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Electroosmotically enhanced mass transfer through polyacrylamide gels
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Abstract

We present an internal pumping strategy to enhance solute fluxes in polymer gels. The method is based on electroosmotic flow driven by an
electric field applied across a gel that has been doped with charged colloidal inclusions. This work is motivated by the need to enhance the transport
in gel-based biosensor devices whose response dynamics are often mass transfer limited. In this case, polyacrylamide gel slabs were doped with
immobilized, charged silica colloids, and the flux of a fluorescent tracer was measured as a function of applied field strength, the volume fraction
and size of the colloidal silica inclusions, and the bulk electrolyte composition. Significant flux enhancements were achieved with applied electric
currents on the order of a few mA. Control experiments indicated that the flux enhancement was not due to any distortion of the gel diffusional
properties in response to the presence of the inclusions. At a constant inclusion volume fraction, the electroosmotic solute flux enhancement was
strongest for the smallest particle sizes that provide the highest total surface area, consistent with the electroosmotic mechanism whereby fluid
flow is generated along the solid/liquid interface.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Hydrogel matrices are commonly employed in DNA or pro-
tein electrophoresis and in biosensors [1–10]. Biosensor device
designs often call for specific biomolecular recognition ele-
ments, such as enzymes, antibodies, lectins, or oligonucleotides
to be immobilized in the sensor. Proteins have been successfully
immobilized on flat [11,12] and spherical surfaces [13,14] and
also inside gel matrices [15–17]. Although each of these im-
mobilization schemes can result in functional biosensors, each
has its own weaknesses. In the case of surface-immobilized
proteins, suboptimal sensing arises due to protein deactivation
or desorption [11,18]. Gel entrapment is less damaging to the
protein. Polymeric networks also protect the proteins from pos-
sible proteolytic or microbial degradation and from fouling by
cellular debris or other materials that may be present in crude
samples.
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The dynamics of any biosensor response to a change in ana-
lyte concentration are dictated by the coupling of mass transfer
in series with the intrinsic biomolecular “sensing reaction.” The
use of polymer gel matrices introduces a stagnant zone between
the sample and the active sensing elements that creates diffu-
sion limitations [19–21], thereby slowing down the response
rate. This limits the applicability of these sensors to single batch
sample analyses or to continuously monitoring only processes
whose dynamics are slow. Biosensors cannot be used to monitor
dynamic processes whose timescales are shorter than the sensor
response timescale. This has been problematic in cases where
biosensors have been used to measure the rates of biomolec-
ular association and dissociation reactions, where it has been
reported that unaccounted mass transport limitations led to or-
der of magnitude errors in rate constant determinations [22,23].

The potential to improve the performance of gel-based
biosensors and similar devices motivates the development of
appropriate strategies to promote mass transfer in gels. Elec-
trophoresis has long been used to drive charged molecules
through gels, and gel electrophoresis is a staple of molecular
biology laboratories. Electrophoresis cannot serve as a generic
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Fig. 1. Schematic view of electroosmosis for negatively charged silica colloids
trapped inside a crosslinked gel. Application of an electric field across the gel
exerts an electromotive force on counterions in the diffuse electrical double
layers adjacent to the particle surfaces. This is transferred via viscous drag to a
bulk flow of electrolyte solution parallel to the applied field direction.

tool for mass transfer enhancement, since it does not drive
neutral molecules. The purpose of this paper is to demon-
strate a novel internal pumping strategy based on electrically
driven convection as a way to accelerate mass transfer of ei-
ther charged or neutral molecules in polyacrylamide gels. The
gels are doped with immobilized, charged colloidal inclusions
that drive local electroosmotic flow in response to externally
applied electric fields, as sketched schematically in Fig. 1.

