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Abstract

Moving boundary sample introduction is described as an alternative to zonal injection methods for the electro-
phoretically mediated microanalysis (EMMA) of leucine aminopeptidase (LAP). The capillary was initially filled with the
analyte solution while the faster-migrating substrate, L-leucine-p-nitroanilide, was maintained in the inlet reservoir. Upon
application of an electric field, electrophoretic merging of the reagents proceeded, and the detectable reaction product,
p-nitroaniline, was transported to the detector. The area, maximum height, inclining slope, and declining slope of the
resulting triangular product profile were each directly proportional to the activity of LAP, and the observed migration times
of the product profile features defined the volume and time of the incubation. The moving boundary technique offered more
than an order of magnitude greater concentration sensitivity than the zonal injection EMMA method. This heightened
sensitivity facilitated rapid analysis as the use of elevated electric field strengths and short capillaries allowed for a 24-s
kinetic determination of LAP.

Keywords: Sample introduction; Capillary electrophoresis; Electrophoretically mediated microanalysis; Leucine amino-
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1. Introduction

Several recent reports [1-14] have described the
use of capillary electrophoretic (CE) systems for
reaction-based chemical analysis by a methodology
known as electrophoretically mediated microanalysis
(EMMA). In this technique, electrophoretic mixing is
utilized to merge zones containing the analyte and its
analytical reagent(s); the reaction is then allowed to
proceed either in the presence or absence of an
applied potential; and, finally, the reaction product is
transported under the influence of an applied electric
field to the detector. Thus, EMMA allows homoge-
neous kinetic enzyme assays [1-8] to be performed
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and detected entirely on-column with very high mass
sensitivity due to the small dimensions of CE
systems and the amplifying nature of enzymatic
reactions. In potential applications such as rapid
process monitoring or as a secondary dimension to a
separation, it would be desirable to increase the
speed with which EMMA analyses could be per-
formed while retaining sensitivity.

Assuming that enzyme-saturating concentrations
of substrate(s) are maintained, the concentration
sensitivity of a kinetic enzyme assay can be approxi-
mated as:

0% 4 v 4 (1)
5 [E] cat ' inc “inc

where n,, is the moles of product formed, [E] is the
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concentration of enzyme active sites, k is the
turnover number of the enzyme for the chosen
substrate, and V, . and ¢, . are the volume and time,
respectively, of the incubation. As previously de-
scribed [7], the incubation time for a zonal injection
EMMA method performed at constant potential is
typically limited to the time required for the analyte
zone to migrate from the point of injection to the
detection position

I l
tine = = 2
e vnel.A (I‘Lep,A + l‘l’eo) E ( )

where [ is the separation length of the capillary;
Voees and p. . are the net migration velocity and
electrophoretic mobility, respectively, of the analyte;
M., is the electroosmotic mobility; and E is the
electric field strength. In traditional CE separations,
analysis time can be decreased simply by either
increasing the electric field strength or decreasing the
separation length of the capillary with the restriction
that Joule heating limits the separation efficiency
[15]. As noted by Eqgs. 1 and 2, increasing the speed
of a kinetic EMMA enzyme determination in this
manner also decreases its sensitivity since the time
product is allowed to accumulate is concurrently
decreased. However, Eq. 1 indicates that this loss in
sensitivity can be counteracted by elevating the
volume of analyte undergoing incubation.

Although CE has traditionally employed zonal
injection methods, moving boundary CE has been
reported by Pawliszyn and Wu [16,17] as an alter-
native sample introduction technique. There are two
possible modes of moving boundary CE: leading
edge and trailing edge. In the leading edge method,
the capillary is initially filled with running buffer
solution while analyte solution is maintained in the
inlet buffer reservoir. Upon application of an electric
field, sample components continuously enter the
capillary at their characteristic net migration veloci-
ties, and the resulting electropherogram consists of
upward stairsteps as the leading edge of each suc-
ceeding region containing a detectable species is
superimposed upon those which have already
reached the detector. In the trailing edge technique,
the capillary is initially filled with analyte solution
while running buffer solution is maintained in the
inlet reservoir. Upon application of an electric field,

sample components exit the capillary with their
characteristic net migration velocities, and the re-
sulting electropherogram consists of downward stair-
steps representing the migration of the trailing edges
of each detectable analyte zone past the detection
position. This study investigates moving boundary
sample introduction as a method to increase the
incubation volume and, consequently, the sensitivity
of kinetic EMMA enzyme assays.

