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We have used small-angle light-scattering �SALS�, microscopy, and pH measurements to study structural
changes produced in unbuffered agarose gels as ions migrate under applied electric fields �3–20 V/cm�.
Anisotropic, bowtielike, light-scattering patterns were observed, whose development occurred more quickly at
higher fields. The horizontal lobes were more pronounced at higher polymer concentration. Analysis of the
SALS data with a simple model of scattering from anisotropic rods in an electric field is consistent with
anisotropic rodlike domains on the order of 10–15�m in length, which align perpendicular to the electric field.
The anisotropic domains in the gel reach almost the same level of orientation, regardless of the field strength.
Microscope imaging revealed anisotropic domains on the same length scale, also aligned perpendicular to the
field. Profiles of pH variation across the gel, measured by video photography, indicate that the anisotropic
patterns appear when the H+ and OH− ions, migrating in opposite directions, meet. Calculations of pH profiles
using a model based on electrodiffusion reproduce several features of measured pH profiles, including the
power-law dependence on the electric field of the time at which the oppositely charged fronts meet. Ions
migrating from both ends of the gel produce pH changes that are correlated with macroscopic shrinking and
orientation of the gel.
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I. INTRODUCTION

Despite the wide use of agarose gels in important appli-
cations, such as macromolecular separation, little is known
about how electric fields �E-fields� and ion migration influ-
ence the structure of these materials. In most physical expla-
nations of electrophoresis, it is generally assumed that the
structure of the agarose gel network is not perturbed in any
significant way by the applied field. However, transient bire-
fringence studies �1–3� clearly indicate that, under certain
conditions, E-field-induced orientation effects �which depend
on the magnitude of the field and duration of the pulse� oc-
cur. In low fields �2–10 V/cm�, discrete regions of a gel
often exhibit negative birefringence, indicating orientation of
domains perpendicular to the E-field �1�. The orientation of
domains in agarose gels may be facilitated by the existence
of labile hydrogen bonds between polysaccharide fiber
bundles. E-field effects, including deformation and collapse,
also have been noted in investigations of chemically cross-
linked ionic and nonionic gels �4�. It was posited in early
analyses of such chemically cross-linked gels that this
E-field-induced deformation and volume change arise due to
an electrostatic pressure gradient exerted on the gel by the
field �4�; later studies �5–8� indicated that the migration and
redistribution of ions and resultant pH changes within the gel
could be the cause of the collapse �or swelling�. The phe-
nomenon described in Ref. �4� potentially has many impor-
tant applications �see, e.g., �9–11��.

Here we show that similar pH changes occur in physically
cross-linked agarose gels. Additionally, we present two-
dimensional small-angle light-scattering �2D SALS� data
that provide evidence of domain reorganization in such ma-

terials. This phenomenon is accompanied by a macroscopic
shrinking of the gel. Video microscopy of gels doped with
indicator dye shows that both the domain orientation and the
macroscopic volume change are linked to the migration of
ions and a resultant pH change. Although polymer networks
responding to mechanical deformation have been extensively
investigated by small-angle neutron scattering, this is a re-
port of anisotropic scattering in electrically deformed physi-
cal gels. The detected patterns are qualitatively similar to the
“butterfly” patterns seen many years ago when mechanically
stretched polymer films were studied by optical techniques
�12�, but the mechanisms by which those effects are pro-
duced are significantly different.

II. MATERIALS AND METHODS

A. Gel preparation

Powdered Seakem™ HEEO agarose �Cambrex Bio-
Science, Rockland, ME� was mixed with a 6.8�10−3 M
�0.04% w/v� NaCl solution to make 1%, 2%, and 3% w/v
polymer samples. For the pH experiments, Hydrion™ 1–12
pH paper was soaked in the NaCl solution until the dye
dissolved. This dye-infused solution was used to make the
gel. Samples were heated in a closed container at 90 °C for
30 min and then poured into a custom-made cuvette consist-
ing of a U-shaped Teflon™ piece separating two glass slides.
The warm agarose solution was added, partially filling the
cuvette. A Teflon comb was inserted to create wells at the
two ends of the cuvette while the agarose solution cooled
and solidified. After removing the comb, 6.8�10−3 M NaCl
solution was added to the wells and thin platinum electrodes
were placed in the wells close to the ends of the gel �see
Figs. 1�a� and 2�. The dimensions of the gel were about
2 cm�2 cm, with �5 mm thickness.*Corresponding author.
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B. Electrophoresis

A pulsed DC voltage ranging from 6 to 40 V was applied
across the gel slab through the platinum electrodes, creating
E-fields ranging from 3 to 20 V/cm. Unidirectional square
pulses at a 1 Hz frequency from 6 to 40 V in amplitude and
up to 0.9 s in duration were generated for the experiment.