Electroosmosis is the fluid motion induced by the electro-
motive force that acts on the unbalanced charge in the diffuse
electrical double layer adjacent to a charged surface when an
electric field is applied tangential to the surface. The electro-
motive force on the ions is transmitted to the fluid via viscous
drag, resulting in bulk fluid flow that originates at the charged
surface. This basic principle can be exploited to induce convec-
tion in biosensors where transport barriers otherwise suppress
convection.

Here we demonstrate the feasibility of the electroosmotic in-
ternal pumping method and characterize its dependence on the
size and volume fraction of the charged colloidal inclusions,
the applied electric field magnitude and the electrolyte com-
position, using a fluorescent dye as a tracer to measure solute
fluxes across gel slabs.

2. Experimental

2.1. Materials

All water was de-ionized by reverse osmosis and subse-
quently purified using ion exchange and carbon adsorption
columns on a Milli-Q Plus system from Millipore. The flu-
orescent dye, amino-methylcoumarin (λex = 351 nm, λem =
430 nm) was purchased from Invitrogen and used as received.
The pKa of this dye is 5. Silica nanoparticle samples, having 7
or 15 nm diameters, were obtained from Grace Davison. Stock
silica suspensions at a weight fraction of 0.30 for the 7 nm
particles and 0.40 for the 15 nm particles were dialyzed in de-
ionized water before use. The electrophoretic mobility of these
particles in 1 mM KNO3 was measured using a Malvern Instru-
ments Zeta-Sizer 3000 HS. The zeta potentials calculated from
the mobilities [24] were −70 mV for both particle samples.
KNO3 was obtained from Sigma–Aldrich and used as received.
D2O used in neutron scattering experiments was used as re-
ceived from Sigma–Aldrich.

Reagents for the polyacrylamide gel polymerization: acry-
lamide, N,N -methylene-bisacrylamide, ammonium persul-
fate and tetra-methylethylenediamine (TEMED) were obtained
from Sigma–Aldrich and used as received. Aqueous stock so-
lutions of acrylamide at a weight fraction of 0.25 and N,N -
methylene-bisacrylamide at a weight fraction of 0.06, were
prepared. A 0.1 g/mL solution of ammonium persulfate was
made fresh before polymerization.

The weight fraction of acrylamide monomer before poly-
merization was 0.15 with a N,N -methylene-bisacrylamide
crosslinker fraction of 0.04 (mass of crosslinker/mass of mono-
mer). The weight fraction and crosslinker density were chosen
to be sufficient to immobilize inclusions the size of proteins or
larger inside the gel [25]. Before initiation, 6 mL of acrylamide
stock solution and 1.0 mL of N,N -methylene-bisacrylamide
stock solution were combined and mixed with a magnetic stir
bar. Separate 3.5 mL portions of this solution were collected
in different vials and mixed with 0.58 mL (for a final 0.02
particle volume fraction) of the 7 nm particle silica suspen-
sions and 0.92 mL of de-ionized water and mixed thoroughly.
The homogenized mixture was then degassed for 10 min at a
gauge pressure of −80 kPa in a vacuum oven. A 75 µL aliquot
of ammonium persulfate solution and a 15 µL aliquot of pure
TEMED were mixed into 5 mL of each homogenized mixture
before dispensing into an acrylic gel-holder using a microliter
pipette. The gel holder, shown in Fig. 2, has an array of 2.68 mm
diameter holes to support 29 individual gel columns that are
polymerized simultaneously. To minimize air exposure during
polymerization, this holder is sandwiched between an acrylic
base and a glass slide. The reaction was allowed to proceed for
2 h.

The gels were stored in the aqueous solution of interest for
at least 24 h before each experiment to ensure reproducible dif-
fusion characteristics. After swelling in aqueous solution, the
polymer fraction was approximately 0.13. These gel character-
istics were previously found to be sufficient to entrap proteins
having dimensions ∼3 nm [25], and therefore are appropriate to
mimic a biosensor gel and also to immobilize 7 or 15 nm silica
colloids.

