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Abstract
The use of surfactant mixtures to affect both electroosmotic flow (EOF) and separation selectivity
in electrophoresis with poly(dimethylsiloxane) (PDMS) substrates is reported, and capacitively
coupled contactless conductivity detection (C4D) is introduced for EOF measurement on PDMS
microchips. First, the EOF was measured for two nonionic surfactants (Tween 20 and Triton
X-100), mixed ionic/nonionic surfactant systems (SDS/Tween 20 and SDS/Triton X-100), and
finally for the first time, mixed zwitterionic/nonionic surfactant systems (TDAPS/Tween 20 and
TDAPS/Triton X-100). EOF for the nonionic surfactants decreased with increasing surfactant
concentration. The addition of SDS or TDAPS to a nonionic surfactant increased EOF. After
establishing the EOF behavior, the separation of model catecholamines was explored to show the
impact on separations. Similar analyte resolution with greater peak heights was achieved with
mixed surfactant systems containing Tween 20 and TDAPS relative to the single surfactant
system. Finally, the detection of catecholamine release from PC12 cells by stimulation with 80
mM K+ was performed to demonstrate the usefulness of mixed surfactant systems to provide
resolution of biological compounds in complex samples.
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1 Introduction
Microchip capillary electrophoresis (MCE) has been established as an important sub-section
of traditional capillary electrophoresis and has found widespread use in academic
laboratories and more recently in commercial products [1–3]. While MCE provides fast
separations, the short separation channels make resolving multiple compounds challenging.
Our group has explored a number of methods to improve separations [4–9], including the
use of mixed surfactant micelles that both expand the ability to control electroosmotic flow
(EOF) and enhance resolution [10]. Here, combinations of ionic, zwitterionic, and nonionic
surfactants are explored as new tools to achieve better microchip electrophoretic separations.

Because of the importance of EOF in capillary electrophoresis [11, 12], accurate and precise
methods for its measurement are useful. Many EOF measurement methods have been
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reported for CE and MCE, including neutral marker, fluorescent marker, weight
measurement, current monitoring and conductivity methods [13]. The current monitoring
method is most commonly used and measures the electrophoretic current change as an
electrolyte of different conductivity fills the capillary. The time required to reach a steady-
state separation current is used to calculate EOF. Reported precision for EOF measured by
this method range between 5% and 15% [14–17]. Based on a similar measurement principle,
conductivity detection monitors the change in bulk solution conductivity between two
electrodes when an analyte band passes through the electrode gap [18]. More reproducible
EOF measurements (relative standard deviation (RSD) 1.9%) were reported using this
method than the current monitoring method (RSD 5.9%) [19]. As an alternative to direct
conductivity monitoring, capacitively coupled contactless conductivity detection (C4D) can
be used [20, 21]. C4D is attractive because the detection electrodes are isolated from the
electric field and can be located anywhere along the separation capillary [22]. The coupling
of C4D on microfluidic systems has led to a large range of applications, including
bioanalytical assays, on-chip enzymatic reactions, food analysis, and determinations of
explosives, and chemical warfare agents [3, 23, 24]. In 2003, do Lago et al. demonstrated
EOF measurements by coupling C4D with polyester-toner (PT) devices [25]. In this paper,
simultaneous EOF measurements using both C4D and current monitoring methods were
performed on poly(dimethylsiloxane) (PDMS) microchips and the comparison between
these two methods discussed.

Permanent [23, 24], adsorbed/permanent [25–27], and adsorbed/dynamic coatings [28, 29]
are commonly used for surface modification to control EOF in electrophoresis and have
been discussed in several review papers [24, 28–30]. Adsorbed/dynamic coatings rely on the
equilibrium between the solution-phase modifier and the surface, modifying the zeta
potential [11, 12] and therefore the EOF. Applications of anionic [16, 31], cationic [32–34],
and zwitterionic surfactants [35–37] in dynamic coatings have been published previously.
Nonionic surfactants, such as polyoxyethylene ether (Brij 35), polyoxyethylene (20) sorbitan
monolaurate (Tween 20), polyoxyethylene octyl phenyl ether (Triton X-100), have primarily
been used for reducing analyte-wall interactions, since they create a hydrophilic, nonionic
coating that is highly effective at minimizing adsorption [38]. Successful applications of
these nonionic surfactants to suppress EOF and minimize surface adsorption of
biomolecules in CE and microfluidic system have been reported [39–42].