Before the E-field was imposed, the solution and the gel
contained Na+ and Cl− ions at a concentration of 6.8
�10−3 M, pH�6–7. When the E-field was applied, the re-
sulting electric current caused electrolysis of H2O in the
outer solution: at the cathode H2 gas and OH− ions were
produced, whereas at the anode O2 gas and H+ ions ap-
peared. The release of O2 and H2 from the electrodes is
clearly observed as bubbles, which can be seen in the pho-
tographs in Fig. 1�b�. Under the influence of the E-field, Cl−

and OH− ions migrate toward the anode while Na+ and H+

ions migrate toward the cathode. The water level rises at the
cathode because water is transported by electroendosmosis
along with the H+ ions �as H3O+�.

C. SALS measurements

2D light scattering was recorded using a home-built
SALS apparatus. A HeNe laser beam �10 mW, �
=632.8 nm� illuminated a spot in the center of the gel and
the light-scattering pattern was observed on a screen set be-
hind the sample. This pattern was imaged by a Cohu CCD
video camera and digitized by a frame grabber �Matrox In-
tellicam� for analysis. For each sample, we followed the time
evolution of the pattern by analyzing video frames over a
total run of about an hour. The direction of propagation of
the incident beam �x�, the vertical polarization vector �z�,
and the E-field �y� define a set of orthogonal axes. The scat-
tered intensity for a given scattering vector q �magnitude q
= �4�n /��sin�� /2�, with n being the refractive index, � the
wavelength of the incident light, and � the scattering angle�

was measured in the y-z plane �the plane of the screen�. The
measured intensity was represented in polar coordinates as
I�q ,��, with � denoting the azimuthal angle measured in the
y-z plane relative to the y axis �the direction of the E-field�.
To measure the change in scattering due to the applied
E-field, the excess scattered intensity �I�q ,��= I�q ,��
− Ibkgr�q ,�� was calculated by subtracting Ibkgr, the intensity
with no applied field.

D. pH profile measurements

A second video camera, mounted in front of the sample
cell, was used to photograph the entire sample in color and
visually record pH fronts. The positions of the gel bound-
aries, as well as the red and blue �acidic and basic� fronts,
were determined from the recordings. Changes in gel struc-
ture observed by video photography and by light scattering
were unaffected by the presence of dye. We simultaneously
followed the evolution of the pH and the light-scattering
changes while ions migrated due to the pulsed E-field.

III. RESULTS AND ANALYSIS

Figure 1 shows a 3% gel before and after application of
the E-field and the corresponding light-scattering patterns
produced. Before the field is applied, the gel is optically
uniform �Fig. 1�a�� and the light-scattering pattern is isotro-
pic �Fig. 1�c��. A few minutes after the field is turned on, a
highly anisotropic pattern forms, as shown in Fig. 1�d�.
Video photographs of the gel �e.g., Fig. 1�b�� show a turbid
region arising near the center of the gel at approximately the
same time as the anisotropic pattern of light scattered from
that region appears. The two-lobed light-scattering pattern
continues to grow in intensity and visibly extends to higher
scattering angles for several minutes, after which the pattern
starts to shrink. The gel reveals an intense speckling, which
suggests that the polymer chains move locally as fluid flows
through the sample.

Photographs of the pH fronts are shown in Fig. 2. Before
the field is applied, the gel is a yellowish color, indicating a
pH close to neutral �Fig. 2�a��. Once the field is turned on,
the dye changes color to pink and blue near the electrodes,
indicating acidic �pH�3� and basic �pH�11� conditions,
respectively �Fig. 2�b��. After a time delay that depends on

FIG. 1. Photographs of a 3% gel and the 2D light-scattering
patterns produced before �a and c� and 10 min after �b and d� ap-
plication of a 10 V/cm E-field. The vertical electrodes �� and 	�,
barely visible here, are more prominent in the images shown in Fig.
2. After the field is applied, gas bubbles produced by electrolysis
appear and the gel shrinks away from the cathode.