2.2. Methods

2.2.1. Gel characterization
The effect of the colloidal inclusions on the polyacrylamide

gel structure was investigated by small angle neutron scattering
using the 30 meter SANS instrument NG3 at the National Insti-
tute of Standards and Technology in Gaithersburg, MD. A neu-
tron wavelength of 6 Å was used with a spread �λ/λ of 0.15.
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Fig. 2. Expanded schematic view of experimental apparatus for mass transport experiments. An acrylic gel holder supports 29 cylindrical gel columns measuring
2.68 mm in diameter and 1.68 mm in depth. Gold electrode disks are spaced 6 mm apart. Each contacts a 1.9 cm inner diameter double seal o-ring. A dye source
solution is continuously pumped by a peristaltic pump past one side of the gel holder via two syringe needles injected through the o-ring and is recirculated to the
reservoir. Similarly, a sink solution continuously flows past the opposite side of the gel holder, then through a fluorescence spectrometer and back to the sink solution
reservoir. The sink and source flowrates are 8 cm3/min. The source and sink total volumes are 50 and 10 mL, respectively.
Polymerized gel samples with and without particles, as well as
dilute silica suspensions, were loaded in quartz cells. Using the
open beam neutron flux the scattering profile was converted to
an absolute scale. Incoherent background was subtracted from
measurements at high wave vector values (Q > 0.2 Å−1) [26].
All neutron scattering experiments were conducted with pure
D2O.

2.2.2. Tracer flux measurements
Fig. 2 provides a schematic view for the electroosmotic cell

design. A pair of gold electrodes was placed parallel to the gel
holder disk to produce a normal electric field. The gel holder
separated two flow compartments served by a multi-channel
peristaltic pump. The source compartment contained a contin-
uously flowing solution of fluorescent tracer. The flow recircu-
lated through a large reservoir that maintained a constant tracer
concentration of 0.1 mM. The tracer that was transported across
the gel was taken up in the sink compartment. The sink com-
partment consisted of a recirculating loop that took an initially
tracer-free solution from a large reservoir, past the gel holder,
then into a flow-through cuvette in a Spex Fluorolog 3-12 flu-
orescence spectrometer (Horiba-Jobin Yvon), and finally back
into the sink reservoir.

The pH of the source and sink reservoirs were monitored
throughout the experiment. The flow-through cuvette (Starna
Cells, model 72F-Q-10) had a sample volume of 1.8 mL. The
tracer source reservoir and the sink reservoir volumes were 50
and 10 mL, respectively, including the volume of the tubing. In
each experiment, the tracer solution was made with the same
electrolyte composition as the sink electrolyte solution. Before
each experiment, the gel was rinsed profusely, mounted be-
tween the electrodes, and perfused with tracer free solutions
on both sides of the compartment to equilibrate the gel be-
fore the start of each flux measurement. DC electric fields were
produced by a Keithley 224 programmable current source and
measured with an Agilent 34401A multimeter. All experiments
were conducted at constant electric current.

The tracer flux measured using de-ionized water with no
added salts was compared with the flux measured using 1 mM
KNO3 solution. Tracer concentrations in the sink solution
were determined from the fluorescence intensity. Since amino-
methylcoumarin fluorescence is pH-dependent, the tracer fluo-
rescence intensity was calibrated as a function of concentration
and corrected for pH.

3. Results and discussion

3.1. Gel characterization

Fig. 3 presents small angle neutron scattering results for gels
polymerized with no silica particles, or gels containing either 7
or 15 nm particles at 2 vol%. Intensity data for aqueous sus-
pensions of 7 and 15 nm silica particles at 0.5 vol% are also
shown. The scattering intensity for spherical particles varies as
a function of the scattering vector Q as:

(1)I (Q) = C(ρ − ρs)
2S(Q)P (Q),

where I (Q), S(Q) and P(Q) are the scattering intensity, struc-
ture factor and form factor, respectively. The constant C is
proportional to the concentration of particles, and (ρ − ρs)

is the difference between the particle and solvent scattering
length densities [27]. The particle form factor P(Q) was ob-
tained from the scattering intensity for dilute suspensions of
non-interacting particles. The scattered intensities for particle-
loaded polyacrylamide gels were then normalized by P(Q)

in order to determine the structure factor S(Q) (Fig. 3 inset).
Comparing the scattering from the particle-free and particle-
loaded gels shows the silica inclusions dominate the scattering
in pure D2O.