Mixed surfactant systems represent an interesting alternative to single surfactant systems for
both EOF control and alternative separation chemistry. For example, mixtures of
zwitterionic and cationic surfactants were used to modify the EOF from nearly zero to
−5×10−4 cm2 V−1 s−1 by Lucy’s group [43]. This ability to control EOF was employed to
fine-tune the separation of inorganic anions [43] and to separate ammonium isotopes
through EOF counterbalance [44]. In another example, mixed cationic/anionic (CTAB/SDS)
surfactants demonstrated enhanced EOF stability relative to CTAB alone for separation of
basic proteins [45]. The separation of proteins on PDMS-coated fused silica capillaries and
glass microchips was achieved using a mixture of charged surfactants and nonionic Brij 35
to control EOF [46]. Furthermore, mixed zwitterionic (N-tetradecyl-N,N-dimethyl-3-
ammonio-1-propane sulfonate (TDAPS)) and nonionic (Tween 20) surfactants were used for
the direct determination of bromide and nitrate in undiluted seawater [47]. Despite these
advances, the application of mixed surfactants systems for surface modification on
polymeric microdevices has been limited. Guan et al. recently explored the electrophoretic
separation and electrochemical detection of model catecholamines in buffer and reduced
glutathione (GSH) in red blood cell lysate in PDMS microchips using a mixture of ionic/
zwitterionic surfactants (SDS/TDAPS) [10]. The mixed surfactant system provided shorter
analysis times and/or improved resolution when compared to the single surfactant systems.
Hoeman and Culbertson used a mixture of zwitterionic stationary phases to separate
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fluorescently labeled amino acids as an effort to reduce the need for organic solvents for this
separation [48].

Here, the use of mixed surfactant systems consisting of a non-ionic surfactant mixed with
either an anionic or zwitterionic surfactant to control EOF and modify separation selectivity
in PDMS microchips is reported. C4D is introduced as an alternative to the current
monitoring method for EOF measurements. EOF measurements as a function of surfactant
concentration were made for nonionic Tween 20 and Triton X-100 and combinations of
these surfactants with anionic SDS or zwitterionic TDAPS. Next, separation and
electrochemical detection of model analytes were explored using the mixed surfactant
systems. The detection of catecholamine release from PC12 cells by stimulation with 80
mM K+ was used to demonstrate the utility of mixed surfactant systems to provide
resolution of biological compounds in complex samples.

2 Material and methods
2.1 Reagents and solutions

Reagents used for fabrication of microchips include SU-8 2035 photoresist (Microchem,
Newton, MA), Sylgard 184 elastomer and curing agent (PDMS) (Dow Corning, Midland,
MI), 4-in. silicon wafers (University Wafer, South Boston, MA), and microwires made of
99.99% Pd (25 µm) and 99.99% Au (25 µm) (Goodfellow, Huntingdon, England). Aqueous
solutions were prepared in 18.2 MΩ*cm water from a Millipore Milli-Q purification system
(Milipore Corp., Billerica, MA). The BGEs were prepared by weighing the desired amount
of N-tris[hydroxymethyl]methyl-2-aminoethanesulfonic acid (TES; Sigma-Aldrich, St.
Louis, MO) or boric acid (Fisher, Pittsburgh, PA) and adjusting the pH with 2 M NaOH
(Fisher). Following pH adjustment, surfactant was added to the BGE to the desired
concentration. SDS (Aldrich, Milwaukee, WI, USA), TDAPS (Fluka, Buchs, Switzerland),
Tween 20 (Sigma-Aldrich), and Triton X-100 (FisherBiotech, Fair Lawn, New Jersey) were
selected for the present study (structures are shown in Fig. S1). 10-mM stock solutions of
dopamine (DA), Norepinephrine (NE), Epinephrine (E), 3,4-dihydroxy-L-phenylalanine (L-
DOPA), and catechol (CA) (Sigma-Aldrich) were prepared daily in 10 mM HCl. Samples
were prepared by dilution of the stock with BGE. All chemicals were used as received
without further purification. Sample preparation and analysis of Rat PC12 cells is shown in
supporting information section.

