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Identification of non-idealities in gel electrophoresis
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Abstract

The molecular weight separation, which is the second dimension of two-dimensional gel electrophoresis, is studied quantitatively with the
goal of improving positional predictability and reproducibility. Mathematical modeling of carrier electrolyte dynamics is used to track the
progress of a stacking front as a function of coulombs passed. In all test cases, the front moves more slowly than predicted and shows both
curvature and tilt. These systematic deviations from the model are found to be influenced by a variety of factors, including both design and
operating features. These factors are largely explained, and suggestions are made for improvements.
© 2005 Published by Elsevier B.V.

Keywords:Electrophoresis; Reproducibility; Modeling; Proteomics; SDS-PAGE

1

1
o
p
o
t
e
f
c
r
c
o
t
t
p

t
t
b
g
b
t

stem
h a
vior

ator.
n of
e of

dye
sent
ich
of

ve
duce
t oc-
nd a
iate

er-
king

diate
ng
anion

0
d

. Introduction

Two-dimensional gel electrophoresis was developed in
975 to obtain high resolution, highly sensitive separations
f protein mixtures[1]. It has become a widely used tool for
roteomics because of its ability to separate large numbers
f proteins. The use of two orthogonal separations, isoelec-

ric focusing and sodium dodecyl sulfate-polyacrylamide gel
lectrophoresis (SDS-PAGE), allows the technique to be used

or many classes of proteins. Further, it can be used to detect
hanges in protein regulation in response to the cell envi-
onment. However, while it is a valuable tool for separating
omplex protein mixtures, its utility is often limited by lack
f quantitative reproducibility[2,3]. In fact, replicate runs of

he same sample can have a standard deviation in spot posi-
ion of the same order of magnitude as the distance between
rotein spots from complex mixtures.

Presented here is a preliminary dynamic model intended
o capture the essence of carrier electrolyte migration. This in
urn provides the basis for protein migration and is needed to
egin a serious study of the second stage of two-dimensional

ions from the upper reservoir of the apparatus. The sy
is sufficiently complex that investigation must begin wit
model faithful enough to describe its characteristic beha
but simple enough to provide useful insight to the investig
In this investigation such a model must describe migratio
complex ionic mixtures in an electric field in the presenc
equilibrium partial dissociation of glycine and Tris base.

The model is used to follow the progress of a tracer
through the gel matrix. The electrolyte anions are pre
under the proper conditions to form a stacking front, wh
occurs when an ion of high mobility is replaced by one
lower mobility [4–6]. The first ion has a tendency to mo
faster and run away from the second, but this would pro
a region of no ions and thus no current, which canno
cur. As a result, the two ions travel at the same velocity a
sharp interface forms between them. If an ion of intermed
mobility is added to the system, it will travel with this int
face. Since chloride is more mobile than glycinate, a stac
front forms. The dye bromophenol blue has an interme
mobility. Thus, it moves with the stacking front, allowi
the progress of the separation to be tracked. Both the
el electrophoresis. Pared to its essentials, this process can
e described as a continuing one-dimensional replacement of

he chloride anions originally present in the gels by glycinate

∗ 4.

concentration and the voltage gradient change dramatically
across this interface. The proteins, which are inhibited by the
gel matrix, travel behind the dye front in the glycinate portion
of the gel.Fig. 1shows this configuration schematically.

Also presented are a large variety of experimental data
i and
Corresponding author. Tel.: +1 608 2632018; fax: +1 608 262 543
E-mail address:enlightf@wisc.edu (E.N. Lightfoot).

021-9673/$ – see front matter © 2005 Published by Elsevier B.V.
oi:10.1016/j.chroma.2005.02.061
n which electrolyte composition, operating conditions



C.M. Bondy et al. / J. Chromatogr. A 1080 (2005) 2–14 3

Fig. 1. Schematic representation of the experimental apparatus. This side
view shows the positions of the five gels as well as the upper and lower
reservoir buffers. The chloride and glycinate regions and the dye front are
indicated and proteins are shown. The schematic omits the representation of
the pump that circulates the cooling buffer through the system. On the left,
the anion concentration in each zone of the gel is represented, and on the
right is the voltage gradient in each part of the gel.

equipment configuration are varied systematically. The
model shows encouraging agreement with the data, but sig-
nificant deviations from the model prediction are observed
under all conditions tested. Critical comparisons between
prediction and observation have proven useful for identify-
ing significant non-idealities and have led to suggestions for
changing both operating conditions and equipment design.

2. Experimental

2.1. Basic equipment

Electrophoresis was performed using the Genomic Solu-
tions Investigator system. This apparatus, shown schemati-
cally in the center panel ofFig. 1, contains five gel plates in
parallel; each approximately 20 cm× 24 cm× 1 mm sheet of
polyacrylamide was cast between∼3 mm thick glass plates.
The matrix was 10% Duracryl (Genomic Solutions, Ann Ar-
bor MI) with 2.2% crosslinking. The gel buffer was 315 mM
tris(hydroxymethyl)aminomethane (Tris base) with 123 mM
Tris–HCl, pH 8.9. When sodium dodecyl sulfate (SDS) was
used, it was at a concentration of 3.7 mM. The buffer temper-
ature during the run ranged from 5 to 13◦C, but was usually
∼6◦C. Gels were run at a constant power of 16 W/gel. Not
shown in the figure is a centrifugal pump, mounted at the base
o f the
l
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The presence of the chloride and glycinate regions as well
as an intermediate sodium dodecyl sulfate region was found
using silver chloride precipitation. To detect these zones, a
gel was run for 2.5 h, until the dye front was∼9 cm from
the bottom of the gel. Then, the gel was removed from the
glass plates and placed in a 7.8 mM solution of silver nitrate.
Silver chloride forms a white precipitate, so the location of
the chloride was detectable by looking at the gel.

Most experiments in this study followed the progress of
the dye front with no proteins present. However, to track the
progress of proteins and determine their correlation to dye
front migration, Bio-Rad’s Kaleidoscope standards were used
(Bio-Rad Laboratories, Hercules CA). For these experiments,
a gel was cast with a 15-well comb. Thirty microliters of
the standard were added to four of the wells, with the filled
positions varying from run to run.