One concern with the design of the gel system was that
polymerization might flocculate the silica particles, leading to
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Fig. 3. Small angle neutron scattering from silica suspensions, polyacrylamide gels, and silica-laden polyacrylamide gels.
severely non-uniform particle distributions in the gel and in-
efficient mass transfer promotion as a result. Comparing the
scattering intensity for gels with 7 or 15 nm silica particles
with the scattering from the dilute silica suspensions indicates
that silica particles did not aggregate during the gel polymer-
ization. Particle aggregation leads to a power-law increase of
scattering intensities in the low Q range (Q � 2π/r , where r

is the particle radius) where the exponent is related to the frac-
tal dimension [28–30]. The absence of fractal-like scattering is
evidence that gel polymerization did not cause large-scale ag-
gregation of the particles. However, the scattering does show
significant structure factor effects. This indicates that particle–
particle correlations were observed within the window of the
scattering experiment.

Whereas the SANS data indicate that the silica particles were
not aggregated, the appearance of a local minimum in I (Q) and
S(Q) at Q ∼ 0.006 Å−1 for the particle-laden gels suggests that
the particle positions may be correlated in the gel. The form of
I (Q) for the free silica suspensions is the expectation for a di-
lute sample of uncorrelated spheres [31]. The low Q fringe in
the particle-laden gel scattering suggests that there is a charac-
teristic correlation distance between the particles. This distance
appears to be from 30 to 60 nm for the 7 nm and the 15 nm
particles.

3.2. Tracer flux

3.2.1. No external field
Tracer diffusion through the gel obeys the diffusion equation

(2)
∂c

∂t
= D

∂2c

∂x2

subject to the following boundary conditions that are mandated
by the continuous recirculation of both the source and sink com-
partments:

c(0, t) = Csource(0),
(3)c(L, t) = Csink(t) =
t∫

0

[
−D

∂c
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(L, t)

]
A

V
dt,

where L, A and V are the thickness of the gel slab, the gel
surface area exposed to solution, and the total volume of the re-
circulating sink compartment. The source compartment is suf-
ficiently large that the tracer concentration remains constant at
Csource(0) and all mass transfer limitations are assumed to re-
side in the gel. Equations (2) and (3) are solved for Csink(t) at
short times using Laplace transforms:
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.

Fig. 4 shows the accumulation of tracer in the sink compart-
ment after diffusing through a particle-free polyacrylamide gel.
Tracer concentrations are normalized as:

(5)
Csink(t) − Csink(0)

Csource(0)(Vsource/Vtotal) − Csink(0)
,

where Csink(t) and Csink(0) are the concentrations measured in
the sink compartment at time t and time 0. Fitting the tracer dif-
fusion data to Eq. (4) indicates that the amino-methylcoumarin
diffusion coefficient D = 3.3 × 10−6 cm2/s in the polyacryl-
amide gel.

For control purposes, Fig. 5 compares the tracer diffusion
across unfilled polyacrylamide gels against gels containing
2.0 vol% 7 nm silica particles, in the presence of either de-
ionized water or 1.0 mM KNO3. The presence of particles at
2.0 vol% had no effect on tracer diffusion through the gel,
nor did the type of electrolyte medium. Similar results were
obtained with 15 nm particles. Small differences in the mass
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transport of dye across gels doped with 7 nm silica particles in
1 mM KNO3 are attributed to experimental variability. Thus,
the presence of silica inclusions had no effect on the structure
of the gel that would impact mass transfer.

