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A plot of absorbance vs l/time (the "l/time domain") is

a more useful representation of the primary data in

capillary electrophoresis than traditional plots of absor-

bance vs time (the "time domain") in a wide set of

circumstances, especially when comparing electrophero-
grams in which the rate of electroosmotic flow is not
preeisely the same. The quantity that is of fundamental
interest in capillary electrophoresis (CE) is the electro-
phoretic mobility of an analyte. The electrophoretic
mobility of a species is nonlinearly proportional to time

ild, therefore, not lineady represented in the time

domain: that is, the distance between two peaks along

the time axis is not linearly related to the difference in

their electrophoretic mobilities. In contrast the electro-
phoretic mobility is linearly proportional to l/time, and

the distance between two peaks along the l/time axis is

linearly related to the difrerence in electrophoretic
mobilities. Plots in the l/time domain are similar to the
familiar plots in the time domain (each analyte is repre-
sented by a peak, ild the order of peaks corresponds to

the order in which these ana\rtes reach the detector), but

the spacing between the peaks corresponds linearly to

differences in mobility. This article derives this useful,

visually appealing, and broadly applicable plofring stategg

and illustrates common sihrations in which these plots

are more useful than plots in the time domain.

The current standard representation of primary data in capillary
electrophoresis (CE) is a plot of absorbance as a function of time
(the "time domain").t In such plots, the distance between two
peaks along the r-axis is nonlinearly related to the difference in

electrophoretic mobilities. In this paper, we discuss the advan-
tages of an alternate format for representing primary data obtained
using CE, in which absorbance is plotted against the negative
reciprocal of time (-1ltime, s-1' the "l/fin'e domain"). In plots

in the 1/time domain, the distance between two peaks along the
r-aris is linearly proportional to the difference in electrophoretic
mobilities of these peaks; therefore, such plots are often more
easily interpretableby inspection than plots in the time domain.
None of the physical intuitiveness is lost in going from a time
representation to a l/frme representation: each has peaks that
correspond to compounds, and each has peaks in the same order
that the compounds reach the detector. With minor changes in
software, the primary output of an experiment (the raw, unproc-

(1) St. Claire,R L Anal. Chem. 1996, 68, 569-586.

50003-2700(96)01123-7 CCC: $14.00 @ 1997 American Chemical Society

essed data) can be in the l/time domain.z We demonstrate that,

in certain circumstances, plots in the time domain may actually

be visually misleading and that plots depicting primary data in

the 1/time domain are, in these cases, preferable. We illusffate

the general utility of this plotting sffategy using three examples:
(i) porfaying directly interpretable patterns in the mobilities of

members of protein charge ladders, (ii) establishing trends in

secondary markers in affnity capillary electrophoresis, and (iii)

identifying peaks in complex mixtures when there are changes

in elecfoosmotic flow (EOF).

I/TIME DOMAIN VS TIME DOMAIN
The electrophoretic mobility of an analyte, ftelectro, is the

fundamental quantit-v of interest in CE: pelectro is the average

veiociqv of an analyte per unit of electric field strength.3-s The

characteristic value of 1r.t..oo for an analyte is independent of the

length of the capillary, the magnihrde of the rate of EOF, and the

magnitude of the electric field strength. The value of pu."t o is

related theoretically to the charge, Z, on the analyte and is

inversely proportional to its hydrodynamic drag (eq 1). The

hydrodynamic drag is often given as a function of the mass of

the molecule, Mo (where a varies between 0.5 and 1, depending

on the class of molecule, and is typically 0.48 for proteins6); Co is

a proportionality constant (eq 1). Equation 2 gives an expression

for pelecho in terms of. experimentally measurable quantities: 16"1
(m) is the length of the capillary from the inlet to the detector,
1"* (m) is the total length of the capillary, 7 (V) is the voltage
applied across the capillary, and /.o (s) and fx (s) are the times

taken for a neutral marker and a particular analyte (X) of interest

to migrate from the inlet to the detector.