2.2 Fabrication of the PDMS microchip
Depending on the experiment, two different PDMS microchips were fabricated using
previously described methods [49, 50]. EOF measurements were performed in single
straight channels (50 µm × 50 µm × 4.7 cm) using both current monitoring [14] and C4D
methods. For experiments involving separation and electrochemical detection, a previously
reported design consisting of a straight T injector and a bubble cell with its width 4× that of
the separation channel width in the detection zone [51] was used and had channel width and
depth of 50 µm, respectively. This design had sample and buffer channel lengths of 2.0 cm,
a sample waste channel length of 4.0 cm, and a separation channel length of 10.0 cm. A Pd
decoupler and Au working electrode (WE) were placed in the bubble cell using electrode
alignment channels [52]. Each electrode channel was 50 µm wide and separated by 125 µm
(center-to-center).

2.3 Instrumentation
A 3-channel (two positives and one negative) laboratory built high-voltage power supply
was used for all the experiments involving an injection/separation step [53]. A 10-s
hydrodynamic injection [54] was used for the separation of DA, NE, E, CA, and L-DOPA.
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The Pd decoupler and the sample waste reservoir were always held at ground to isolate the
potentiostat from high voltage. During hydrodynamic injections, both sample and buffer
reservoirs were grounded. Sample introduction was achieved by filling the sample reservoir
with 80 µL of sample solution and the remaining reservoirs were filled with 50 µL of buffer
solution. The separation was performed by applying positive potentials of 2200 V and 1850
V in the sample and buffer reservoirs, respectively, resulting in a field strength of 150 V
cm−1 in the 10.0-cm long separation channel. Amperometric detection of DA, NE, E, CA,
and L-DOPA was performed using a CHI 1010A Electrochemical Analyzer (CH
Instruments, Austin, TX) in a two-electrode configuration. The Pd decoupler was held at
ground at all times to protect detection electronics from high voltage. A gold wire (25-µm
diameter) was used as the working electrode and the corresponding detection potential was
optimized for each compound. A platinum wire (1-mm diameter) in the waste reservoir
acted as a counter electrode.

2.4 EOF measurements
EOF measurements were performed using both current monitoring [14] and C4D methods
simultaneously. The microchip with a single straight channel connected by two reservoirs (5
mm in diameter) was held in close contact with the commercial C4D microfluidic platform
(eDAQ, Australia) by spring screws and the detection point was located at the center
position between two detection electrodes on the platform (Fig. S2). An excitation frequency
of 550 kHz and a amplitude of 60 Vpp were used. C4D detection was done in the microchip
channel 2.0 cm from one BGE reservoir. For EOF measurements, the first reservoir and the
channel were filled with higher concentration BGE (typically 20 mM BGE) and the second
reservoir was filled with lower concentration BGE. The specific BGEs used in EOF
measurements are discussed below. The separation current and conductivity signal were
measured simultaneously using an analog to digital convertor controlled by PowerChrom
software (eDAQ, Australia). The time required to reach a current plateau was used to
calculate EOF for the current monitoring method. The time to the inflection point (mid point
between the maximum and minimum of the transition region) of the conductivity trace was
used to calculate EOF for the C4D method. Please see supporting information for the
calculation equations for both measurement methods. All values are reported as the average
from four microchips, with six replicates performed on each microchip. Reported
uncertainties are the standard deviations obtained from the total of 24 measurements taken
from four microchips.

