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Transient (-potential measurements in
hydrophobic, TOPAS microfluidic substrates

We utilize time-resolved electrokinetic measurements in order to study the electrokinetic
properties of silica and TOPAS microfluidic channels as a function of the time history of
the fluid-solid interface. In pressure-driven flow through TOPAS microchannels, the
{-potential as inferred from streaming potential measurements decays exponentially by a
factor of 1.5 with a characteristic decay time of 3 h after the initial formation of the

fluid—solid interface. A similar exponential decay is observed immediately after water is
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exchanged for ethanol as the solvent in the system. In electroosmotically driven flow
through TOPAS microchannels, the {-potential as inferred through current monitoring
experiments was constant in time. No electrokinetic transients were observed in silica

microchannels under these flow conditions.
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1 Introduction

Polymers are increasing in popularity for microfluidics
applications because of their low cost, ease of fabrication,
and often favorable optical and chemical properties [1-4].
Many polymers are hydrophobic, however, and the material
properties of hydrophobic polymers relevant to electroos-
mosis are in dispute; some have reported that electrokinetic
actuation in hydrophobic polymers is impossible or
unpredictable [5-7], whereas others have measured signifi-
cant {-potentials in hydrophobic substrates [1, 8-13]. The
challenge in modeling and measuring electrokinetic
phenomena in hydrophobic substrates stems from a poor
understanding of the surface chemistry of water—hydro-
phobe interfaces [13]. The uncertainty in the material
properties of hydrophobic substrates limits predictive
capabilities for device design, and complexities arising from
poorly understood interfacial phenomena can lead to poor
repeatability and accuracy of experiments.

Significant scatter is observed in existing electrokinetic
data for polymers [12] since these phenomena are difficult to
measure and can be very sensitive to surfactants. In general,
precise descriptions of electrokinetic phenomena require
careful understanding of (i) the origin of interfacial charge,
(i) well-defined fluid velocity boundary conditions, and (iii)
models for diffuse and condensed ion distributions [14].
Hydrophobic substrates are particularly challenging because
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the origin of charge is unknown, and uncertainty regarding
slip leads to poorly defined fluid velocity boundary condi-
tions [15, 16]. In addition, molecular dynamics simulations
are challenging because of the aqueous solutions involved;
long-range electrostatic interactions between water mole-
cules limit both the number of simulated molecules as well
as the duration of the simulation [17-24].

Some of the complexity in understanding the origin of
charge in hydrophobic electrokinetic systems arises from
the molecular/supramolecular structure of water at the
fluid-solid interface [16]. Postulated structures include
regions of reduced or depleted water density [19, 25, 26], ice-
like hydrogen-bonded water molecule networks [19, 22, 27],
and nanobubbles [28]. Depletion layers and water molecule
networks impact ion adsorption onto the fluid—solid inter-
face, and are therefore important factors in understanding
the origin of charge. Nanobubbles are of particular interest,
since their presence would affect both interfacial charge
formation and the fluid mechanical boundary condition,
and their thermodynamic instability [15, 28-31] could lead
to unpredictable or fluctuating electrokinetic behavior in
hydrophobic systems. This suggests that electrokinetic
properties of hydrophobic systems may depend on the time
history of the interface.

In this study, we use time-resolved electrokinetic
measurements in order to study the behavior of hydro-
phobic microfluidic systems as a function of the time history
of the interface after initiating (i) pressure-driven flow, (ii)
electroosmotic flow, and (iii) exchanges between ethanol
and water as the solvent in the system. We then compare
those results with hydrophilic microfluidic systems. In the
past, electrokinetic measurements in hydrophobic systems
have been shown to be repeatable and predictable when the
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fluid—solid interface has reached a sufficient equilibrium
[12, 13]. Through time-resolved measurements, we look to
determine (i) if the time-scale for equilibration differs in
hydrophobic and hydrophilic systems, (ii) whether the
behavior of the system during the approach to equilibrium
is erratic or deterministic, and (iii) how different flow
conditions affect the equilibration time.

2 Materials and methods
2.1 Methodology

Here we model electrokinetics by assuming that interfacial
phenomena lead to charge separation at fluid-solid inter-
faces, resulting in a double layer and a charge distribution
that can be described by a Gouy—Chapman model [32]. In
this context, it is sufficient to treat the ion distribution in the
diffuse part of the double layer in the Boltzmann limit,
where ions are considered to be point particles experiencing
a bulk electrical potential, which has the value { at the wall.
The electrical potential distribution is then given by the
Poisson—Boltzmann equation:

o 1 z;F
Vz\l, — ,f = — g Z CO’iZiFeXp<*ﬁl|/> (1)

where V is the electrical potential, € is the permittivity of the
fluid medium, z; is the valence of the i-th ionic species, R is
the gas constant, F is Faraday’s constant, and C,; is the
concentration (moles/m?) of the i-th species at a location
where \y = 0. This ion distribution leads to electroosmosis
when subjected to a transverse electric field, and streaming
potential when subjected to a pressure-driven flow, which
we use to study electrokinetics at hydrophobic interfaces.
Non-dimensionalization of the Poisson-Boltzmann equa-
tion leads to a length scale that describes the spatial extent of
the double layer, the Debye length.

eRT
=\ 3Rl @)

Here I is the ionic strength of the solution in moles per cubic
meter.