The model analysis chosen for this study was the
kinetic determination of microsomal leucine amino-
peptidase (LAP; EC 3.4.1.1). LAP was assayed by
its hydrolysis of L-leucine-p-nitroanilide to form p-
nitroaniline and L-leucine. Therefore, LAP and L-
leucine-p-nitroanilide served as the analyte and
analytical reagent, respectively, while p-nitroaniline
was monitored at its unique absorbance of 405 nm as
the detectable product.

2. Experimental
2.1. Instrumentation

All experiments were performed using a BioFocus
3000 capillary electrophoresis system (Bio-Rad Lab-
oratories, Hercules, CA, USA). Polyimide-coated
fused-silica capillaries (Polymicro Technologies,
Phoenix, AZ, USA) of 50 um 1.D.X360 um O.D.
and total lengths of 24 c¢m were utilized. The
separation lengths were 19.4 and 4.6 cm for the
determinations of LAP depicted in Fig. 1 and Fig. 4,
respectively.

2.2. Reagents

Porcine kidney microsomal LAP and L-leucine-p-
nitroanilide were purchased from Sigma (St. Louis,
MO, USA). Monobasic and dibasic potassium phos-
phate and methanol were obtained from Fisher
Scientific (Fair Lawn, NJ, USA). The analytical
reagent solution was made by dissolving 4 mM
L-leucine-p-nitroanilide and 5% (v/v) methanol in 25
mM phosphate buffer solution and adjusting to pH
7.2 with 1.0 M HCl or 1.0 M NaOH. The analyte
solutions were prepared by dissolving LAP in pH 7.2
25 mM phosphate buffer solution.
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Fig. 1. (A) Moving boundary and (B) 5 nl zonal injection kinetic EMMA determinations of 28.5 xg ml~' sotution of LAP. For conditions

see text.

2.3. Procedures

For moving boundary EMMA determinations of
LAP, the capillary was initially filled with analyte
solution while analytical reagent solution was main-
tained in the anodic buffer reservoir. For zonal
injection EMMA determinations of LAP, the capil-
lary was initially filled with pH 7.2 25 mM phos-
phate buffer solution, analyte solution was injected at
the anodic inlet by the application of pressure, and
analytical reagent solution was maintained in the
anodic buffer reservoir. Assays were effected by
applying an electric field (300 Vcm ™' for Fig. 1 and
500 V cm ™' for Fig. 4) and monitoring the ab-
sorbance at 405 nm. The capillary was thermostatted
by circulating water at 25°C throughout each assay.
Between determinations, the capillary was purged
with 0.1 M KOH and refilled by pressure with the
appropriate solution.

3. Results and discussion

Conventional reaction-based chemical analysis
requires four steps: (1) analyte and analytical reagent
metering; (2) initiation of reaction; (3) control of
reaction conditions and product formation; and (4)

detection of product. The following discussion de-
scribes the theoretical basis which allowed moving
boundary EMMA to perform these necessary tasks
for the kinetic determination of LAP with specific
references to the assay depicted in Fig. 1.

3.1. Analyte and analytical reagent metering

In moving boundary EMMA, the initial position-
ing of the analyte and analytical reagent zones is
determined by the relative electrophoretic mobilities
of the reagent species so that their respective regions
interpenetrate under the influence of an applied
electric field. Consequently, the capillary is initially
filled with the reagent (i.e. enzyme or substrate) of
lower net migration velocity (termed the ‘fill’ re-
agent) while the inlet buffer reservoir contains the
reagent (i.e. complementary substrate or enzyme of
the fill reagent) of greater net migration velocity
(termed the ‘frontal’ reagent). As indicated by the
experimental electrophoretic properties listed in
Table 1, L-leucine-p-nitroanilide demonstrated a
greater net mobility than LAP. Consequently, ana-
lytical reagent solution was maintained in the anodic
inlet buffer reservoir while the capillary was initially
filled with analyte solution,
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Table 1

Electrophoretic properties of chemical species involved in moving boundary EMMA determination of LAP

Chemical species Electrophoretic mobility

Net mobility®

em*V~'s™h) em*V's™)
Leucine aminopeptidase -1.0-107* 4.0107*
Leucine-p-nitroanilide 1.0-107* 6.0-107*
p-Nitroaniline ~0 5.0-107*

* Sum of electrophoretic and electroosmotic mobilities.