^z
4electro: trtr/f (1)

La"{ro Za"&tot/ 1\
tr(al (2)

Felefro

&erectro: cop - ,"*(r1) (3)

The r-Axis in the l/Time Domain Is linearly Related to
Electrophoretic Mobility. In cases where elecfopherograms
are obtained under the same set of conditions (i.e., constant Ld"t

(2) In this paper, we use the time data to obtain the l/time data by simply
mapping every absorbance point corresponding to a time point to a l/time
point. We carry out this transformation by taking a column of time points

and applying a function x - -l/x using KaleidaGraph.
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Inot, D, plots of absorbance vs l/time are directly comparable to
one another: that is, 1/time is proportional to mobility (eq 3). In
eq 2, the values of fu refer to the respective migration times of
analytes; in eq 3, however, the values of / represent any given
point in time during the electrophoresis run. C",o and D"*o are
constants that depend on the details of the experiment. Combin-
ing eqs 1 and 2 shows that the quantity 1// is linearly proportional
to the charge on the analyte, Z, and inversely proportional to its
drag, M" (eq 4).7

The r-Axis in the Time Domain Is Not Iinearly Related
to Electrophoretic Mobility. Equation 3 shows that / is not
linearly proportional to p"r".ro. Furthermore, combining eqs 1 and
2 to give eq 5 shows that t is nonlinearly related to both
fundamental properties of that analyte, Z and M".

t*:t*/lt ffi,!#)l
Relative Values (but Not Absolute Values) on the r-Axis

Can Be Compared in the l/Time Domain. Equation 3
indicates that the absolute value of the position of a peak on the
1/time axis depends on the value of Coo. Evaluating Coo,
however, requires analyzing the data and is, therefore, more
cumbersome than using a simple l/time plot which requires no
analysis. In a 1/time plof the spacing between peaks is linearly
proportional to differences in electrophoretic mobilities between
analytes. Comparisons of different elecfropherogrirms in the
l/time domain can, therefore, be made visually by first manually
aligning the different specfa as they are printed using an internal
standard. Such manual corrections or comparisons are not
possible in the time domain since the spacing between peaks is
not directly proportional to mobility. We could take this logic
one step further and determine the electrophoretic mobilities of
each point in the time domain by determining the values of C.*p
and Doo in eq 3. We could then plot experimental data in a true
"mobility domain" by plotting absorbanc€ vs pg1ecb.e. The distance
between peaks along the r-ads in such a plot would be precisely
equal to the difference in electrophoretic mobilities (and not
merely proportional to the difference, as in l/time plots). In
mobility plots, manual aligning of the spectra being compared
would be unnecessary.

Elecfroosmotic flow (EOF) is the bulk flow of solution, in an
elecfrical field, caused by a charge imbalance at the interface of
the capillary containing the solution. The value of EOF is
expressed as the time required for a neufal marker, f.o, to migrate
from the inlet of a capillary to the detector window, 16.1. The
value of f.o may be affected by factors such as temperature, FH,

(3) Mammen, M.; Gomez, F.;Whitesides,G.M.Anal. Chem. L995,67,3526-
3535.

(4) Kuhr, W. G.; Monnig, C. A. Anal. Chem. L992, M,389-407.
(5) Chu, Y.-H.;Avila, L Z.; Gao, J.;Whitesides, G. M. Acc. Chem. Res 1995,

28,46t-468.
(6) Gao, J.; Whitesides, G. M. Anal. Chem., in press.
(7) CE data expressed in the l/time domain have a bit-to-bit correspondence

with the same data expressed in the time domain. As an example from a
related field, IR spectra may be expressed either in wavelength (microme
ters) or in frequency terms (cm-l) without any loss of information.
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Figurc l .  Electropherogram of a charge ladder of carbonic anhy-
drase l l  in (A) the t ime domain and (B) the 1/t ime domain. The
members of the charge ladder appear to be separated by an equal
spacing when the data are plotted in the time domain. When the data
are represented in the 1/time domain, the spacing between members
decreases as a function of extent of conversion. The electrophero-
gram plotted in the 1/time domain reveals the same information as a
plot of p vs nL,Z (C) but does not require any data analysis. O, The
peak due to pmethoxybenzyl alcohol, used as a neutral marker in
these experiments. t, The peak due to native carbonic anhydrase ll.
This experiment was run at 25"C, 15 kV, using 25 mM Tris-192
mM Gly buffer, pH 8.3, and detection wavelength ,. : 214 nm. The
capillary tubing was 47 cm long, with a distance of 40 cm from inlet
to detector and an inner diameter of 50 rrm.

ionic sfength, and the nature of the capillary;the last is the most

common. Plots in the l/time domain confer two classes of

advantages, which we will describe next.