3 Results and discussion
3.1 EOF measurements by C4D and current monitoring methods

Example traces for current/conductivity signals for EOF measurements obtained
simultaneously from the C4D and current monitoring methods are shown in Fig. 1. The
current monitoring method measures the average conductivity along the channel and gives a
gradual decrease in the current until a current plateau is reached, indicating total
replacement of BGE in the channel. The C4D measures conductivity at a point along the
channel, and thus there is a sudden decrease in conductivity when the lower ionic strength
BGE reaches detection electrodes. To compare the two methods, the EOF reproducibility
using 20 mM TES buffer (pH 7.0) combined with 5, 10, and 18 mM TES buffer (pH 7.0) as
the high and low ionic strength BGEs, respectively, was established. While the two methods
give statistically indistinguishable EOF values, the reproducibility of the C4D method is
superior to that of the current monitoring method as evidenced by the relative standard
deviations. The current monitoring method gave a relative standard deviation of 1.89%,
while the C4D detector had a relative standard deviation of 1.41%, when using 20 and 18
mM TES BGEs. As the difference in ionic strength between the BGEs increased (resulting
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in the net ionic strength decreasing), the EOF increased slightly (from 4.52 ± 0.09 ·104 cm2

V−1s−1 when using 20 and 18 mM TES to 4.65 ± 0.31 ·104 cm2 V−1s−1 when using 20 and 5
mM TES BGEs), while the standard deviation increased significantly when using 20 and 5
mM TES BGEs. These results indicate that more precise EOF measurements can be made
using BGEs with smaller differences in ionic strength in accordance with previous reports
[55] and with the use of C4D. Based on these results, 20 mM and 18 mM BGEs (TES buffer
at pH 7.0 or boric acid buffer at pH 9.2) were used for all remaining EOF measurements.

3.2 Effect surfactant concentration on EOF
3.2.1 Single nonionic surfactant system—Modification of PDMS surface chemistry
using nonionic surfactants has been reported by several groups who have suggested that this
surfactant class interacts with the surface through their hydrophobic tails, creating an
uncharged hydrophilic surface that minimizes protein adsorption and reduces EOF [39, 40].
Here, two nonionic surfactants, Tween 20 (CMC: 0.08 mM in pure water [41]) and Triton
X-100 (CMC: 0.24 mM in pure water [56]), were studied. Measurement of EOF in boric
acid buffer (pH 9.2) was performed using both C4D and current monitoring methods, and
the results are shown in Fig. 2. The EOF decreased with increasing surfactant concentration,
most likely as the result of the hydrophobic tail of the nonionic surfactant interacting with
the PDMS reducing the apparent surface charge. As an example, Fig. 2 shows EOF
deceasing for Tween 20, from 4.30 ± 0.08 ·10−4 cm2 V−1 s−1 at 0 mM to 1.34 ± 0.04 ·10−4

cm2 V−1 s−1 at 5 mM. The results are also in agreement with previous work presented by
Chen’s group [39]. The increasing buffer viscosity in the presence of nonionic surfactants
will also play a role in this behavior but is expected to be minimal relative to changes in
surface charge. Similar results were found for Triton X-100, although the net change in EOF
was smaller (4.22 ± 0.13 to 2.05 ± 0.16 ·10−4 cm2 V−1 s−1) than Tween 20. The reason for
the difference in final EOF values is not known at this time but is most likely the result of
differences in surfactant packing density on the PDMS surface.

