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Introduction

The purpose of this project is to develop methods to determine the purity

of a bulk drug and the potency (that is, the amount of active ingredient present)

of drug tablets and capsules. Currently, Upjohn is testing 3-guanidinopropionic

acid (3-GPA, referred to internally as U-10,483) in clinical trials. This

pharmaceutical is for the treatment of non-insulin dependent diabetes mellitus or

Type II diabetes. A second possible indication for this drug is obesity1. A

quantification scheme for this pharmaceutical has already been developed using

ion-pairing reversed phase high performance liquid chromatography1"2. High-

performance capillary electrophoresis, or capillary zone electrophoresis (HPCE

or CZE) has become an increasingly common analytical technique in the

pharmaceutical industry3"16. There is wide spread application of this technique

in the areas of biotechnology, or more specifically in the separation of proteins,

peptides and DNA fragments. At the same time, this technique is becoming

increasingly employed for the separation of small molecules17. To keep pace

with the industry leaders, the Control Division of The Upjohn Company has

begun exploring this technique in the separation of U-10,483, the first potential

application of CZE to small molecules in the Control Division.

There are several significant advantages of capillary zone electrophoresis

over the traditional HPLC methods. One significant benefit is the relatively

inexpensive capillaries used in CZE. Furthermore, there is no need for

complicated moving parts such as those used in the pumps required in HPLC7.

As will be described at a later time, the movement of the "mobile phase" in CZE,

if there is any at all, is accomplished by an applied potential. In the sense of

ability to separate different components, these two techniques are best described

as orthogonal in that they often complement each other. However, in some areas



of biochemistry and chiral separations, capillary electrophoresis has a distinct

advantage. In particular, the separation of complex mixtures of peptides can be

performed by capillary electrophoresis techniques due to the high theoretical

plate numbers that are achieved thereby18.

Other advantages of HPCE include the use of inexpensive buffers in the

place of more costly organic solvents, furthermore, the consumption of solvent is

considerably less than in HPLC. In addition, the separation times are generally

shorter and the consumption of sample is minimal, while the technique is easier

to perform19, and generallyless expensive7.

Theory

There are several variations on capillary electrophoresis, however only

free zone capillary electrophoresis will be discussed in detail. Other variations

including micellar electrokinetic capillary chromatography (MECC), capillary gel

electrophoresis, isoelectric focusing (IEF), and isotachophoresis (ITP) will be

discussed in the following paragraphs.

Micellar Electrokinetic Capillary Chromatography

Micellar electrokinetic capillary chromatography involves the use of ionic

surfactants, the most common of which is SDS (sodium dodecyl sulfate), added

to the buffer solution. The surfactant tends to form micelles which are

approximately spherical. The charged end (head) of the surfactant points to the

outside in aqueous solution, while the hydrophobic tail orients itself toward the

center of the micelle (figure 1). The analyte molecules partition between the

4^ buffer solution and the micelles. It is the differential partitioning between these
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phases which drives the separation in MECC. The great advantage of this

technique is its ability to separate neutral analytes along with charged ones. In

Micelle

V EOF

Solutes

Net

Solute

Figure 1: Micelles with the charged end or head of the surfactant molecule pointing
outside the micelle sphere in aqueous solution, and the hydrophobic tail
oriented towards the center of the micelle.

capillary zone electrophoresis, all neutral solutes coelute with the electroosmotic

front (see below for discussion of electroosmotic flow). MECC can be used as an

alternative for separations where neutral species need to be separated. For a

through review of the topic, the reader is directed to the works of Janini20,

Weinberger10, and Sepaniak21.

Capillary Gel Electrophoresis

A second variation on free zone capillary electrophoresis is the use of gel-

filled capillaries. This technique is used most frequently in the separation of

proteins and other large biomolecules. Gels have the advantage of minimizing

diffusion of the solute, and eliminating solute-wall interactions which can be

deleterious to peak shape in other modes of capillary electrophoresis. Perhaps

the most widely used gel system is the SDS-PAGE, or sodium dodecyl sulfate -

polyacrylamide gel electrophoresis, technique which can be utilized to separate
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proteins based on their size and molecular weight. SDS-PAGE is traditionally

performed in gel-filled tubes or slabs, but has been adapted to capillaries with

inner diameters ranging from 100 - 150 |im. Another feature of gel-filled

capillary electrophoresis is that the electroosmotic flow is eliminated. The

reader is directed to the work of Dubrow22 for further explanation of capillary

gel electrophoresis.

Isoelectric Focusing

Isoelectric focusing is performed by means of a pH gradient that is

produced inside the capillary. This is usually performed by the use of

zwitterionic species called carrier ampholytes. The more ampholytes in the

solution, the smoother the pH gradient will be, and the better separation between

analytes. It is important that the pH of the anodic buffer be lower than the

isoelectric point (pi) of any of the analytes. Similarly, the pH of the cathodic

buffer must be higher than the pi of any of the analytes. The anode is placed in

an acidic solution (anolyte) and the cathode in a basic solution (catholyte).

Proteins migrate through the capillary until they reside in a portion of the

capillary where they have no net charge. This pH corresponds to the isoelectric

point of the analyte, and is the place where the electrophoretic mobility is zero. It

is very important to eliminate electroosmotic flow in these separations. If this is

not done, then when the analyte reaches its isoelectric point, the electroosmotic

flow will still act to further move the sample. After the analytes are "focused,"

they are then swept past the detector by means of a pump if the capillary is not

gel filled. This technique is commonly used for the separation of proteins and

polypeptides. It can also be useful for the determination of the isoelectric point



of proteins. General theory of isoelectric focusing has been published in several

places23"25.

Isotachophoresis

Isotachophoresis is an electrophoretic technique which can be used to

separate almost any charged solute. The reader is directed to a recent review by

BoCek for a more in-depth discussion of the technique26. This technique also

depends on the elimination of electroosmotic flow. The capillary is filled with a

leading electrolyte, and then the sample is injected. Then, a terminating

electrolyte is placed in the buffer reservoir. It is necessary that the mobility of the

leading electrolyte be greater than that of any of the solutes, and the mobility of

the terminating electrolyte be lower than that of any of the solutes. The

separation occurs in the area between the two electrolytes. Bands with higher

intrinsic mobilities have a higher conductivity, which results in a lower electric

field strength, thereby lowering the mobility of the solute. Similarly, bands with

lower intrinsic mobilities will experience an increase in their mobility. For

example if a solute diffuses into another band, its mobility will change

depending on the field strength that is encountered. This combination results in

the analytes all moving with the same velocity at steady state, and the bands

consequently being well focused. A problem from the standpoint of detection is

that the neighboring solute zones touch. This must be remedied by the use of

spacers which are non-absorbing compounds with a mobility intermediate

between two analytes in neighboring zones. One advantage of this technique is

that since the zones are focused, larger bore capillaries can be utilized without a

loss of resolution. This allows the use of larger samples, gives better detection

limits, and is more practical as a preparative method.
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Capillary electrophoresis has been thoroughly reviewed by Kuhr27, and

severalgeneral reviewsof free zoneelectrophoresis have been published23/28"31.

Free Zone Electrophoresis

Separation in Capillary Zone Electrophoresis is based on differences in

electrophoretic mobilities of the mixture components. The general instrumental

setup can be seen in figure 2:

Vacuum

System
High Voltage
Power Supply

Buffer Reservoir

Thermostated Cooling
Device ^

111

I
Capillary

Sample, Buffer,
and Wash

Solutions

Figure 2: Instrument set up for capillary zone electrophoresis

The application of a potential difference between the ends of the capillary causes

the electrophoretic migration of the sample components. For simplicity, the

following discussion will assume the convention that the sample will be

introduced at the positive electrode (anode), and detection will occur near the

negative electrode (cathode). It is important to note that this is only a



convention, and can be reversed by simply changing the polarity of the applied

potential.

Generally, separations by capillary electrophoresis take place at near

neutral pH. This is so that the benefits of electroosmotic flow (EOF) can be

realized. EOF will be discussed briefly here and in more rigorous detail in a later

section. Electroosmotic flow is the bulk flow of solvent stemming from surface

charge on the capillary wall. This charge causes the formation of a "double-layer"

of charge which is formed by the counter ions in solution. In the case of fused

silica capillaries (those most commonly used), the silanol groups on the silica

surface are significantly dissociated at pH values above approximately five. At

higher pH values, the negative charge density on the silica surface increases, as

does the magnitude of the electroosmotic flow. The flow profile for

electroosmotic flow is nearly a perfect plug. Hence there is no band spreading

across the diameter of the capillary as there is for a laminar flow as found in

HPLC32. Cationic species elute first, followed by the neutrals which are eluted

together at the electroosmotic front, followed by the negative species. Hence,

cations, neutrals, and anions can all be detected in one run.

Detection Methods

Detection in capillary electrophoresis presents a unique problem. If on-

capillary detection is to be performed, the volume of sample that can be detected

is very small. The two most common modes of detection are fluorescence and

ultraviolet (UV) absorbance.

Fluorescence is preferred where applicable since it is a more sensitive

technique. The drawback to this method is its lack of universality. Most analytes

do not fluoresce, making derivatization necessary. This can become very time
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consuming, as well as labor intensive, negating the advantages of automation.

Another possibility is to use a fluorescent additive in the buffer solution, and

look for analytes as negative peaks. The solutes displace the buffer, thereby

decreasing the fluorescence of the solution. While this technique is less sensitive

than direct fluorescence detection, it has been reported to be more sensitive than

direct UV detection33.

UV absorbance detection is widely used due to its universal nature.

However, it suffers in CZE from the short path lengths. For this reason, lower

wavelengths are usually used for this technique than would be used for a

comparable HPLC method34. This is due to the larger absorbances most

compounds show at lower wavelength. This helps to offset the short path length

effect, however, it is limited by the 190nm UV cutoff for fused silica35. Other

possible remedies for this situation have been explored including the use of

rectangular capillaries which also have the benefit of improved heat dissipation

capabilities36.A new capillary electrophoresis instrument with diode array

detection was recently introduced by Hewlett-Packard. To overcome the usually

poor sensitivity associated with diode-array detection, a special capillary was

devised containing a bubble where the detection occurs (figure 3).

UV Source

Detector

/Polyimide
Coating

Silica

Capillary

Figure 3: Hewlett Packard's capillary for use with diode-array detection. Note the
extended path length crucial for adequate detection limits.
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This plug increases the path length nearly three-fold, and a subsequent

improvement in the detection limit is observed.

Other detection methods include conductivity, refractive index, mass

spectrometry, Raman spectroscopy, amperometric, potentiometric, and

radiometric18/27/31/33. Clearly, the development of an improved detection

method would drastically improve the utility of this method. However, it is

unlikely that a fundamental breakthrough will occur since UV is still the primary

detection technique in HPLC despite many years of development32.

Electroosmotic Flow

As explained earlier, electroosmotic flow (also referred to as

electroendosmotic flow) is the bulk flow of solvent resulting from the build up of

surface charge on the capillary inner wall. In the paragraphs that follow, the

development of the electroosmotic flow theory will be discussed as it pertains to

capillary electrophoresis.

The theory was developed by Stern, Guoy, and Helmholtz. They base the

theory on the formation of a double-layer of charge. That is, if there is a charge

on the inner surface of the capillary, then the surface will induce corresponding

opposite charges in the solution. These induced charges form what is termed a

double layer which can be visualized in figure 4. The double layer defined by

Helmholtz is a discrete layer next to the charged solid surface (figure 4). In

contrast, Guoy and Stern described a similar effect with the exception that the

induced charges extend well into the solution. They termed this region of charge

the diffuse layer (figure 4). What results, is a net charge in the solution that is

balanced by the charge on the surface of the solid.
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It is this diffuse ionic layer that moves under the application of an electric

field. The diffuse coimter charges in the solution will migrate electrophoretically

towards the oppositely charged electrode, carrying with them their spheres of

hydration, resulting in the bulk flow of the solution.

Capillary
Surface

+++ + + + + + + ++ + + ++ ++ Helmholtz
+ + + + I + ++ + + + +l + +++ + + DoubleLayer

+ _+-+_ + -++_ + +_+-+_+++ + Diffuse

-+ + -++++-++-+ +-+++-+- Layer

Plane of

Shear

Figure 4: Helmholtz double layer formed on the negatively charged silica surface and
the diffuse layer as described by Stern and Guoy.