2.2. Equipment modifications

In specified experiments, apparatus modifications were
made to alter the ion paths through the gel. The parts of the
electrodes that extended horizontally beyond the edges of the
gels were masked (with electrician’s tape) so that no current
was generated beyond the edges of the gels. To a similar end,
the top buffer chamber was blocked beyond the edges of the
gels. Specially designed polyvinylchloride blocks were made
t re lo-
c lled
w d the
e iform
c wire
w n one
o gels
w hem.

ing
a gu-
r rigi-
n its
s e cir-
c is
d n the
2 l rack
h flow
o uide
t
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f the apparatus to provide mixing, and hence cooling, o
ower buffer.

The reservoir buffers were mixtures of partially disso
ted Tris and glycine. The upper buffer was 50 mM Tris b
ith 384 mM glycine, pH∼ 8.3. When SDS was used it w
t a concentration of 6.9 mM. The bottom buffer had the s
olute proportions as the top but was diluted 1:1 with 18�
ater. Buffer concentrations were altered for some ex
ents, as described.
o fit over the ends of the glass plates where the spacers a
ated. They filled up the region that would otherwise be fi
ith buffer so that the current paths did not extend beyon
dges of the gels. For another approach to produce un
urrent paths, auxiliary electrodes were used: copper
as attached to the top and bottom of the glass plates o
f the gels. For the auxiliary electrode experiments, two
ere run, one with the extra electrodes and one without t
Modifications were also implemented to improve mix

nd thus cooling of the lower buffer. Two different confi
ations were used for the rack that held the gels. The o
al rack provided with the box had four slits in each of
ide panels, one between each pair of gels, to allow th
ulating buffer to flow between the gels. However, flow
isturbed because the 1 cm wide slits are narrower tha
.3 cm spaces between the gels. A newly designed ge
ad a honeycomb pattern of holes to allow less restricted
f the cooling buffer between the gels and to act as a g

o ensure more nearly uniform flow.

.3. Procedures

For the modifications described above, as well as the
odified box, the ion migration was analyzed on the b
f the shape of the dye front as it moved through the
he width of the gel was approximately 24 cm. The dista

rom the bottom of the gel to the dye front was measure
ransverse positions of 4, 8, 12, 16, and 20 cm at 30 mi
ervals for fitting and characterization of stacking front s
nd curvature.
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Stirring in the lower buffer reservoir was diagnosed by
observing the mixing of dye or the trajectories of oil drops
in the gel box. Bromophenol blue was injected between the
gels in the first and second slots and pictures were taken at
regular intervals. This gave a qualitative picture of the mix-
ing in the box. More quantitative information was gained by
injecting neutrally buoyant oil drops. A mixture of∼84%
dibutyl phthalate and 16% heptane with a small amount of
the dye methyl red was injected in drops between the gels in
the first and second slots. Pictures were taken every 15 s. The
paths of the oil drops could be determined and the velocity
of the drops could be calculated.

3. Background and assumptions

Before the model is developed, several preliminary details
must be addressed. First, parameters necessary for calcula-
tions based on the model must be found. A combination of
literature values and experimental measurements are used, as
presented inAppendix A. Second, assumptions and approx-
imations used in model development must be identified.

In the applied field, the anions move down through the
gel and form a stacking front, which results from the lower
mobility of glycinate relative to chloride (seeFig. 1). The bro-
m iate
b e two
a
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(5) The current lines are perpendicular to the top of the gel,
and the current density is uniform.

Approximation (1) is a well-established phenomenon.
Electroneutrality states that the sum of the charges in any
local area is zero. In this case, with single charges on each
electrolyte, this means that the anion concentration is equal
to the cation concentration in each section of the system.
In practice, concentrations typically differ on the order of
10−13 M [7], making this a very good approximation.

Approximation (2) depends on the relative magnitudes of
concentration diffusion and electrochemical migration. The
penetration distance ([8], Eq. (12.1–12.9)) is given by

δ = 4
√

Dt (1)

For a typical electrophoresis separation of 6 h, given a diffu-
sion coefficient for Tris and glycine of∼1× 10−5 cm2/s, the
penetration distance is approximately 1.9 cm, which is an or-
der of magnitude lower than the distance the dye travels over
that time. Therefore, concentration diffusion is much slower
than migration and can be neglected. In fact, the sharp band
of dye tracer provides direct evidence that concentration dif-
fusion is negligible and that there is a sharp interface between
the chloride and glycinate portions of the gel.

Approximations (3) and (4) allow neglect of several un-
known contributions to ion mobilities. The neglect of ion–ion
d scrip-
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c ects
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tance
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p cur-
r , the
ophenol blue tracer dye, which has a mobility intermed
etween glycinate and chloride, is stacked between thes
nions.

The separation is thus tracked by this dye, which is
ally loaded along with the proteins. Since the carrier e

rolytes are at a much higher concentration than the pro
he protein contributions to current can be neglected. Th
ore, the model describes the velocity of carrier electrol
n the gel in the absence of proteins. The model is comp
o experimental data by tracking the movement of the tr
ye during the separation. The presence of proteins i
el was shown in preliminary experiments not to affect
ye tracer movement significantly, confirming the assu

ion that protein contributions to overall conductivity can
eglected.

It is preferable to begin with the simplest realistic
ystem and to simplify the transport picture as far as
ible using order-of-magnitude arguments. Simplificatio
he transport mechanisms is made possible by consid
he time scales and the influence of solution compos
haracteristics on the migration process. Here, the follo
implifications are adopted:

1) Electroneutrality is valid throughout the system.
2) Concentration diffusion is much slower than elec

diffusion and will be neglected. This means that un
sociated glycine and Tris are immobile.

3) Solution concentrations are low enough that ion–ion
fusional interactions are of only secondary importa
and they will also be neglected.