FIG. 2. �Color� Photographs of the gel before the E-field
�10 V/cm� is applied �a�, and as acidic �pink� and basic �blue�
fronts move across the gel at �b� 27 s, �c� 81 s, and �d� 118 s after
the field is applied. The yellowish color indicates neutral pH.
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the magnitude of the E-field, these fronts meet and form a
neutral zone �Fig. 2�c��. It is in this region that the pH gra-
dient is maximal. After the two ion fronts meet, a macro-
scopic shrinking begins at the cathode end. The positions of
the shrunken edge, relative to its original position, were de-
termined from photographs of the gel. At the anode end,
there is no observable movement of the gel edge. We have
tried a limited range of ionic strength variation �0.02–0.2%
NaCl�, and have found that the lower the salt concentration,
the weaker the intensity of the scattering pattern and the
shorter the pattern lasts. If the gel contains salt while the
external solution does not, the SALS pattern is very dim and
no neutral pH zone can be discerned. Moreover, if neither
the gel nor the external solution contains added salt, there is
no effect whatsoever. When a buffer is employed instead of a
salt solution, the anisotropic scattering pattern appears, but
only after a significant delay, which, we believe, is due to the
destruction of the buffer by the ions that are produced during
electrolysis �data not shown�.

None of the effects described in this paper appeared when
we reduced the potential difference to below the ionization
potential of water, keeping the E-field constant by decreasing
the distance between the electrodes. Thus, the effects are
related to electrophoretic migration of the OH− and H+ ions
produced during the electrolysis of H2O, and not to
E-field-induced changes in the gel. However, the E-field is
important in that it facilitates the creation of a high-pH gra-
dient near the center of the gel. If acidic and basic solutions
are allowed to simply diffuse into the gel from opposite sides
over a period of a few hours, no structural changes in the gel
are observed. This is not surprising, as diffusion in the ab-
sence of an E-field is very slow, as has been reported in Ref.
�3�. Similarly, gels immersed in either 0.1 M HCl or 0.1 M
NaOH did not swell or shrink over a period several days.
Interestingly, in the electrophoresis experiments it is impor-
tant to keep the level of the solution below the top of the gel;
if the solution level is higher, the ions bypass the gel and
none of the described effects occur. This confirms that the
observations reported here are caused by ions migrating
within the gel, and that other factors, such as O2 and H2 gas
bubbles produced by electrolysis and the hydrostatic pressure
differences due to electroendosmosis, are of negligible im-
portance. Note that our system differs markedly from those
conventionally employed for DNA electrophoresis, in that
our gel is not entirely submersed and our solutions are not
buffered.

To quantify the effects of ion migration, we measured the
distance across the gel that the acidic and basic pH fronts
travel during the experiment. In Fig. 3, we see that these
fronts meet near the center of the gel. From the distance that
the fronts travel, we were able to calculate their velocities.
Repeating this experiment, we determined the velocity of the
fronts as a function of E-field. This follows a linear relation-
ship, and allows us to extrapolate a threshold value, E0, that
needs to be exceeded before the fronts form and move �Fig.
4�. Although there is some uncertainty in this value, we find
E0�1.88 V/cm. In Fig. 5, we plot the times at which the pH
fronts meet and the times at which the anisotropic light-
scattering patterns first appear, as a function of field, adjusted
for E0. The slope of the linear fit �on a log-log plot� to the pH

data is −0.92, whereas that of the SALS data is −0.89. The
agreement between these values, which are determined by
two independent methods, suggests that these techniques are
measuring related phenomena. Additionally, as shown in Fig.
3, the gel matrix located in the basic region can be seen to
shrink from the cathode, thus providing visual evidence that
the pH changes and light-scattering observations are corre-
lated with macroscopic contraction of the sample.

A. Calculation of pH profiles

What is the origin of the deformation of the gel? Chemi-
cally cross-linked polyelectrolyte gels have been extensively

FIG. 3. Plot of acidic �squares, pH=3� and basic �triangles,
pH=11� fronts across the gel as a function of time after the field
�E=10 V/cm� is applied. Initially, most of the gel has a neutral pH.
When the fronts meet, a neutral zone is formed, which widens over
time as the leading edges of the acidic and basic regions recede. The
edge of the gel �open circles� shrinks from the cathode as the fronts
migrate �volume change �15%�.