The formation of the double layer of charge causes a potential difference

between the solid surface and the bulk solution. The relation between this

potential and the distance from the solid surface is derived in the next few

paragraphs2^

Potential as a Function of Distance from Surface

The ionic charge density in the solution (pe) as a function of the distance

from the surface (x) can be given as follows:

Pe(x) = XzieniW M
i

where zi is the valence of the ion, e is the charge on an electron, and ni (x) is the

number density of ions of type i (that is number of ions per unit volume as a

function of the distance from the solid surface). Debye-Hiickel theory states that

the number density of ions in solution can be determined from the balance
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between the electrostatic attraction and repulsion, and the random or Brownian

motion. The relationship is given in terms of a Boltzman distribution:

ni(x) / -zje\|/(x) x
"sr-^inr") (2)

where nio is the number density at a point of zero potential, \|/(x) is the potential

at a distance x from the solid surface, k is the Boltzman constant, and T is the

temperature in Kelvin. The potential measured at the plane of shear, or the

boundary between the Helmholtz (stagnant) double layer and the diffuse double

layer is termed the zeta (Q potential (figure 4)37. The above equations can be

combined to give the following relationship:

Pe(x) =^^zieni0 exp ( —^— ) (3)
i

Now an extremely important approximation called the Debye-Hiickel

approximation is made. This states that if -zi e \|/(x) < kT, then the exponential

in equation 3 can be expanded by a power series, and all the second order and

higher terms may be ignored (that is ex « 1 - x ). Making this approximation

gives:

~r\ S ( Zj2e2 ni0 y(x) v
Pe(x) = ^^(zienio " kT / ^

i

Since the sum of the charges in solution must equal zero due to the

electroneutrality requirement, the first term in the above summation will equal

zero, reducing equation 4 to the following:

X\zj2e2 nip v
Pe(x) = £u\ kT V(x) / (5)
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Poisson's equation can be used to relate the electric potential as a function of the

charge density. This equation is given below:

V2V =£f (6)
Where V2 is the Laplace operator ( 3 2 + 3 2 + a 2// anc* e *s t^rie electrical

permittivity of the solvent. Since only the variation of the charge density in the x

direction is being considered here, equation 6 reduces to:

-2-w Pe(x)
e3x2'V " ^ (7)

Substituting equation (5)into equation (7)yields:

-2-
8x2T " JL4^ ekT

V1 /Zj2e2 njQ x

Grouping all of the constants into k2

\?i2 n^

(8)

*•*>?& «

simplifies equation (8) to

^V =k2V(x) (10)
The above equation can be solved for the potential as a function of the distance

from the solid surface by integrating twice with the boundary conditions that \|/

= \|/0/ when x = 0, and \|/ = 0, when x = °°, where \|/Q is the potential at the

solution/solid interface. The result of these integrations is

V(x) = \|fo e-™ (11)

Rearranging equation (7) and substituting in the result from equation (11) gives

the ionic charge density as:

pe(x) = £K2\|/0e-*x (12)
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Notice that as the distance from the solid surface increases, the potential decays

exponentially. This can be seen qualitatively in figure 5:

1.00-,

Plane of

Shear

"T"

5

Zeta Potential

—T"

10
"T"

15

Distance from solid surface (nm)
20

Figure 5: Plot of potential in solution relative to of that at the surface as a function
of the distance from the solid surface. Calculated from equation (11)with
K= 3.3*108m'1

Now the charge density as a function of the distance from the solid surface can

be determined given k, a property of the electrolyte solution, and \\f0, a property

of the solid surface.

The Debye-Hiickel approximation that was used in this derivation stated

that -z e v < kT. For a monovalent species in aqueous solution at 25°C this

requires that:

kT
\|/0 < — = 25.7 mV

e
(13)

Note that in equation (12) it is necessary for k to have units of inverse length to

make the exponential term dimensionless. Therefore kt1 has the units of length.

Rewriting equation (12):

pe(x) = £K2\|/0exp(—) (14)
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When x = k*1, note that y = Vo/e , thus k-1 is called the double layer thickness.

Given the significance of the double layer thickness, it may be useful to express it

in terms of ionic concentrations.

ni = 1000 NAQ (15)

where Na is Avogardo's number, and Q is the concentration in moles per liter.

Substituting this result into equation (9) gives the following:

Notice that the summation expression is equal to twice the ionic strength of the

electrolyte solution.

Another helpful change in variables is from the surface potential (y0) to

the surface charge density (a*). The total charge on the solid surface must equal

the total charge in the solution due to electroneutrality, thus:

a* = p(x) dx (17)

Combining equations (7) and (17) gives the following differential equation:

a* =el^dx (18)
J

Integrating with the boundary conditions such that x = <=*> when d\|//dx = 0, and

x = 0 when \|/ = \|/0 gives the following result on integration:

(f = £K\|/0 (19)

Substituting this result into equation (14) gives:

pe (x) = k a* e -kx (20)

Electroosmotic Flow Profile

The electroosmotic velocity flow profile can now be derived28. The

(^ equation of motion must be used as it relates the forces on a fluid to its velocity
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profile. For an electrolyte solution moving in one dimension across a flat surface

under the influence of an electric field:

d2vz
T| ~[^2~ = EPe (x) (21)

where T| is the viscosity of the solution, vz is the fluid velocity in the z direction,

and E is the electrical field strength. Solving the above equation by integrating

with the boundary conditions that dv /dx = 0 when x = °°, and vz (x) = 0 at x = 0

gives:
-Ee\i/r>

(22)
-Ee\i/0

Vz(x) = — (1-e-™)

For the typical values of k and x found in capillary electrophoresis, the

exponential term quickly disappears, leaving a velocity flow profile that is nearly

independent of the distance from the solid surface. The distance from the solid

surface where the electroosmotic flow reaches its constant value (Voo) can be

calculated by first substituting equation (19) into equation (22)
-Ea*

vz(x) = (1-e-Kx)
T[ K

1.00-,

I

I I I I I I

5 10 15 20

Distance from solid surface (nm)

Figure 6: Variation of electroosmoticvelocity with distance from the solid surface.
Calculated from equation (22) with k =3.3 •lO8m"1

(23)
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Neglecting the exponential term in equation (22), as seems reasonable

from the above discussion, gives the electroosmotic velocity as:

vz(x)«Voo Xfi (24)

Thus, the electroosmotic mobility, defined as the electroosmotic velocity per unit

field strength, is given as:
Voo -e\|/0 -a*

Uos = Y = „ = ™ (25)

Next, it is appropriate to test the applicability of the Debye-Hiickel

approximation that the surface potential is less than twenty five millivolts

(equation (13)). Rearranging equation (25) to solve for the surface potential gives:

Vo = (26)
8

and noting that the electrical permittivity of water at 25°C is 6.95 •10"10 C2/Jm,

while taking typical values of the solution viscosity (0.001 N sec/m2) and

electroosmotic mobility (6.0•10~8 m2/V) gives a surface potential of 86.3 mV.

While this is somewhat higher than suggested by the approximation, the small

difference will not drastically affect the derivation made above.

As shown in the above derivations, the electroosmotic flow has several

very important features. The most significant is the flow profile. The near-plug

flow that occurs as a result of electroosmosis is a major contribution to the

excellent efficiencies obtained in capillary electrophoresis, and the subsequent

resolving power. Furthermore, the magnitude of the electroosmotic mobility is

in most cases greater than the electrophoretic mobility of the analytes at pH

greater than about six17. If this is the case, the electroosmotic flow will cause the

analytes, regardless of charge, to migrate in the direction of the electroosmotic

flow. This permits the detection of both positive and negative analytes in the

same rim.
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The most common material for the capillaries used in capillary

electrophoresis is fused silica. It has the property that its surface is charged at

pH greater than about four. This charge is the result of dissociation of the silanol

(Si-OH) groups on the silica surface. This charged surface will cause an

electroosmotic flow of significant magnitude at those pHs where the surface is

charged. Since the charge on the surface is negative, the double layer ions in the

solution will be positively charged, and will migrate towards the negative

electrode (cathode). In separations where electroosmotic flow is present, positive

analytes will be detected first, with cations of higher electrophoretic mobility

eluting before those with lower mobility. The neutral solutes will elute next,

followed by the negative species. The neutral analytes coelute with the

electroosmotic front. That is, since their electrophoretic mobility (directly

proportional to charge) is equal to zero, the only force moving the solutes

through the capillary is electroosmosis. The anions with the larger

electrophoretic mobilities will be detected later than those with smaller

mobilities. This can be explained by the fact that the mobilities are in the

opposite direction of the electroosmotic flow; they are in competition with each

Analyte Electrophoretic Electroosmotic Effective
Charge Contribution Contribution Mobility

Positive

Neutral

Negative

Figure 7: Effective (apparent) mobilities as the vector sum of the electroosmotic
mobility and the electrophoretic mobility of the analyte.
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other. The overall mobility of an analyte can be conceptualized as the vector sum

of its individual electrophoretic mobility and the electroosmotic mobility (Figure

7).

The terminology used in capillary electrophoresis is very similar to that

used in high-performance liquid chromatography. However, one significant

difference does exist. In HPLC, the term retention time is used. This is not

applicable to CZE in that the molecules are not retained in the same sense that

they are in HPLC. In liquid chromatography, the separation is based on the

different equilibria that exist between the mobile and stationary phases for

different components. The longer the component takes to traverse the column,

the longer it has been retained by the stationary phase.

In capillary electrophoresis, it is more precise to speak in terms of

migration times, or elution times. This reflects the fact that the separation is

based on differences in the electrophoretic migration of the components and not

on "retention" by the mobile phase.

Before introducing the many factors that affect the electrophoretic

separation, the equations for the resolution and the efficiency will be derived as

givenby Lukacs38, since they are significant to optimizinga separation.

Efficiency

Giddings39 defines the plateheight(H) as the following:
<?L2H = -{- (27)

where L is the distance traveled by the solute zone, and gl2 is a measure of the

dispersion called the spatial variance of the zone. The number of theoretical



\(ijltaj/'

-19-

plates is defined as the length traveled by the zone divided by the plate height.

Substituting the definition of plate height given above results in the following:
L L2

N = g = — (28)

If v is the migration velocity of a solute zone, then it is equal to the

electrophoretic mobility (^i) of the analyte multiplied by the electric field strength

(E) (from the definition of electrophoretic mobility). The electric field strength is

defined as the potential difference between the two ends of the capillary divided

by the capillary length:
uV

The migration time of a zone (t) can be given as the length of the capillary

divided by the velocity of the zone. Substituting equation (29) for the velocity of

the zone gives:
L L2

*=v =^ (30)
If the solute is introduced as an infinitely narrow band, and all non-diffusional

band broadening sources are eliminated, then the spatial variance at time t is

given by the Einstein equation as:

ol2 = 2Dt (31)

where D is the diffusion coefficient. Substituting in equation (30) for the time

gives the following result:
o 2DL2

<*2 • ^r (32>
Substituting this into the equation for the number of theoretical plates gives:

N =fo (33)

This seems reasonable, noting that there is an inverse dependence on the

diffusion coefficient. The relationships between the applied voltage and the

electrophoretic mobility will be discussed later.
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One problem with the above derivation, is its failure to account for

electroosmotic flow. The electroosmotic mobility (M-osm) is given by Adamson40

as:

•-=S (34)
where 8 is the dielectric constant of the medium, £ is the zeta potential, and r| is

the viscosity of the medium.

The net migration velocity can be taken as the sum of the contributions

from the electroosmotic mobility and the electrophoretic mobility.