4) Relative mobilities of the ions are constant.
iffusional reactions is necessary to obtain a tractable de
ion, and it has been found acceptable by the vast ma
f electrochemists working with such dilute solutions. Us
onstant relative mobilities eliminates the unknown eff
f temperature.

Approximation (5) is the idealization used implicitly in e
entially all two-dimensional gel electrophoresis procedu
t provides the geometric basis from which departures d
quipment geometry can be determined.

. Model development

Now that the basic theory has been introduced, par
ers determined and assumptions presented, a dynamic
redicting the distance traveled by the tracer dye as a

ion of time can be developed. The complications prese
y the presence of SDS in the gel were neglected in this

iminary model. Therefore, the model is for a system
as only Tris glycinate in the upper and lower buffers
ris chloride in the gel. As time progresses, the glycin

rom the upper buffer replaces the chloride in the gel,
ris migrates upward through the gel from the lower bu
he model attempts to describe this ion migration by u
combination of mass transport, thermodynamics, and

rochemistry with no adjustable parameters.
Using the current through the gel as a basis, the dis

raveled by the stacking front can be related to the coulo
assed, thus eliminating time from the description. The
ent is continuous throughout the system; therefore
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measured value can be used directly. This eliminates the need
to estimate the reservoir contribution to the voltage drop. Ad-
ditionally, it is not necessary to calculate all of the ion con-
centrations since only the chloride concentration is needed.
Further, since the conductances only appear as ratios, their
actual values and temperature dependences are less impor-
tant than if they stood alone. The expression for current as
a function of velocity is shown in Eqs.(B.1) and (B.2)in
Appendix B. More specifically for our system:

I = AF (cCl−vCl− − cT+,LvT+,L)

= AF (cG−vG− − cT+,UvT+,U) (2)

whereI is the current,A is the cross-sectional area,F is Fara-
day’s constant,ci is concentration andvi is velocity. The
subscripts are defined as follows: Cl− chloride; T+,L Tris in
the lower part of the gel; G− glycinate; and T+,U Tris in the
upper portion of the gel.

The expression above can be manipulated, as shown in
Appendix B, to give a relationship between the velocity of
the chloride/glycinate interface and the current in the gel.

vinterface= I

AFcCl− (1 + (λT+,L/λCl− ))
(3)

The velocity of the stacking front is given byvinterface, and the
λ Inte-
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Fig. 2. Effects of SDS on coulomb efficiency. Gels with no SDS are closest
to the model predictions. As SDS was added to more parts of the system,
the results deviated further from the model.

coulombs and distance. On the other hand, all of the experi-
mental data sets, for a wide range of conditions, curve away
from the model prediction (some representations of this be-
havior can be seen inFigs. 2–4). Closer examination of data
shows the best agreement between the model prediction and
the experimental results are found for runs in which SDS is
omitted from all buffers (see for exampleFig. 2). However,
as shown inFigs. 3 and 4, the compositions of the upper and
lower buffers also have appreciable effects. These effects will
be discussed in the following section.

First however, it is noted that substantial discrepancies
between observation and prediction always occur, even in
the absence of SDS or for fresh and standard buffers in all
three regions. Moreover, the shapes of observed and predicted
curves are different. The pronounced curvature in all obser-
vations cannot be ascribed to errors in electrolyte mobilities.
Rather the straight line of the prediction, indicating a constant
coulomb transport efficiency, is an inherent consequence of
the stacking front concept.

F ycled
f l. No
n ciency
g ments
a

’s represent the equivalent conductances of the ions.
rating with respect to time will give a relationship betw
istance traveled and coulombs passed.Q is the number o
oulombs passed through the system when the dye fron
raveled a distancex.

= Q

AFcCl− (1 + (λT+,L/λCl− ))
(4)

Now these predictions are used to probe the behavi
he equipment provided by the manufacturer. Some u
ected behavior is found which suggests problems both
perating conditions and with the apparatus itself. Then
pparatus is modified to test these suggestions and it is

hat improved operation can result.

. Preliminary study of the unmodified equipment

The initial experimental work described immediately
ow is basically a critical comparison between actual op
ion and the predictions of Eq.(4), and the following discus
ion consists of attempts to identify the causes of discre
ies between observation and prediction.

.1. Comparison of prediction and observation

The relationship between distance traveled by the stac
ront and coulombs passed through the gel for the mode
iction (Eq.(4)) was compared to a variety of experimen
onditions. The model predicts a linear relationship betw
ig. 3. Effects of reuse of the bottom buffer. The same buffer was rec
or all four runs. The fresh buffer results were closest to the mode
oticeable change occurred for the second set of gels run, but the effi
ot progressively worse after that. No protein was run in these experi
nd SDS was omitted from all gels and buffers.



6 C.M. Bondy et al. / J. Chromatogr. A 1080 (2005) 2–14

Fig. 4. Effects of top buffer concentration on coulomb efficiency. All gels
and buffers contained SDS. The 2× buffer is the usual concentration in the
top buffer. The 1× experiment was the second use of the bottom buffer, the
2× was the third, and the 4× was the fourth. The efficiency increased for
the 4× buffer despite the recycled bottom buffer. One gel was run in each of
the four experiments using the same bottom buffer.

Direct evidence of departures from the one-dimensional
transport postulated above is shown inFig. 5. Here identi-
cal mixtures of prestained proteins (Kaleidoscope standards,
Bio-Rad) were run in four lanes. Vertical guide lines are su-
perimposed on the figure to assist with detection of the di-
vergence of the proteins from vertical migration. The curved
line at the bottom of the gel is the dye front, which is approxi-
mately perpendicular to a line through proteins from the same
lane. In typical runs, curvature of the dye front, referred to
as a “smile,” and significant tilt from the horizontal are ob-
served. There is significant run-to-run variation as shall be
seen in more detail later. It becomes clear now that at least

F rd
w e seen
i le, is
t e path
p e from
t

some of the curvature in observed stacking fronts is due to
departures from the postulated one-dimensional migration.