3.2. Initiation of reaction

Following metering of the fill and frontal reagents
in appropriate positions, electrophoretic mixing of
the analyte and analytical reagents and, thus, the
analytical reaction are initiated in moving boundary
EMMA by the application of an electric field. The
boundary of the faster-migrating frontal reagent zone
entering the capillary from the inlet reservoir electro-
phoretically interpenetrates the slower-migrating fill
reagent zone initially contained in the capillary.
Since LAP and L-leucine-p-nitroanilide were metered
adjacently for the determination depicted in Fig. 1,
their electrophoretic mixing commenced immediately
upon the application of potential. However, as
observed in zonal injection EMMA methods [1,7],
diffusional interpenetration and concurrent reaction
occurred at the interface between the adjacent re-
agent zones prior to the application of the electric
field. This phenomenon could be prevented by
injecting a plug of buffer between the frontal and fill
reagent zones sufficiently broad to prevent their
diffusional mixing.

3.3. Control of reaction conditions and product
formation

Upon electrophoretic mixing, the merged region
extends from the trailing edge of the fill reagent zone
to the leading edge of the frontal reagent zone. As an
electric field is maintained for time ¢, the width of

this reagent overlap (d,,.,,,) can be estimated as:

d

overlap = (vnel.frontal - vnet,fill) t
= (/‘Lep,fromal - Mep,ﬁll) Et (3)

where v, rona A04 e rrona are the net migration

velocity and electrophoretic mobility, respectively, of
the frontal reagent, and v, ,, and wx, ,, are the net
migration velocity and electrophoretic mobility, re-
spectively, of the fill reagent. Fig. 2 depicts this
reagent overlap as a function of distance from the
anodic inlet and time of the constant applied electric
field for the determination depicted in Fig. 1. The net
migration velocities of the leading edge of the frontal
reagent zone (i.e. 0.18 cm s l) and the trailing edge
of the fill reagent zone (i.e. 0.12 cm s7') are
represented by vectors A and B, respectively, in Fig.
2. Therefore, the regions of the capillary below the
nevirontat YECOr and above the v, i, vector contain
the frontal reagent and the fill reagent, respectively,
and the area contained between these two boundaries
represents the spatial positioning of the overlap of
the two reagent zones as a function of the time
potential was applied. Since p-nitroaniline was trans-
ported from the injection inlet toward the detector
under the influence of an electric field, only product
which was formed within the merged region prior to
or at the detection position could be monitored. Any
product which was formed at a position beyond the
detector was not observable under the influence of a
constant potential. Consequently, the moving bound-
ary EMMA method provided an incubation of fixed
time and volume determined by the overlap of the fill
and frontal reagent zones prior to passing by the
detection position. This observable reagent overlap is
depicted as the shaded triangular area in Fig. 2 which
is bounded by the vectors representing the migration
of the leading and trailing edges of the frontal and
fill reagent zones, respectively, and the horizontal
line corresponding to the detection position (i.e. 19.4
cm; indicated by C). The area of this triangular
region and, consequently, the distance-time product

12
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Fig. 2. Reagent overlap for moving boundary EMMA determination of LAP depicted in Fig. 1. (A), migration of leading edge of frontal
reagent zone; (B), migration of trailing edge of fill reagent zone; (C), detection position. Shaded area represents observable reagent overlap

region.

of the detectable incubation (d. _t. ) is:
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The total moles of product formed within the observ-
able reagent overlap are equal to the product of the
distance-time product of the detectable incubation,
the cross-sectional area of the capillary, and the
velocity of the reaction within the merged region
(vrxn):

np=d, t

inc “inc

mriv,, &)

where r is the radius of the capillary. Assuming that
an enzyme-saturating concentration of substrate is
maintained within the observable reagent overlap,
the rate of reaction remains relatively constant and
directly proportional to the activity of the enzyme:

Vixa = Keaq [E] (6)
and, therefore:

( _ l2 2
:u'ep,fronlal /‘Lep,fill) mr

- 2 (’Lep,fromal + lu'eo) (/‘Lep,fill + ”‘co

ne

YE kcat [E]

(N

Eq. 7 indicates that the amount of product observed
in the moving boundary EMMA determination of an
enzyme serves as a kinetic measure of the activity of
the enzyme solution. However, in contrast to zonal
injection EMMA techniques, the moving boundary
method does not require knowledge of an injection
volume since it is the electrophoretic properties of
the system as well as the electric field strength and
separation length of the capillary which determine
both the volume and time of the incubation. Further-
more, as described in the following section, the
volume and time of the incubation can be readily
calculated from the observed product profile.

3.4. Detection of product

In moving boundary EMMA, non-reacting species
display the upward or downward stairstep profiles
typical of leading edge or trailing edge moving
boundary CE depending upon whether they are
initially contained in the frontal or fill reagent zone,
respectively. However, as depicted in Fig. 1, the
concentration profile of the reaction product is
triangular. This unique profile results from the
triangular observable reagent overlap previously
described. Although all observed product possesses a
similar electrophoretic mobility, the time at which
specific product is detected is dependent upon the
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time and position it was formed within the reagent
overlap region. As a result, the migration times
observed for the product profile are determined by
the net migration velocities of the frontal and fill
reagents as well as of the product. As shown in Fig.
3, since L-leucine-p-nitroanilide had a greater net
migration velocity than either p-nitroaniline or LAP,
the first product to reach the detector was that which
formed just as the leading edge of the frontal reagent
zone migrated past the detection position. Conse-
quently, the initial observed product essentially
traversed the entire separation length of the capillary
with the net migration velocity of the frontal reagent
and was observed at a corresponding time (¢, ,,;,) of:

! l
tinitial vnet,fron(al (l“‘ep,fmma] + ”’eo) E (8)
Since LAP possessed the lowest net migration
velocity of the three species, the last product that
could be observed was that which formed as the
trailing edge of the fill reagent zone migrated past
the detector. Therefore, the final detected product

essentially traversed the entire separation distance of
the capillary with the net migration velocity of the
fill reagent and was observed at a corresponding time

(tfinal) Of:
I l
Vaerfitt  (Mepsin T Meo) E

tfinal = (9)
Any p-nitroaniline formed after the trailing edge of
the fill reagent zone passed by the detection position
could not be monitored under the influence of a fixed
electric field. Assuming that the rate of reaction was
constant within the observable reagent overlap re-
gion, the greatest accumulation of product which
arrived simultaneously at the detection position was
formed at times and positions coincident with a
vector representing the net migration velocity of the
product (i.e. 0.15 cm s~ '; D in Fig. 3). Therefore,
the maximum accumulation in the product profile
was observed at a time (¢, ) indicative of the net
migration velocity of the product:
/ {

by = = 10
max vnet,P (lu'cp,P + #‘eo) E ( )
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Fig. 3. Observed migration times of product profile features for moving boundary EMMA determination of LAP depicted in Fig. 1. (A),
migration of leading edge of frontal reagent zone; (B), migration of trailing edge of fill reagent zone; (C), detection position; (D), migration

of maximal accumulation of product.
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where v, » and u,, » are the net migration velocity
and electrophoretic mobility, respectively, of the
product. As a result, the features of the observed
product profile (i.e. t, ;a1 !max>» @0d fg,,) in Fig. 1
correspond to the net migration velocities of -
leucine-p-nitroanilide, p-nitroaniline, and LAP, re-
spectively.