HeleV ILlosmV (Hele + l^osm) V /ocx
Vnet = l- + l = L ' '

Substituting into equation (30) for migration time gives the following result:
L2

thet=; 777 (36)
G^ele + Hosm) V

The spatial variance of the zone is given by (equation 34):

^2 2DL2 (37)
(Hele + Uosm) V

Substituting into equation (28)for the number of theoretical plates gives:

N=(We+2^"°V (38)
Since the detection does not occur at the very end of the capillary, the plate

number must be multiplied by the ratio of the length to the detector to the length

of the capillary:

XT _ (Mele + Mosm) V mLdet ,M*JN - 2D L (39)

This equation is misleading in that it is not generally favorable to increase

electroosmotic flow in the direction of the electrophoretic migration. This idea is

expanded upon in the next section.
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Resolution

Giddings39 gives the resolutionas:
Vn" Av , %

where Av is the velocity difference between adjacent zones and vavg is their mean

velocity. Since the velocity is directly proportional to the electrophoretic

mobility, the following substitution can be made:

_Av_ =Ula -V2a _(^1 +Hosm) -(^2 +Mosm) = M^l ~)M (41)
Vayg M-avga Mavg +M-osm Havg +Mosm

where |iia and |i2a are the apparent (effective) electrophoretic mobilities of

neighboring zones, \i\ and |i2 are the corresponding intrinsic electrophoretic

mobilities, and ^avga is t^e average apparent electrophoretic mobilityof the two

components and |iavg the average intrinsic mobility. Substituting equation (41)

into the equation for resolution given by Giddings (equation 40) shows:

XtmM._ai^_ (42)
Mavg + Mosm

Substituting equation (38)for the number of theoretical plates gives the following

result:

Mavg + Mosm

Rearranging gives the final equation:

^(m-m)-a£sJ^ (44)
Therefore, a large value for electroosmotic mobility will decrease the

resolution between two solutes. Again, as is reasonable, the resolution between

two solutes increases with the difference in their electrophoretic mobilities.

There are several parameters that affect the separation in CZE. This is

another benefit of the technique in that there are many variables to consider in

_ 1 ^ /(Uavg +Uosm) V m-l
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the optimization of a separation. These factors include: the pH of the buffer, the

applied potential, the length and diameter of the capillary, the buffer ionic

strength, the injection type and duration, the sample solution ionic strength, the

electroosmotic flow, the capillary temperature, and the rinsing protocol that is

used. These considerations will be discussed in a general sense in the following

sections, and then again as they relate to the specific studies that were performed

as part of the project.

Buffer pH

The pH of the buffer has a large effect on the electrophoretic separation.

For partially ionized solutes, the pH determines the charge on the molecules to

be separated. This is directly related to the electrophoretic mobility, as is

explained below29:

A charged particle in an electric field will experience a force that is

proportional to the charge on the molecule (q), and the strength of the electrical

field (E):

Fele = qE (45)

There is also a drag force which is directly proportional to the velocity of the

molecule:

Fdrag = f v (46)

where f is the translational friction coefficient, and v is the velocity.

Since by Newton's first law, force is equal to the mass multiplied times the

acceleration, the following is obtained by combining the above equations:
dv

qE - f v = m^ (47)

where m is the mass of the molecule and the velocity derivative is in time.
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After a very short time, the aforementioned forces exactly cancel one

another, leading to a steady state velocity. Setting the derivative in equation (47)

equal to zero and noting that the definition of electrophoretic mobility (|i) is the

steady-state velocity per unit field strength gives the following:

From the above, it can be seen that molecules with basic and acidic sites

can have very pronounced changes in the electrophoretic mobility with changes

in pH since these changes alter the charge on the molecule.

The electrophoretic mobility is also affected by the size and shape of the

molecule. This can be rationalized by noting that the size of the molecule would

influence the drag force. If the molecule is larger, there would be more drag,

thereby increasing the translational friction coefficient, and decreasing the

electrophoretic mobility of the analyte. The actual magnitude of this dependence

varies with the shape of the molecule. The reader is directed to the work of

Cantor and Schimmel^for further information.

There is also a pH effect on the electroosmotic flow that has already been

mentioned. At pH lower than about four, the electroosmotic flow is small and

nearly eliminated by pH three. At pH greater than about five, the electroosmotic

mobility will contribute significantly to the separation.

Applied Potential

When the applied potential is increased, the analysis times are shorter

(equation 36), and the resolution increases (equation 44) up to a certain point.

The limitation is the generation of heat which will be discussed shortly. A

significant advantage of capillary electrophoresis over conventional

electrophoresis techniques is the greater ability to dissipate heat generated by the
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applied voltage. The surface area-to-volume ratio is very large relative to macro

electrophoretic methods, allowing much higher voltages to be applied.

In most techniques, this increase in resolution with shorter analysis times

would seem counter-intuitive. However, in CZE this is perfectly understandable.

In most separation techniques, HPLC for example, the flow of the mobile phase is

constant. For this reason, the different solutes all pass the detector with the same

velocity and as a result, peak width does not depend on retention time. In the

case of HPCE, the speed with which the solute passes the detector depends on

the electrophoretic mobility. Therefore, if a sample is separated at several

different applied potentials, as the potential increases, the solute will elute faster,

but with a smaller peak width due to the greater speed with which it passes the

detector.

The use of higher potentials is appealing in that the resolution, and

efficiency (equation 39) improve with increased voltages, in addition, the

analysis times are shorter as the voltage is increased. However, there is an upper

limit to the potential that can be applied. This limit is due to the presence of

Joule heating (due to ion carriers experiencing a viscous drag or solution

resistance) which increases with the voltage. When the heat generated cannot be

dissipated, there are several temperature effects. The viscosity of the buffer will

decrease with higher temperatures. This will cause an increase in the

electrophoretic mobility of the solutes, and they will elute more quickly. In

addition, the buffer pH is slightly temperature dependent and the effects of pH

variation have already been discussed. Most importantly, the formation of local

temperature gradients will deteriorate the peak shape, thereby decreasing

resolution. This heat can be dissipated more effectively by changing the capillary

dimensions appropriately as will be discussed in the next section. The most

/ common method of cooling the capillary to dissipate the Joule heat generated is
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the use of a fan with a thermostated heater. In some more complex systems

(such as the Beckman P/ACE) there is a liquid cooling system wherein the

capillary is immersed in a suitable liquid, the temperature of which is maintained

constant. The higher heat capacity of the liquid versus the air that is used in the

fan system accounts for the increased heat withdrawing capacity.

For the use of higher voltages, temperature control is very important as

increases in temperature can have significant effects on mobilities, and therefore

on the separation.

The use of an Ohm's Law plot can be helpful in determining the highest

applied potential that can be used under a set of given conditions. This can be

accomplished by recording the current generated as a function of applied

potential for the chosen separation buffer. The voltage at which this plot

deviates from linearity is the point where deviation from Ohm's Law occurs. At

applied potentials greater than the limit of Ohm's Law, the efficiency and

resolution both suffer.30

Capillary Dimensions

The dimensions of the capillary have a considerable effect on the

separation. The changes in the capillary length give the most intuitive changes.

Lengthening the capillary increases the analysis time (equation 36) as would be

expected. The solutes have to migrate farther, while with the same mobility,

therefore they take longer. In addition, lengthening the capillary decreases the

amount of heat produced. This can be explained by noting that the current will

be reduced since the electric field strength will be smaller for a given applied

voltage:
V

E = r (49)
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The internal diameter of the capillary also has significant effects.

Decreasing the diameter causes an increase in the electroosmotic flow and also

improves the heat dissipating capabilities of the system. This is due to the

increased surface-area-to-volume ratio. A limitation of smaller diameter

capillaries is the extremely small sample volumes injected. A practical problem

associated with smaller diameter capillaries is the increased susceptibility to

plugging. In order to obtain a reasonably narrow solute plug, it is necessary to

limit the size of the sample injection plug. The greater the inner diameter of the

capillary, the larger the amount of solute that can be introduced into the column

for a given plug width. There are techniques of narrowing larger solute plugs

(namely stacking) that will be discussed shortly.

Buffer Ionic Strength

The ionic strength of the buffer has to be optimized in HPCE. It is

desirable to use as high an ionic strength buffer as possible before the limitations

of Joule heating set in30. The higher the ionic strength of the buffer, the greater

the buffering capacity. This can be particularly important in cases where one is

working near the end of the usable buffer range, or the charges on the solutes are

extremely pH sensitive. In addition, the peaks are often sharper due to the

increased viscosity of the solution which decreases solute diffusion3. In addition,

higher salt concentrations may promote solute displacement at the capillary wall,

thereby leading to sharper peaks.

Migration times are generally increased with higher buffer ionic strengths.

This may be explained, in part, in terms of viscosity. The higher the viscosity of

the buffer, the lower the electrophoretic mobility (equation 48). The increased

viscosity also leads to greater production of heat. This can best be countered by
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using a smaller diameter capillary with its greater heat dissipation capabilities.

Again, for this reason, good temperature control is desirable. The increase in

buffer viscosity also reduces the electroosmotic flow which leads to longer

migration times. Higher ionic strength buffers also reduce electroosmotic flow

due to a screening effect caused by an increased number of ions in the Helmholtz

layer which acts to lower the zeta potential42 (equation 34). With the tighter

(narrowe^) diffuse layer, there are fewer mobile counter ions available to create

the electroosmotic flow. The effects of reduced electroosmotic flow are especially

important in cases where neutral and negatively charged species are being

separated.

Injection Type and Duration

A critical limiting factor to the reproducibility of capillary electrophoretic

separations is the reproducibility of the sample injection9/35/43. This is

challenging due to the small volume of sample that is injected into the capillary.

There are two major types of injection employed in capillary

electrophoresis. The first, less commonly used, is called electrokinetic injection.

This is accomplished by inserting the end of the capillary into the sample

solution, and applying a generally smaller potential (than that used for

separation), for a short time (2-10 seconds). This causes migration of the sample

into the capillary by the same phenomena (i.e. electrophoretic mobility and

electroosmotic flow) utilized for the separation. Upon completing the injection,

the capillary inlet is placed in the run buffer, and the separation begins. The

major disadvantage of this technique is it's inherent bias. Since the analytes enter

the capillary by electrophoretic migration, those solutes having a higher

electrophoretic mobility will be injected into the capillary at a relatively higher
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concentration than those with a lower electrophoretic mobility. Where accurate

quantitation is required, these differences need to be accounted for. This requires

the amount of each solute injected to be calculated separately using

electrophoretic mobility data that must be collected, thereby adding considerable

time to the method development process. In addition, the reproducibility of

electrokinetic injection is dependent on the electroosmotic velocity, which can be

difficult to control from run to run.

It has been suggested44 that the use of higher injection voltages will

increase reproducibility owing to the domination of the higher injection force

over other modes of mass transport. In addition to the less reproducible

injections, there is evidence43/45 that the application of high voltages to the

sample solutions can cause the formation of electrochemical side products. This

can become particularly important in cases where small sample volumes are

being used.

The more commonly used injection method is hydrodynamic injection.

Injection by this method is accomplished by virtue of a pressure difference

between the two ends of the capillary. In some cases, this is accomplished by

placing one end of the capillary into the sample solution and then raising the

solution to a given height for a known period of time.

With the onset of automated instruments, additional hydrostatic methods

which apply a vacuum to the outlet end of the capillary or pressurize the sample

vial have been devised. Hydrostatic injection is preferred in uncoated capillaries

since the sample is introduced without any bias. In addition, the reproducibility

of hydrodynamic injection is reported to be better than electrokinetic injection35

and is less dependent on the nature of the analyte or matrix effects.

There is a limitation to hydrostatic injection by vacuum or pressure. In

L , cases where gel filled capillaries (common in the separation of peptides and other
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biomolecules) are used, this injection method cannot be used. Along with

bringing sample into the capillary, the vacuum or pressure will also remove the

gel from the capillary.

The duration of the sample injection is also an important experimental

parameter. The usual range on injection times varies from about one to ten

seconds, with typical injections lasting two to four seconds. Increasing the

injection time introduces more sample onto the column. From a detection

standpoint, this is favorable, however, the resolution, and thus peak widths also

need to be considered. Injecting too much sample onto the capillary will cause

significant band broadening, and a subsequent decrease in the resolution. At too

short of an injection duration, the signal-to-noise ratio suffers, and detection

becomes more difficult.

Sample splitters31/45 such as those used in gas chromatography have also

been discussed in the literature as have microinjectors for extremely small

samples31.

