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Abstract

This paper compares the analytical performance of microchannels fabricated in PDMS, glass, and
polyester-toner for electrophoretic separations. Glass and PDMS chips were fabricated using well-
established photolithographic and replica-molding procedures, respectively. PDMS channels were
sealed against three different types of materials: native PDMS, plasma-oxidized PDMS, and glass.
Polyester-toner chips were micromachined by a direct-printing process using an office laser printer.
All microchannels were fabricated with similar dimensions according to the limitations of the direct-
printing process (width/depth 150 um/12 pm). LIF was employed for detection to rule out any losses
in separation efficiency due to the detector configuration. Two fluorescent dyes, coumarin and
fluorescein, were used as model analytes. Devices were evaluated for the following parameters
related to electrophoretic separations: EOF, heat dissipation, injection reproducibility, separation
efficiency, and adsorption to channel wall.
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1 Introduction

Miniaturized electrophoresis devices have become a powerful analytical tool in separation
science. These microdevices have many advantages over conventional CE instrumentation,
including reduced sample/buffer consumption, faster analysis times, higher sample throughput,
and greater separation efficiency [1,2]. Compared with conventional CE, lower voltages are
required for microchip electrophoresis due to the shorter channels that are commonly employed
for the separation. This makes it possible to utilize smaller power supplies [1-3], leading to the
possibility of truly portable microanalysis systems. Microchip devices have been fabricated in
a wide variety of substrate materials using both standard photolithographic procedures and
newer microfabrication methods [1-5].

Glass is the most popular material employed for the fabrication of microchip electrophoresis
devices. This is primarily due to the similarity of the glass surface to that of fused-silica
capillaries [6-8]. In addition, glass has many other positive attributes for microchip
electrophoresis applications, including good mechanical and optical properties, high electrical

Correspondence: Dr. Emanuel Carrilho, Instituto de Quimica de Séo Carlos, Universidade de Sdo Paulo, Grupo de Bioanalitica,
Microfabricagdo e SeparacGes, Avenida Trabalhador Sdocarlense 400, P.O. Box 780, 13560—970 S&o Carlos, SP, Brazil E-mail: E-mail:
emanuel@igsc.usp.br Fax: +55—-16—3373—-9985.

The authors have declared no conflict of interest.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Coltro et al.

Page 2

insulation, and low chemical reactivity. Glass microchips are usually fabricated using classical
photolithography combined with wet chemical etching [4-11]. Some disadvantages of glass
chips are that they are expensive and relatively difficult to fabricate. Production of these chips
requires access to a cleanroom and the use of corrosive etching solutions [5,10]. In addition,
the thermal bonding technique, which is often used in the fabrication of glass microchips, is
time-consuming and often irreproducible.

These disadvantages related to glass microfabrication procedures have led scientists to
investigate alternative materials for microchip fabrication. In particular, the production of
microfluidic devices using polymeric substrates has generated significant interest due to their
superior biocompatibility, greater flexibility, reduced cost, and ease of processing [12-15].
Additional advantages of polymers are that they are inexpensive, large numbers of
microdevices can be fabricated from a single master, and the production of these devices does
not require a cleanroom environment. These advantages make it possible for a large number
of researchers to introduce microchip electrophoresis systems in their research [12-15].

A variety of polymers have been employed for microchip electrophoresis, including PMMA
[16-18], poly(carbonate) [19,20], polyethylene terephthalate (PET) [21], thermoset polyester
[22,23], polyester-toner (PT) [24-26], polyurethane [27], thermoplastic olefin polymer of
amorphous structure [28], and PDMS [29-33]. Features in polymer microchips have been
produced using laser ablation [34], soft lithography [27,29-33], nanoimprint lithography [35],
hot embossing [15,20], and injection molding [36] as well as the direct-printing process
[24-26,37]. Further information about microfabrication technologies can be found in well-
detailed reviews [5,9,12].