FIG. 4. Velocity of the acidic and basic fronts as a function of
the applied E-field. The straight line is a linear fit to the acidic front.
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studied in terms of their electromechanical responses in elec-
tric fields �6,7,13�. Agarose, however, is a physical gel, with
fiber bundles held together through hydrogen bonds, which
can be more easily rearranged in an E-field. HEEO agarose,
which is used in these studies, contains somewhat more than
0.14% ester sulfate groups attached to the chain backbone
�14� which, along with other backbone “impurities” and dis-
sociable sugar hydroxyls �at high pH�, may cause it to be-
have as a weak polyelectrolyte. When gels are subjected to
external E-fields, positively charged, dissociated ions mi-
grate toward the cathode, dragging associated water mol-
ecules with them. Grimshaw et al. �6� developed a model
that accounts for ionic transport within a polyelectrolyte gel
membrane in terms of electrodiffusion phenomena, dissocia-
tion of membrane charge groups, intramembrane fluid flow,
and mechanical deformation of the gel network. The cou-
pling of chemistry with ion flow complicates matters. For
example, if the local pH is greater than the pK of atomic
groups that can release H+ ions, the resulting charges on the
agarose strands will interact with, and slow, the movement of
the ions in solution; moreover, the redistributions of ions can
result in expansion or contraction of the gel �6�. Hirose et al.
�7� developed a similar model, applicable for studying ionic
and nonionic gels of arbitrary thickness. They, too, con-
cluded that ion migration causes pH differences along the gel
and asserted that electro-osmotic effects cause gel shrinking.

As Hirose et al. �7� show, the analysis of this system
includes numerous equations that, in general, are coupled to
each other through requirements of electroneutrality,
pH-dependent dissociations of ions from the gel lattice, and
the dissociation equilibrium of water and solutes. In general,
these equations need to be solved numerically, but the calcu-
lations can be extremely complicated and the physics under-
lying the results may be difficult to discern. The simplest
situation is that of a nonionic gel in an electrolyte solution of
nonreactive ions. The model of Hirose et al. �7� �see the
Appendix� indicates that the concentration, CM�x , t�, of a

positive ionic species M is given as a function of position x
in the gel, at time t after the E-field is applied, by

CM�x,t� = A0e2px + epx−rt��
n=1

n=


Bn� kn

p
cos�knx�

+ sin�knx�	e−DMkn
2t
 , �1�

where A0, Bn, kn, DM, p, and r are

A0 =
cM

0 2pL

e2pL − 1
, Bn =

cM
0 4kn�1 − �− 1�ne−pL�

Lp2�1 +
kn

2

p2�2 ,

kn =
n�

L
, DM =

�MRT

zMF
, p =

�M

2DM
, r =

�M
2

4DM
.

Here L is the length of the gel, �M is the mobility of the ion,
�M =�ME, and CM

0 is the �uniform� concentration of the ion
M before the field is impressed across the sample. The con-
centration of the negative ion is calculated in the same way
after substituting L-x for x in Eq. �1�. By applying the con-
ditions of electroneutrality and dissociation equilibrium of
water, we obtain the concentration of H+ ions, CH

+, and thus
the pH �see the Appendix�. A more complicated calculation
for ionic gels, which yields similar results, has been reported
in Ref. �7�. Since agarose has only a small amount of
charged groups, we used the equations given above for a
nonionic gel to compute the pH profiles, for several values of
E. The parameters were the initial concentrations of Na+ and
Cl− ions and their mobilities �which we approximate as if in
water�. After calculating CNa�x , t� and CCl�x , t� according to
Eq. �1�, we applied the electroneutrality equation locally to
get the concentration of H+ ions, and thus the pH, as a func-
tion of time and position in the gel.

In Fig. 6�a�, we show typical results of calculations of the
locations of the pH 3 and pH 11 fronts within the gel as a
function of time. The movements of the fronts are qualita-
tively similar to those observed in the experiments �see Fig.
3�. We also determined the times at which these acidic and
basic fronts meet, for several values of E-fields, as shown in
Fig. 6�b�. Results of calculations �Fig. 6�b�� show the same
linear trend as the data �Fig. 5�, as indicated by a slope close
to −1 on log-log plots. Moreover, the absolute values of the
calculated times and those derived from the data agree to
within a factor of �2–3. This difference, between experi-
ment and calculations, is not surprising given that the model
neglects the production of H+ and OH− at the electrodes. In
addition, the E-field and the ionic mobilities in the gel are
likely to be different from the external field and free-solution
mobilities.

B. Anisotropic 2D small-angle light-scattering patterns

To investigate the structural changes that occur in the gel
during electrophoresis, we turn to the SALS data. As dis-
cussed earlier �see Figs. 1�c� and 1�d�� some time after the
E-field is applied the isotropic light-scattering pattern

FIG. 5. Times when the acidic and basic fronts meet and the
anisotropic SALS pattern appears, shown as a function of the ap-
plied E-field minus the threshold E-field required to move the ions
toward the oppositely charged electrode.
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changes and starts to display horizontal lobes. In order to
better illustrate the effects of the applied field, we show, in
Fig. 7, a typical excess light-scattering pattern obtained after
the bowtie pattern has developed. The figure also shows the
light-scattering geometry. To quantify the 2D light-scattering
pattern, we use two 1D plots: the q dependence of the excess
scattered intensity �I�q ,��= I�q ,��− Ibkgr along the radial
line �=0, and the azimuthal plot, which gives the variation
of the intensity along a ring at fixed q �Fig. 7 shows q
=1.8 �m−1�. Examples of such plots �at t=160 s� are shown
at the bottom of Fig. 7. The horizontal lobes can be charac-
terized by the intensity, �I�q ,�=0�, and the full width at

half height, �� of the peak in the azimuthal plot at a fixed
value of q.

