Evans and Manning (1990). These levels are sufficiently low so as to allow careful 

monitoring of PGA1 levels in Caverject. 

CONCLUSIONS 

A micellar electrokinetic chromatography method for detection and 

quantification of alprostadil and its primary degradation product, PGA t , was 

developed and validated. A 40-fold response enhancement (in comparison with 

conventional MEKC injection techniques) for a Caverject sample was obtained using 
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on-column polarity-reversed electrostacking. Although this technique is well 

understood in principle, we are not aware of any published quantitative application, 

pharmaceutical or otherwise, that utilizes this approach. Validation results were not 

quite as good as those obtained by HPLC for this formulation. A contributing factor 

may be the shortcomings of the instrument's vacuum system referred to in the text. 

Follow-up validation work could be done on this project if improvements to the 

vacuum injection system can be made. 
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Table I 

PGE1 Precision Data* 

40 ILg/ml 
PGE1 

Internal 
Standard with 
Area 
Correction 

Internal 
Standard no 
Area 
Correction 

External 
Standard with 
Area 
Correction 

External 
Standard no 
Area 
Correction 

Same 
Sample** 3.65 4.10 3.25 4.09 

Multiple 
Samples*** 4.25 5.25 3.06 5.74 

* All results are % Relative Standard Deviation 
** 5 injections of same sample 
*** 9 different samples 

Table II 

PGA1 Precision Data* 

PGA1 

Concentration 
ClLg/ml) 

Internal 
Standard with 
Area 
Correction 

Internal 
Standard no 
Area 
Correction 

External 
Standard with 
Area 
Correction 

External 
Standard no 
Area 
Correction 

0.2** 1.31 1.44 1.79 2.16 

1.6*** 2.65 2.47 2.90 4.28 

* All results are % Relative Standard Deviation 
** 5 injections 
*** 6 injections 
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Table III
 

PGE1 Response Linearity and Recovery
 

% of 
Nominal 
PGE1 

Concentration 

PGE1 Added 
(JLg/ml) 

PGE1 Found 
(JLg/ml) 

% Recovery 

39 15.5 16.8 108.7 

50 20.1 22.7 113.0 

68 27.0 29.8 110.6 

78 31.3 30.2 96.4 

90 36.2 39.1 108.0 

104 41.8 40.7 97.3 

115 46.1 46.6 101.0 

130 52.1 50.4 96.7 

Avg. % 
Recovery 

% RSD 

104.0 

6.6 
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Table IV
 

PGA1 Linearity and Recovery Data
 

% of PGA1 

Concentration 
Limit 

PGA1 Added 
(tLg/ml) 

PGA1 Found 
(tLg/ml) 

% Recovery 

10 0.20 0.19 98.5 

20 0.40 0.42 106.2 

40 0.80 0.75 93.2 

70 1.40 1.29 92.0 

100 2.00 2.09 104.9 

125 2.50 2.47 99.0 

Avg. % 
Recovery 

% RSD 

99.0 

5.9 
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Figure 1: Schematic diagram of the capillary electrophoresis system (Kolodsick and 
Ramstad, 1993). 
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A)
 

B) 

Figure 2: A) Plug flow in a capillary. Gives best peak efficiency. B) Parabolic flow in a 
capillary. Results in bandbroadening and loss of efficiency. 
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Figure 3: Field-amplified polarity-switching injection. m = SDS micelles, p = 
buffer phosphates, a =analytes. A) A plug of dilute sample buffer is 
introduced onto the column before the sample. B) The anionic analytes are 
then introduced using reversed polarity. C) The inlet of the capillary is placed 
in the run buffer and the polarity of the electrodes is switched to the nonnal 
configuration to begin the separation. Concentration boundaries are indicated 
by the solid lines in the capillary (Chien and Burgi, 1992). 
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Figure 4: Electrostacking polarity-switching injection. m = SDS micelles, p = 
buffer phosphates, a =analytes. A) A sample plug in low concentration buffer is 
introduced hydrostatically onto the column. B) Reversed polarity is applied, 
causing stacking of analytes on concentration boundary. C) The polarity of the 
electrodes is switched to normal configuration to begin the separation (Chien and 
Burgi 1992). The length of the sample plug for the 80 s sample injection used in 
the draft procedure is approximately 18 em. 



Figure 5: Alprostadil (PGE1) and possible degradation products or 
process impurities (Hartman and Myers, 1992). 0 
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Figure 7: Ohm's Law plot (V=IR) for applied run voltage. 
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Figure 8: Peak shape comparison of 40 llg/ml alprostadil samples on both 75 
llm (top) and 50 llm (bottom) diameter capillaries. The 75 llffi capillary 
shows significant peak distortion on the leading edge. 
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Figure 9: Peak shape variation with concentration of SDS micelles. Top 
electropherogram shows 30 mM SDS concentration, while bottom 
electropherogram shows optimal 75 mM SDS concentration. 
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polarity reversal time is changed. The top utilized a 15 sec polarity reversaL 
The bottom utilized the optimal 65 sec polarity reversal. Both are 80 sec 
sample injections. 
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Figure 11: Representative electropherogram of optimized draft procedure. 
Internal standard (1) and alprostadil (2) are present at 0.03 mM and 40 
llg/ml, respectively. Note presence of "water dip" at 3.1 minutes. 
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Figure 13: 2 sec sample injection of all available process impurities and 
degradation products of alprostadil. Component identifications are given 
below. 