Sample Solution Ionic Strength

If the sample is prepared in the same buffer that serves as the run buffer,

only at a lower ionic strength, then there is a sample stacking effect. This can be

explained by the differences in the resistivities of the run buffer and the sample

buffer solutions. The resistivity of the lower concentration buffer will be higher,

and consequently, the electric field strength in this portion of the capillary will be

larger than in the rest of the column. Since the current is constant throughout,

the higher electric field causes the ions in solution to migrate quickly through

this portion of the capillary towards the lower resistivity, higher concentration

i rim buffer. When the sample plug reaches this interface, it slows down. Because
Vjijjgjijjji/'
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of the lower field strength, other sample components quickly catch up, and

"stack" up with the remainder of the solute plug, forming a narrow zone of solute

at the run buffer/sample buffer interface. The positive analytes will stack at the

leading sample buffer/run buffer interface, and the anionic species will stack at

the trailing sample buffer/run buffer interface. The neutrals will remain in the

sample buffer, and will not be stacked. This idea can be seen graphically in

figure 8:

A)

B)

C)

Run Buffer

Run Buffer

Run Buffer

Sample Solution

H3B +

Sample Solution

Sample Zones
+

Sample Solution

n

+
Sample Zones

Figure 8: Stacking Phenomena. The analytes have a higher mobility in the sample
buffer zone owing to the increasedresistivity therein. This higher mobility
causes the ions to migrate quickly through the sample buffer zone into the run
buffer zone where they slow down due to the lower resistivity in that region.
The neutral species will remain in the sample buffer and do not experience
stacking.
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Under theoretical conditions, it would be optimal to use aqueous sample

solutions in that the difference in the resistivities of the solutions would be

largest. However, experimentally, there are other factors to consider. Due to the

concentration difference between the two buffer zones, an electroosmotic

pressure is generated at the boundary resulting in peak broadening due to the

laminar flow that is produced46"47. This acts as a limiting factor. The optimum

sample solution ionic strength can be determined experimentally by observing

peak widths as a function of the ionic strength of the sample solution.

Cases of filling the entire capillary with sample solution and removing it

through the application of an opposite polarity voltage have also been

reported48. This procedure reportedly increases the amount of sample loaded

onto the capillary by several hundred times with no loss of resolution.

Capillary Temperature

The single most important factor in reproducibility is the control of the

temperature in the capillary. It is critical that the temperature remain constant

within the capillary walls. This is due to the oftentimes drastic effects the

temperature can have on important separation parameters. The pH and viscosity

are among the most important. As has been described before, these two

parameters, in particular, play important roles in the electrophoretic mobility of

the solutes. Possibly the most important is the formation of local temperature

gradients leading to convective currents.

As the temperature is increased, the viscosity of the solution is decreased;

therefore, there is less viscous drag component to the electrophoretic mobility,

and solutes elute faster. It is reported49 that mobilities increase about two

/ percent per degree Celsius. In addition, pH is often a function of temperature,
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and as has been discussed previously, small changes in pH of the buffer can have

large effects on the separation.

Rinsing Protocol

An additional factor that is important to reproducible behavior in CZE is

the method used to rinse the capillary. The frequency, duration, and the solution

used in the wash can have a significant effect on the reproducibility of the

separation. The most commonly used rinse is 0.1 N sodium hydroxide for about

two column volumes. The rationale behind this is that NaOH renews the fused

silica surface by dissolving the exposed surface. This is followed by a rinse with

the run buffer, also for about two column volumes. In some cases, the sodium

hydroxide rinse is only used before every set of runs, in others, between every

rim. It is nearly universal that the capillary be rinsed with run buffer before each

Txm30MJ50.

At lower pH where the electroosmotic flow is reduced, it may be more

beneficial to use an acidicwash. In a paper by M.Strickland51, it was determined

that the use of a sodium hydroxide wash before runs at low pH caused

significant migration time drifts. When using a higher concentration, lower pH

buffer of the same acid/base pair as a wash, the reproducibility of the migration

time (relative standard deviation - RSD) improved by at least a factor of three

and in some cases by greater than ten.

Utilizing fresh buffer at the inlet and outlet for each run also enhances

reproducibility in electrophoretic separations. This topic will be discussed later

in this thesis.
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LiteratureSurvey

FreeZonecapillaryelectrophoresisinnarrow-borecapillarieswasfirst

introducedbyJorgensonandLukacsintheearlyeighties52/53.Sincethattime,

thenumberofapplicationsofCZEhasgrownatarapidpace.Theuseof

capillaryelectrophoresis(CZEandMECC)fortheanalysisofsmallmolecule

pharmaceuticalshasbecomemorepronouncedinthelastfiveyears.Micellar

electrokineticcapillarychromatographyhasbeenappliedtovitamins54"56,

cephalosporins57/58,penicillins6/58,chiralseparations59,chatecholsand

chatecholamines11,anti-inflammatoryagents10,analgesicpreparations13,

theophyllinetablets14,andbarbiturates60.Freezoneelectrophoresishasbeen

appliedtochiralseparations7/15/61,cinnamicacidanalogues62,carboxylicacids63,

aminoacids64,peptides65,penicillins6/60,vitamins19,antidepressants12,

quinine3,cephalosporins60,prolineanalogues24,sulfonamides60,cimetidine4,

andalendronate9.
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Materials and Methods

All experiments were performed using an Applied Biosystems model

270A Capillary Electrophoresis System. Capillaries were obtained in the

desired lengths from Applied Biosystems. Capillary lengths will be given

Ineffective / Ltotal/ that is, the length to the detector, followed by the overall

length. Phosphate buffers were prepared with potassium phosphate

monobasic (Mallinckrodt) at the desired concentration, and brought to the

desired pH with phosphoric acid (Mallinckrodt).

All aqueous solutions were prepared with NANOpure®, water

(Barnstead). U-10,483 bulk drug was from lot 68134. The tablets were lots

91619 (lOOmg) and 91632 (400mg). The placebos were lot 91633 (lOOmg) and

91634 (400mg).

Pyridine was obtained from Burdick and Jackson, phenethylamine and

cyanamide from Aldrich, urea from Mallinckrodt, and all other chemicals

from Sigma. All chemicals were used as obtained from the manufacturer

with no further purification.

Samples were weighed on a Cahn 25 automatic microbalance (0 -

200mg) or Mettler AT250 (>200mg).

The ABI 270A instrument utilizes UV variable wavelength detection

with a deuterium source and photodiode detector. Detection was carried out

by UV absorbance at 200 nm in all cases. The ABI 270A has two injection

modes, electrokinetic with variable applied potentials, and hydrostatic. The

pressure difference for hydrostatic injection is created by means of a vacuum

applied to the capillary outlet.

U-10,483 is a new pharmaceutical from The Upjohn Company

currently undergoing clinical trials. This drug shows promise in the
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treatment of type II diabetes, in which high blood glucose and insulin levels

are both present due to decreased sensitivity of the appropriate receptors to

insulin. The drug remedies this situation by restoring normal receptor

response66.

An additional possible use for this drug is weight loss. Tests have

shown that in mice, this weight loss is predominantly from the "white fat

cells"66. In most other weight loss regimens, weight is lost from "white fat

cells", however, significant muscular tissue is also lost. This results in the

cycle of dieting and gaining the weight back again since after dieting, the body

can end up having more fat. Additionally, U-10,483 shows no weight loss in

animals with normal body weights.

U-10,483 is high melting (ca. 220 °C with decomposition), highly

soluble in water (110 mg/ml) at pH 6-10, and significantly higher at lower pH

(324 mg/ml at pH 3.0 and 570 mg/ml at pH 2.0). In solution at low pH, U-

10,483 degrades to the lactam (U-92576A) until an equilibrium is reached (ca.

90:10, U-10,483 : lactam(U-92,576A)). Under neutral and slightly alkaline

conditions, the process reverses itself, and the lactam is reconverted into U-

10,483.

Experimental / Results

This project can be divided experimentally into three general sections.

The first section involved some general information gathering, and an

attempt to repeat the results previously obtained on this project. The second

section was the development of a method for the separation of U-10,483 from

its possible degradation products, side products, and process impurities.

C, Finally, the method developed in the second section was validated. To
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convey the rationale behind the method development, a largely

chronological presentation of experiments will be followed.

Preliminary Data Collection

The first experiment performed was to determine the effect of applied

potential on retention time for two different capillary lengths. In addition,

preliminary data on the migration time reproducibility and the area

reproducibility were collected. The data collected are given below in Table I:

Table I: All capillaries 50|im ID, 50mM, pH 2.50 phosphate buffer, 3.0 second
hydrostatic sample injectionof 0.2 mg/ml U-10,483.

Applied

Potential

Migration Time (min) Peak Area (jiV • min)

50 / 72 cm 100 /122 cm 50 / 72 cm 100 /122 cm

20 kV

10.03 — 202,412 —

10.07 — 205,176 —

10.07 — 207,114 —

25 kV 7.44 24.86 151,463 98,511
7.42 24.92 155,745 104,663

30 kV 5.62 19.83 117,329 84,248
5.59 19.83 123,032 86,779

The data show the predicted results. The migration times decrease with

higher potentials as would be predicted from theory (equation 36).

Furthermore, the linear relationship predicted holds in the 50/72 cm capillary

(correlation coefficient = 0.99991) (insufficient data for the 100/122 cm

capillary). The variation in the peak areas can be explained by the velocity

with which U-10,483 passes the detector. As explained earlier in this work,

the greater the effective mobility of an analyte, the faster it passes the detector,

and the less time to actually detect the sample. That is, in the cases where the

applied potential is higher, the effective mobility is greater, and the peak areas
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decrease. The preliminary data obtained in these runs were encouraging.

The migration times were within a reasonable range of those obtained in

previous work on U-10,483, and the reproducibility of both the migration

time and the peak areas were adequate for present purposes.

Determination of Run Buffer pH

For the separation that was eventually developed for U-10,483 (pH

3.30), there is negligible electroosmotic flow. This low pH was forced by the

zwitterionic nature of the solute through the pH range 5-12, see figure 9.

2 u

II II V pKa =4.0
H2N—C—NH-CH2 CH2C—OH

NH O

II II / pKa=12.5
H2N—C—NH-CH2CH2C— O- * * a

NH2+ O
II II

H2N — C— NH- CH2 CH20— O-

Figure 9: Dissociation Constants of U-10,483

As can be seen, at near neutral pH, U-10,483 is zwitterionic, the acid group

being deprotonated, and the guanidino group being protonated. To obtain a

net positive charge required to perform CZE on U-10,483, a pH of less than

four needs to be used. Ideally, a pH two units below the pKa value, where the

acid group will be almost completely protonated, would be used. To

determine the optimum pH for the developed separation, the migration

times and peak shapes were varied over a pH range of about 3.5 to 2.0. The

data are presented graphically in figure 10.
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Again, the data obtained show the expected trend. As pH decreases, the

migration times also decrease owing to the extent of protonation of U-10,483.

As the pH is lowered, the acid group on U-10,483 becomes protonated, leaving

a net positive charge on the compound due to the basic guanidino group.

2 8
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Figure 10: Migration time versus run buffer pH. 50um x 50 / 72 cm capillary.
3.0 second sample injection of 0.2 mg/ml U-10,483. 50mM
phosphate buffers. 30kV applied potential.

This increased charge on the compound causes an increase in its

electrophoretic mobility (equation 48). There is a counter effect whereby the

lower pH causes more protonation of the surface silanol groups, thereby

decreasing the electroosmotic flow. Over the pH range studied, the

electroosmotic flow is minimal, therefore small changes in its magnitude do

not drastically alter the migration times.

Since the buffer pH was forced to be lower than 4 units, the magnitude

of the electroosmotic flow was minimal. Since electroosmotic flow is

extremely pH sensitive, small variations in the pH would have a more drastic

effect on the migration of U-10,483 in the presence of EOF. Therefore, the use

of as low a pH as possible without deterioration in peak shape or resolution

was desired so as to minimize the electroosmotic flow. Based solely on the
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criterion of peak shape, a pH of 3.34 units was chosen for the separation. At

pHs greater than that chosen, the U-10,483 peak showed considerable fronting.

At pHs lower than 3.34 units, the peak began to tail slightly (figure 11)
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Figure 11: U-10,483 (0.2mg/ml) peak shape with varying pH. Conditions
same as in Figure10. (A) pH 3.29 units, (B) pH 3.34 units, and (C)
pH 3.52 units.