5.2. Discussion

It is now clear that there are two kinds of departures from
predicted behavior, one resulting from buffer compositions
and another from equipment characteristics. We now look at
these in turn, and we begin with the composition-dependent
effects.

5.2.1. Sodium dodecyl sulfate effects
The effect of SDS is the largest, and it is suggested inFig. 6

that it results from the formation of a third zone between
the dye front and the chloride zone. Shown inFig. 6 is the
result of washing a gel, after removal of the glass plates, in
aqueous silver nitrate. The clouded region at the bottom of the
figure is due to a precipitate of silver chloride, and it clearly
shows that the chloride zone does not extend to the dye front.
This intermediate zone is occupied by the DS anion, which is
more mobile than either glycinate or the dye, but less mobile
than chloride. Search of the prior literature[9] confirmed this
statement: Using35S-labeled SDS showed the accumulation
of sodium dodecyl sulfate in this intermediate region.

5
ion

i ower
r -
l front
a ntra-
t ition
c gels

F he
l with
s n as a
r edge
o cause
o

ig. 5. Scan of a gel in which 30�L of Bio-Rad Kaleidoscope standa
as run in each of lanes 4, 7, 10, and 13. The protein spots can b

n each lane. The heavy line at the bottom, which is not entirely visib
he dye front. The superimposed dashed lines in each lane indicate th
erpendicular to the top of the gel. Protein paths can be seen to diverg

his line toward the nearest edge of the gel.
.2.2. Buffer concentration effects
Other important contributing factors to the ion migrat

n the gel are the buffer concentrations in the upper and l
eservoirs, as shown inFigs. 3 and 4. Fig. 3 shows the re
ationship between distance traveled by the stacking
nd coulombs passed through the gel for various conce

ions and compositions of the bottom buffer. The compos
hanges as chloride runs into the bottom buffer from the

ig. 6. A partially run gel after immersion in silver nitrate solution. T
ower part of the gel contains chloride, which forms a white precipitate
ilver. A sharp interface marks the beginning of the stacking zone, see
efractive index change in the unstained gel. The dye marks the trailing
f the stacking zone. In gels with SDS, the stacking zone is broad be
f the accumulation of SDS behind the interface.



C.M. Bondy et al. / J. Chromatogr. A 1080 (2005) 2–14 7

Fig. 7. Effects of chloride on the coulomb efficiency. Fresh bottom buffer
was used in the first run. Seven milliliters of HCl were added to the lower
buffer between the first and second runs. There was no SDS in the gels or the
buffers, and no proteins were run. Three gels were run in each experiment.

and the 2.5 L upper reservoir containing 2× buffer is emptied
into the original 1× buffer between runs. The concentration
of the bottom buffer increases with each run, and as it does
the deviation grows between the model prediction and the
experimental result. The standard operating procedures that
accompanied the equipment suggests that the buffer can be
recycled up to three times. Both in practice and in the model, it
is assumed that the reservoirs do not affect the outcome of the
separation in any way. They are treated as infinite sources and
sinks for ions. However, observations indicate that the buffer
composition influences the extent of the deviation from the
predicted velocity, with the deviation growing as the lower
buffer concentration increases.

5.2.3. Chloride effects
Preliminary observations indicated that the amount of

chloride in the bottom buffer, rather than the Tris and glycine
concentrations, was primarily responsible for the increased
deviations from model predictions. When fewer gels were
run in early experiments, it took more runs for deviations
to be noticeable. To test this hypothesis, the bottom buffer
was spiked with 7 mL of hydrochloric acid (about 15 gels-
worth of chloride anions) between the first and second runs.
Fig. 7shows the relationship between distance traveled by the
stacking front and coulombs passed through the gel for fresh
b m-
p d
t n the
fi d by
t ious
e r re-
s y, at
l rved.
T the
b dif-
f and
t the
b ons.
C hus,
t y in

the gel. Anions in the bottom, however, are not expected to
directly contribute to migration in the gel. The importance
of the chloride concentration in the bottom buffer suggests
that the reservoir has an important, and as of now not fully
understood, influence on ion migration.

5.2.4. Remaining effects
Since the bottom buffer had a significant effect on ion

migration, it was expected that the top buffer concentration
would also be important. As anticipated, the top buffer con-
centration influenced the size of the difference between the
model and the experimental results.Fig. 4 shows the rela-
tionship between distance traveled by the stacking front and
coulombs passed through the gel for several concentrations
of the top buffer. The usual top buffer concentration of 2×
and a 1:1 dilution of that buffer show similar results. A 4×
buffer, however, was significantly closer to the model pre-
diction than the less concentrated buffers. In general, the top
buffer is replaced, so its concentration is the same for every
run. Therefore, sensitivity to its concentration is not as impor-
tant a consideration for reproducibility as is the concentration
of the bottom buffer.

The remaining deviations require further investigation, but
two general classes of suspects appear likely. The first is ba-
sic geometry of the electrodes and buffer chambers. The sec-
o ng,
w wer
b f the
c ncy.
B im-
m were
d sec-
o
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d rties
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ties
w gions
ottom buffer and bottom buffer spiked with chloride. Co
aring these results with the results inFig. 3, it can be note

hat adding chloride ions increased the deviation betwee
rst and second runs compared to the deviation cause
he concentration change in normal operation. In prev
xperiments, significant deviations from the fresh buffe
ults were never noticeable before the third run. Typicall
east seven gels were run before a deviation was obse
his confirmed the hypothesis that adding chloride to
ottom buffer was at least in part responsible for the

erences between the results for gels with fresh buffer
hose with recycled buffer. It also points to the fact that
uffers are not effectively infinite sources and sinks for i
ations in the bottom buffer migrate up through the gel; t

hey are expected to play a role in the current efficienc
nd is thermal inequality resulting from insufficient cooli
hich can result from insufficient pumping as well as lo
uffer chamber geometry. Both can produce curvature o
urrent lines and lower than expected coulomb efficie
oth of these possibilities were investigated as indicated
ediately below, and in both cases the non-idealities
escribed by fitting the observed dye fronts to a simple
nd order equation:

= C0 + C1X + C2X
2 (5)

hereY is the vertical position of the dye front measu
ownwards,X the corresponding horizontal position m
ured from the centerline, andC0 the vertical position of th
ye front at the center of the gel. The coefficientsC1 andC2
ere used to characterize the skewing and curvature o
ye front, respectively, and to monitor how these prope
aried as a function of distance traveled by the center o
ye front (12 cm measurement). Note that a positive valu
1 shows a tilt downward to the right, and a positive va
f C2 shows a “frown”. Ideally both the coefficientsC1 and
2 would be zero, indicating that the dye front is straight
orizontal throughout the trajectory.