In electroosmosis, an external electric field is applied to a
fluid in a microchannel with a net unbalanced ion distribution
as in Eq. 1, resulting in bulk flow. If the channel is straight
and homogeneous, its dimensions are large as compared with
the Debye length, and there are no pressure gradients, the
flow is approximated as being uniform. The bulk flow velocity,
ugo, is then given by the Smoluchowski equation,

uw:_%g (3)

where ) is the fluid viscosity, and E is the applied electric field.
In Eq. 3, we assume that fluid properties are uniform, and that
the no-slip fluid boundary condition applies precisely at the
wall, at which \y = (. In electroosmotic flow, we infer values
for the (-potential from measurements of the electroosmotic
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velocity, where { represents the electrical boundary condition
at the fluid—solid interface in the Gouy—Chapman model. The
precise physical relationship between the inferred {-potential
and the interfacial charge at the wall is complicated and in
dispute [14, 33]. In this article, we focus on experimental
measurements of ugo and do not address double layer models
per se.

An imposed pressure-driven flow in a microchannel
with an ion distribution described by Eq. 1 results in the
bulk redistribution of unbalanced charges, and the equili-
brium condition if there is no net electrical current coin-
cides with an electrical potential called the streaming
potential. The streaming potential, A, is given by

Ad = % AP (4)

noc

where AP = Pyownstream — Pupstream 1S the applied pressure
difference, and o is the bulk fluid conductivity. Equation 4
uses the Debye—Hi{ickel approximation, and assumes a thin
double layer as compared with the channel radius, so that
channel geometry effects are unimportant. Fluid conduc-
tivity is assumed to be uniform, and surface conductivity is
neglected since the microchannels used in this study are
relatively large (the surface conductivity is negligible
compared with the bulk conductivity; this assumption leads
to an error of less than 1%). In pressure-driven flow, we use
streaming potential measurements to infer values for the
{-potential.

In order to compare experiments conducted with
solutions of different ionic strengths, we normalize our
C-potential data by pC=1log C, where C is the counterion
concentration in moles per liter, as described in [34].

2.2 Chemical reagents and capillaries

All reagents were obtained from Sigma-Aldrich (St. Louis,
MO). Phosphate buffer solutions were prepared from stock
solutions of monobasic and dibasic potassium phosphate.
Solution conductivity and pH measurements were
conducted using a dual pH/conductivity meter (Mettler
Toledo SevenMulti, Columbus, OH) with specialized
electrodes (Mettler Toledo Inlab 730 and Inlab 413,
Columbus, OH) prior to each experiment, and buffers were
checked periodically to ensure that there were no pH or
conductivity changes over time. Solution pH was adjusted
by titration with hydrochloric acid and/or sodium hydroxide.
All buffers were at room temperature (T = 25°C) for all of
our experiments.

Silica and TOPAS were chosen as model hydrophilic
and hydrophobic systems for this study, respectively. Silica
capillaries were acquired from Polymicro Technologies
(Phoenix, AZ) and TOPAS capillaries were acquired from
Paradigm Optics (Vancouver, WA). TOPAS (manufactured
by Zeon Chemicals, Louisville, KY) is a cyclo olefin
copolymer thermoplastic that has similar properties to
Zeonor, but is manufactured with less stringent processes
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[http://www.topas.com/topas_brochure_english.pdf]. Both
capillaries had outer and inner diameters of 360 and 25 um,
respectively. A fresh section of capillary was used in each
trial of each experiment.

2.3 Automated current monitoring

An automated current monitoring method was used to
measure the (-potential under electroosmotic flow condi-
tions [35, 36]. For our current monitoring experiments,
250-600V was applied simultaneously across four 5-cm
length microchannels using platinum electrodes and an
eight-channel high-voltage sequencer (LabSmith HVS448,
Livermore, CA). The sequencer was carefully calibrated
prior to experiments to ensure consistent readings across
channels in both forward and reverse polarity operation.
Reservoirs (1.5 mL in volume) at each end of a particular
microchannel contained phosphate buffer solutions that
varied in conductivity by 7.5%. Control signals were
implemented in LabView, where four channels in the
sequencer were used to apply voltage, and four were used to
monitor the current through the microchannels. Square—
wave electric field sequences were applied so as to displace
fluid in one direction during the first half-cycle, then in
the opposite direction during the second half-cycle.
The square-wave periods were designed so as to allow
electroosmosis to completely displace the fluid within
the microchannels during each half-cycle. Voltage was
controlled via LabView so as to maintain the electric field
across the microchannels constant during displacement.
The resulting current waveforms (Fig. 1) were analyzed
in one-period segments by taking advantage of the char-
acteristic trapezoidal profile (Fig. 2). First, we subtracted the
mean (Ipean) from the waveform (I(f)), and then took its
absolute value. We then integrated the resulting function
over one period, T, in order to get the area under the curve.

A= / [1(£) = Imean| dt (5)
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Figure 1. Example of a current monitoring raw data trace. For
this data, 10 mM, pH 7, phosphate buffer was used in a silica
capillary.
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Figure 2. Schematic showing how current monitoring data were
converted into a velocity measure using a trapezoidal profile.