In a similar manner, for systems in which the net
migration velocity of the product is greater than
those of the frontal and fill reagent zones, #, ;1> £ max:
and ¢, ., in the triangular product profile correspond
to the net migration velocities of the product, frontal
reagent, and fill reagent, respectively. In systems for
which the product has the slowest net migration
velocity, £ ias max @0d fy,, are determined by the
net migration velocities of the frontal reagent, fill
reagent, and product, respectively. Consequently, net
mobilities (i.e. u,, ,+H,,) of the frontal and fill
reagents and product can be estimated for each
moving boundary EMMA determination from the
detection times of the corresponding features in the
observed product profile:

!
Pepn + Meo = F 1 (D

where ¢, is the detection time of the product profile
feature corresponding to species n. As a result, the
distance-time product of the observable reagent
incubation can be estimated from the product profile
by substitution of Eq. 11 into Eq. 4:

ti _tmna)l
d ¢ :(fll frontal (12)

inc “inc 2

where t, and #; .. are the detection times of the
product profile features corresponding to the net
migration velocities of the fill and frontal reagent
zones, respectively. Eq. 12 estimated that the moving
boundary determination depicted in Fig. 1 offered an
observable incubation of approximately 524 cm s
(ie. 10.3 ul s).

The volume occupied by the resulting product can
be calculated as the product of the volumetric
velocity of the product and the temporal width of its
profile (i.€. #5,0~finiciar):

— 2 J—
Vo = 1" Viewr (ina — Linitiar)

_ ™ r2 [ (:u‘ep.fast - lu‘ep,slow) (/'l'ep,P + Iu’eo) (13)
(/“'ep.fas( + /"Le.o) (lu'ep,slow + ﬂ'eo)

where u. .. and g, are the electrophoretic
mobilities of the species of greatest and least net
migration velocity (i.e. responsible for ;. and
tiiaal)» TESpectively, or, in terms of the features of the
product profile:

2
mrol (s .~ ti
VP — ( final |ml|al) (14)

Ip

where ¢, is the detection time of the product profile
feature corresponding to the net migration velocity of
the product. Eq. 14 estimated that the volume of the
product profile for the moving boundary determi-
nation depicted in Fig. 1 was approximately 0.16 ul.
The average molarity of the product profile
(Mp,,,) 1s equal to the ratio of the total observable
moles of product to the volume of its profile:

_ (Mep,fromal B #’ep,ﬁl]) l
2 (/‘l‘ep,fasl - ”/epvslow) (#’ep,in(ermediate + Meo) E
X ko [E] (15)

where f., iniermediate 1S the electrophoretic mobility of
the species of intermediate net migration velocity
(i.e. responsible for 7, ) or, in terms of the features
of the product profile:

I (i~ tirontal)

M =
Pave 2 (P

k., [E] (16)

ini(ial) et
If detection is achieved by monitoring the absor-
bance of the product, the average height of the
product profile (hp,,,; in units of relative absor-
bance) can be approximated by application of the
Beer—Lambert Law to Eq. 16:

h =6 bM,

,aveg = eP b

Pavg
% (/"'ep.fron(al - /'Lep,fill) l

2 (#’ep,fast - #ep,slow) (l'l‘ep.inlermediale + o) E
X koo [E] (17)

where ¢, is the molar absorptivity of the product, and
b is the cell path length, or, in terms of the features
of the product profile:

b =e b tp (it~ toronwa)) k

=€
P, P —
e 2 (tginal ~ Hinitia))

car [E] (18)
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The maximum height of the triangular product

profile (hp...) is simply equal to twice its average
height:
hP,max = 2 hP‘avg = EP b

% (/‘Lep.frontal - /“Lep,fill) l
(p'ep‘fas( - /'Lep.slow) (#ep,in(ermediale + l"’eo) E

Xk, [E] (19)

or, in terms of the features of the product profile:

hpmax — €p b tP (tfill — tfrontal) kcm [E] (20)
’ Linal — Finitial
Consequently, the maximum height of the product
profile is directly proportional to the activity of the
enzyme, and the sensitivity of this quantitation
method is directly proportional to the turnover
number of the enzyme and separation length of the
capillary and inversely proportional to the electric
field strength.
The total area of the product profile (A;) is equal
to the product of its average height and temporal
width:

Ap = hp vy Crina ~ Liniia) = € b

2
(I“‘ep.fmnlal - l‘l‘ep.fill) !
2 (Repan + Feo) (Begimermeaine  Moo) (Hep.siow T beo) E*

X ko [E] (21)

or, in terms of the features of the product profile:

tp (b — 1
AP — EP b P ( fill 2 fromal) kca‘ [E] (22)

Therefore, the area of the product profile is
directly proportional to the activity of the enzyme,
and the sensitivity of this quantitation method is
directly proportional to the turnover number of the
enzyme and square of the separation length of the
capillary and indirectly proportional to the square of
the electric field strength.