As mentioned earlier, the bowtie pattern gets more intense
and broadens slightly with increasing time, reaching a maxi-
mum at t*, after which it begins to decay. To illustrate these
observations we show �in Fig. 8�a�� the q dependence of the
excess scattered intensity along the axis of the horizontal
lobe �i.e., �=0�. The figure shows that the intensity in-
creases at all values of q during this period. The increase in
�I�q ,�=0� at a fixed value of q=1.8 �m−1 is shown in Fig.
8�b�. The latter figure also shows that the width of the hori-
zontal lobes, �� �represented by horizontal bars� increases
slightly with time.

Increasing the E-field causes the pattern to appear earlier.
This is not surprising, since the velocity of ion migration is
proportional to the field. The effects of varying the E-field on
the SALS patterns are summarized in Fig. 9, where we see
that the time evolution of �I�q ,�=0� is virtually the same
for the different values of E. In fact, the curves in Fig. 9�a�
can be superposed by simply shifting along the time axis.
Since the intensity saturates to approximately the same final
value, irrespective of E, the gel domains must reach the same
maximum orientation. This is further confirmed in Fig. 9�b�,
which shows approximately E-field-independent azimuthal
distributions of the excess scattered intensity, �I�q ,��, ob-
tained at times t* when the horizontal lobes had reached their
maximal saturation value.

Qualitatively similar observations were obtained when we
varied the gel concentration and pulse duration. The horizon-
tal lobes were more pronounced at higher gel concentrations
�2% and 3%�, while both vertical and horizontal lobes were
seen in 1% gels. Our observation of anisotropic light-
scattering patterns from oriented gel domains also agrees
with the strong birefringence seen in the measurements of
Stellwagen and Stellwagen �2�, who interpreted their results
in terms of slow rotational reorientation of gel structures in
low E-fields. The compression of the gel along the direction
of the E-field due to forces exerted on the sulfate and other
negative charges fixed on the agarose fibers, and the trans-
port of water in the direction of the cathode, might also con-
tribute to the alignment of the gel domains perpendicular to
the E-field direction.

C. Model calculation of 2D SALS patterns

Anisotropic light-scattering patterns are indicative of scat-
tering from elongated structures. Since, in our case, the scat-
tering is greater in the horizontal direction, the scatterers are
preferentially oriented vertically, i.e., at right angles to the
applied field. Agarose gels are made up of bundles of
polysaccharide fibers �held together by labile hydrogen
bonds� �15,16�, which have been treated as rods in simplest
approximations �17–20�. To analyze the field-induced 2D
scattering patterns, we consider, as an illustrative model,
scattering from electrically anisotropic, infinitesimally thin
rods of length L, with the probability of orientation about an
angle � given by a Boltzmann distribution. Rigid-rod mod-
els have been used before to describe both birefringence data
�2� and depolarized light scattering from optically aniso-

FIG. 6. �a� Positions of the fronts of constant pH �squares, pH
=3; triangles, pH=11� within the gel as a function of time, calcu-
lated with E=1.1 V/cm, CNa

0=CCl
0=6.8�10−3 M, and the free so-

lution values �Na=5.2�10−4 cm2/V, �Cl=7.9�10−4 cm2/V. �b�
Times at which the pH=3 and pH=11 fronts meet, as a function of
E-field, according to calculations with Eq. �1�. The slope of the fit
to the data is −0.99 on the log-log plot.
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tropic polymer films �12�. As a first approximation, the an-
isotropic contribution to the scattered intensity may be writ-
ten as

I�q,��  I��,�� = NS�q�P��,�� , �2�

where � is the angle between the incident and scattered
beams in the x-y plane, � is the azimuthal angle in the y-z
plane with respect to the y axis, and N is a constant �see Fig.
7 for a sketch of the geometry�. We employ, as the structure
factor,

S�q� = S0/�1 + q22 + �q4� , �3�

which other investigators have used to describe the interac-
tion of a semidilute solution of rigid rods whose interactions
are characterized by a correlation length  �21�. All azi-
muthal anisotropy is accounted for via the intraparticle form
factor, P�� ,��.