The area, A, is simply the area of the two trapezoids in
Fig. 2. The displacement time (the time it takes for the current
signal to change from a constant high value to a constant low
value and vice versa), At, is then related to A as in
A

At=1— n (6)
where h is the height of the trapezoids, or the maximum
value of the function (|I(#)—Imean|). Dividing the length of
the microchannel, L, by At then gives the electroosmotic
velocity,

L

Ugo = E (7)

which is converted into a {-potential value using Eq. 3.
Joule heating was avoided in the system by measuring
electroosmotic mobility as a function of electric field
magnitude and extrapolating to the zero-field limit. Only
fields that produced mobilities that were within 5% of the
zero-field limit were used for this extrapolation. Any
temperature change due to Joule heating would also result
in readily detectable changes in the mean current, and any
data in which the mean current varied by more than 10%
were not used. Velocity errors due to any pressure imbal-
ances between reservoirs were removed in post-processing
by averaging the data from the positive and negative half
cycles in each period of the square-wave input. Errors due to
the conductivity difference between the two solutions were
neglected, as they were small (<1%) as compared with
other uncertainties. The (-potential was calculated from
velocity data using the Smoluchowski Equation (Eq. 3).

2.4 Phase-sensitive streaming potential

Phase-sensitive streaming potential experiments were used
to measure the C-potential under pressure-driven flow
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conditions. Pressure (0-103 kPa) was applied to the inlet of a
5 cm capillary composed of the material under study using a
push/pull syringe pump (KD Scientific, Holliston, MA).
Sinusoidal pressure waveforms were established via
LabView control of syringe actuation utilizing a PID
controller corrected for the pressure dependence of the
system’s pressure—displacement response. Pressure at the
capillary inlet was measured by a strain-gauge-type transdu-
cer (Senso-Metrics SP70D, Simi Valley, CA). PEEK-ULTEM
fittings (LabSmith, Livermore, CA) and 360 um stainless-
steel tubing were used to make the fluidic connections
between the syringe, capillary, electrodes, and pressure
transducer [37]. A 10 TQ electrometer (6514 Electrometer,
Keithley, Cleveland, OH) and platinized platinum electrodes
were used to measure the generated voltage across the
capillary (Fig. 3). Platinized platinum electrodes were
fabricated using an electrochemical reaction as described
in [38]. The platinizing solution consisted of 3.5% w/v
hydrogen hexachloroplatinate, 0.005% w/v lead acetate, and
2.5%v/v 1 M HCI solution. The working platinum electrode
was immersed in the platinizing solution against a counter
electrode, and a potential of 7V was applied for 120s,
resulting in a macroscopically black (platinized) platinum
electrode. These electrodes have a porous structure that
increases their effective surface area by orders of magnitude,
vastly reducing systematic errors associated with the
polarization of normal platinum electrodes. Electrodes were
visually inspected in order to check for degradation prior to
each experiment.
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Figure 3. Example of raw streaming potential data. For this data,
1mM, pH 7, phosphate buffer was used in a TOPAS capillary.
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Forcing pressures and capillary diameters were chosen
such that the flow was laminar in all cases (Reynolds
number below 1200), and hydrodynamic starting lengths
could be ignored. Streaming potential data that did not
correlate with the applied pressure waveform generally
corresponded to the presence of an air bubble in the
microchannel, and were rejected. The measured pressure
and streaming potential waveforms were Fourier processed
and the response at the fundamental mode was measured.
The C-potential was then calculated from Eq. 4 as follows:

x
o S{ew) @
e S{AP(t)}Hry

where S denotes the discrete Fourier transform, and f; is
the frequency of the fundamental mode, i.e. the driving
frequency of the pressure waveform. Errors due to surface
conductivity, non-Debye-Hiickel charge distributions and
wall curvature were ignored as they were small as compared
with conductivity and temperature uncertainties, which
were on the order of 10%. Since Eq. 4 holds strictly at
equilibrium, the period of the applied pressure waveform
was chosen to be slow enough (120s) so as to allow for a
quasi-static measurement. If the system is not allowed to
reach equilibrium, there will be a phase lag between the
streaming potential waveform and the pressure-driven
waveform. The damping of the streaming potential wave-
form magnitude that occurs in a system with a phase lag can
be corrected for if the phase lag is simultaneously measured:

£ =G(1 +tan’a) )

where (, is the uncorrected {-potential, and o is the phase
difference between the streaming potential and pressure
waveforms. The phase lag, however, was negligible in all of
our experiments.

3 Results

We conducted experiments in both hydrophobic, TOPAS
microfluidic channels and hydrophilic, silica microchannels
in order to measure their electrokinetic properties as a
function of the time history of the fluid—solid interface. In
particular, we measured the {-potential as a function of time
(i) in pressure-driven flow inferred from streaming potential
measurements, (i) in electroosmotic flow inferred from
current monitoring experiments, (iii) in pressure-driven
flow after an initial exposure to an electric field, and (iv) after
exchanging ethanol as the solvent in the system for water.

3.1 Time-resolved electrokinetic measurements in
pressure-driven flow

We measured the (-potential as a function of time after
filling with aqueous solution in both hydrophobic (TOPAS)
and hydrophilic (silica) microchannels under pressure-
driven flow, utilizing the phase-sensitive streaming potential
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technique. In both materials, we flushed a pH 7, 1mM
phosphate buffer solution through the microchannels using
an applied pressure sinusoidally varying from 0 to 103 kPa
(gauge), with a period of 120 s. In TOPAS, we also measured
the {-potential for a 10 mM, pH 7, phosphate buffer solution
with the same pressure-wave parameters. The resulting
sinusoidal streaming potential signals were monitored
continuously and recorded with a sampling rate of 5Hz
for 10h. The applied pressure and resulting streaming
potential waveforms were analyzed in 12-min segments
using Eq. 4 to give an inferred {-potential as a function of
time.