. Equipment modifications

.1. Electrode geometry and field distributions

Our first approach to identifying geometric non-ideali
as to mask the ends of the electrodes and to block the re
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Fig. 8. Curvature and skewing of dye fronts run in the unmodified box, a box with masked electrodes and blocked buffer, and a box with masked electrodes
and blocked buffer for gels with auxiliary electrodes and those run next to gels with auxiliary electrodes.

of the upper buffer reservoir that extend horizontally beyond
the edges of the gels. The left panel ofFig. 8describes the cur-
vature of the dye front as a function of mean distance traveled.
In both the modified and the unmodified boxes, the curvature
begins as a “frown” and changes to a “smile”. However, the
magnitude of curvature is significantly less with blocking
and masking than it is in the unmodified box. The skewing or
tilt, described byC1 and shown in the right panel ofFig. 8,
is also less. In addition, the points on these plots show the
data for the unmodified box, which has the maximum ob-
served scatter. Other points are omitted in order to simplify
the plots, but the scatter of the data for repeated runs is re-
duced in the blocked and masked box compared to the data for
the unmodified box.

Also shown inFig. 8 are the curvature and skewing for
auxiliary electrodes on one gel. These auxiliary electrodes
are simple copper wires fixed horizontally to hold local volt-
ages more nearly constant over their lengths. Separate re-
sults are shown for the gel with the auxiliary electrodes and
another gel, run beside it. The dye front is slightly more
curved for gels with auxiliary electrodes than for gels in the
unmodified system (left panel). However, the neighboring
gel shows a significant decrease in initial curvature and in
change in curvature during the separation relative to behav-
ior in the unmodified box. Both “frowns” and “smiles” are
less for the dye in the unmodified system. The right panel
s gel
w nce
f aux-
i ving
b r to
z awn
i ed
b pti-
m that
t rom
u

6.2. Temperature variability

Next, attention is turned to possible temperature inequali-
ties and the effectiveness of stirring to eliminate these. Visible
tracers were put in the lower buffer and their motion was ob-
served over time.

Fig. 9shows the positions of a soluble dye pulse at various
times after injection between the first and second gels in the
electrophoresis box. The dye was injected in a line at the
horizontal center of the gel and pictures were taken at the
times indicated. Expected flow is horizontal from right to left
across the face of the gel. However, observation shows some
of the dye moves to the right and other portions even appear
to circulate. Moreover, motion is surprisingly slow.

Fig. 10 shows the trajectories of neutrally buoyant oil
drops in the stirred electrophoresis box. These oil drops can
be seen to circulate in approximately the same region of the
gel, rather than flowing steadily from right to left. Further-
more, they all follow slightly different paths, indicating that
the flow varies with time.

It is now clear that buffer circulation is both very slow and
far from the uniform right-to-left motion expected, and these
observations are consistent with the formation of “smiles”
as well as the spreading of current lines shown inFig. 5. It
remains to estimate the extent of these effects.

The heat transfer from the gels to the lower buffer is di-
r ence
o em,
w mo-
m
E tes,
t ting
a eloc-
i fer
p ing
t lities
c ill
hows similar behavior for the tilt or skewness. In the
ith auxiliary electrodes, there is no significant differe

rom the unmodified gels. However, in gels near the
liary electrodes, the skewing is almost eliminated, ha
oth an initial value and a slope that are much close
ero than those in unmodified gels. The conclusion dr
s that auxiliary electrodes offer the possibility of improv
ehavior but that placement is critical and not yet o
ized. More generally, it is clear from these results

he potential gradients in the unmodified box are far f
niform.
ectly related to the velocity of the coolant. The depend
f the heat transfer coefficient on velocity for this syst
hich has simultaneously developing temperature and
entum boundary layers, can be found in the literature ([10],
q. (5.214)). Since the cooling fluid in this system circula

here will be stagnant points at the center of the circula
reas. Far from the areas of recirculation, the average v

ty was measured to be∼1 cm/s. The change in heat trans
roduced by these velocity variations will lead to vary

emperatures at the center of the gel. Since ion mobi
hange by∼2.5%/◦C [11], it is expected that the ions w
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Fig. 9. Diagnosis of coolant flow patterns. Dye was injected between the first and second gels in the gel box, and pictures were taken at the times indicated.

move noticeably faster (as evidenced by the dye front) in ar-
eas where the cooling fluid is stagnant, producing curvature
in the dye front. Additionally, the fluid, which flows from
right to left across the face of the gel, warms up as it flows
past the gel. Typically 16 W of power is dissipated in each

Fig. 10. Trajectories of three oil drops. The first point in each trajectory is
circled. Oil drops were a neutrally buoyant mixture of dibutyl phthalate and
heptane.

gel, with more heat being released behind the dye front where
the voltage gradient is steeper. This heat is transferred to the
surrounding buffer. The temperature change in the coolant
depends on its velocity past the gel, which determines the
volume of coolant that will absorb the heat. Because of the
slow movement of the fluid past the gels, it is calculated that
the cooling buffer will show approximately a 0.5◦C tempera-
ture rise by the time it reaches the left side of the gel, inducing
skewing of the dye front.