Determination of Sample Buffer Concentration

The next experiment that was performed was to determine the

concentration of the sample buffer that would give the optimum peak shapes
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and peak widths. As explained in the theory section, the phenomenon called

"stacking" predicts that a buffer concentration lower than that used in the run

buffer will give a narrower solute plug. However, there is the competing

effect of the distorting laminar flow that is produced by the electroosmotic

pressure produced by the concentration difference between the two zones.

The theory summarized above predicts that, as the sample buffer

concentration decreases, the peak widths will decrease to a minimum and

then increase again (figure 12).
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Figure 12: Peak width versus sample buffer concentration. 50um x 50/72 cm
capillary. 3.0 second sample injection of 0.2 mg/ml U-10,483.
Phosphate sample buffers pH=3.34. 20 kV applied potential.
50mM pH=3.34 phosphate run buffer.

As can be seen, the data obtained agrees qualitatively with the theory. There

is a decrease in the peak width down to about 2-4 mM phosphate sample

buffer at which point it rises again up to 0 mM phosphate buffer. On the basis

of the peak widths, either 3.75 or 2.50 mM appears to be an appropriate sample

buffer concentration. On the basis of peak shape, 2.5 mM was chosen as the

optimum sample buffer concentration.
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Determination of Sample Injection Duration

The final parameter to be optimized in the preliminary work was the

duration of the sample injection by hydrostatic injection. To determine the

optimum injection time, samples were injected for times varying from 1 to 8

seconds; peak widths were monitored (figure 13).
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Figure 13: Peak width versus sample injection time. 50pm x 50/72 cm
capillary. 50mM phosphate buffer pH = 3.34. Injection of 0.2
mg/ml U-10,483 in 2.5mM phosphate sample buffer for varying
times. 20kV applied potential.

As expected, the peak widths increase with longer sample injection times.

From the standpoint of detection limits, a longer injection time would be

beneficial, although in terms of peak shape, a shorter injection time is

preferred. The injection duration for the method development was chosen as

the longest duration where peak shape was not substantially affected. This

criterion resulted in a 2.5 second sample injection time.
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Determination of Migration Characteristics of Possible Interferences

The second group of experiments was to determine the migration

behavior of possible interferences including degradation products, process

impurities, and potential internal standards. The synthetic process used to

produce the bulk drug is represented in figure 14.

,COOH

H,N'

Side Reaction:

1. aq H2N-CN
2. NaOH, 80°C

3. MeOH addition
4. filtration

2 H2N-CN

Yield 85%

NH

HoN—6— NH-CsN

COOH

Figure 14: Flow chart for the synthesis of U-10,483by process II

The compounds studied as possible interferences for U-10,483 are given below

in table II with their structure and purpose for inclusion in this study.

Table II: Possible interferences: degradation products, process impurities
and internal standard candidates.

Compound Source Structure

p-Alanine Starting Material
0

II
H2N—CH2-CH2C—OH
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Guanidine

Possible Degradation

Product or Process

Impurity

(not yet seen)

NH

H2N—C— NH2

Urea

Possible Degradation

Product (not yet seen)

0

II
H2N—0—NH2

Cyanamide Starting Material
HgN-CsN

Dicyanamde Process Impurity

NH

II
H2N—C—NH-C=N

U-10,483 lactam Degradation Product Hn"^

H2N N ^o

U-10,483 Bulk Drug
NH 0

II II
H2N—O—NH-CH2 CH2 C—OH

Guanidino

Acetic Acid

Potential Internal

Standard

NH 0

II II
H2N—C— NH- CH2-C— OH

Guanidino

Butyric Acid

Potential Internal

Standard

NH 0

II II
H2N — 0— NH-CH2- CH2-CH2-C— OH
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Phenethyl Amine Potential Internal

Standard
^^ .CH2 .NH2

Pyridine Potential Internal

Standard 0
All samples were run in 50mM phosphate buffer with a pH of 3.34 units. The

applied potential was 20 kV, and the samples were hydrostatically injected for

three seconds. The results can be seen in table HI:

Table III: Migration times of possible interferences and internal standards.
All samples run at 20kV on a 50|im x 50/72 cm capillary with
50mM pH=3.34 phosphate buffer. All sample concentrations 0.2
mg/ml except pyridine and phenethylamine (0.1 pl/ml).
Sample injection for 3.0 seconds.

Compound Migration Time (min) Peak Characteristics

p-Alanine 13.5 very broad

Guanidine 6 and 10 -11 group of peaks at 1On-

Guanidino Acetic Acid 30 min broad and fronting

Guanidino Butyric Acid 10.7 min broad and tailing

Urea no peaks to 20 min —

Cyanamide just under 10 very small

Dicyandiamide just under 10 larger than Cyanamide

U-10,483 lactam about 8 very sharp

U-10,483 around 10 or 11 drifting

Phenethylamine 9.2 broad

Pyridine 6.4 sharp

The results showed pyridine to be the most promising internal standard.

Guanidino acetic acid could be eliminated by its long migration time and poor

peak shape. The other two possibilities explored, guanidino butyric acid and
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phenethylamine were eliminated on the basis of a lack of adequate resolution

between other compounds. Pyridine was the internal standard chosen, based

on its position in a good "window" in the electropherogram.

The peak found in the cyanamide run was determined to be

dicyandiamide based on its relatively small peak area and identical elution

time to the peak found in the dicyandiamide run. It is presumed that the

cyanamide dimerized into dicyandiamide. The only peak that eluted close to

either the U-10,483 or pyridine peaks is guanidine, however, this potential

degradation product has not yet been seen in samples of U-10,483.

One problem that was noted was the drift in the elution time for the U-

10,483 peak. Over the course of a series of runs, the migration time

consistently decreased. At the start of the next series of runs, the U-10,483

peak again eluted in approximately the time as it did at the beginning of the

previous series of runs, then gradually decreased again. The cause of this drift

was unknown and had to be determined before the validation could be

conducted. Several studies were conducted in an effort to ascertain the cause

of the drift as mentioned below.

Apart from the problems of migration time drift, the large separations

between peaks at 20kV prompted the idea that a larger applied potential could

be used to decrease analysis time, without loss of resolution. The applied

potential was varied, and the theoretical plates were monitored. The results

are displayed graphically in figure 15. The results suggested that switching to

25kV could shorten the analysis time, while not producing excessive heating.

Since the analysis time at 25kV was under 10 minutes, there was no need to

increase the potential to 30kV with its greater generation of heat. There was a

slight increase in theoretical plates at 30kV, however due to the extreme
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importance of temperature control for reproducible results, this highest

available potential was avoided.
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Figure 15: Theoretical plates versus applied potential. 5Q\im x 50/72 cm
capillary run at varying applied potentials in 50mM pH=3.34
phosphate buffer. 0.2 mg/ml U-10,483 and 0.3mg/ml pyridine
samples in 2.5mM phosphate sample buffer with 3.0 second
injection

In another experiment, samples were run in 20mM and lOOmM

phosphate buffers at pH of 3.34 to be compared with the 50mM buffer used up

to this point. The results revealed poor peak shape and in the case of the

lOOmM phosphate buffer, the current was extremely high (ca. 60uA, as

compared to ca. 30uA with 50mM run buffer). Such a high current would

lead to Joule Heat problems, negatively affecting the reproducibility of the

method.

Migration Time Drift

Due to the partially ionized nature of U-10,483 at pH 3.34 and possibly

to eliminate the migration time drift, the possibility of using a lower pH was

explored. The elution time drift for U-10,483 was not accompanied by a
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similar drift for the pyridine peak; pyridine is nearly fully protonated at pH

3.34. For this reason, it was postulated that the migration time drift might be

due to pH changes. Since U-10,483 is partially ionized at a pH of 3.34, small

changes in pH significantly affect the mobility and therefore the elution time

(figure 10). It would be desirable to work at a lower pH where U-10,483 is

more cationized, and thus less affected by small changes in pH. Data were

collected over the range pH 3.00 to 3.34. The results (figure 16) show that the

minimum peak width for U-10,483 occurs around pH 3.30, however, there is

very little difference between this pH and that which had been used for the

previous runs. For this reason, the pH used was kept at 3.34 units. At pH

below 3.30, U-10,483 exhibited significant tailing, increasing as the pH was

lowered below 3.30. Hence, if pH variation around the desired pH of 3.34 was

the cause of migration time drift, then a measure of maintaining the pH

constant was required.
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Another possible explanation for the migration time drift lay in the

effects of Joule Heating. It was postulated that the heat may not have been

sufficiently dissipated, resulting in a gradual temperature elevation in the

capillary. This would decrease the viscosity of the buffer, and lower the drag

term in the electrophoretic mobility equation (equations 46 and 48). This

would result in shorter migration times. Several tests were performed to

determine if this was indeed the case.

The first experiment involved the use of a pause between the running

of each sample to allow the capillary temperature to equilibrate and reach the

temperature of the air that was being circulated in the capillary chamber. Six

samples were run with no pause, then five samples with a ten minute pause

before each run, and four more with sixty minute pauses before each run.

The result of these experiments were that the migration time showed the

same pattern of gradual decrease under all conditions. Initially, the elution

time was around 9.3 minutes, by the end of the experiment, the migration

time was 8.1 minutes, more than a ten percent difference between the first

and last run.

It was noted that the pH of the inlet (source) buffer solution after these

series of runs was 3.14, 0.20 units below the starting pH (3.34). It was reasoned

that this could explain, at least in part, the migration time drift. At lower pH,

the carboxyl group of U-10,483 will be more fully protonated, thereby

increasing the overall cationic charge on the compound, and increasing its

mobility, resulting in a shorter migration time. It was thought that

evaporation of the buffer may have been involved since the buffering

capacity of phosphate at pH 3.34 is not optimal. To study this possibility, the

samples and buffers were cooled before they were run. This experiment

resulted in less drift initially, but as the solutions warmed up, the previous
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trend of decreasing migration times was observed. In addition, this procedure

generated a significant amount of noise. Also, it would be impractical for

method development since the ABI 270A instrument used in this work does

not have refrigeration capabilities.

Another explanation entertained for the migration time drift was that

reduction/oxidation reactions were occurring in the buffer vials at the

platinum/electrolyte interface during the application of the potential was

applied (i.e. electrochemistry was occurring). The formation of hydrogen and

hydroxide at the anode and cathode respectively caused the pH in the outlet

vial to increase, while the inlet buffer decreased in pH49. Up to this time, the

buffer vials had not been changed during a series of runs. If the pH was

gradually decreasing due to the formation of hydrogen, then the migration

time of U-10,483 would be expected to decrease. Because pyridine is fully

protonated at pH 3.34, its migration time should not be drastically affected by

changes in pH.

As a test of this hypothesis, the potential was applied continually for

210 minutes in buffer solutions initially at pH 3.34. An additional vial of

identical buffer was placed in the sample carousel as a control. After the 210

minutes, the pH of the outlet buffer was 3.58 and the pH of the inlet buffer

2.94. The pH of the control buffer was unchanged. Samples of U-10,483 were

then run using both the control and the buffer to which the potential had

been applied. As expected, the migration time in the control buffer (pH 3.34)

was more than one minute longer than that in the buffer to which the

potential had been applied. The difference in the change in pH observed in

the inlet (-0.40 units) and outlet (+0.24 units) buffers can be accounted for by

the larger volume of the outlet buffer vessel.
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Buffer Changing and Rinsing Protocol

The discovery of the pH changes prompted the use of fresh buffer at the

inlet vial for each run. This resulted in migration times that drifted by less

than 0.2 minutes through eight runs. Despite this improvement, there was

still a gradual drift rather than a random scatter of migration times; the

migration time decreased with each successive run. Although the

importance of fresh outlet buffer has been reported to be minimal49, this

possibility was pursued. Fresh outlet buffer was utilized after every second

run. The results showed that the migration time in the second run was

always shorter than the first run. This indicated that fresh outlet buffer was

also important in controlling migration time.

To experimentally verify the hypothesis of buffer pH changes, several

runs were made in which the inlet and outlet buffer was replaced before

every rim. This resulted in migration times that showed random variation

with a relative standard deviation on the order of one percent. The results

suggested that changing the buffer, both at the capillary inlet and outlet,

between each run would be necessary to avoid drift in the migration times.

Although this protocol resulted in more reproducible migration times,

reference to the literature suggested that smaller migration time RSDs should

be attainable.

The work of Strickland51 showed that the solution used in the capillary

wash between runs could have an effect on migration time reproducibility.