3.2.2. Flux enhancement by applied dc fields: effects of
particle size and concentration

In all experiments with applied electric fields, the fields were
applied 30 min after the start of each flux experiment. Thus, the
first 30 min of each flux experiment correspond to simple dif-
fusion. Inspection of this baseline flux was used to ensure that
there were no variations in the intrinsic mass transfer proper-
ties of the gels before continuing to the measurement of electric
field effects on mass transfer.

Fig. 6 presents results for tracer mass transfer across gel
slabs under the application of dc fields in de-ionized water. For
reference, the results for diffusion in the absence of an applied

Fig. 4. The tracer accumulation in the sink solution during diffusion across the
gel in the absence of an applied field is fitted to Eq. (4) to yield a tracer diffusion
coefficient inside the gel of 3.3 × 10−6 cm2/s.
field are reproduced on this plot, and results are also presented
for tracer transport through particle-free gels with an applied
field. Particle-laden gels contain 2.0 vol% silica particles. An
electrical current is denoted as positive when the cathode re-
sides on the sink side of the gel slab, so the electroosmosis
driven by the negatively charged inclusions forces solution from
the source-side to the sink-side of the gel. A negative current
drives electroosmosis toward the source-side.

First, note that tracer fluxes measured through particle-laden
gels under the application of constant +3 mA dc currents are
significantly enhanced relative to the simple diffusion flux. For
comparison, the fluxes measured through particle-free gels with
a +3 mA dc current are only slightly enhanced relative to
the simple diffusion flux. The observation of a small flux en-
hancement under this condition indicates that ionic conduction
(“electrophoresis”) of the protonated fraction of the amino-
methylcoumarin tracer (pK = 5) plays a small but finite role
compared to the electroosmotic flux. The additional enhance-
ment observed in the presence of silica inclusions indicates the

Fig. 5. Transport of amino-methylcoumarin through polyacrylamide gels with
no externally applied electric field.
Fig. 6. Normalized sink concentration evolution for amino-methylcoumarin transport through 7 and 15 nm silica doped polyacrylamide gels and gels with no
particles. No supporting electrolyte was used. DC electrical currents were applied 30 min after experiments started. Changing pH is monitored in the sink and source
reservoirs as a function of time for gels with no particles and 7 nm silica doped gels with a current of 3 mA across the cell.
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Fig. 7. Normalized sink concentration evolution for amino-methylcoumarin transport through 7 and 15 nm silica doped polyacrylamide gels at the indicated particle
volume fractions and gels with no particles in the presence of 1 mM KNO3. DC electrical currents are applied 30 min after the experiments started. Changing pH is
monitored for both source and sink reservoirs.
contribution of a stronger electroosmotic enhancement on top
of a weak electrophoretic contribution.

Fig. 6 also contains information about the effects of silica
particle size on the electroosmotic flux enhancement. For a con-
stant particle volume fraction of 2%, the 7 nm particles provide
a greater enhancement than the 15 nm particles. The magnitude
of the enhancement was quantified simply as the ratio of the
normalized concentration achieved at the end of a 300 min ex-
periment to that achieved at the end of 300 min of diffusion and
electrophoresis through a gel without particles:

(6)Enhancement factor = Csink(particles)

Csink(no particles)
.

The enhancement factor was 1.19 ± 0.01 for the 15 nm silica
particles and 1.44±0.01 for the 7 nm silica particles (errors are
based on repeated measurements). This is evidence that as the
particle size decreases, at constant particle volume fraction, the
electroosmotic pumping is more effective, due to the increased
total surface area. This is explored further below.