In the TOPAS microchannels filled with 1mM
phosphate buffer, the normalized {-potential was initially
high in magnitude at —25mV, but decayed to an equili-
brium value of —16.1 mV (Fig. 4A). The transient is well fit
by an exponential decay, with a time constant of 3.0 h. The
normalized {-potential for 10 mM phosphate buffer in
TOPAS had a very similar exponential decay, with an
equilibrium value of —16.0 mV and a time constant of 2.7 h
(Fig. 4B). {/pC in the silica microchannels, on the other
hand, was constant over the 10-h period (Fig. 4C), with a
time average of —27.0 mV that varied by less than 3% for the
duration.

Electrophoresis 2009, 30, 2656-2667

When the phosphate buffer solution was allowed to
equilibrate with the TOPAS microchannels for 5 h prior to a
streaming potential measurement, {/pC decayed exponen-
tially from —16.8 to —13.9mV over the next 10h, with a
time constant of 2.1h (Fig. 5). A comparison of our {/pC
versus time data for 0-10 h after flushing with our data for
5-15h after flushing shows that the two trends are consis-
tent during the overlap period (5-10h), though the time
constants for the exponential decays are slightly different.

3.2 Time-resolved electrokinetic measurements in
electroosmotic flow

We conducted time-resolved measurements of the
C-potential in both hydrophobic TOPAS and hydrophilic
silica microchannels under electroosmotic flow using the
current monitoring technique. For the measurements of the
electrokinetic properties of TOPAS, an electric field
magnitude of 120 V/cm was applied across the microchan-
nel for a half-cycle period of 6min. For the silica
microchannels, an electric field magnitude of 50 V/cm was
used with a half-cycle period of 10 min. A 10 mM, pH 7,
solution of phosphate buffer was used in both the silica and

O  Experimental Data
- = Exponential Fit
—— Equilibrium Value

Figure 4. Normalized {-poten-
tial, ¢/pC, (pC=1log C, C is
the counterion concentration

expressed in molar) inferred
from streaming potential
measurements in pressure-
driven flow, as a function of
time for (A) a TOPAS micro-
fluidic channel with 1 mM, pH
7, phosphate buffer solution
(four trials), (B) a TOPAS
microfluidic  channel with
10mM, pH 7, phosphate
buffer solution (six trials),
and (C) in a silica microfluidic
channel with 1TmM, pH 7,
phosphate buffer solution
(four trials). In (D), the 1TmM
data from (A) and the 10 mM
data from (B) are compared.
Data shown are an average
of the independent trials,
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Figure 5. Normalized (-potential, {/pC (pC=1log C, C is the
counterion concentration expressed in molar) in a TOPAS
microchannel inferred from streaming potential measurements
in pressure-driven flow after 5 h of equilibration (the data were
taken from 5 to 15 h after the initial filling of the microchannel).
The data are compared with the direct measurement (0-10 h,
Fig. 4A). A 1 mM, pH 7, phosphate buffer solution was used, and
the data shown are an average of four independent trials, where
the shaded region represents the standard deviation between
the trials.

the TOPAS experiments. In contrast to our experiments in
pressure-driven flow, the (-potential in both TOPAS and
silica was constant and varied by less than 7% over a period
of 10h (Fig. 6). The time-averaged value of the normalized
C-potential, {/pC, for TOPAS was —14.1 mV with a standard
deviation of 1.0 mV or 7%. The time average of {/pC in silica
was —25.7 mV with a standard deviation of 1.6 mV or 6%.

3.3 Effect of an applied electric field on transients in
pressure-driven flow

In these experiments, we examined the effect of an initially
applied electric field in disrupting electrokinetic transients
in pressure-driven flow. TOPAS microchannels were
initially filled with a 1 mM, pH 7, phosphate buffer solution.
An electric field of magnitude 500 V/cm was then applied
across the microchannel for 12min so as to actuate
electroosmotic flow. The electric field magnitude was
chosen so that the shear stress at the fluid—solid interface
during the initial period of electroosmotic flow would be
roughly a factor of 2 larger than in the current monitoring
experiments (see Section 4.2, for shear stress calculations).
The electric field was then switched off, flow actuated via a
sinusoidal pressure waveform, and the streaming potential
measured as described in the pressure-driven flow experi-
ments from Section 3.1, using the same experimental
parameters.

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In contrast to pressure-driven flow without an initially
applied electric field (Fig. 4A), the (-potential remained
relatively constant from the time the electric field was
switched off over a period of 10h (Fig. 7). The normalized
{-potential decayed from —17.3 to —15.1 mV, and had a time
average of —15.9 mV, with a standard deviation of 0.8 mV or
5%. The variation is not explained by an exponential decay,
as an exponential fit to the data in Fig. 7 resulted in a non-
sensical time constant and a low R* value. The data point at
t=0 was not used in this analysis, since one of the four
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Figure 6. Normalized (-potential, {/pC, (pC=1log C, C is the
counterion concentration expressed in molar) in electrokineti-
cally driven flows as inferred via current monitoring
in (A) TOPAS and (B) silica microchannels. A 10mM pH 7,
phosphate buffer solution was used in both experiments. Data
shown are an average of four independent trials, where the
shaded region represents the standard deviation between the
trials.
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Figure 7. Normalized (-potential, {/pC, (pC=log C, C is the
counterion concentration expressed in molar) as a function of
time in a TOPAS microchannel under a pressure-driven flow, as
inferred via streaming potential. Flow was initially driven
through the channel electroosmotically for 12min. A pH 7
solution with 1 mM phosphate buffer was used. Data shown are
an average of four independent trials, where the shaded region
represents the standard deviation between the trials.

trials for that datum was determined to be a statistical
outlier by Chauvenet’s criterion.