The form factor for rods having a Boltzmann distribution
of the orientation angle � can be written as �22�

P��,�� =
1

2��
0

�

d� sin �e� cos2 �

�
0

2�

d��
0

�

d�

�sin �e� cos2 �� j0� kL

2
q · u�	2

, �4�

where j0�x�=x−1 sin�x�. The term within the square brackets
is the form factor for a single rod oriented at an angle �
relative to the y axis with k= �2�n� /�, where � is the wave-
length of the incident light, and n is the refractive index of
the medium �assumed here to be that of the solution in which
the gel is formed�. The vectors q and u are the scattering
vector and unit vector along the rod axis, respectively �see
Fig. 7�. Their dot product can be written as

FIG. 7. The 2D scattering imaged in the y-z plane, and its representation in terms of the scattering angle �, and the azimuthal angle �.
�a� The 2D SALS pattern of the excess scattered intensity �I�q ,��, along with diagrams defining the orientation of a rod with respect to the
lab frame �left� and the 2D scattering geometry �right�. The direction of the incoming beam, the E-field, and the polarization of the incident
beam define the lab frame �x ,y ,z�. For comparison to a theoretical model of scattering from rods �discussed later in the text�, we show a rod
whose long axis �pointing in the direction u� forms an angle � with the y axis. To clarify these angles, we show a set of circles drawn in
the y-z plane, where each circle corresponds to a fixed value of � �or equivalently, q�. The azimuthal angle � is measured relative to the
direction of the E-field, which is indicated by a dashed line in the image of the scattering pattern. �b� The azimuthal plot of �I�q
=1.8 �m−1,�� vs � at fixed q �left� and the q-dependence of �I�q ,�=0� measured along the long axis of the bowtie pattern �right�.
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q� · u� = �1 − cos ��sin � sin � − sin � cos � cos �

− sin � sin � sin � cos � , �5�

where � is the scattering angle and � is the angle the rods
make with the y-z plane. When �=0, the rods lie parallel to
the y-z plane, and q ·u=−sin���cos��−��. � is an orienta-
tional order parameter for the rods, and �=0 corresponds to
rods oriented randomly at all angles. For negative �, the
dependence of P�� ,�� on � for fixed � �i.e., fixed q� reveals
horizontal lobes, as seen in our data �Fig. 7�. We evaluated
the three-dimensional �3D� form factor �Eq. �4�� and also the

2D version, for rods oriented such that �=0. The 2D equa-
tion gives a better fit to our data, so we present here the
analysis for coplanar rods.

As previously mentioned, Fig. 8�a� shows the q depen-
dence, for �=0, of the excess scattered intensity �I�q ,��
= I�q ,��− Ibkgr at various times t, after an E-field of
10 V/cm is applied �Ibkgr here is taken to be the isotropic
contribution to the scattered intensity, obtained from the gel
with no applied field.�. We compared the measured excess
scattering to calculated values of the anisotropic contribu-
tion, using Eqs. �2�–�5� for coplanar rods ��=0 in Eq. �5��
with appropriately chosen parameters. The length of the rod
was determined by fitting the isotropic scattering Ibkgr�q� in

FIG. 8. �a� The q dependence of �I�q ,�� along �=0 for a 3%
gel, shown for various times after an E-field of 10 V/cm is applied
�see Table I�. The solid lines are calculated as described later in the
text. Note that curve 5 is the same as that shown in Fig. 7�b�. �b�
Peak value �solid square� and peak width at half-maximum �hori-
zontal bar� of the azimuthal intensity at q=1.8 �m−1 ��=8° �, as a
function of time after an E-field of 10 V/cm is applied. �Note the
scale for ��.�

FIG. 9. �a� Maximal values of azimuthal intensity, �I�q ,�=0�,
for q=1.8 �m−1 ��=8° �, plotted as a function of time for several
values of applied E-field �agarose concentration, 3% w/v�. �b� En-
tire azimuthal plot of the scattered intensity, for the same values of
E-field. All data shown here were taken at time t* when the lobes
had grown to their maximum intensity. �Solid line calculated from
Eqs. �4�–�6� with L=15, �=−12, as discussed later in the text.�
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the absence of the E-field using Eqs. �2�–�4� with �=0. We
found L=15 �m. To calculate the excess scattered intensity
�I�q ,��= I�q ,��− Ibkgr at various times, we kept L fixed and
varied �. For each t, an appropriate value of � was deter-
mined by matching the peak values of �I�q ,��, for q
=1.8 �m−1, to the data �see Table I�. Since the parameters
NS0, , and � �which appear in Eqs. �2� and �3�� may also
depend on time, these were determined by fitting S�q� to
�I�q ,�� / P�� ,��, with the form factor P�� ,�� calculated
from Eq. �4�. The calculations of �I�q ,�=0� at various
times are shown, along with the data, in Fig. 8�a�. The values
determined for NS0, , and � �which show no clear pattern�
are of the order of 102, 1 �m, and 0.02 �m4, respectively.
However, the parameter ��� is seen to increase quadratically
with time �see Table I�. Correspondingly, the average orien-
tational order parameter, ����, defined as �22�

���� = 2��
0

�

f��,���3 cos2 � − 1

2
	sin �d� , �6�

where f�� ,�� represents the distribution of rod angles,
changes from 0 �unoriented rods at t=0� to −0.45 at t
=160 s �the value is −0.5 when all rods are aligned perpen-
dicular to the E-field�.

The expression for P�� ,�� for coplanar rods, given by
Eq. �5� with �=0, has a simple form when � is a large
negative value. In such case, the only values of � for which
there are significant contributions to the integrals are those
close to �=� /2, where cos ��0. For those values, q ·u
�−sin � cos �, independent of � so P�� ,�� can be approxi-
mated as

P��,�� � �j0��kL/2�sin � sin ���2, �7�

which has maxima at �=0° �=180°, and �=360°, as ob-
served in our data. The half maximum of P�� ,��, as given
by Eq. �7�, occurs when j0=0.707, i.e., when
��kL /2�sin � sin ���1.4. Data in Fig. 9�b� indicate a half
maximum occurring when �� ranges between 11.7° and
8.1°, from which we determine L�7–11 �m, similar to val-
ues obtained by fitting the scattering from gels in the absence
of E-fields, and also close to the values inferred from micros-
copy data discussed later �see Fig. 10�.

We emphasize that our model for the additional scattering
due to the anisotropic gel structure is but a first approxima-
tion. Clearly the anisotropic domains in the gel are not in-
finitesimally thin nor are they of uniform length. The gel
likely contains flexible, oblong domains of finite widths and

various lengths. Moreover, the structure factor given by Eq.
�3� pertains to a semidilute solution �which is not the case
here� and ignores the orientation of the rods �domains� with
respect to each other. It is possible that the domains are
changing in size as the gel compresses. The effects of inter-
particle scattering may need to be included, as has been in-
vestigated in a recent publication that deals with determining
nematic order in assemblies of thick, hard rods �23�. The
model also leaves out additional contributions to scattered
light intensity from thermal fluctuations and heterogeneities
in the structure of the gel. Nonetheless, this simple model is
able to reproduce the dominant feature of the light-scattering
patterns, namely, high azimuthal intensity in the horizontal
direction �see Fig. 9�b��, and serves to support our inference
that the domains are rodlike and that they orient perpendicu-
lar to the field.

D. Microscopic observation of domains

Oriented domains can also be discerned when using an
inverted optical microscope to examine the gels in an E-field.
We used a custom-designed microscope chamber with elec-
trodes immersed in the salt solution next to the gel slab. The
chamber design was similar to that employed in the SALS
study, except that one broad surface of the gel was free,
whereas in the SALS study both broad surfaces were con-
tiguous with glass slides. Large anisotropic domains were
observed in the neutral zone near the center of the sample
�Fig. 10�. These anisotropic regions were very uniformly ori-
ented perpendicular to the applied field direction. Domains in
the 2% gel, which are similarly observed in 1% and 3% gels,
are on the order of 10 �m in length and about 2–3 �m in
thickness. These are comparable to the length scales obtained

TABLE I. Time dependence of orientational order.

Curve No.
�see Fig. 8�a��

Time after E-field
applied, t �s� �

1 80 −0.5

2 100 −1.5

3 120 −4

4 140 −8

5 160 −12

FIG. 10. Microscope image of the “neutral zone” seen in a 2%
gel when subjected to a 10 V/cm electric field. Vertically aligned
domains �aligned perpendicular to the applied field� can be seen
�scale bar: 10 �m�.
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in our earlier analyses of SALS data �L=15 �m and corre-
lation length=1 �m�. This domain length is also similar to
that reported from transient electric birefringence measure-
ments �1–3�.