Fig. 6 also shows that the tracer flux can be hindered, stalled
or even transiently reversed, by the application of negative dc
currents. Comparing particle-laden and particle-free gels for
−3 mA current, the flux hindrance was more significant in the
presence of particles, again indicating that the electroosmotic
flux is stronger than the electrophoretic flux. The flux direc-
tion was transiently reversed from sink to source when −3 mA
currents act on the gel that contains 2 vol% silica. This exper-
iment also serves as a control against the possibility that the
observed flux enhancements were an artifact of any electric
field-induced damage to the gel that could have occurred, for
example, if stresses arising from extended electric field applica-
tion on the particle-laden gels may have created leaky channels
for more rapid tracer transport. If the gels were simply made
more permeable by some field-induced damage and there were
no significant electroosmotic effect, the flux direction would not
have reversed.
Electrolysis reactions during the prolonged dc electric field
application produced a pH gradient across the gel. Measure-
ments of pH in both flow compartments are shown in the inset
of Fig. 6. The pH was constant during the first 30 min before the
field was applied, but the pH in each compartment rapidly ad-
justed after the field application commenced at 30 min. This
is to be expected, and similar effects have been noted with
poly(ampholyte) gels and in microfluidic channels [32,33]. The
pH gradients measured here were similar for particle-free and
particle-laden gels.

Providing a background electrolyte provides more constant
solution conductivity. This is addressed in Fig. 7. Compared
to experiments conducted without added electrolytes, stronger
electroosmotic flux enhancement was observed in the presence
of 1.0 mM KNO3 for 2.0 vol% silica gels under the action of
+3 mA currents. The electroosmotic flux reversal with negative
applied currents was also stronger than in the de-ionized water
experiments. Although the pH gradient was larger in 1.0 mM
KNO3 than in de-ionized water, electrophoretic effects were
still small compared to electroosmotic effects. The enhance-
ment factor with 2.0 vol% of 15 nm particles was 1.21 ± 0.03
while 2.0 vol% 7 nm silica particles enhanced the flux by a fac-
tor of ∼2.36 ± 0.03.

Doubling the concentration of the 15 nm silica particles to
4.0 vol% produced a flux enhancement factor of 2.21, similar
to that observed with 2.0 vol% of 7 nm silica particles. Since
the area/volume ratio scales inversely with particle diameter,
the total surface area of inclusions was the same for 2.0 vol%
7 nm silica and 4.0 vol% 15 nm silica. The scaling of flux en-
hancement with inclusion surface area is consistent with the fact
that electroosmosis originates at the stationary solid–liquid in-
terface.

Particle concentration effects were explored systematically
for 7 nm silica particles in de-ionized water with constant
+3 mA currents, as summarized in Fig. 8. The particle con-
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centrations were 0.5, 1.0 and 2.0 vol%. Due to changes in the
diffusive properties of the gel at greater than 2.0 vol% con-
centrations of 7 nm silica particles, concentrations exceeding
2.0 vol% were avoided. With an increasing number of particles
in the system, more charged surface was available for electroos-
motic pumping.

No significant enhancement was observed for 0.5 and
1.0 vol% concentrations. There appears to be a threshold in the
particle volume fraction for enhancement of transport to occur,
rather than a smooth dependence. A characteristic minimum
average distance between the particles may be required before
electroosmotic pumping is able to influence the tracer mass
transfer. If the distance between inclusions is too great, viscous
damping by the gel fibers will prevent the overlap of elec-
troosmotic flows generated at distant particles and will lead to
negligible overall mass transfer enhancement. Below a thresh-
old inter-particle distance, flows generated at multiple inclusion
sites will be additive and have a large net effect. If particles were
arranged uniformly, the determination of this distance would be
trivial. For 2 vol% 7 nm silica particles this average distance is
∼23 nm and for 2 vol% 15 nm silica particles, this distance is
∼50 nm. The SANS data do provide some additional insight,
as the S(Q) data suggest a characteristic separation distance
on the order of 30–60 nm exists for both 7 and 15 nm silica
particles.