3.4 Solvent exchange experiment

Since solvent exchanges have been shown to affect the
interfacial properties of water—hydrophobe interfaces [39],
we conducted experiments to determine the effects of
ethanol-water solvent exchanges on the electrokinetic
properties of hydrophobic microfluidic channels.

In each of four trials, a TOPAS microchannel was
initially filled with a solution of 90% ethanol and 10%
10 mM, pH 7, phosphate buffer (resulting in an overall
counterion concentration of 1 mM). The ethanol solution
was then driven through the microchannel via a sinusoidally
varying applied pressure, with a peak magnitude of
15 psig, and a period of 120s. The resulting streaming
potential signal was monitored continuously and
recorded for a minimum of 6 h. An aqueous, 1 mM, pH 7,
phosphate buffer was then flushed through the micro-
channel, with flow actuated with the same pressure
waveform, and the streaming potential monitored again
for a minimum of 6h. An additional ethanol cycle
and an additional aqueous cycle followed in the same
fashion. The applied pressure and resulting streaming
potential waveforms were analyzed in 18-min segments
using Eq. 4 to give an inferred (-potential as a function
of time. The differences in fluid properties between the

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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ethanol and aqueous solutions, namely the permittivity,
viscosity, and conductivity, were accounted for in this
analysis.

Whenever the aqueous solution replaced the ethanol
solution as the solvent, there was an initial transient in
which the magnitude of the apparent {-potential was initi-
ally high, with a normalized value of —22mV (Fig. 8A).
During the first ethanol cycle, the inferred (-potential
changed gradually from —5.2 to —3.2mV, but during the
second ethanol cycle, the (-potential remained relatively
constant. As was the case for the initial transients found in
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Figure 8. Normalized (-potential, {/pC, (pC=1log C, C is the
counterion concentration expressed in molar) as a function of
time in (A) a TOPAS microfluidic channel and (B) in a silica
microfluidic channel. Data shown are an average of four
independent trials, where the shaded region represents the
standard deviation between the trials.
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pressure-driven flow, the {-potential magnitude variation
during the aqueous cycles is well fit by exponential decays,
with a normalized equilibrium value of —14.5mV and a
time constant of 1.5 h for the first aqueous cycle; —15.8 mV
and 3.0 h for the second aqueous cycle.

We repeated the same experiment in hydrophilic silica
microchannels in order to determine whether these tran-
sients are unique to hydrophobic systems. Similar transients
were not observed during the aqueous cycles in silica
microchannels (Fig. 8B). There is some variation in the
inferred (-potential with time after the exchange from the
aqueous solution to the ethanol solution, but in this
case the C-potential gradually changes from the aqueous
value to the ethanol value. {/pC has a mean value of
—22.7mV during the first aqueous cycle in silica, with a
standard deviation of 2.8 mV (13%). During the second
aqueous cycle, the mean and standard deviation are —20.0
and 2.1mV (11%).

4 Discussion

In general, transients in the inferred {-potential were only
observed in hydrophobic microchannels, and not in hydro-
philic microchannels (Table 1). Furthermore, no transients
were observed under electroosmotic flow at a field strength
of 120 V/cm, or if the microchannels were initially exposed
to a 500 V/cm field for only 12 min. If these transients are
present in other hydrophobic substrates, they may explain
much of the uncertainty in {-potential measurements in the
literature for polymeric substrates [12], as the time history of

Table 1. Summary of results

Equilibrium Time constant

L mv) ()
Pressure-driven flow
TOPAS (1 mM PB) —16.1 3.0
TOPAS (1 mM PB)(After 5 h equilibration) —13.9 2.1
TOPAS (10 mM PB) —16.0 217
Silica (1 mM PB) -27.040.7 -
Electroosmotic flow
TOPAS (10 mM PB) —141410 -
Silica (10 mM PB) —-257+16 -
Pressure-driven flow after EQ
Topas (1 mM PB) —-159+0.8 -
After solvent exchange
TOPAS (1 mM PB) - first aqueous cycle —14.5 1.5
TOPAS (1 mM PB) — second aqueous —15.8 3.0