Apparent Spacing of Peaks in the l/fime pemein Is

Proportional to Difrerences in Electrophoretic Mobility. In

Figure 1, we show plots of a charge ladder of carbonic anhydrase

II in both the time domain (A) and the l/time domain (B).8'e This

ladder was made by random partial acetylation of lysine e-amino

groups on the surdace of the protein. At neutal pH, there is a

unit charge difference between each successive member of a

charge ladder but only a relatively small change in mass. Because

eq 5 is a nonlinear equation in Z,it is dfficult to predict rapidly

the pattern of peaks for this mixfure of proteins. Experimentally,

the absorbance vs time plot gives an approximately equal spacing

between members of the charge ladder. Equation 4 is a linear

equation relating the migration time of an analyte peak to its

(8) Gao, J.; Mrksich, M.; Gomez, F. A; Whitesides, G. M. Anal. Chem. 1995,
6Z 3093-3100.

(9) Gao, J.; Mammen, M.; Whitesides, G. M. Science 1996, 272,535-537.
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Figure 2. (A) Affinity capillary electrophoresis (ACE) experiment

rnvolv ing an ant i -DNP lgG ant ibody and a (9-)-DNP l igand. Electro-

pherograms from this ACE experiment in (B) the time domain and (C)

the llt ime domain. The vertical hatch marks indicate the relative position

of the electropherogram at245 s in the time domain and -4.1 x 10-3

s-1 in the 1/time domain. The electropherograms plotted in the 1/time

domain reveal that the mobilit ies of the secondary markers do not

change appreciably as a function of antigen concentration. The same

information can be obtained by plotting the calculated electrophoretic

mobilit ies of the markers as a funclion of [(9-)-DNP]. Using mesityl oxide
(MO, 20 pM) (r) as an indicator of rate of EO flow and carbonic

anhydrase B (CAB, 1 mg/mL) (O)and a-lactalbumin (LA, 1 mg/mL) (tr)

as internal references, electropherograms of lgGzu (0.6 mg/mL) (O)are

obtained as a function of increasing concentration of a negatively (9*)

charged ligand containing a dinitrophenyl (DNP) group. The capillary

tubing was 57 cm long, with a distance ol 47 cm from inlet to detector

and an inner diameter of 50 pm. The conditions of the experiment were

as follows: V: 30 kV; current, 20 pA: buffer, 25 mM Tris, 192 mM
glycine (pH 8.3), with 0.5 M quinuclidine propanesulfonate and 10 mM

K2SO+ added to reduce adsorption of protein to the capillary wall;

detect ion al  ) . :200 nm: T:  25 + 2 oC.

charge and mass. This equation predicts thatthe spacing between
peaks in an electropherog'am plotted in the l/time domain should

be directly proportional to the charge and inversely porportional

to the mass of successive members of the charge ladder. When

the data are plotted in the l/time domain, the spacing between

members of the charge ladder clearly decreases with extent of

derivatization. This decrease suggests either that the charge

increment is decreasing or that the hydrodynamic drag (propor-

tional ta M") is increasing with extent of acetylation. The reasons

in either c:rse zlre probably complicated and include the possibility

of differential shielding of differently charged surfaces, changes

in hydrodynamic drag on acetylation, incomplete ionization of a

highly negative sur{ace, and slight expansion of the body of the

protein due to electrostatic repulsion between like charges. We

are actively exploring these possibilities.

The important information, provided by the curvatrre in Figure

1C,8,e is lost when the data are plotted in the time domain, which

may lead the experimenter to draw incorrect conclusions. The

conventional plot in the time domain, in this instance, is uisually

misleading.
Plotting in the l/fime Domain Allows Visual Indentifi-

cation of Peaks in a Complex Mixture. Using the standard
plot, changes in EOF prevent one from directly comparing the

electopherograms from different runs. As an example, in Figure

28, we show a series of stacked elecfopherograms from an affinity

capillary electrophoresis experiment involving a monoclonal IgG

antibody and its ligand.3 When we manually overlay the specfa

using the neufal marker as a reference, we cannot simultaneously

overlap the peaks corresponding to the neutral marker and the

secondary markers. a-lactalbumin and carbonic anhydrase, due

to changes in EOF. A plot of absorbance as a function of 1/time
(Figure 2C) permits a more reasonable alignment of both the

neutral and the secondary marker peaks. When the peaks

corresponding to the antibody and carbonic anhydrase are close

together, it becomes difficult to identify each peak. Plots in the

l/time domain simplify this idenffication greatly. Another

advantage of the plot in the 1/time domain is that it clearly

indicates the concenfration at which a protein is completely

saturated with ligand; by following the IgG peak in the stacked

elecfoperogr;Lms, a binding isotherm is taced out. Due to

changes in EOF, the extent of complexation is not clear with the
plot in the time domain. Such immediate visual information is