Several tests were done to determine the extent to which
temperature variations induced by flow variations produced
curvature and skewing of the dye front. First, the stirring and
cooling were turned off so that all the fluid was stagnant. This
is expected to reduce the left to right skewing since no fluid
is flowing across the face of the gel and becoming warmer.
The results in the left panel ofFig. 11support this hypothesis.
Plots similar to those shown inFig. 8were developed for the
unmodified system, the system with blocking and masking,
and system with blocking and masking with no cooling or stir-
ring. Since the temperature effects are time-variant but are not
expected to be important for the initial curvature and skew,
the change in curvature and skewing over time was found by
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Fig. 11. Rate of change in curvature and skewing (represented by slopes ofC2 andC1 vs. distance) for the original box, the original box with blocking and
masking both with and without stirring, and the new box (including blocks, masking, and the honeycomb-patterned gel rack). Error bars show the standard
deviation in the slope from a linear least squares fit toC2 orC1 vs. distance.

calculating the rate at which these coefficients changes with
the distance traveled by the dye. This decoupled the initial
shape of the dye front from its development over time.Fig. 11
shows that the changing skewing produced during the run is
considerably less when the cooling and stirring are turned off.
It also has a smaller standard deviation because it is more uni-
form from run to run. This indicates that the right to left flow
across the gel is largely responsible for the observed skewing.
Eliminating the right to left flow nearly eliminates the tilt of
the dye front. The curvature, however, is larger in when the
stirring is turned off, as shown in the right panel ofFig. 11,
making it necessary to find an alternative that would allow the
buffer to be cooled and stirred while reducing the effects of
flow variations. Therefore, a new gel support rack was built
with the aim of improving the uniformity of the coolant flow
past the gels. It was designed with a honeycomb pattern of
holes to allow the fluid to flow more rapidly past the gels and
to decrease the local circulation of the cooling buffer. The
skewing using this new rack was nearly as small as it was
using the old rack without stirring in terms of both amount of
skewing produced during the run and the gel-to-gel variation.
Additionally, the curvature was improved over the other three
configurations tested in terms of both the amount of curva-
ture produced during the run and the gel-to-gel variation in
the shape of the dye front. This indicates that some simple
redesign to improve the uniformity of the coolant flow pro-
d ion
m ht
v n gels
b

7

dy-
n ation
f for
t ns in-
c hile
S n in
t the

reservoir buffer compositions, which are not factored into
the model. Departures from the one-dimensional migration
assumed in the model are most likely the primary cause of
remaining deviations. The curvature and skewing of the dye
front can be used to study the extent of divergence of current
paths in the gel. Both can be minimized by altering the current
paths and improving the stirring of the cooling buffer. Block-
ing the extraneous parts of the buffer reservoir and masking
the electrodes, or alternatively adding auxiliary electrodes,
improved the shape of the dye front. Likewise, changing the
configuration of the gel rack to minimize circulation and im-
prove the flow uniformity and rate past the gels decreased the
amount of curving and skewing.

Based on the observations in this study, recommendations
can be made for operating conditions and equipment design
changes that will improve the predictability of ion migration.
It has been shown that recycling the bottom buffer leads to
increased departures from the model and larger run-to-run
variability. Therefore, it is recommended that fresh buffer be
used for each electrophoresis run. This will improve the effi-
ciency of the separation so that gels will finish more quickly
using the same current. It will also improve the reproducibil-
ity of the separation process by eliminating variations caused
by different starting buffer concentrations. Additionally, the
box can be redesigned to ensure vertical current paths enter-
ing the gel and uniform temperature distribution across the
f e di-
v and
r

A

A

ec-
t
a lution
a l was
m e de-
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uces dramatic improvements in the reproducibility of
igration both within a gel, by eliminating the left to rig

ariations and variations due to stagnancy, and betwee
y reducing positional and temporal flow variations.

. Conclusions

Careful quantitative observation of carrier electrolyte
amics suggests many causes for departures of observ

rom the simple rectilinear migration normally assumed
his widely used operation. The causes of these deviatio
lude both operating conditions and equipment design. W
DS is a contributing factor, the deviations persist eve

he absence of SDS. Other contributing factors include
s

ace of the gel. These modifications should decrease th
ergence of current lines, improving the predictability
eproducibility of ion migration.

ppendix A. Parameters needed for the model

.1. Experimental

To predict the migration velocity of ions under el
rophoretic conditions, their conductances in a gel at∼5◦C
re needed. First, the conductance was measured in so
t room temperature. Then, the conductance in the ge
easured at room temperature. Finally, the temperatur
endence was found.
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Conductances were measured using solutions in capillary
tubes of known cross-sectional area. The capillary was placed
through the side arms of two side-arm flasks, creating a bridge
between them. The flasks were filled with buffer above the
level of the capillary. Two electrodes were connected to a
voltmeter, and one was placed in each end of the capillary. A
power supply was connected to an ammeter, and one electrode
was attached to each. One of these electrodes was placed in
each of the buffer reservoirs (flasks). A voltage of 1–4 V was
applied from the power supply. The voltage drop and current
were measured over a capillary between two stirred reser-
voirs. Before each reading, a reading was taken at 0 V, and
this value was subtracted from the reading at other settings.
The 0 V reading was generally consistent for all measure-
ments.

The electrodes used to measure the voltage and current
were platinized 0.25 mm diameter annealed platinum wire.
Platinization was carried out using the protocol outlined in
Metrohm Application Bulletin64/2e. The voltage (V) and
current (I) are plotted to find the resistance in the capillary.
They are related by Ohm’s law,V= IR. For this geometry, the
resistance is

R = L

A
∑

(ciλi)
(A.1)
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whereΛ is the conductivity of the solution. For cold mea-
surements, the beaker was placed in a stirred ice bath and for
hot measurements it was in a stirred boiling water bath. The
Fischer Scientific Digital Conductivity Meter gave both the
conductivity and the temperature of the solution. Readings
were taken 2 min after the probe was placed in the solution.
This was sufficient time for the room temperature solution
to give a steady reading. The meter automatically corrected
for temperature by 2% for each degree different from 25◦C.
Therefore, the following adjustment was made to the meter
output to find the actual conductivity of the solution.