3.2.2 Mixed anionic/nonionic surfactant systems—Several groups have reported
surface modification using mixed surfactant systems for CE. The combination of neutral and
charged surfactants together provides a better means to fine tune the EOF on bare silica than
individual surfactants, resulting in a larger functional mobility window [57, 58].
Additionally, by employing a mixture of charged surfactants and the nonionic surfactant,
Brij 35, on PDMS-coated fused silica capillaries and glass microchips, improved control of
the EOF across a larger functional mobility window was achieved for protein separations
[46]. Here, mixtures of ionic (SDS) and nonionic surfactants (Tween 20 or Triton X-100)
were investigated. EOF was measured using C4D at 0 to 20 mM SDS (CMC: 8.1 to 8.4 mM
in pure water [62]) concentrations while the concentration of Tween 20 was fixed at 0.1
mM, 0.5 mM, 1.0 mM, or 5.0 mM in 20 mM boric acid buffer (pH 9.2) (Fig. 3A). In the
absence of SDS, the EOF values measured for varying concentrations of Tween 20 matched
the values shown in Fig. 2. The addition of SDS dominated the EOF behavior for all Tween
20 concentrations with only small differences in EOF obtained as a function of Tween 20
concentration [10]. For example, an EOF value of 5.79 ± 0.16 ·10−4 cm2 V−1 s−1 was
measured using a mixture of 3.0 mM SDS and 1.0 mM Tween 20, which is almost three-fold
higher than that using 1.0 mM Tween 20 alone (1.39 ± 0.03 ·10−4 cm2 V−1 s−1). The SDS/
Tween 20 ratio was also plotted to show the relative effect (Fig. S3A). A similar EOF trend
but a smaller net change in EOF was observed for mixed SDS/Triton X-100 system (2.12 ±
0.07 to 6.49 ± 0.23 ·10−4 cm2 V−1 s−1) than for mixed SDS/Tween 20 systems (1.38 ± 0.06
to 6.51 ± 0.22 ·10−4 cm2 V−1 s−1) as shown in Fig. 3B and S3B. The fact that the final EOF
in both mixtures was not statistically different confirms the dominant role of SDS in this
system. These results are in agreement with the EOF behaviors shown in the mixed SDS/
Brij 35 surfactant system in previous work presented by Harrison’s group [46].
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3.2.3 Mixed zwitterionic/nonionic surfactant systems—Zwitterionic surfactants
represent an interesting alternative for surface modification in polymeric microchips as well
as for alternative agents for micellar electrokinetic chromatography (MEKC). Our previous
work explored the EOF for TDAPS (CMC: 0.1 to 0.4 mM at 20 to 25 °C in pure water [63])
and mixed SDS/TDAPS surfactant systems on PDMS and showed the mixed surfactant
system yielded shorter analysis times and/or improved resolution when compared to the
single surfactant [10]. Mixtures of TDAPS and Tween 20 have been employed for the direct
determination of bromide and nitrate in undiluted seawater in CE [47]. Here, we measured
the concentration effect of mixtures of zwitterionic surfactant TDAPS with Tween 20 and
Triton X-100 on EOF. EOF measurements were performed using C4D at 0 to 4 mM TDAPS
concentrations while the concentration of Tween 20 was fixed at 0.1 mM, 0.5 mM, 1 mM, or
5 mM in 20 mM boric acid buffer (pH 9.2) shown in Fig. 4A. In the absence of TDAPS, the
EOF values measured for varying concentrations of Tween 20 were consistent with those
obtained in pure Tween 20 system. The addition of TDAPS caused an increase in EOF for
all four Tween 20 concentrations. For an example, EOF values in the mixture of 0.5 mM
TDAPS/2 mM Tween 20 and 4 mM TDAPS/2 mM Tween 20 are 3.85 ± 0.12 ·10−4 and 4.05
± 0.13 ·10−4 cm2 V−1 s−1, which are approximately two-fold higher than 1.36 ± 0.04 ·10−4

cm2 V−1 s−1 obtained using 2.0 mM Tween 20 alone. The overall EOF magnitude was
dependent on the Tween 20 concentration, with 0.1 mM Tween 20 giving the highest
average EOF, and 5 mM giving the lowest. One hypothesis to explain the EOF behavior of
the mixed Tween 20/TDAPS system is that Tween 20 reduces the PDMS surface charge,
decreasing the EOF, whereas the adsorption of TDAPS onto the surface exposes the
outermost anionic sulfonate group to form a thicker cationic double layer, a larger zeta
potential and thus higher EOF. A second hypothesis is that anions from the BGE (TES)
adsorb to the surfactant coated surface causing a larger zeta potential and thus higher EOF.
This hypothesis is supported by the work of Baryla and Lucy [59]. The same experiments
were performed for the mixed Triton X-100/TDAPS system, and similar EOF behavior with
a smaller EOF change (2.03 ± 0.08 to 4.30 ± 0.13 ·10−4 cm2 V−1 s−1) (Fig.4B) was observed
when compared to mixed Tween 20/TDAPS system (1.37 ± 0.07 to 4.66 ± 0.15 ·10−4 cm2