The reasoning is that the wash prepares the capillary, and determines the

extent of deprotonation of the surface silanol groups. As explained

previously, this surface charge causes the electroosmotic flow which, at least

in part, propels the analytes through the capillary. The electroosmotic flow is
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dependent on several factors including the temperature and the surface

charge density of the capillary. Variations in these parameters cause variation

in the EOF leading to poor reproducibility of migration times. In cases where

it is practical to determine the electroosmotic mobility, that is, where its

magnitude is great enough to be measured in a relatively short period of

time, mobility data can be used instead of migration time. The reproducibility

of mobility data has been reported to be several times better than pure

migration data35. Unfortunately, under the conditions developed for this

method, a neutral electroosmotic marker will elute around 90-100 minutes,

too long to be practical.

Strickland reported that the migration time reproducibility of eight

compounds yielded an average RSD of 1.8% when washing between samples

with 0.1 N sodium hydroxide. However, when rinsing between samples with

0.5 M phosphate buffer (pH 2.50) an average migration time RSD of 0.4% was

obtained. The explanation offered is that washing the capillary with an

alkaline solution deprotonates the surface silanol groups, while the acidic

wash will protonate the surface groups. In the method developed here, the

silanol groups are mostly protonated during a run. If the capillary is subjected

to a wash that alters the surface charge density, time will be required to reach

the equilibrium surface charge density dictated by the run buffer. Given that

the silanol groups are slow to equilibrate67, washing the capillary with a

solution that leaves the capillary surface with a charge density that more

closely resembles the capillary surface during the run should improve the

reproducibility.

The slow attainment of equilibrium of the surface groups also suggests

that a new capillary would require a "break-in period". This idea has been

supported by many researchers35/68. A new capillary was used to determine
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the reproducibility of the migration times following the protocol suggested by

Strickland. The results are given in figure 17.
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Compounds

Migration time relative standard deviations under different
washing conditions. Sodium hydroxide (0.1 N) washes performed
on old capillary for comparison. Phosphate wash (0.5M, pH
2.50) performed on new capillary (rinsed with phosphate wash
solution for 90 minutes, then runs performed) N= 10 and after
"break-in period" N= 6.

The results suggest that a "break in period" of about ten runs can be expected

for a new capillary, and that washing with acidic phosphate will give the most

reproducible results.

Additional Optimization Studies

Column efficiency measured against U-10,483 was considerably poorer

than for the corresponding lactam (U-92,596A) (55,000 vs. 165,000 theoretical

plates) For this reason, we explored various measures for reducing the peak

width and improving the peak shape of U-10,483. U-10,483 fronted at the

present pH (3.34). In the prior pH studies, the U-10,483 tended to tail at lower
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pHs, while fronting at higher pHs. This suggested that a lower pH could

improve the peak shape, and that there might be an intermediate pH where

U-10,483 would neither tail nor front. We explored this possibility by varying

the pH slightly. The results showed that no intermediate pH without tailing

or fronting could be found. At slightly lower pHs, the peak still exhibited

tailing, however, the width at half height was significantly improved. For

this reason, a pH of 3.30 was chosen for subsequent method development.

In an effort to improve the peak shape, several other possibilities were

investigated. It was hypothesized that the tailing was a result of solute-wall

interactions. In other work, the use of hydroxy-cellulose compounds to form

an in situ capillary coating has been reported30/69/70. This approach was

explored using an 0.1% solution of hydroxy-cellulose. The outcome was that

this solution plugged the capillary, as did an 0.02% solution, presumably due

to their high viscosity. Hjerten reported using an 0.1% solution in 75|im

inner diameter capillaries. Since the 50jxm capillary plugged off, a 75\im

capillary was tried next. This capillary was successfully filled with the

hydroxy-cellulose containing buffer, and the resulting peaks were somewhat

improved, however, the migration time was nearly four times greater than

without the hydroxy-cellulose. The experiment suggested that the use of the

hydroxy cellulose did not give a significant enough improvement to justify

the increase in the analysis time.

A second method of reducing solute-wall interactions explored was to

introduce a competing compound via the run buffer. To explore the

feasibility of this procedure for our specific problem, a 50 millimolar solution

of 1,3 diaminopropane was added to the run buffer at 0.1% (v/v). The

outcome of this experiment was that it produced negligible improvement in

the peak shape.
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Before commencing validation of the developed method, a final check

of capillary reproducibility was performed. A sample containing pyridine

(0.15 mg/ml), dicyandiamide (0.2 mg/ml), U-10,483 (0.2 mg/ml) and the U-

10,483 lactam (trace) was injected nine times under the optimized conditions

summarized below:

• 2.5 second hydrostatic injection of sample in 2.5 millimolar
phosphate sample buffer (pH 3.30)

• 50 millimolar phosphate run buffer (pH 3.30)

• 25 kV applied potential

• replacing the inlet and outlet buffers between each run

• washing between each run with 0.5 molar phosphate buffer (pH 2.50)
for approximately two column volumes (five minutes) and
then the run buffer (five minutes)

The results showed excellent migration time reproducibility for all four

analytes (0.25% - 0.35% relative standard deviation).

Quantitation

Before discussing the method validation, the different methods of

quantitation explored will be discussed. Internal standardization is frequently

used in quantitative analysis to account for irreproducibility in sample

injection. The internal standard is included in all sample solutions. The area

of the sample peak is ratioed to the area of the internal standard peak.

External standardization is performed by comparing the peak areas in samples

to those obtained for a standard.

In capillary electrophoresis, as discussed previously, the analytes do not

all pass the detector with the same velocity. This velocity is dependent on the

migration time of the analyte. If there is some shift in the migration times,
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the peak areas will be affected as well. If the same sample is eluted at shorter

and shorter times, the peak areas will decrease. It has been suggested6/9/30/34

that the peak areas be corrected by dividing by the migration time. If a peak

elutes faster, then its smaller peak area will be divided by a smaller migration

time. Similarly, if the peak elutes slower, it will have its peak area divided by

a longer time. This type of normalization should adjust for differences in

peak areas due to variable migration times, will remove any discrepancies

due to the aforementioned effect.

Validation

All of the experiments conducted in the validation made use of the

following four quantitation methods:

• internal standardization without area correction

• external standardization without area correction

• internal standardization with area correction

• external standardization with area correction

The appropriateness of these methods will be discussed further as the

discussion of the validation continues.

Method validation involves demonstration of no interferences for

either the internal standard or solute peaks, determination of precision, and

assessment of linearity. The interferences aspect of the validation has already

been discussed, and will be omitted from this section.

The precision study was split up into two parts: 1) the precision of

injecting the same sample preparation several times (same preparation

precision), and 2) the precision of injecting six different sample preparations

(different preparation precision). The same preparation precision measures

the reproducibility of the sample injection, the sample mobility, and the
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sample response. Different preparation precision takes into account the

reproducibility of the preparation of the sample solution as well as the

reproducibility of the injection, mobilities, and detector responses. For this

reason, it should be expected that the different preparation should be less

precise than the same preparation.

The linearity study involved an assessment of the linearity of the

response. For compliance with Control procedures71 samples were prepared

at 70-120% of the concentration used in the validation. This applies to both

bulk drug and the formulation validations. Samples were run with standards

interspersed between them. The standards data provide a standard factor

from which the amount found in the samples can be determined. The

amount found is plotted against the amount added. A linear regression is

performed, and the slope and intercept are determined. The slope should be

statistically equal to one, and the intercept should be statistically equal to zero.

Precision: Bulk Drug

Initially, the different preparation precision was performed for the bulk

drug. Six different preparations of 0.2 mg/ml U-10,483 with 0.03 mg/ml

pyridine were prepared. The pyridine was added with a Rainin Pipetteman

(20|iL). The results were good for external standardization, however, the

reproducibility of the pyridine peak area (8.9%) was much worse than could

be attributed to variation in sample injections alone. The reproducibility of

the U-10,483 peak area corrected for concentration differences was less than

one percent, and could be attributed to sample injection variations.
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Since the reproducibility of the Rainin Pipetteman was questionable,

the use of a microliter syringe was explored along with preparing sample

buffer with pyridine already present.

The results are given below in table IV:

Table IV: Results of different preparation precision study for different
methods of introducing the internal standard, and different
methods of quantification. The numbers after the arrow (-*)
correspond to the RSD when data points that were beyond three
standard deviations from the mean were not included in the

calculations. N=6 except where noted. *N=5,:I:N=4.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Internal Standard

Introduction Method Percent RSD

Rainin Pipetteman 8.32 0.66 8.51 0.66 -> 0.38*

Microliter Syringe 1.37 0.83 -* 0.14* 1.38 0.69 -»0.45*

In Sample Solution 0.60 -> 0.26* 2.11 -» 0.70* 0.43* -> 0.26* 1.82 -> 0.91*

The data show that the method of internal standard introduction has a large

effect on the reproducibility. The Rainin Pipetteman seems to be inaccurate

in this application. The percent relative standard deviation is more than six

time greater than that obtained when the internal standard is introduced by

the other methods. The syringe method proves to be more accurate,

however, including the internal standard in the sample solution is at least

three times better than the syringe method in terms of RSDs. At this

juncture, it appeared that in the cases where the internal standard was in the

sample solution, the use of an internal standard gave the best results. The

use of the area correction gives similar results as without area correction.

Furthermore, the excellent values obtained for external standardization

suggest that the values obtained with the micropipette are not reliable.

The results for the same preparation precision given below in table V

show similar results:
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Table V: Same preparation precision with different quantitation methods
and different methods of introducing the sample. Forsame
solution, the sample solution was not changed. For new solution, a
fresh aliquot of the same sample solution was placed in the
sample carousel for each run. N=6 except where noted. *N=5, t
N=4

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Same Preparation Percent RSD

Same Solution 3.19 1.71 -> 0.54* 3.26 1.93

New Solution 1.48 -> 0.32* 4.45 -• 2.57* 1.40 -> 0.51* 4.30-> 2.47*

The results show that the standard factor consistently decreases. This could

possibly be due to the evaporation of the internal standard. While the

pyridine is almost completely protonated in the acidic solution, there is some

pyridine susceptible to evaporation. The improved RSDs with new solution

before each run suggests that this is a possibility, as does the random variation

of the standard factor in the new solution series of runs.

The poor reproducibility found for external standardization shows the

importance of internal standardization. The poor reproducibility of sample

injection is corrected when an internal standard is used.

Linearity: Bulk Drug

The linearity study for the bulk drug was performed by adding specified

amounts of bulk drug corresponding to 70, 80, 90, 100,110, and 120 percent of

the method concentration. The results are summarized in table VI.

Note that the recovery data are excellent, with internal standards the

RSD is consistently below one percent, and the average recovery is close to 100

percent. See Appendix I for the regression data, as well as the added/found

data.
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Table VI: Summary of linearity data for U-10,483 bulk drug. Statistical
equivalence of slope and intercept determined by a 95%
confidence interval two-sided t-test. N=6 for the factor RSD

except where noted. *N=5 and t N=4. N=12 for recovery RSD.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Standard Factor RSD 0.71 4.82-> 0.50* 0.90 4.78 -> 0.62*

Recovery Average % 100.6 102.2 100.8 100.7

Recovery RSD 0.67 1.04 0.53 1.03

Slope 1.0177 0.9944 1.0205 1.0111

Statistically equal to 1? Yes Yes No Yes

Intercept -0.00213 0.00080 -0.00237 -0.00075

Statistically equal to 0? Yes Yes No Yes

Correlation Coefficient 0.99944 0.99832 0.99968 0.99841

The results from the above validation suggest that using the area

correction does not provide any significant advantage. The additional work

that would be required to validate this area correction for GMP use (Good

Manufacturing Purposes) would not be justified. Furthermore, the results

obtained using internal standardization versus external standardization

suggest that internal standardization is preferred.

Tablet Validation

The method validation for the tablet preparation was more involved.

A procedxire for extracting the bulk drug from the tablet has been previously

developed for the HPLC method2. The procedure calls for the tablet to be

dissolved in the "mobile phase" and then centrifuged (10 minutes at 2500

rpm) to settle the particulate matter. An aliquot of the supernatant is then

taken and appropriately diluted.
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ten tablet mixture, a weight approximately equal to the average weight of a

tablet was taken and worked up as described for the same preparation

precision.