Λ = Λmeasurede
0.02(T−25) (A.3)

The conductance of either the anion or the cation can be
found by measuring its conductivity in solution with a coun-
terion of known conductance. The chloride conductance was
found from a 6.78 mM solution of potassium chloride. Tris
was found from a solution of 39 mM Tris base with 16 mM
Tris–HCl. Glycinate conductance was found from a solution
of 99.6 mM Tris base with 160 mM glycine. Concentrations
were chosen to stay within the range of the conductivity me-
ter.

A.2. Results
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hereL is the length of the capillary,A the cross-section
rea,c the concentration of each species, andλ the conduc

ance with thei subscript indicating that the sum is over
pecies present.

Knowing the voltage, current, concentration, and geo
ry, the sum of the anion and cation conductances in th
ution can be found. The unknown conductances were f
y measuring their conductances in solutions with a cou
ion of known conductance. The chloride conductance
ound from a 100 mM solution of potassium chloride. T
ris concentration was then found from a 123 mM solu
f Tris–HCl (both with excess Tris, as used in the gels,
ithout excess Tris). The glycinate conductance was fo

rom a solution of 16 mM glycine with 16 mM KOH.
The same apparatus was also used to find the conduc

f ions in the gel matrix. Gels were cast in capillary tubes,
he Tris buffer in the gel recipe (see Section2) was replace
y the solution to be analyzed. The flasks were filled w
olution of the same buffer at the same concentrations a
sed in the gel. Conductances were found in the same
s for the ions in solution. The buffers used in the gels w
t the same concentrations as those in solution so that
omparisons could be made (100 mM potassium chlo
23 mM Tris–HCl, and 16 mM glycine with 16 mM KOH)

Next, the temperature dependence was measured by
ng the conductivity of solutions in a beaker. The conducta
as calculated by the equation

=
∑

ciλi (A.2)
Several parameters are needed in the model to calc
he position of the dye front. The dissociation constant
ris and glycine are needed to find ion concentrations.
onductances of all the ions present in the gels and bu
re necessary to find their mobilities.

Since the potential drop will only affect ions and
ndissociated molecules, the concentration of dissoc
olecules is important for the model. Tris–HCl is assu

o be completely dissociated. Both Tris and glycinate pK’s
s a function of temperature are available in the litera

12]; therefore, no measurements were necessary for dis
tion constants. Fits to the literature data gave the follo

emperature dependencies over the range of interest:

KTris = (−0.027± 0.0008)T + (8.77± 0.03), (6 points)

(A.4)

Kglycine = −0.021T + 10.31, (2 points) (A.5)

Conductances of the Tris and glycinate ions had t
easured. The conductance of chloride is available in

iterature [11]. The first step to determining the cond
ances of ions is to find the conductance in solution at r
emperature. Using the capillary apparatus described a
he voltage and current were recorded and plotted. In
ases, there is only one cation and one anion in the
ion, so the concentration can be factored out of the su
q. (A.1), and the sum of the conductances can be fo
he sum of the conductances of potassium and chlori
5◦C is given in the literature to be 128 S cm2/eq.[11]. Mea-
ured conductivity at the same concentration (100 mM
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Fig. A.1. Theoretical voltage vs. current relationships for capillaries of var-
ious lengths in centimeters. The lines represent literature values[11], and
the points represent measured values.

122 S cm2/eq., which is less than 5% different from the liter-
ature value.

Fig. A.1 shows a plot of voltage versus current from the
capillary apparatus. The lines in this figure represent pre-
dictions based on the literature values of KCl conductivity
[11]. The points represent measured values. InFig. A.1, the
predictions (lines) are seen to agree well with the measured
values (points), especially for the longest capillaries. As a
result, only capillaries longer than 25 cm were used for the
following calculations.

Conductances of individual ions were found from the con-
ductivity, which is the reciprocal of the resistance, given in
Eq.(A.1). It was assumed that the ratio of potassium conduc-
tance to chloride conductance was the same as the reported
values at infinite dilution. This gave a chloride conductance
of 66.33 S cm2/eq. The measured chloride conductance was
used to calculate a Tris conductance of 13.17 S cm2/eq. The
potassium and hydroxide conductances found in the litera-

Fig. A.2. Comparison of literature resistance to measured resistance in so-
lution and in gels. The line is based on literature values[11]. The closed
diamonds represent the measured solution values and agree well with the
literature. The open diamonds represent the measured gel values.

ture [11] were used to calculate a glycine conductance of
35.3 S cm2/eq. These results are summarized inTable A.1.

Fig. A.2 shows the current versus voltage plot for potas-
sium chloride in solution (closed diamonds) and in gels (open
diamonds). These measurements are compared to the litera-
ture values[11], shown by the solid line. The measured con-
ductivity, which is the slope of a straight line fit to the data,
agrees within 4% with the literature values. The conductiv-
ity in the gel (0.009 S/cm) is about 72% of that in solution
(0.012 S/cm), as evidenced by the smaller slope of a straight
line fit to the current as a function of voltage. This gave a
chloride conductance of 44.95 S cm2/eq. in the gel, assum-
ing the same ratio of potassium to chloride conductance as
in solution. The conductivity of Tris–HCl was 0.006 S/cm
in the gel, as opposed to 0.009 S/cm in solution. The gel
value was approximately 60% of the solution value, which
seems reasonable based on the KCl results. However, when
the Tris conductance was found using a chloride conductance
of 44.95 S cm2/eq., it was about 0.15 S cm2/eq., only 1.1% of
its solution value of 13.17 S cm2/eq. This highly unexpected

Table A.1
Measured conductances of chloride, Tris, and glycinate in solution and gels

λK +λCl (S cm2/eq.) Ratio (gels/solutions) λK (S cm2/eq.) λCl (S cm2/eq.)

KCl
Robinson and Stokes 129.00 Assume
Solution 122.22 59.89

3.19

(S cm2

T
3.17
.15

(S cm

G
9.89 n
3.19
Gels 88.14 0.72 4

λTris +λCl (S cm2/eq.) λT

ris–HCl
Solution 75.50 1
Gels 45.10 0.60 0∑

(ciλi ) λK

lycine KOH
Solution 1522.46 5
Gels 1366.05 0.90 4
ratio is the same as in the limiting case
62.33 Cl gel/solution
44.95 0.72

/eq.) λCl (S cm2/eq.)