V−1 s−1). These results show that mixtures of zwitterionic/nonionic surfactants give a higher
EOF than nonionic surfactant alone and thus provide a larger EOF working range relative to
single surfactant systems. The nonionic surfactant/TDAPS ratios were also plotted in the
supporting information to show the relative effect (Fig. S4A and S4B). Finally, EOF
measurements were made for the same mixtures using pH 7.0 TES (20 mM) as the BGE
since these conditions are common for separation of catecholamines (Figure S5 and S6). The
resulting EOF values align very closely with the values measured at pH 9.2. The combined
results show that a desired EOF can be achieved in the operating range provided by the
surfactants by adjusting the surfactant ratio. This should provide a better control of EOF
than is presently possible with single surfactant systems.

3.3 Separation applications using mixed nonionic/zwitterionic surfactant systems
After establishing EOF behavior, the use of zwitterionic/nonionic surfactant systems was
demonstrated for the separation of DA, NE, E, and their metabolic precursors L-DOPA and
CA. Separations of 20 µM DA, NE, E and 40 µM CA and L-DOPA in 20 mM pH 7.0 TES
buffer with various surfactant concentrations were performed (Fig. 5). The combination of
0.5 mM Tween 20 and 0.5 mM TDAPS gave the longest migration times, while the mixture
of 5 µM SDS and 2 mM TDAPS gave the shortest separation times. As the TDAPS/Tween
20 ratio increases, the migration times of DA, NE and E became faster, in agreement with
the EOF trend shown in Fig. 4. This result suggests that electrophoretic mobility as opposed
to micelle interactions is the dominant forces dictating migration time for this set of
analytes. However, CA and L-DOPA co-migrated in BGEs without surfactant or BGEs
containing TDAPS/Tween 20 mixtures with low TDAPS concentration (0.5 mM). A
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baseline separation was obtained for CA and L-DOPA when using TDAPS alone or mixed
surfactant systems containing TDAPS concentrations ≥2 mM. Here, the EOF without
surfactant was very similar to that in the BGE with 2 mM TDAPS/0.5 mM Tween 20
mixture as evidenced by the similarity of migration times for DA, NE and E. As the
concentration of TDAPS increased from 2 to 4 mM in the presence of 0.5 mM Tween 20,
however, the migration times for CA and L-DOPA increased, as did the separation between
NE and CA peaks. The slower CA and L-DOPA migration can be attributed to interactions
between these two analytes and micelles formed from the surfactant mixture. Furthermore,
the resolution between CA and L-DOPA also increased ((2 mM TDAPS/0.5 mM Tween 20:
1.29 ± 0.07, 4 mM TDAPS/0.5 mM Tween 20: 1.46 ± 0.08). Determining the exact nature
of the interaction and the compositions of the micelles are beyond the scope of the current
work, however, some insight can be gained from prior work on mixed micelles. First, the
increase in migration time for both CA and L-DOPA suggest an apparent negative charge to
the micelle that would result from surface exposed sulfonate groups on TDAPS. The
negative charge hypothesis is supported by the fact that both CA and L-DOPA, which are
neutral at pH 7.0, migrate slower than the electroosmotic flow based on their co-migration in
the surfactant free electropherogram of Fig. 5. Second, prior work on the separation of
cationic amines using mixtures of SDS and Tween 20 showed that increases in the Tween
concentration relative to the SDS reduced the overall interaction [60]. In the results shown
here, it is reasonable to conclude based on this prior work that Tween 20 moderates the
interaction between the analytes and TDAPS and thus increasing the TDAPS concentrations
results in greater retention by the micelles. The source of the negative charge on the micelle
is most likely the result of partitioning of the BGE anion (TES in this case) into the micelle.
An alternative explanation for the retention is that the Tween 20 and TDAPS form a surface
coating and the resolution is based on interactions between the surface bound surfactants and
the mobile phase analytes.