cycle

Silica (1 mM PB) — first aqueous cycle —-2274+13 -

Silica (1 mM PB) — second aqueous cycle —20.0+2.1 —

In cases where the (-potential is considered to be relatively
constant in time, the time average with a standard deviation is
listed as the equilibrium value. In those cases, exponential fits to
the data produced non-sensical (extremely high or low) time
constants, and low R? values.
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the fluid—solid interface is rarely given careful consideration.
There is significant disagreement between various
{-potential measurements for PDMS [36, 40—44], polystyr-
ene [10, 45, 46], polyethylene [8, 47, 48], PTFE [8, 9, 13,
49-51], and Zeonor [1, 5-7, 13], for example; in particular
some have reported that Zeonor has zero electroosmotic
mobility [5-7]. Schutzner and Kenndler [8] reported a
decrease in the electroosmotic mobility in PTFE capillaries
through subsequent experimental measurements, which is
consistent with the trends we have observed in TOPAS,
though those measurements were made under electroos-
motic flow conditions with an applied field magnitude of
6.3 V/cm. Our experiments have shown that this decrease
over time is likely to be the result of a physical phenomenon
at the fluid-solid interface, and not an artifact of the
measurement. By explicitly measuring the time dependence
of the decay with high resolution, we have shown that the
transient behavior is repeatable and predictable,
and have quantified the equilibration time to be on the
order of hours in TOPAS substrates. In addition to the
implications of these results for experimental {-potential
measurements, this is also important for placing
molecular dynamics simulations of water-hydrophobe
interfaces in context, as they typically run on very short
(< 15s) time-scales [17-24]. We discuss our observations in
each of our specific experiments further in the following
sections.

4.1 Time-resolved electrokinetic measurements in
pressure-driven flow

Electrokinetic transients have been studied in the context of
pH hysteresis in silica [52], and electroosmotic mobilities
have been reported to decrease over time in PTFE
microchannels [8]. However, to the authors’ knowledge, no
explicit measurements of the inferred (-potential as a
function of time with high temporal resolution have been
reported. Though the inferred {-potential in TOPAS varied
with time, the equilibrium value for {/pC (—16.1 mV)
is in good agreement with previously reported results
(—17.4+4.3 mV), where channels were equilibrated with
solution for 8h before testing [13]. The normalized
{-potential as a function of time was nearly identical for
both 1 and 10 mM phosphate buffer solutions (see Fig. 4D),
suggesting that the transient does not depend on the
solution ionic strength in this range. The standard deviation
across trials was higher for the 10mM experiments
(Fig. 4B), which is consistent with the reduced signal-to-
noise-ratio due to the smaller streaming potential magni-
tude associated with the higher conductivity solution and
the smaller {-potential. Furthermore, when we equilibrated
the TOPAS microchannels with solution for 5 h before time-
resolved measurements, the results were largely consistent
with the assertion that the decay is caused by exposure to
solution, not an artifact of the measurement. The equili-
brium value (—13.9 mV) was again in good agreement with
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previously reported results. This suggests that the transient
is related to a physical equilibration phenomenon at the
fluid-solid interface. Our value for {/pC in silica micro-
channels, —27.0mV, also agrees with those from experi-
ments found in the literature [34, 53-55], though its
magnitude is at the low end of the range of reported values
(Table 2) [34].

The long-time-scale decay observed here in TOPAS
microchannels and previously in PTFE microchannels [8] is
related to a slow equilibration process at the fluid-solid
interface, and this particular form of transient is likely to be
unique to hydrophobic surfaces, as similar transients were
not observed in silica microchannels. The effects of a slow
chemical reaction are not expected to be the cause of this,
since TOPAS is chemically inert, and such a reaction is not
consistent with our current monitoring data. Unexpected
behavior involving impurities in the TOPAS left over from
the manufacturing process is unlikely since (i) the observed
trends are repeatable and predictable, as evidenced by the
low standard deviation across measurements (see Fig. 4A,
shaded region) and agreement with previously published
results [13], (ii) no reactive impurities were found on similar
Zeonor substrates [1], and (iii) impurities cannot explain the
repeatability of {-potential measurements for a given mate-
rial across substrates fabricated by different manufacturing
processes [13]. Stabilization or equilibration of salt ions in
the double layer does not explain the data, as 1 and 10 mM
phosphate buffer solutions had transients with identical
time-scales.

Nanobubbles have been observed via AFM to form at
water—hydrophobe interfaces [28, 31, 56-59], but not at
hydrophilic interfaces, and since they are thermo-
dynamically unstable, they have a lifetime on the order of
hours [28-31], which is similar to the time-scale of the
transients observed in our experiments. The existence of gas
at the interface would affect the boundary condition for fluid
flow, and introduce apparent slip [15]. Since we infer the
C-potential from macroscopic fluid mechanical electro-
kinetics experiments, slip, if present, would lead to an
inflated apparent {-potential [16]. Thus nanobubbles are one
example of a physical phenomenon at the fluid-solid
interface, which is unique to hydrophobic surfaces that

Table 2. Comparison of (-potential measurements in silica
microchannels at pH 72

Measurement technique }% (mV)
This study, current monitoring —25.7
This study, streaming potential -21.0
Dickens et al. [55], capillary electrophoresis —29.0
Scales et al. [53], streaming potential -30.7
Kosmulski and Matijevic [54], particle electrophoresis —-32.2
Caslavska and Thormann [11], capillary electrophoresis —40.4
Schwer and Kenndler [62], capillary electrophoresis —52.2

a) Data are temperature corrected to 20°C, as reported in [34].
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equilibrate on a similar time-scale to our measured elec-
trokinetic transients.

4.2 Time-resolved electrokinetic measurements in
electroosmotic flow

In both the hydrophobic, TOPAS microchannels and the
hydrophilic, silica microchannels, the C-potential was
constant over time when flow was driven electroosmotically
by electric fields of 120 and 50 V/cm, respectively. The
{-potential measured for TOPAS in electroosmotic flow
matches the equilibrium {-potential value measured from
pressure-driven flow to within 14%, and with previously
published results to within 23% (The standard deviation in
that measurement was 25%) [13]. Our value for the
C-potential in silica inferred from electroosmotic flow,
—25.7mV, agrees with our pressure-driven flow result to
within 5%, and is at the low end of the distribution of data
found in the literature (Table 2) [34, 53-55].