useful prior to performing Scatchard analysis to determine binding

constants of proteins for ligands.
Figure 3 depicts three electropherograms obtained using laser-

induced fluorescence (LIF) detection (7",: 488 nm, tr" : 520

nm).10 The first electopherogram, in the time domain (Figure

38), represents a sample containing acylated derivatives of insulin

formed by allowing insulin to react with Scarboxyfluorescein
succinimidyl ester G'-NHS) in solution. The three amines on

insulin react randomly with F-NHS; the positive charge on each

arylated amine group is neufalized, while negative charge is

introduced from the carboxylate and phenolate groups of the

arylating agenl The second electropherogram, in the time
domain (Figure 3C), shows the products formed when insulin was

first adsorbed to a seH-assembled monolayer (SAM) of hexade-
canethiolate and allowed to react with F-NHS. The third electro-
pherogram, in the time domain (Figure 3D), is a coinjection of

(10) Colton, I. J.; Gao, J.; Brittain, S.; Mrksich, M.;Whitesides, G. M. Manuscript
in preparation.
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Flgu:e 3. (A) Insulin was adsorbed to a monolayer of hexadecanethiolate on gold and allowed to react with s-carboxytluorescein succinimidyl
ester, The letters G, F, and K are abbreviations tor the amino acid residues ol glycine, phenylalanine, and lysine, respectively. In the example
shown, native insulin is symbolized by +++, while the monoacllated phenylalanine derivative is symbolized by + +; the "+" signifies an
unmodified amino residue, while the "-" signifies an amino group modified with negatively charged f,uorescein. (B) Electropherograms of a
standard set of acylated derivaiives of insulin lormed by allowing native insulin tg reaci with s-carboxyfluorescein succinimidyl ester in 100 mM
phosphate buffer, pH 6.8, both in the time and the 'tltime domains. (C) Elec{ropherograms ot products obtained upon acylation of insulin adsorbed
to a self-assembled monolayer of hexadecanethiolate using s-carboxyfluorescein succinimidyl ester, in both the time and the 1/time domains.
(D) Electrophorograms of a coinjection of (A) and (B) in both the time and the lnime domains. Electropherograms in (B), (C), and (D) in the time
domain could not be aligned p.operly due to changes in the nature of the capillary that resulted in changes in EOF. Plotting the data in the
1/time domain permits us to align the electropherograms and facilitates peak identification. The asterisks in the electropherograms denote
peak€ that either did not overlap with any ot the peaks from the standard s€t of acyiated derivatives ot insulin or had coincident mobilities with
some of the stiandard peaks. These peaks were discounted as tluoresc€nl impudties on the basis ol an experimeni involving an anti-insulin
antibody that complexes specifically with insulin and its acylated derivatives. Experiments wefe run at 25 oC, 15 kV, using 25 mM tris, 192 mM
glycine (pH 9.4) running butfer; LIF detection, &x : 488 nm, l€n : 520 nm. The capillary tubing was 47 cm long, with a distance of 40 cm from
inlet to detector and an inner diameter of 50 tm,
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Figure 4. (A) Charge ladder of oligothymidylic acid, (p(dT)4),
generated by ethylating the oxygens of phosphate on p(dT)+, thereby
neutralizing a variable number of negative charges. Electrophero-
grams of a crude reaction mixture of a charge ladder of p(dT)a in
both (B)the time domain and (C) the 1/time domain. Plotting the data
in the 1/time domain facilitates assignment of the members of the
charge ladder. The CE experiments were run at 25'C using 50 mM
sodium cacodylate buffer, pH 8, ,t : 254 nm. The capillary tubing
was 27 cm long, with a distance of 20 cm from inlet to detector and
an inner diameter of 50 nm.