The resolution between analytes for all surfactant systems was compared (Fig. S7). The
mixture of 0.5 mM TDAPS and 0.5 mM Tween 20 gave the highest resolution of 1.27 ±
0.07 and 1.10 ± 0.05 (n = 3) for DA/NE and NE/E, respectively, due to the slow EOF in this
surfactant system. Unfortunately, CA and L-DOPA co-migrated in this BGE. The highest
resolution where all compounds were partially resolved (DA/NE: 1.18 ± 0.05, NE/E: 0.98 ±
0.05, and CA/L-DOPA: 2.34 ± 0.09, n = 3) was obtained for the BGE containing only 2 mM
TDAPS. However, the resolution (DA/NE: 1.08 ± 0.06, NE/E: 0.94 ± 0.05, and CA/L-
DOPA: 1.46 ± 0.08, n = 3) obtained for the BGE with 4 mM TDAPS/0.5 mM Tween 20
mixture was not statistically different from the 0.5 mM TDAPS/0.5 mM Tween BGE but
provided significantly higher peaks as shown in the Fig.5.

The 4 umM TDAPS/0.5 mM Tween 20 BGE gave peak heights of 1.28 ± 0.11 nA for DA,
1.17 ± 0.12 nA for NE, 1.33 ± 0.12 nA for E, 0.66 ± 0.05 nA for CA, and 1.21± 0.13 nA for
L-DOPA (n = 3), while the mixed 0.5 mM Tween 20/0.5 mM TDAPS surfactants gave the
significantly lower peak heights (DA: 0.66 ± 0.06 nA, NE: 0.54 ± 0.06 nA, E: 0.57 ± 0.05
nA, CA and L-DOPA: 0.31± 0.03 nA, n = 3). Differences in peak height are unlikely to be
the result of differences in injection volume because hydrodynamic injection was used and
the solution viscosities are all similar. The exact mechanism is not clear at this point,
however, it may be the result of enhanced solubility of the oxidized products in the 4.0 mM
TDAPS/0.5 mM Tween 20 BGE. Prior work has shown similar results with pure alkyl
sulfate BGEs [61]. Considering both peak height and analyte resolution the BGE composed
of 4 mM TDAPS and 0.5 mM Tween 20 was chosen for analysis of catecholamines released
from PC12 cells. The separation efficiencies for 20 µM DA, NE, E and 40 µM CA and L-
DOPA under this separation condition were corresponding to 18200 ± 850, 13900 ± 750,
22300 ± 1200, 16000 ± 950, and 14100 ± 1100 plates. The LODs using this mixed
surfactant system were 1.5 ± 0.1 µM, 1.5 ± 0.1 µM, 1.2 ± 0.1 µM, 3.5 ± 0.3 µM, and 2.5 ±
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0.2 µM (n = 3) for DA, NE, E, CA and L-DOPA, respectively. Additional reductions in the
concentration detection limit could be achieved by increasing the injection time, adjusting
the channel dimensions, and/or application of sample stacking techniques.

3.4. Catecholamine release from PC12 cells by stimulation with 80 mM K+

Due to their role in the brain, neurotransmitters (catecholamines: DA, NE, and E) are of
considerable interest [62]. PC12 cells have been used as a model for the developing
sympathetic nerve since this clone cell line exhibits many of the physiological properties of
sympathetic ganglion neurons [63, 64]. The NE/DA ratio in PC12 cells varies from 0.003 to
0.53, with no detectable level of E [65, 66]. Electropherograms of catecholamine release
from a PC12 cell population by stimulation with 80 mM K+ as well as the same sample
spiked with standards using a BGE composed of 0.5 mM Tween 20 and 4 mM TDAPS are
shown in Fig. 6. The only detectable catecholamine released from these PC12 cells is DA
according to its migration time and the increased peak height observed on addition of
standards. The analyte concentration was determined to be 4.96 ± 0.25 µM (n = 3) in 2×-
diluted sample, corresponding to 9.92 ± 0.53 µM (64.42 ± 3.41 pM/cell) DA released in the
supernatant from the PC12 cells (1.54 × 105 cells). The recovery of DA from spiking with
standards is 96.3 ± 5.4%. Ewing’s group reported that PC12 cell vesicles contain an average
catecholamine concentration of 110 mM and release just 0.06% of this concentration, or 67
µM (190 zmol/vesicles), during exocytotic events [67, 68]. Another publication by Martin’s
group indicated that 20–160 µM DA (153–1230 pM/cell) following calcium stimulation was
released from PC12 cells [69]. While the amount of catecholamine detected here is lower
than previously published, it was in agreement with results (58.3 pM/cell [70]) for carbon
paste electrodes modified with multi-walled carbon nanotubes.