Table VIII: Different preparation precision with different quantitation
methods. Tablets prepared as specified in the text. N=6 except
where noted. *N=5.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Different Preparation Percent RSD

lOOmg tablet 0.85 7.70 -> 0.82* 0.80 7.48 -> 0.87*

400mg tablet 0.79 0.69 0.82 0.85

The poor results for one run in the external standardization quantitation

method gives evidence of the value of internal standardization. The amount

of sample injected into the capillary was smaller than in the other cases as can

be seen by the significant difference in the areas of the peaks for that run

(«15% less than the other runs). The internal standardization method makes

up for this difference in the injection. However, the results for external

standardization (poor injection omitted) are better than those for the internal

standard method.

Linearity: Tablet

The linearity data collected for the lOOmg tablet (table IX) does not show

similar results to that found for the bulk drug. While the results are not

extremely poor, in light of the excellent results obtained for the bulk drug,

these results were put into suspicion. The average recoveries were not as

close to 100%, and the RSDs were higher. In addition, the standard data is

significantly worse than in previous experiments in terms of factor RSDs.
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The amoimt added/amount found data can be found in Appendix I along

with the regression data.

Table IX: Summary of linearity data for lOOmg tablet. Statistical
equivalence of slope and intercept determined by a 95%
confidence interval two-sided t-test. N=6 for factor RSD and
N=12 for recovery RSD.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Standard Factor RSD 3.13 2.59 1.97 1.71

Recovery Average % 101.0 98.6 101.7 99.7

Recovery RSD 2.03 1.26 1.15 1.03

Slope 1.080 1.005 1.047 0.977

Statistically equal to 1? Yes Yes No Yes

Intercept -6.415 -1.714 -2.726 1.768

Statistically equal to 0? No Yes No Yes

Correlation Coefficient 0.99451 0.99741 0.99826 0.99857

The 400mg tablet data (Table X) is significantly better than that for the

lOOmg tablet. See Appendix I for the amount added/amount found data

along with the regression data.

Table X: Summary of linearity data for 400mg tablet. Statistical
equivalence of slope and intercept determined by a 95%
confidence internal two-sided t-test. N=6 for factor RSD and

N=12 for recovery RSD.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Standard Factor RSD 1.35 0.70 1.53 0.81

Recovery Average % 100.0 98.7 100.2 98.9

Recovery RSD 0.86 0.96 1.04 0.76

Slope 0.9961 0.9670 0.9929 0.9741

Statistically equal to 1? Yes No Yes No

Intercept 1.232 7.210 3.270 5.585

Statistically equal to 0? No Yes Yes Yes

Correlation Coefficient 0.99611 0.99896 0.99845 0.99937
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While these results are better than those for the lOOmg tablet, they are still

worse than would be expected given the results for the bulk drug validation.

Determination of Filter Retention

The relatively poor results compared to the data obtained for the bulk

drug prompted a search for a different method of preparing the samples from

the tablets. Since the results obtained in the HPLC method for the tablets

compared favorably to the HPLC bulk drug method, it was postulated that the

filtration step (not used in the HPLC method) was adding some variation to

the sample preparations. To determine if this was possible, a sample

solution was prepared. The sample solution was filtered through several

different types of filters three times. The average recovery was determined

for each filter type to determine if there was a bias in the filters used. The data

are presented in table XI:

Table XI: Average recoveries with different filters and different
quantitation methods. Solutions prepared as specified in the
text. N=3 in all cases

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Filter Type Average recovery (percent RSD)
Acrodisc CR 101.9 (0.55) 101.4 (0.26) 101.5 (0.91). 101.1 (0.60)

Acrodisc LC PVDF 102.0 (0.37) 100.2 (0.60) 102.0 (0.51) 100.2 (0.62)
Acrodisc LC13 102.2 (0.97) 100.4 (0.27) 102.5 (1.71) 100.3 (0.40)
Acrodisc LC25 101.0 (2.03) 98.6 (1.26) 101.7 (1.15) 99.7 (1.03)

Nylon Acrodisc 103.6 (0.51) 101.2 (0.08) 103.5 (0.59) 101.4 (0.09)
MilexHA 104.6 (2.19) 100.7 (1.25) 105.0 (1.61) 101.2 (0.60)

The results show no clear choice for the best filter to use. The data suggest

that the filters do not retain significant quantities of U-10,483. In all but two

cases, the average recovery is greater than 100%.
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Additional Tablet Method Development

Since the preceding experiment suggests that there was no problem

with the filters retaining U-10,483, but the results were still poor, the

possibility of sticking more closely to the HPLC method was explored. That is,

the filtration step was removed, and the centrifugation step was modified.

The new method is summarized below:

• dissolve lOOmg (400mg) tablet in 100ml (200ml) sample buffer
containing the internal standard (0.3|il/ml).

• centrifuge a ca. 2ml aliquot for 20 minutes at 3000 rpm
• dilute one milliliter to 5ml (10ml) for final solution

A preliminary precision of this new method was performed on the lOOmg

tablet. One tablet was dissolved in 100ml of sample buffer. Six ca. 2ml

aliquots were taken and centrifuged. Each aliquot was then diluted, and rim

twice. The data summarized in table XII show factor RSDs that are somewhat

higher than in the bulk drug validation, however, not significantly higher

than would be expected given the additional steps which add variation.

Table XII: Results of different preparation preliminary precision study for
lOOmg tablet with different methods of quantification. While
twelve samples were run, only nine or ten were included in the
factor RSD determination due to runs that were omitted for being
more than three standard deviations from the mean. N=10 except
where noted, * N=9.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

lOOmg Tablet Percent RSD

Factor RSD 1.03 1.25 | 0.77* | 0.87*

These results seemed encouraging and prompted the decision to continue

with a validation of this particular method.

The same preparation precision gave excellent results (table XIII). The

RSDs are comparable, if not better than those for the bulk drug validation.
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Table XIII: Results of same preparation precisionstudy for lOOmg and 400mg
tablets with different methods of quantification. N=6 except
where noted. *N=5, $ N=7.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Same Preparation Percent RSD

lOOmg tablet 0.38 0.30 -> 0.15* 0.64 0.84

400mg tablet 0.99t 5.48* -> 0.66 0.99t 5.29* -> 1.12

The run omitted in the 400mg tablet precision without internal

standardization was again the result of a poor injection. As mentioned

previously, external standardization seems to give the better results, in cases

where there are no "poor" injections. However, the results using internal

standardization also give reproducibilities of less than one percent RSD. In

light of the fact that these "poor" injections do occur with some regularity,

internal standardization seems to be the most ideal method of quantification.

The different preparation precision for the tablets gave extremely poor

results (table XIV). The results for the lOOmg tablet are worse than would be

expected, however reasonable, unlike the results for the 400mg tablet. They

were not in a range of RSDs that could seem reasonable given the data

previously collected.

Table XIV: Results of different preparation precision study for lOOmg and
400mg tablets with different methods of quantification. N=6 for
lOOmgtablet, and N=5 for 400mg tablet.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Different Preparation Percent RSD

lOOmg tablet 3.84 0.89 3.63 0.75

400mg tablet 17.57 16.91 16.93 15.99

The results also gave poor reproducibility with internal standardization. The

peak area of the internal standard was lower for each successive run. The

reason for this could not be postulated at the time. It would not seem likely
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that there were any evaporative effects. Interestingly enough, in the 400mg

precision experiment, the peak areas of Ul0,483 decreased with each

successive run. A possible explanation for this behavior is that a new

capillary was used.

To recheck the data obtained in the previous tablet method validation

experiments, same preparation precision for lOOmg tablets was rerun. The

results (table XV) show significant improvement over the data given in table

xn.

Table XV: Results of same preparation precision study for lOOmg tablet
with different methods of quantification. N= 10 except where
noted, *N=7, tN=8

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Same Preparation Percent RSD

lOOmg tablet 1.30 1.84-> 0.32* 1.44 12.30->0.63t

These results prompted the determination of the different preparation

precision for the lOOmg tablet. This data was also reasonable (table XVI),

although not as good as should be expected based on the data from the bulk

drug and the data from the HPLC method. In the HPLC method, the tablet

method had an RSD (0.43%)2 that was less than twice that of the bulk drug

method (Q.28%)1 for different preparation precision.

Table XVI: Results of different preparation precision study for lOOmg tablet
with different methods of quantification. N=6 in all cases.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Different Preparation Percent RSD

lOOmg tablet 2.02 1.87 2.05 | 1.99

Again, these results suggest that so long as the migration times are not

changing considerably (as they have not been with the new washing and
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buffer replenishment methods) then there is little need for the area

correction. The data in table XVI show the results to actually be worse than

the uncorrected case.

The linearity study for the lOOmg tablet with the new method gave

unexpected results (table XVII). The slope was not statistically equal to one,

nor was the intercept statistically equal to zero for any of the quantitation

methods. The amount added / amount found data can be found in Appendix

I along with the regression data.

Table XVII: Summary of linearity data for lOOmg tablets. Statistical
equivalence of slope and intercept determined by a 95%
confidence interval two-sided t-test. For the factor RSD, N=6
except where noted * N=4.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Standard Factor RSD 0.95 0.52* 1.02 0.21*

Recovery Average % 100.5 99.3 100.8 99.5

Recovery RSD 2.43 1.50 2.44 1.67

Slope 1.1204 1.0473 1.1236 1.0634

Statistically equal to 1? No No No No

Intercept -10.574 -4.944 -10.638 -6.292

Statistically equal to 0? No No No No

Correlation Coefficient 0.99898 0.99902 0.99921 0.99913

At this time, it was determined that the method of extracting the bulk drug

from the tablet was deficient. The data obtained for the validation was

considerably worse in terms of reproducibility than the bulk drug method

validation. While the results would be expected to be worse, as explained

previously, in the HPLC method, the RSDs of the tablet method were no

more than twice that of the bulk drug method. In addition, the standard

factor RSDs are considerably worse for the internal standardization method of

quantitation than for the external standardization method. This implies that
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the reproducibility of the internal standard peak area is noticeably worse than

that for U-10,483.

At this point, it was decided that the tablet method needed to be

reworked to determine if there was possibly some problem getting the U-

10,483 into solution during the sample preparation. The same preparation of

a 400mg tablet was run against some standards. The results give an average

recovery of about 360 to 380 milligrams with reproducibilities consistently less

than 0.8 percent RSD. These data indicate that there is some difficulty getting

the U-10,483 into solution. The recovery is somewhat low, somewhere 90-

95%.

Additional Studies

The validation of the method for the capsule formulation involves the

determination of capsule interferences. Apart from this aspect, the validation

is precisely the same as the bulk drug. Three capsules were dissolved in 100

milliliters of run buffer, and the sample was run under the optimized

conditions. The data showed no interferences out to ten minutes.

It was noted that for every run performed, there was a small "hump"

in the baseline from approximately 0-2 minutes. It was presumed that this

was due to an initial increase in temperature within the capillary walls.

Huang has reported an increase of 12°C in ten seconds at 30|iA72. After two

minutes, the capillary came to its equilibrium temperature, the excess heat

being dissipated.

A final experiment was performed to determine the stability of the

sample preparation. Samples were prepared and run against standards the

( same day. The solutions were stored in capped glass vials, and the same
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solutions were again run against standards after one and four days. The

results summarized in table XVIII show that over time, significant amounts

of pyridine is lost from the solution.

Table XVIII: Sample preparation stability data. 50|U.m x 50/72cm capillary.
Samples injected for 2.5 secondsin 2.5mM phosphate (pH 3.30)
sample buffer. Run at 25kV in 50mM phosphate (pH 3.30) buffer.
N=6 in all cases.