The slope of the inclining region (m;,,;..) of the
triangular product profile is obtained by dividing the
maximum product profile height by the difference in
detection times between the species of intermediate
and greatest net migration velocity:

hP.max
m. . =
incline —
tmax tinitial

=egb

(“’ep.fasl + I““eo) (Mep,fronlal - :u“ep.fill)
(#’ep.fast - Iu‘cp_slow) (lu‘cp,fast - l‘l’ep,imermediale)

Xk, {E] (23)

cat

or, in terms of the features of the product profile:

tp (Lo — 1
m P ( fill fromal) k [E]

o = € b
1 P —_ — cat
wneline (tfinal tinilial) (tmax tinilial)

(24)

In a similar manner, the declining slope (m,, ;..) of
the triangular product profile is obtained by dividing
the maximum peak height by the difference in
detection times between the species of intermediate
and least net migration velocity:

hP‘max _ b
Myectine = t -t = €
max final
("l’cp,slow + #‘eo) (”'ep,fmntal - lu’ep,fill)
(I'Lep,fasl - p’cp,slow) ('u‘ep,slow - :uep,intermediale)

X ko [E] (25)

or, in terms of the features of the product profile:

tp (Frin — Loromeal)
Myeciine = €p b keay [E]
ecline (ttinal ~ initia) Cmax = hinat) "

(26)

Consequently, the inclining and declining slopes of
the product profile are directly proportional to the
activity of the enzyme. The sensitivity of this
quantitation method is directly proportional to the
turmover number of the enzyme and independent of
the separation length of the capillary and electric
field strength.

As previously indicated, the product profile maxi-
mum height, area, inclining slope, and declining
slope are each directly proportional to the enzymatic
activity, and, since the observed migration times of
the product profile features define the volume and
time of the incubation, activity can be directly
calculated on a volumetric basis without knowledge
of an injection volume. The product profile depicted
in Fig. 1 offered values of approximately 0.0060 AU,
0.146 AU s, 2.53-10"* AU s ™', and —1.67-10 % AU
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s~ ', respectively, for these quantitation parameters,
which yielded similar LAP activities of 0.18, 0.16,
0.16, and 0.16 U ml ™', respectively, as calculated by
Eqgs. 20, 22, 24, and 26, respectively. The elevated
LAP activity determined by use of the product
profile maximum height could be attributed to the
comigration at ¢_,, of the maximal accumulation of
product with the additional product formed at the
reagent interface prior to the application of the
electric field. Due to its ease of calculation, product
profile area is typically the quantitation method of
choice. However, the other quantitation techniques
may be preferable in specific applications, such as
when matrix interferants comigrate with a portion of
the product profile. Inclining slope can also be
exploited for fast analyses since the determination of
the complete product profile is not required.

3.5. Assumptions of mathematical model

The simple mathematical model presented for
moving boundary EMMA primarily accounts for the
effects of electromigration of the enzyme, substrate,
and product zones upon the observed concentration
profile of the product. Other potentially important
phenomena are neglected by the model, including
diffusion, whose contribution is most obvious in the
product accumulation formed at the reagent interface
prior to the application of potential. Furthermore, it
is assumed that the enzyme zone traverses the entire
capillary with a fixed net migration velocity. How-
ever, when enzyme and substrate regions merge, a
certain proportion of the enzyme is sequestered in an
enzyme-—substrate complex. It has been previously
observed that the electrophoretic mobility of an
enzyme-—substrate complex can differ significantly
from that of the uncomplexed form [1,5,18,19].
However, the enzyme~substrate complex of LAP did
not exhibit this phenomenon (i.e. in the presence of
varying concentrations of L-leucine-p-nitroanilide,
the migration time of the enzyme did not demon-
strate a significant substrate concentration depen-
dence). As a result, no corrections were made for
variable electrophoretic mobility of the merged
reagent zone.