the first and second samples. Due to changes in EOF between
the second and third runs, we were unable to compare directly
the corresponding electopherograms plotted in the time domain.
Corrections for changes in EOF may be made by calculating and
comparing the electophoretic mobilities for each emergent peak
from the two runs. Since. however. we did not have a water-
soluble, fluorescent neufal marker with appropriate excitation and
emission wavelengths, these calculations could not be made
conveniently. The proportionality between l/time and mobility
allowed us to compensate for EOF changes; plotting the data in
the l/time domain permitted us to overlay all three electrophero
grarns. Comparison of the electropherogrzlms in the l/time
domain revealed the formation of three monoacylated derivatives
of insulin, r-*, -++, and *+- (see Figure 3 caption for peak
labeling) on the sur{ace of the SAM. Some fluorescent impurity
peaks labeled with an asterisk were coincident with certain of the
acylated derivatives of insulin.ll
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C ffif# 
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Figure 5. Electropherogram of qmethoxybenzyl alcohol (O, neutral
marker) and pmethoxybenzoic acid (C, one negative charge) in both
(A) the time domain and (B) the 1/time domain. The total area of a
peak in neither representation directly indicates the quantity of material
on the capillary. The observed peak area of the analyte in the 1/time
domain is given by Area (O, 1/time), and that in the time domain is
given by Area (O, time). ln the 1/time domain, the amount of material
is proportional to Area (O, 1/time) multiplied by the time of migration.
In the time domain, the amount of material is proportional to Area
(O, time) divided by the time of migration.

Figure 4 shows electropherograms of a charge ladder of
oligothymidylic acid (d(pT)+) in the time and l/time domains,
respectively.l2 These ladders were made by ethylating the
oligonucleotide on the phosphate oxygens using N-nifroso-N-
ethylurea;13'l4 this alkylation neubalizes a negative charge. Since
there were many peaks in the crude reaction mixfure, it was
difficult to identify the peaks that corresponded to the actual
members of the charge ladder and to distinguish these peaks from
unidenffied impurities. Plotting absorbance as a function of. -l/

time allowed the members of the charge ladder to be assigned
visually. Plotting the data in the l/time domain shows the
appropriate sepa.ration of a charge ladder comprised of four
members differing from each other by an approximately integral

01) An experiment involving the specific reaction of acylated members of insulin
with anti-insulin antibody (Sigma I-2018) showed that only the monoacylated
derivatives of insulin were formed on the SAM.

(12) Carbeck, J.; Bradley, R J.; Whitesides, G. M. Manuscript in preparation.
(13) Rhaese, H.-J.; Freese, E. Biochim. Biofhys. Acta L969, l90,418-433.
(14) Sun, L.; Singer, B. Biochemistty L975, 14,1795-1802.

Area( f  , 1 / t ime)
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unit of charge but only minimally in hydrodynamic drag.r5 When
the data are represented in the time domain, peak assignment is
not possible.

PEAK SHAPE IN THE TIME AND I/TIME DOMAIN
In CE, the analyte moves past the detector at different

velocities. The greater the velocity, the nzurower the appearance
of the peak in the taditional time domain (Figure 5). The peak
areas for dffierent peaks are, therefore, not directly comparable.
To compare the areas of peaks, the observed areas are first
multiplied by the velocity of the moving peak (or, equivalently,
divided by its time of migration). The corrected peak areas are
then meaningful and can be compared to one another. This effect
is entirely independent of any mechanism leading to broadening
of the band on the capillary. In the 1/time domain, this ffend is
reversed: the apparent peak areas must be diaided by the apparent
velocity (or, equivalenfly, multiplied by the time of migration) to
obtain the true peak area. Again, the corrected peak areas are
then directly comparable.

coNGLUSTONS
Plotting absorbance as a function of l/time improves the

interpretability of data from CE. Plots in the 1/time domain allow
direct comparison of raw specfa by overlaying of a marker peak

(15) The last peak to migrate represents the modification of the terminal
phosphate residue that has a pK^ of -7; neutralization of this residue,
therefore, results in only a partial charge separation from its adjacent peak,
using a running buffer of pH 8.

(16) Rathore, A S.; Horvath, C. J. Chrotrwtogr. A 1996, 743, 231-ZU.

(for example, a neufal marker) and comparison of relative values
of l/time (that is, relative dffierences in mobility) of the remaining
peaks. Such a plotting strategy is qualitatively different than
previously suggested methods.l6 A l/time plot can be the primary

output from an experiment. Here we have shown two sorts of

advantages of plots in the 1/time domain over those in the time
domain: the plots in the l/time domain present information that
would have othenvise been overlooked in a time domain plot (e.g.,

spacing between members of a charge ladder as a function of. n),
and the plots in the l/time domain aid in rapid visual peak

identification when a complex mixture of analytes is being
analyzed. We suggest that plots in the 1/time domain have more
interpretable information than those in the time domain and are,
therefore, generally preferred.

Currenfly, raw data from electophoretic runs must be im-
ported to a plotting application in order to display the data in the
l/time domain. Therefore, the only current disadvantage of
plotting primary data in the l/time domain is that it may not be
convenienl CE software must be modffied to accommodate this
alternate plotting formal
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