62.33 Tris gel/solution
44.95 0.01

2/eq.) λOH (S cm2/eq.) λG (S cm2/eq.)

198.30 35.27 Glycine gel/solutio
144.76 42.19 1.20
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result indicates that there are other factors, such as interac-
tions of ions with the matrix, affecting the conductivity mea-
surements in the gel. An equally unexpected result was found
for glycinate, which had a measured conductance in the gel
(42.2 S cm2/eq.) that was 20% higher than its solution value
(35.3 S cm2/eq.).

Table A.1 summarizes the conductance measurements
from the capillary apparatus. The first column gives the sum
of the ion conductances for the systems in which there were
only two ions of equal concentration. For the glycinate mea-
surements, in which three ions at unequal concentrations were
present, the sum of the concentration× conductivity product
is given. For KCl, it was assumed that the ratio of potassium
to chloride conductance in dilute solution was the same as the
ratio at infinite dilution[11]. The calculated potassium and
chloride conductances were used to find the Tris and glyci-
nate conductances. The hydroxide conductance was found
in the literature[11]. The infinite dilution value was used,
but the concentration is low enough that slight differences
should not significantly affect the calculated glycinate con-
ductance. The last column gives the ratio of conductances in
gels and solutions, which in some cases is very different from
the conductivity ratios in the second column.

The unusual relationship between solution and gel con-
ductances for Tris and glycinate are not well understood.
Therefore, in all cases 72% of the conductance in solution
w ssium
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n ere
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a ce re-
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available for comparison. The conductances are given by

λCl− = (42.62± 0.03)e(0.021±0.0004)T (A.6)

λT+ = (11.11± 0.12)e(0.031±0.003)T (A.7)

λG− = (18.87± 0.09)e(0.028±0.001)T (A.8)

The slope of the temperature dependence (given by the
coefficient ofT in the exponential) was used to calculate the
conductance in the model as a function of temperature. The
more reliable capillary measurements were used to find the
conductance atT= 0 in the gel. The following relationships
were used to estimate the ion conductances in the model:

λCl− = (29.59± 0.19)e(0.021±0.0004)T (A.9)

λT+ = (5.15± 0.35)e(0.031±0.003)T (A.10)

λG− = (14.57± 0.39)e(0.028±0.001)T (A.11)

Appendix B. Development of the current-based
model

Current, which is measured during electrophoresis, can be
used to find the velocity with which ions move through the
gel. Current is continuous throughout the system; therefore,
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as used as the gel conductance, based on the pota
hloride measurements. The room temperature conduct
sed were 44.95 S cm2/eq. for chloride, 9.5 S cm2/eq. for Tris,
nd 25.4 S cm2/eq. for glycinate.

After finding the room temperature conductances, the
erature dependence needed to be determined.Fig. A.3shows

he temperature dependence of the conductance for chl
ncluding an exponential fit to the data. Literature values[11],
hich are shown by the dotted line, are also included
omparison. The temperature dependence of Tris and
ate were found similarly; however, no literature values w

ig. A.3. Conductivity as a function of temperature for chloride anion
6.8 mM solution of potassium chloride. The temperature dependen

orted in the literature for ions at infinite dilution[11] is shown as a dash
ine.
he current in the upper and lower parts of the gel ca
quated.

i = AF
(∑

Ni

)
(B.1)

i = civi = ci

λi∇φ

F
(B.2)

L = IU (B.3)

hereI is the current in either the upper (U) or lower (L) p
f the gel,A the cross-sectional area,F Faraday’s constan
i the concentration,vi the velocity, andNi the molar flux
f speciesi. Putting Eq.(B.1) into Eq.(B.2), the following
elationship between current and velocity is obtained.

= AF (cCl−vCl− − cT+,LvT+,L)

= AF (cG−vG− − cT+,UvT+,U) (B.4)

he subscripts are defined as follows: Cl− chloride; T+,L Tris
n the lower part of the gel; G− glycinate; and T+,U Tris in
he upper portion of the gel. Because of electroneutrality
ower Tris concentration is equal to the chloride concentra
nd the upper Tris concentration is equal to the glyci
oncentration.

= AFcCl− (vCl− − vT+,L) = AFcG− (vG− − vT+,U) (B.5)

he velocity of each ion is determined by its mobility and
riving force for migration, which in this case is the poten
rop in each portion of the gel.

Cl− = λCl−∇φL

F
(B.6)
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vT+,L = λT+∇φL

F
(B.7)

Solving these equations for the potential drop and setting
them equal, a relationship between the Tris and chloride ve-
locities is obtained.

vT+,L = −
(

λT+

λCl−

)
vCl− (B.8)

Using a similar strategy for the upper part of the gel, the Tris
velocity is expressed in terms of the glycinate velocity.

vT+,U = −
(

λT+

λG−

)
vG− (B.9)

Inserting these expressions into Eq.(B.4)gives a relationship
between current and velocity in terms of known quantities.

I = AFcCl−

(
1 + λT+,L

λCl−

)
vCl−

= AFcG−

(
1 + λT+,U

λG−

)
vG− (B.10)

The chloride and glycinate both travel at the velocity of the in-
terface because of Kohlraush stacking, so this equation gives
two expressions for the interface velocity.

v
I

T ause
T hlo-
r pres-
s in-
t lated
f and

the velocity values agree for the two expressions for all data
sets.

The distance traveled by the interface is found by integrat-
ing Eq.(B.11)with respect to time.
∫ x

0
vinterfacedt = 1

AFcCl− (1 + (λT+,L/λCl− ))

∫ Q

0
I dt

(B.12)

Q is the number of coulombs of current passed through the
system when the dye front has traveled a distancex. Perform-
ing the integral gives the final expression for the distance
traveled by the tracer dye.

x = Q

AFcCl− (1 + (λT+,L/λCl− ))
(B.13)
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