It is further assumed that the conductivities of the
frontal and fill reagent zones and merged reagent
region are similar, and, therefore, the potential

gradient is constant throughout the capillary. How-
ever, moving boundary techniques may be viewed as
continuous electrokinetic injections. In electrokinetic
sample introduction methods, if the sample and
running buffer zones exhibit dissimilar conduc-
tivities, electric field strengths within their respective
regions are also unequal. This phenomenon has been
exploited in sample ‘stacking’ techniques to concen-
trate analytes at interfaces of zones of dissimilar
conductivity [20-22]. If the frontal and fill reagent
zones as well as the merged reagent region are of
significantly differing conductivities, solute stacking
effects are expected to also occur in moving bound-
ary EMMA thereby resulting in skewing of the
triangular product profile. However, in the determi-
nations of LAP, the frontal and fill reagent zones
were of similar conductivities, and significant effects
of variable potential gradients within the reagent
zones and merged reagent region were not observed.

3.6. Reproducibility and linearity of moving
boundary EMMA method

Fifteen replicate determinations of a LAP sample
containing 28.5 ug ml~' were made to evaluate the
reproducibility of the moving boundary EMMA
assay utilizing the experimental conditions of Fig. 1.
Quantitation based upon areas of the p-nitroaniline
profiles yielded a R.S.D. of 5.4%. However, when
quantitation was based upon LAP activities calcu-
lated from the observed product profile areas and the
migration times of the product profile features (i.e.
Eq. 22), the R.S.D. improved to 3.9%. This quantita-
tion technique demonstrated increased precision due
to its inherent compensation for run-to-run variability
in both the time and volume of the observable
incubation and the velocity with which the product
migrates past the detection position. In this manner,
moving boundary EMMA does not require an inter-
nal standard as is typically utilized in zonal injection
methods to compensate for variability in injection
volume. The migration times of the features of the
product profile (i.€. #, ;2> fmax» aNd fgp,,) exhibited
R.S.D.s of 0.54%, 0.55%, and 0.91%, respectively.

Calibration curves were constructed for the mov-
ing boundary EMMA determination of five LAP
samples ranging from 3.6 to 57 ug ml " utilizing the
experimental conditions for Fig. 1. Five replicate
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assays were performed for each sample. When
quantitation was based upon areas of the product
profiles, the linear range extended throughout the
sample range, and linear regression of the data
yielded A,=5.35-10"" C,,p—4.2:10"* AU s with
a correlation coefficient of 0.9991. When quantitation
was based upon LAP activities calculated from the
product profile areas and the observed migration
times of the product profile features (i.e. Eq. 22), the
linear range also extended throughout the sample
range, and linear regression of the data produced k_,,
[E]=5.83:10"" C,,,—2.18:107°> U ml™" with a
correlation coefficient of 0.9998. The method offered
a lower limit of detection of approximately 0.2 ug
ml™' (ie. 1 mU ml™").

3.7. Comparison to zonal injection EMMA method

Fig. 1 and Table 2 offer a comparison of constant
potential EMMA determinations of LAP utilizing
moving boundary and zonal injection sample intro-
duction while keeping all other experimental parame-
ters identical. As previously described [7], the zonal
injection method resulted in a plateau of product
extending between detection times corresponding to
the net migration velocities of the product and
analyte. Eq. 2 estimated that the 5-nl zonal injection
method offered an incubation time of 162 s and,
therefore, an observable incubation of approximately
0.8 ul s, more than an order of magnitude less than
that obtained by the moving boundary technique. As
shown in Table 2, the enhanced reagent overlap of
the moving boundary assay was reflected in the
concentration sensitivities of the two methods. Based
upon the slopes of calibration curves, the moving

boundary technique yielded more than an order of
magnitude greater concentration sensitivity for both
product profile height and area. Since the final
observed product was determined by the net migra-
tion velocity of LAP for both sample introduction
methods, their analysis times were similar. However,
since the volume of analyte required for the moving
boundary technique was equal to the volume of the
capillary, the consumption of analyte per assay was
nearly two orders of magnitude greater than for the
zonal injection method.