Solution Age
Internal

Standard

Area

Correction

Average Result
(%)

Result

RSD (%)

New

Yes No 100.6 0.67

No No 102.2 1.04

Yes Yes 100.8 0.53

No Yes 100.7 1.03

One Day
Yes No 94.2 1.02

No No 96.8 1.85

Yes Yes 96.0 0.84

No Yes 99.1 1.75

Four Days
Yes No 85.9 0.94

No No 99.9 1.48

Yes Yes 85.8 0.88

No Yes 100.2 1.37

Notice that in the case of external standardization, the average recovery is

close to 100%. However, when internal standards are used, the recovery

gradually decreases to approximately 85% after four days. These data suggest

that preparing the sample buffer and sample solutions in the same day they

are to be run would give the best results.
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Summary and Conclusion

The results of this project compare favorably with the HPLC method that

has been developed for the bulk drug. While the precision of the capillary

electrophoresis method is not as good as that for HPLC, it is still well below the

2%RSD maximum allowed by TheUpjohn Company71. Furthermore, the results

of the linearity study showed a linear response over the range of interest. The

average recovery for the bulk drug was consistently within the 2% allowed by

the Upjohn Company71 and the recovery RSD was consistently on the order of

one percent.

Furthermore, the results obtained in the study are considerably better than

those given in the literature for capillary electrophoresis. Literature same sample

precision studies consistently give peak area RSDs on the order of 1-6%, with 2-

3%being the norm4/7-10/14. Peak height RSDs are consistentlyon the order of 1-

4% with 2-3% being typical3'4'7"9'14. Although the possibility of peak height

quantitation was not considered, the results would have yielded about 6-8%

RSD. Migration time reproducibility has been reported3'7"10'34 as 0.6-2.0% RSD,

consistent with the data collected in this study.

The results suggest that the method of quantitation employed should

include the use of an internal standard, while the use of the area correction was

not determined to be useful Further studies for the tablet validation are required

to obtain comparable results to the HPLC method. Possible variations in the

sample preparation may remedy the problems with getting U-10,483 into

solution. Further studies (not reported here) have indicated that the recovery of

the tablet method is consistently low (about 90%). This suggests that the U-

10,483 is not going into solution completely. Other methods of preparing the

sample solutions from the tablets including the use of a sonicator, stirring the
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solutions, and using a mechanical shaker will be studied in the future in an effort

to improve the recovery of the method. Additionally, comparison of the results

obtained using the ABI 270A instrument to those obtained with another

instrument (Dionex CES-I)will be performed.

The results of this project are encouraging for the future use of capillary

electrophoresis for routine analysis at The Upjohn Company. Again, while the

results are not as reproducible as those obtained using HPLC, they are still well

within the limits set by the company. CZE's lower costs resulting from the

simpler instrument setup, lower solvent (buffer) consumption, usually shorter

analysis times, and ease of use, make it a viable alternative to standard HPLC

methods.
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Appendix I: Linearity Data

Table A-I: Linearity data for bulk drug analysis. Amount found and amount
added.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Solution

Label

Amount

added (mg)
Amount

found

(mg)

Amount

found

(mg)

Amount

found

(mg)

Amount

found

(mg)

70% 0.1409
#1 - 0.1404

#2 - 0.1411

#1 - 0.1407

#2 - 0.1404

#1 - 0.1408

#2 - 0.1414

#1 - 0.1417

#2 - 0.1412

80% 0.1587
#1 - 0.1591

#2 - 0.1600

#1 - 0.1582

#2 - 0.1608

#1 - 0.1591

#2 - 0.1600

#1 - 0.1586

#2 - 0.1619

90% 0.1798
#1 - 0.1799

#2 - 0.1810

#1 - 0.1759

#2 - 0.1803

#1 - 0.1806

#2 - 0.1814

#1 - 0.1776

#2 - 0.1821

100% 0.1987
#1 - 0.2000

#2 - 0.2022

#1 - 0.1976

#2 - 0.2004

#1 - 0.2003

#2 - 0.2022

#1 - 0.1995

#2 - 0.2026

110% 0.2200
#1 - 0.2239

#2 - 0.2216

#1 - 0.2235

#2 - 0.2187

#1 - 0.2238

#2 - 0.2213

#1 - 0.2251

#2 - 0.2201

120% 0.2385
#1 - 0.2385

#2 - 0.2401

#1 - 0.2379

#2 - 0.2357

#1 - 0.2400

#2 - 0.2405

#1 - 0.2407

#2 - 0.2383

Table A-II: Regression data foramount found versus amount added. U-10,483 bulk
drug method.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Slope 1.0177 0.9944 1.0205 1.0111

ESD Slope 0.0108 0.0182 0.0082 0.0180

Intercept -0.00212 0.00080 -0.00237 0.00075

ESD Intercept 0.00207 0.00351 0.00158 0.00347

Correlation Coefficient 0.99944 0.99832 0.99968 0.99841

ESD 0.00126 0.00213 0.00096 0.00211
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Table A-III: Linearitydata for lOOmg tablet analysis. Amount found and amount
added.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Solution

Label

Amount

added (mg)
Amount

found

(mg)

Amount

found

(mg)

Amount

found

(mg)

Amount

found

(mg)

70% 70.70
#1 - 69.90

#2-71.87

#1 - 69.63

#2 - 69.49

#1 - 70.47

#2 - 72.74

#1 - 70.30

#2 - 70.45

80% 80.50
#1 - 81.26

#2 - 81.09

#1 - 80.98

#2 - 78.94

#1 - 82.10

#2 - 81.93

#1 - 82.10

#2 - 80.03

90% 90.18
#1 - 90.25

#2 - 90.52

#1 - 88.21

#2 - 89.27

#1 - 91.18

#2 - 91.64

#1 - 89.42

#2-90.69

100% 99.52
#1 - 99.19

#2 - 99.75

#1 - 97.98

#2 - 96.31

#1 -100.74

#2 -100.80

#1 -100.03

#2 - 97.84

110% 109.43
#1 -108.37

#2 -110.07

#1 -106.80

#2 -107.04

#1 -109.95

#2 -111.08

#1 -108.92

#2 -108.20

120% 119.61
#1 -125.39

#2 -126.06

#1 -120.58

#2 - 119.67

#1 -124.08

#2 -123.75

#1 -119.72

#2 -117.67

Table A-IV: Regression data for amount found versus amount added. U-10,483 lOOmg
tablet method.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Slope 1.0797 1.0049 1.0468 0.9774

ESD Slope 0.0359 0.0229 0.0195 0.0166

Intercept -6.4154 -1.7142 -2.7261 1.7679

ESD Intercept 3.4633 2.2113 1.8850 1.5978

Correlation Coefficient 0.99451 0.99741 0.99826 0.99857

ESD 2.0683 1.3206 1.1257 0.95419
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Table A-V: Linearity data for 400mgtablet analysis. Amount found and amount
added.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Solution

Label

Amount

added (mg)
Amount

found

(mg)

Amount

found

(mg)

Amount

found

(mg)

Amount

found

(mg)

70% 284.6
#1 - 285.63

#2 - 287.86

#1 - 283.23

#2 - 285.71

#1 - 287.82

#2 - 287.85

#1 - 284.46

#2 - 284.75

80% 327.8
#1 - 329.52

#2 - 328.36

#1 - 321.46

#2 - 327.54

#1 - 331.54

#2 - 327.72

#1 - 324.11

#2 - 325.82

90% 358.0
#1 - 353.91

#2 - 351.69

#1 - 349.41

#2 - 350.55

#1 - 355.05

#2 - 351.47

#1 - 351.27

#2 - 351.05

100% 403.2
#1 - 404.87

#2 - 400.35

#1 - 399.33

#2 - 395.03

#1 - 407.75

#2 - 401.14

#1 - 403.00

#2 - 395.22

110% 439.8
#1 - 438.067

#2 - 443.05

#1 - 432.28

#2 - 430.84

#1 - 438.81

#2 - 444.91

#1 - 433.32

#2 - 433.55

120% 482.4
#1 - 485.28

#2 - 479.36

#1 - 471.58

#2 - 479.50

#1 - 486.09

#2 - 478.02

#1 - 475.92

#2 - 477.43

Table A-VI: Regression data for amount found versus amount added. U-10,483 400mg
tablet method.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Slope 0.9961 0.9670 0.9929 0.9741

ESD Slope 0.0143 0.0139 0.0175 0.0109

Intercept 1.2324 7.2101 3.2695 5.5846

ESD Intercept 5.5616 5.4140 6.8014 4.2375

Correlation Coefficient 0.99611 0.99896 0.99845 0.99937

ESD 3.3190 3.2309 4.0589 2.5288
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Table A-VII: Linearity data for lOOmg tablet analysis. Amoimt found and amoimt
added.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Solution

Label

Amount

added (mg)
Amount

found

(mg)

Amount

found

(mg)

Amount

found

(mg)

Amount

found

(mg)

70% 69.95
#1 - 68.52

#2 - 66.88

#1 - 69.63

#2 - 66.73

#1 - 68.41

#2 - 67.23

#1 - 69.27

#2 - 66.84

80% 79.81
#1 - 79.30

#2 - 78.37

#1 - 78.66

#2 - 78.51

#1 - 79.17

#2 - 78.32

#1 - 78.11

#2 - 78.33

90% 89.89
#1 - 90.47

#2 - 91.36

#1 - 89.62

#2 - 90.28

#1 - 90.86

#2 - 91.94

#1 - 89.68

#2 - 90.70

100% 99.95
#1 - 99.73

#2 -101.83

#1 - 99.45

#2 - 99.25

#1 -100.46

#2 -102.19

#1 -100.01

#2 - 99.61

110% 109.86
#1 - 111.14

#2 -112.86

#1 -109.01

#2 -110.07

#1 -111.77

#2 -112.80

#1 -109.84

#2 -109.82

120% 119.99
#1 -124.17

#2 -124.53

#1 -121.36

#2 -120.90

#1 -124.28

#2 -124.64

#1 -121.92

#2 -121.46

Table A-VIII: Regression data for amount found versus amount added. U-10,483 lOOmg
tablet method.

Internal Standard Yes No Yes No

Area Correction No No Yes Yes

Slope 1.1204 1.0473 1.1236 1.0634

ESD Slope 0.0160 0.0147 0.0141 0.0140

Intercept -10.574 -4.9440 -10.638 -6.2916

ESD Intercept 1.5412 1.4176 1.3623 1.3508

Correlation Coefficient 0.99898 0.99902 0.99921 0.99913

ESD 0.94662 0.87071 0.83672 0.82968
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Appendix II: Additional Readings

Atamna, Ibramim Z.; Metral, Climaco J.; Muschik, Gary M.; Issaq, Haleem /.
Liquid Chromatography 13 (13) 1990 2517-2527.

Chang, Huan-Tsung; Yeung, Edward S. /. Chromatogr. 608 199265-72.

Chien, Ring-Ling; Helmer, John C. Anal. Chem. 63 19911354-1361

Davies, J. T.; Rideal, E. K. Interfacial Phenomena; Academic Press: New York,
1961.

Dean, John A. Chemical Separation Methods; Van Nostrand Reinhold: New York,
1969.

Delinger, Scott L; Davies, Joe M. Anal. Chem. 641992 1947-1959.

Dose, Eric V.; Guiochon, Georges A.; Anal. Chem. 6319911154-1158.

Diilffer, T.; Herb, R.;Herrmann, H.; Kobold, U. Chromatographia 301990 675-685.

Ewing, Andrew, G.; Wallingford, Ross A.; Olefirowicz, Teresa M. Anal. Chem. 61
(4) 1989 292A-303A.

Foret, Frantisek; Bocek,Petr; Electrophoresis 111990 661-664.

Gobie, William A; Ivory, Cornelius F. /. Chromatogr. 5161990191-210.

Hayes, Mark R.; Kheterpal, Indu; Ewing Andrew C. Anal. Chem. 651993 27-31.

Huang, Xiaohua; Ohms, J. I. /. Chromatogr. 5161990 233-240.

Kuhr, Werner G. Anal Chem. 62 1990 403R-414R.

Nielen, M. W. F. /. Chromatogr. 5421991173-183.

Olechno, J. D.; Tso, J. M. Y.; Thayer, J.;Wainright, A. American Laboratory
November 1990 51-59.

Poppe, Hans. Anal. Chem. 6419921908-1919.

Rasmussen, Henrick T.; McNair, Harold M. /. Chromatogr. 5161990 223-231.

Shaw, Duncan J. Electrophoresis; Academic Press: New York, 1969.
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Stover, Frederick S. Electrophoresis; 111990 750-756.

Tsuda, Takao /. Liquid Chromatography 12 (13) 1989 2501-2514.

Vindevogel, Johan; Sandra, Pat /. Chromatogr. 5411991483-488.
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