4 Concluding remarks
The use of mixed ionic/nonionic or nonionic/zwitterionic surfactants on PDMS microchips
to control EOF and alter separations was reported. C4D was introduced for EOF
measurements and provided improved measurement reproducibility relative to the current
monitoring method. EOF measurements as a function of the surfactant concentration were
performed simultaneously using both methods for two nonionic surfactants (Tween 20 and
Triton X-100), mixed ionic/nonionic surfactant systems (SDS/Tween 20 and SDS/Triton
X-100), and mixed zwitterionic/nonionic surfactant systems (TDAPS/Tween 20 and
TDAPS/Triton X-100). Nonionic surfactants showed a decrease in EOF as the surfactant
concentration increased. Using mixed surfactants, higher EOF values and a wider tunable
EOF range was obtained as compared to BGEs containing a single nonionic surfactant.
Separation and electrochemical detection of model analytes was also explored using
surfactant mixtures. Analyte resolution was maintained and peak height was increased in
mixed surfactant BGEs containing the nonionic surfactant relative to the single surfactant
system. Finally, using a BGE composed of 0.5 mM Tween 20 and 4 mM TDAPS, the
catecholamine released from PC12 cells by stimulation with 80 mM K+ was determined as
DA at a concentration of 64.42 ± 3.41 pM/cell, with a recovery of 96.3 ± 5.4%. This result
demonstrates the usefulness of mixed surfactant systems to provide resolution of biological
compounds in complex samples.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CA catechol

C4D Capactively coupled contactless conductivity detection

DA dopamine

E epinephrine

ECD electrochemical detection

L-DOPA 3, 4-dihydroxy-L-phenylalanine

NE norepinephrine

PAD pulsed amperometric detection

PC12 rat pheochromocytoma

RBC red blood cell

TES N-tris[hydroxymethyl]methyl-2-aminoethanesulfonic acid

TDAPS N-tetradecyl-N,N-dimethyl-3-ammonio-1-propansulfonate

Triton X-100 polyoxyethylene octyl phenyl ether

Tween 20 polyoxyethylene (20) sorbitan monolaurate
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Figure 1.
EOF measurements using both current monitoring and C4D methods. The mark* denotes the
time point at which the polarity is reversed. Field strength: 200 V/cm; BGEs: 20 mM and 18
mM TES buffer, pH 7.0.
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Figure 2.
EOF as a function of concentration for Tween 20 and Triton X-100 in boric acid buffer (20
mM and 18 mM) at pH 9.2.
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Figure 3.
EOF as a function of SDS concentration using (A) Tween 20 and (B) Triton X-100 in boric
acid buffer (20 mM and 18 mM) at pH 9.2.
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Figure 4.
EOF as a function of TDAPS concentration using (A) Tween 20 and (B) Triton X-100 in
boric acid buffer (20 mM and 18 mM) at pH 9.2.
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Figure 5.
Example electropherograms for 20 µM DA, NE, E and 40 µM CA and L-DOPA in 20 mM
TES buffer at pH 7.0 as a function of surfactant composition. Field strength: 150 V/cm; 10-s
hydrodynamic injection; Detection: DC Amp, Edet = 1.2 V.
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Figure 6.
Electropherograms of catecholamine release from PC12 cells by stimulation with 80 mM K+

in 2× diluted sample and with the standard solution containing 5 µM DA, NE, E and 10 µM
CA and L-DOPA. BGE: 20 mM TES, 0.5 mM Tween 20, 4 mM TDAPS, pH 7.0; Field
strength: 150 V/cm; 10-s Hydrodynamic injection; Detection: DC Amp., Edet = 1.2 V.
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