3.8. Fast moving boundary EMMA

As previously noted, decreased analysis time can
be achieved at the expense of sensitivity by utilizing
elevated electric field strengths and short separation
distances. Table 3 details the effect of electric field
strength upon moving boundary EMMA determi-
nations of a 28.5-ug ml~' sample of LAP at electric
field strengths of 100 to 400 V cm”' and confirms
the electric field dependences predicted by the
mathematical models for various experimental pa-
rameters. Although the migration time of the final
observed product and, thus, the analysis time were
inversely proportional to the electric field strength,
the observable incubation displayed the same electric
field dependence. As a result, concurrent losses in
sensitivity were observed when analysis time was
minimized.

Although decreased analysis time results in di-
minished sensitivity as in all kinetic EMMA meth-
ods, the inherent greater concentration sensitivity of
the moving boundary technique permits analyses to
be performed faster than by zonal injection methods

Table 2
Comparison of moving boundary and zonal injection EMMA determinations of LAP
Parameter Moving boundary EMMA Zonal injection EMMA
Consumption of analyte (nl) 470 5
Analysis time (s) 162 162
Observable reagent overlap (ul s) 10.3 0.8
Sensitivity of quantitation method
Product signal height 2.0-107* 1.3-107°
(AU ml pg™")
Product signal area 5.4:107° 4.4-107*

(AU s ml ug™")
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Table 3
Effects of electric field strength upon moving boundary EMMA kinetic determinations of LAP
E Linivial L nax Leinal dinctine A, hp Moctine M secline
(Vem™) () s ©) (cm s) (AU s) (AU) (AU s7"y - (AUs™")
100 340 405 501 1560 1.38 0.0172 2507* -1.7-107*
150 222 262 328 1030 0.574 0.0108 2.7:07* -16-107*
200 166 199 248 795 0.356 0.0084 2507 -1.7-107*
300 108 130 160 504 0.164 0.0061 2407 -1.8-107*
400 78 95 119 398 0.093 0.0043 2507 -1.8-107*
Theoretical £” ® -1 -1 -1 -1 -2 -1 0 0
R ® 0.9999 0.9996 0.9998 0.9992 0.998 0.995 - -
Experimental E" © —-1.06 -1.04 -1.04 ~1.00 -1.92 -0.96 —0.01 0.06

* Theoretical electric field dependence of experimental parameter expressed as coefficient of electric field strength in theoretical equations.
® Correlation coefficient obtained for linear regression of experimental parameter vs. theoretical electric field dependence.
¢ Experimental electric field dependence of experimental parameter determined by slope of plot of logarithm of appropriate experimental

value vs. logarithm of electric field strength.

with similar concentration sensitivity. As depicted in
Fig. 4, the use of a 4.6-cm separation distance and an
electric field strength of 500 Vcm ™' allowed for the
kinetic determination of LAP in 24 s. A 1-nl zonal
injection method required an analysis time of ap-
proximately 420 s to obtain a similar product profile
height and area sensitivity. Fifteen replicate assays
yielded a R.S.D. of 2.7% for quantitation based upon
product profile area, and a lower limit of detection of
approximately 2 ug ml™' (ie. 10 mU ml™") was
observed for the conditions shown in Fig. 4.

0.006 -
0.005 -
0.004 -
0.003 -

0.002 -

4. Conclusions

Moving boundary sample introduction has demon-
strated enhanced concentration sensitivity relative to
zonal sample introduction thereby allowing kinetic
enzyme assays to be performed an order of mag-
nitude faster. However, due to its greater sample
requirement, the moving boundary method typically
offers lesser mass sensitivity. Furthermore, the vol-
ume and time of the observable incubation for
moving boundary EMMA are defined by the ob-

Relative absorbance (405 nm)

0.001 ~

12

16

Migration time (s)

28

Fig. 4. Fast-moving boundary EMMA determination of LAP. For conditions see text.



204 B.J. Harmon et al. | J. Chromatogr. A 726 (1996) 193-204

served migration times of the triangular product
profile thereby eliminating the need for an internal
standard to compensate for variability in injection
volume. However, the invariant migration times of
the product profile do not allow for the selective
control of product detection times previously de-
scribed for zonal injection methods [8]. The moving
boundary method also offers the advantage of sim-
plicity as it does not require a zonal injection
mechanism. However, for enzymes requiring multi-
ple substrates, it is limited to those systems in which
the enzyme possesses either a greater or a lesser net
migration velocity than all of the required substrates.
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