3.2.3. Flux enhancement by applied dc fields: effect of applied
electrical current

The effect of the applied current magnitude on the flux en-
hancement was measured in de-ionized water using 7 nm silica
particles. The current was varied from 0 to 8 mA. Higher cur-
rents generated gas bubbles at the electrode surfaces and were
avoided. As shown in Fig. 9, the dependence of the tracer flux
on current magnitude is non-linear. In de-ionized water, signif-
icant flux enhancement was observed with currents as low as
+0.25 mA.

Fig. 8. Normalized sink concentration evolution for amino-methylcoumarin
transport through 7 nm silica doped polyacrylamide gels and gels with no parti-
cles in water. Particle concentrations of 0.5, 1.0 and 2.0 vol% were used. 3 mA
dc currents were applied 30 min after the experiments started.
The effect of pH on the relative contributions of electroos-
mosis and electrophoresis is important. Under acidic condi-
tions, electrophoresis of positively charged amino-methylcou-
marin occurs in parallel with the electroosmotic convection
around the charged silica particles. Under basic conditions,
electrophoresis is negligible. The magnitude of the pH gradi-
ent generated by the applied current depends on the electrolyte
composition. The generation of H+ ions at the electrode on the
source-side of the gel results in low pH, tracer charging, and
possible tracer electrophoresis on that side of the gel. The gen-
eration of OH− ions at the electrode on the sink side neutralizes
the tracer on that side of the gel. On the basic sink-side of the
gel, there is no electrophoresis, only diffusion and electroosmo-
sis.

Another effect of the pH gradient is the strong localization of
the electric fields as shown schematically in Fig. 10. The con-
centration of H+ ions is high (pH ∼ 3) in the source side and

Fig. 9. Normalized sink concentration evolution for amino-methylcoumarin
transport through 7 nm silica doped polyacrylamide gels in water with a 0.02
particle volume fraction. DC currents of 0.25, 0.5, 1.0 and 8.0 mA, were applied
30 min after the experiments started.

Fig. 10. Schematic view of pH gradient and electric field profile across poly-
acrylamide gels as a result of applied DC currents.
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low (pH ∼ 11) in the sink side. The opposite is true for OH−
(pOH ∼ 3 on the sink side and ∼11 on the source side). Ions
must cross the gel and the medium conductivity is decreased in
the middle of the gel, where the pH = pOH = 7 due to the neu-
tralization of the H+ and OH−. Thus, the ionic concentration in
the neutral middle of the gel is ∼4 orders of magnitude lower
than it is in the outer regions of the gel. Because the conduc-
tivity is low here, the electric field magnitude must be higher in
the middle of the gel than in the outer region for the constant
current conditions used in these experiments. Electroosmosis
is most effective in that high field region, where electrophore-
sis is also negligible, due to the local pH exceeding the pKa of
amino-methylcoumarin. Note that this effect would be dimin-
ished by adding higher concentrations of indifferent electrolytes
that would maintain a more constant conductivity across the gel.

4. Summary

Polyacrylamide gels can be prepared with silica nanopar-
ticle inclusions at concentrations of 2.0 vol% and less, with
no significant effect on amino-methylcoumarin tracer diffusivi-
ties. Under applied electric fields the mass transport of amino-
methylcoumarin is enhanced in particle-laden polyacrylamide
gels, mainly due to the generation of electroosmotic flows
around the charged inclusion surfaces. For a constant inclusion
volume fraction, the electroosmotic flux enhancement is greater
for smaller particles than larger particles, owing to the greater
total surface area. The scaling of flux enhancement with total
surface area is consistent with the generation of an electroos-
motic slip at the particle surfaces. By reversing the direction
of the applied electrical current, the electroosmotic flow can be
used to hinder or suppress tracer mass transfer through the gel.
The ability to use electroosmosis, rather than electrophoresis
alone, is significant in that it has the potential to drive mass
transfer of neutral solutes through gels. This may have applica-
bility for tools to promote mass transfer and mixing in gel-based
biosensors or other biomedical devices.
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