1 = 15-keto-PGE1 

2 = 15-epi-PGE1 

3 = PGE2 

4 = 8-iso-PGE1 

5 = 13,14-dihydro-PGE1 

6 = 5,6-trans-PGE2 

7 = PGE1 and 11~-PGEl (co-eluting) 
8 = PGA1 

9 = PGB1 
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Correlation Coefficient =0.991 
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Figure 15: Linearity of PGA1 response. Regression statistics are shown 
below. 

Correlation Coefficient = 0.997 

Slope = 1.007 
Standard Error of Slope = 0.039 

Intercept =-0.02
 
Standard Error of Intercept =0.057
 

Standard Error of Regression Line = 0.08
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Figure 16: Top is fresh 40 llg!ml alprostadil sample. Bottom is 40 llg!ml 
alprostadil sample stored for 14 days at 80° C. Note growth in PGA1 peak at 
14 minutes. 
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Figure 17: Top is a fresh placebo for alprostadiI. Bottom is a placebo kept 
for 16 days at 70° C. No peaks are present in the prostaglandin region of 
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Draft Procedure:
 

Instrument:
 

Detector:
 

Capillary:
 

Capillary Treatment:
 

Run Buffer:
 

Sample Buffer:
 

Sample Preparation:
 

Standard Preparation:
 

Method Cycle Sequence:
 

APPENDIX 

Determine by Micellar Electroknetic Chromatography 
using the following conditions and preparations. 

Applied Biosystems 270A Capillary Electrophoresis 
System; Software Version 3.5 . 

Ultraviolet (200 nm) 

Applied Biosystems untreated fused silica. 50 pm inner 
diameter; 38 cm to detector; 60 cm total length. 

Prior to use of a new capillary, flush for one hour each 
with 1.0 M NaOH and the run buffer. Prior to each 
day's use, rinse for 15 minutes each with 0.1 M NaOH 
and the run buffer. 

Combine 30 mM NaH2P04 solution and 30 mM 
Na2HP04 solutions so resulting solution is at pH 7. 
Add tetramethylammonium perchlorate so its final 
concentration in the buffer is 10 mM. Add sodium 
dodecyl sulfate so its final concentration in the buffer is 
75 mM. Vacuum filter with Nylon-66 0.45 urn filter 
membrane. Sonicate buffer with vacuum line attached 
to de-gas. 

Combine 1.6 mM NaH2P04 solution and 1.6mM 
Na2HP04 solution so resulting solution is at pH 7. Add 
ethanol so buffer is 5% ethanol by volume. Add 3
hydroxy cinnamic acid so its final concentration in 
buffer is 0.03 mM. Fresh run and sample buffer should 
be prepared every 4-5 days. 

Add 1 ml sample buffer to sterile powder sample 
containing 40 pg/ml alprostadil. 

Dissolve 0.4 mg alprostadil standard in 10 ml sample 
buffer. Spike 1 ml into sterile powder alprostadil 
placebo. 

Each step in the procedure appears on the ABI 270A as 
a cycle. The conditions for each cycle in the optimized 
method are given here. 

CYCLE 1: DETECTOR 
Risetime: 0.5 sec 
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Impurities Method: 

System Suitability: 

Range: 0.05 absorbance units
 
Autozero: Yes
 
Wavelength: 200 nm
 

CYCLE 2: FLUSH (0.1 M NaOH)
 
Time: 3 min
 

CYCLE 3: FLUSH (Run Buffer)
 
Time: 3 min
 

CYCLE 4: SAMPLE INJECTION
 
Time: 80 sec
 
Injection Type: Vacuum (5" Hg)
 

CYCLE 5: MARKER (Run Buffer in marker position)
 
Time: 65 sec
 
Injection Type: Voltage
 
Applied Potential: -20 kV
 

CYCLE 6: TIME (inlet in run buffer vial)
 
Runtime: 15 min
 
Applied Potential: 20 kV.
 

In order to see resolution of all possible process
 
impurities and degradation products, the procedure
 
above is modified to a 2 sec vacuum sample injection
 
and no marker cycle. The runtime should also be
 
increased to 17 min.
 

Under draft procedure conditions the following criteria
 
should be met:
 

pH of buffers: 6.98 - 7.02
 
PGE 1 migration time: 11.5 - 13.0 min
 
PGA1 migration time: 13.0 - 14.5 min
 
Signal to Noise ratio for PGE 1: >400
 