There are several differences between the electroosmotic
flow and the pressure-driven flow experiments that may explain
the presence of a transient in only the latter case including:
(i) possible temperature changes due to Joule heating,
(i) differing shear stress at the fluid—solid interface due to the
difference in the flow profiles, and (iii) the presence of an
electric field. Temperature changes due to Joule heating
do not explain the transient, as there is no current in the
system during a streaming potential experiment, and any
current monitoring data in which there was evidence of Joule
heating was rejected. The shear stress at the fluid-solid inter-
face was nearly an order of magnitude higher in our electro-
osmotic flow experiments than it was in our pressure-driven
flow experiments. The shear in each of the two flow conditions
is given by

(o
v on wall

APR

— AL for pressure — driven flow

—2RTginh(-£5)  for electroosmotic flow
Fip IRT

(10)
where R is the channel radius, and the electroosmotic shear
is an approximation that assumes thin double layers and a
symmetric 1:1 electrolyte. In our experiments, the average
shear stress in pressure-driven flow was calculated to be
13 Pa, whereas in electroosmotic flow, it was 88 Pa. Either the
electric field or the increased shear stress at the wall may
cause a physical change to the fluid—solid interface that
disrupts the transient. If the transient is disrupted by an
initial change to the system caused by the application of an
electric field and the attendant electroosmotic flow, then it
should be possible to disrupt the transient in pressure-driven
flow by initially applying an electric field, and then measuring
the {-potential as a function of time via streaming potential.
We explored this further in another experiment.
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4.3 Effect of an applied electric field on transients in
pressure-driven flow

The transient observed in our pressure-driven flow experi-
ments was disrupted in this case by the initial application of
an electric field. The time-averaged (-potential is in excellent
agreement with the equilibrium value from our pressure-
driven flow experiments, differing by less than 2%. It is also
in good agreement with our previously reported results [13],
differing by less than 10%. The {-potential varied by only 5%
from the time average over the 10 h, and in contrast to our
simple pressure-driven flow experiment, the variation in this
case was not well described by an exponential decay,
indicating that it was essentially constant. The solution ionic
strength was the same in this experiment as it was in the
pressure-driven flow experiment (1 mM), and hence differ-
ing solution ionic strengths between experiments do not
explain the differences in transient electrokinetic behavior.
The shear stress during the 12 min of electroosmotic flow,
however, was an order of magnitude larger than it was
during the subsequent pressure-driven flow. During the time
the electric field was applied, the shear stress was calculated
from Eq. 10 to be 187 Pa. When the electric field was
switched off and the flow actuated via pressure, the shear
stress was 13 Pa, the same as it was in the pressure-driven
flow experiments. The constant {-potential observed in this
experiment demonstrates that an initial period of electro-
osmotic flow disrupts the transient, which is consistent with
our hypothesis that exposure to an electric field with the
attendant higher shear stress at the wall causes a physical
change at the fluid-solid interface that affects the electro-
kinetic properties of the system. Future experiments with
high-shear pressure-driven flow may allow for the shear and
electric field effects to be decoupled.

4.4 Solvent exchange experiment

In this set of experiments, we demonstrated that we can
induce transients in the electrokinetic response of a
hydrophobic microfluidic channel by replacing ethanol as
the solvent in the system for water. Since the solubility of air
is higher in ethanol than it is in an aqueous solution [60],
replacing ethanol with water is expected to result in the
evolution of gas, some of which is trapped at the fluid—solid
interface in the form of nanobubbles. The generation of
such nanobubbles after ethanol-water solvent exchanges
has been demonstrated on OTS—slicon surfaces via tapping
mode AFM microscopy [39]. Since the nanobubbles are
unstable and impact the chemical and fluid boundary
conditions for the system, the solvent exchanges are
expected to lead to observable changes in the electrokinetic
behavior of microfluidic systems.

During the aqueous cycles of the the solvent exchange
experiment in TOPAS, the equilibrium values for {/pC
(—14.5 and —15.8 mV) were essentially the same as those
observed in pressure-driven flow with no solvent exchanges
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(—16.1 mV, see Table 1), differing by less than 11% in both
cycles. They also match both the nearly constant {-potential
magnitude observed in electroosmotically driven flow
(—14.1 mV), as well as the value from previously published
results (—17.4 mV) [13]. As was the case in our pressure-
driven flow experiments, the transients during the aqueous
cycles here were well described by exponential decays with
time constants on the order of hours. As before, the tran-
sients are not likely to have been caused by a slow, reversible
chemical reaction with the substrate or with impurities,
since. TOPAS is non-reactive and the transients were
consistent across multiple trials (See Fig. 8A, where the
shaded region indicates variation across trials). Further-
more, the transients were regenerated after a second solvent
exchange, discounting the possibility of a permanent
chemical modification to the surfaces.