IV. SUMMARY AND DISCUSSION

We have found that when an electric field is imposed
across unbuffered agarose gels prepared in salt solution of
low ionic strength, large pH gradients soon arise within the
samples. Light scattering from such gels is characterized by
the appearance of “butterfly” or “bowtielike” patterns indica-
tive of the formation and orientation of microscopic, aniso-
tropic gel domains. These patterns are related to the creation
of pH gradients in the sample, enhanced by the production of
H+ and OH− ions due to electrolysis of H2O. The presence of
a buffer can suppress this behavior, delaying the observation
of these light-scattering patterns until production of H+ and
OH− overwhelms the buffering capacity of the solution. A
macroscopic shrinking of the gel away from the cathode, and
an increase in the water level at the cathode are noted.

The observed light-scattering patterns are consistent with
orientation of rodlike bundles in a direction perpendicular to
the E-field axis. Results are in qualitative agreement with
rodlike models �15,16� that previously have been used to
rationalize small angle x-ray and transient birefringence data
obtained from agarose gels in the absence of the fields
�17,18�, as well as being in accord with electron microscopy
data �19�. However, although the analysis that we have
adopted here to explain the field-induced anisotropic scatter-
ing patterns presumes arrays of thin rods, the exact structure
of the rodlike domains is unknown and our model should be
considered to be but a first approximation. Our microscopy
data, for example, suggest a continuum gel structure whose
spatial correlations extend over relatively large distances,
i.e., of the order of microns. Like our light-scattering data,
earlier scattering studies �24,25� also yielded domain sizes of
this magnitude. The strong pH gradients caused by the H+

and OH− ions migrating in opposite directions, and the re-
sulting transport of water toward the cathode, may cause the
gel to compress along the direction of the applied field.
These effects are likely to be enhanced due to the small
amounts of sulfate and other negative charges that are
present in HEEO agarose.

Studies of structural changes in gels due to electric fields
have relevance in many areas. For example, structural
changes linked to transient electric fields interacting with the
cytoskeletal matrix lying beneath the plasma membranes of
certain cells may be quite significant �26,27�. Similarly, the
release of cargo from polymers found within certain secre-
tory vesicles may be modulated by the electric potential
across the vesicle membrane �28,29�. Carefully designed in
vitro measurements that assess the electric-field-induced
structural changes of gels like agarose may provide informa-
tion useful for developing a deeper understanding of such
phenomena. Information obtained from these studies also
may be useful in designing “smart gels” �30�. Note, too, that
the induction of anisotropic gel domains by the electrophore-
sis of small ions might lead to enhanced separation of large
DNA strands.
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APPENDIX: CALCULATION OF pH

Consider a nonionic gel formed in a solution containing a
fully dissolved, simple electrolyte whose positive and nega-
tive species are M and �, respectively. The pH profile in the
gel can be calculated using one-dimensional diffusion equa-
tions to model the migration of the dissolved ions, as done
by Hirose et al. �7�, and then invoking electroneutrality to
calculate the local concentration of hydrogen ions. For ex-
ample, for the positive electrolytic species, one can write

�cM

�t
= DM

�2cM

�x2 − �M
�cM

�x
, �A1�

where cM, DM, and �M denote the concentration, diffusion
constant, and electrophoretic velocity of the ion. The diffu-
sion constant and the velocity are proportional to the ion
mobility �M with DM =�MRT /zMF and �M =�ME. Using the
boundary condition that there are no fluxes of ions at either
electrode �i.e., the electrodes are neither a source nor sink for
ions�, and assuming that the initial concentration of ions is
constant along the gel, Hirose et al. �7� give the solution of
this equation as

CM�x,t� = A0e2px + epx−rt��
n=1

n=


Bn� kn

p
cos�knx�

+ sin�knx�	e−DMkn
2t
 �A2�

where A0, Bn, kn, p, and r are given by

A0 =
cM

0 2pL

e2pL − 1
, Bn =

cM
0 4kn�1 − �− 1�ne−pL�

Lp2�1 +
kn

2

p2�2 ,

kn =
n�

L
, p =

�M

2DM
, r =

�M
2

4DM
. �A3�

To calculate the concentration of the negative ions, one need
only adjust the values of mobility and charge, and change x
to �L-x� in the equations above. Once the concentrations of
positive and negative ions are calculated, the conditions of
electroneutrality and dissociation equilibrium of water are
used

cH+cOH− = Kw cH+ + zMcM = cOH− + z�c�, �A4�

where c� is the concentration of negative ions with charge z�,
and Kw is the dissociation constant of water, 10−14. Thus
pH=−log�cH+� can be calculated across the gel sample at
different times, given input parameters of mobility and
charge of ions, electric field strength, and initial ion concen-
trations.
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