In the silica microchannels, the same transients were
not observed during the aqueous cycles. There was some
time dependence of the (-potential when the aqueous
solution was exchanged for ethanol, but in this case the
C-potential gradually changed from the aqueous value to the
ethanol value, which may be indicative of a period of time in
which there was a mixture of both solutions in the micro-
channel. The high standard deviation immediately following
the exchange from the aqueous solution to ethanol (shaded
region, Fig. 8B) also suggests that the fluctuation could be
due to experimental error. This is in sharp contrast to the
TOPAS microchannel, where upon changing from ethanol
to water, the (-potential magnitude initially increased by
67% over the equilibrium value, and the standard deviation
was nearly constant throughout the aqueous cycle. This
large increase cannot be explained by a simple transition
period involving a mixture of the two solvents. The constant
{-potential values measured during the aqueous cycles in
silica are in good agreement with data from our other
experiments and the data found in the literature (Table 2)
[34, 53-55]. Solvent exchanges led to transients in hydro-
phobic TOPAS microchannels, whereas in hydrophilic silica
microchannels, they did not.

Given the evidence for nanobubble formation on
hydrophobic surfaces after ethanol-water solvent exchanges
[39], a similar solvent exchange in our TOPAS microfluidic
system is also likely to generate nanobubbles at the fluid—
solid interface. The nanobubbles are thermodynamically
unstable [15, 28-31, 61] owing to their small size (~10 nm
in radius). The Young-Laplace pressure inside a bubble
10 nm in radius is on the order of 144 atm, and as such the
bubbles are expected to dissipate nearly instantaneously [13,
15, 61]. On a hydrophilic surface, any nanobubbles that form
do indeed dissipate instantaneously, as nanobubbles have
not been observed on hydrophilic surfaces [56], and we did
not observe any electrokinetic transients in hydrophilic,
silica microchannels. In a hydrophobic system, on the other
hand, nanobubbles have been shown to have longer than
expected lifetimes (on the order of hours) [28-31], due to a
reduction in total free energy afforded by low surface
tension between the gas and the hydrophobic surface. The
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existence of nanobubbles on the surface introduces a local
slip boundary condition due to the presence of a low visc-
osity gas layer near the surface. In a simple 1-D approx-
imation, the slip length, b, is given by

b:h(g—;—l) (11)

where h is the height of the nanobubble, n; is the viscosity
of the liquid phase, and nj is the viscosity of the gas phase
[15]. For a bubble 10 nm in height, Eq. 11 gives a slip length
of 0.55pum. Slip leads to an increase in the apparent
C-potential, {,, given by the following expression in the
Debye—Hiickel, thin double layer limit [16].

L=t(145) (12)

Equation 12 predicts that in a 1 mM phosphate buffer
solution, slip due to nanobubbles can lead to an apparent
C-potential that is a factor of 57 larger than the actual
C-potential. It should be noted, however, that nanobubbles
are not expected to cover the entire surface, and there is
recirculating flow within the nanobubbles [16], and hence
Eq. 11 overestimates the slip length. In this experiment, the
{-potential after solvent exchange was only 1.5 times larger
than the equilibrium value. It is expected that nanobubble
dissolution over time leads to a reduction in the effective
macroscopic slip length, leading to a decay in apparent
C-potential. Thus, the lifetime of nanobubbles in a hydro-
phobic, TOPAS microfluidic system after ethanol-water
solvent exchanges is expected to coincide with the time-scale
of our observed electrokinetic transients. Further experi-
ments involving direct observation of nanobubble popula-
tions as a function of time with AFM are necessary in order
to explore this link further.

5 Concluding remarks

We have demonstrated that the electrokinetic properties of
hydrophobic, TOPAS microfluidic substrates depend on the
time history of the fluid—solid interface. In flow driven by a
20.2 kPa/cm pressure gradient, there is an initial transient
where the inferred (-potential is initially high in magnitude
immediately following formation of the interface, and it
ultimately decays to an equilibrium value. Such a transient
is not present in hydrophilic, silica microchannels. This
decay is a function of time elapsed after interface formation
and not experimental measurement time. This indicates
that the transient is related to a physical phenomenon
at the interface, and that the equilibrium is only a function
of time, and not the measurement parameters or apparatus.
There is no transient in either TOPAS or silica under
electroosmotic flow. However, if a TOPAS microchannel is
exposed to an initial short period of electroosmotic
flow prior to a pressure-driven flow, the inferred {-potential
is constant in time. The initial application of an electric
field results in a rapid equilibration of the interface,
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disrupting the transient. Furthermore, we have shown
that we can generate similar transients in TOPAS micro-
channels by replacing ethanol as the solvent in the
system with water. A similar solvent exchange does not
result in transients in hydrophilic, silica substrates. These
transients are also likely caused by a physical equilibration
phenomenon at the interface, but are not caused by a
permanent chemical change, since they can be induced
repeatedly by subsequent solvent cycling between water and
ethanol. It is also unlikely that slow, reversible chemical
reactions can explain these transients, since the TOPAS
substrate is chemically inert.

Future work will focus on quantifying the possible link
between nanobubbles and macroscopically observable elec-
trokinetic phenomena via AFM, and investigating other
methods for generating nanobubbles, such as temperature
and pressure cycling.

Understanding these transient phenomena is critical for
both electrokinetic characterization of hydrophobic micro-
fluidic substrates, and for the design and operation of
microfluidic devices fabricated from hydrophobic substrates.
The C-potential measurements taken when the fluid—solid
interface has not reached equilibrium may be inflated and
therefore misleading. Furthermore, since many devices rely
on solvent cycling, temperature cycling, and changing flow
conditions, transient electrokinetic properties induced by
fluctuating interfacial conditions may lead to an unexpected
behavior.
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