PDMS is the most popular polymer for microfluidic applications [15,33]. It is elastomeric,
inexpensive, possesses good optical clarity, and can also be used to construct pumps and valves
[32,38]. Another significant advantage of PDMS is its ability to generate a tight seal to itself
or other flat surfaces, reversibly or irreversibly, without distortion of the microchannels. An
essential element of PDMS prototyping is the fabrication of a master template. This master is
commonly fabricated in photoresist (such as SU-8), silicon, or nickel [29,32]. Disadvantages
of PDMS include its hydrophobicity, which can lead to analyte adsorption, and the diffusion
of non-cross-linked oligomers to the channel surface, which can lead to changes in EOF over
time [29,32]. In general, separations on PDMS microchips are inferior to those obtained on
glass [39].

Of all the currently available microfabrication methods, the direct-printing process is the
fastest, simplest, and least expensive means to generate microfluidic devices [24-26,37]. This
technique involves direct printing of the fluidic network onto the surface of polyester films (or
overhead projection transparency films). If a laser printer (LP) is used, a thin toner layer is
deposited over the polyester film with the microfluidic regions defined by white lines
(channels). The printed layout is then laminated against a blank polyester film (namely, single-
toner layer (STL)) or a mirror image of the layout (namely, double-toner layer (DTL)). In this
case, microchannels 7+1 or 12+2 um deep can be obtained for STL and DTL channels,
respectively. Access to the microfluidic network is accomplished using holes produced in the
cover polyester plate using a paper punch [24,25,37]. This inexpensive method has been used
to fabricate PT electrophoresis microchips with successful integration of electrochemical
detection modes [24-26,40]. Toner-based techniques have also been employed to create mixers
[41], laser-printed masters for the fabrication of PDMS microchannels [42-44], hybrid glass-
toner [45,46], and glass electrophoresis microdevices [47] as well as miniaturized CDtrodes
employing sputtered recordable compact disks [25,48-50] as an inexpensive gold source.
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The primary goal of this manuscript is to directly compare the analytical performance of
electrophoresis microchips fabricated in PT with that of those produced in more conventional
substrates, including glass, native and plasma-oxidized PDMS, and hybrid PDMS/glass. PT
devices have demonstrated great promise for microchip electrophoresis and present several
advantages over the classical materials in terms of cost, fabrication time and, most importantly,
the required instrumentation for fabrication. Therefore, a direct comparison of PT with the
more classical materials is necessary so that future investigators can use that knowledge when
developing a separation on this type of device. To make a fair and accurate comparison between
substrates, all microchannels were fabricated with similar dimensions. Fluorescence detection
was employed to rule out any losses in efficiency (band broadening) due to the detector
configuration. Electrophoretic parameters such as EOF, heat dissipation, injection-to-injection
repeatability, separation efficiency, and the contribution of the channel wall-to-band
broadening were studied.

2 Materials and methods

2.1 Materials, samples, and reagents

The following materials and chemicals were used as supplied. Soda-lime glass wafers (5 x in.)
with predeposited layers of chrome and AZ1500 photoresist were purchased from Telic (Santa
Monica, CA, USA). Silicon wafers (100 mm) and Sylgard 184 were obtained from Silicon
(Boise, ID, USA) and Ellsworth Adhesives (Germantown, WI, USA), respectively. SU-8
photoresist and Nano SU-8 developer were acquired from Microchem (Newton, MA, USA).
AZ developer was obtained from Clariant (Sommerville, NJ, USA). Transparency films (CG
3300 model) and toner cartridge Q2612A were obtained, respectively, from 3 M (S&o Paulo,
Brazil) and Hewlett Packard (Palo Alto, CA, USA). Diamond drill bits, dremel tool, and JB
Weld epoxy-resin were purchased from Ace Hardware (Lawrence, KS, USA). The buffered
oxide etchant (BOE) and chrome etchant solutions were purchased from Fox Scientific
(Alvarado, TX, USA) and Cyantek (Fremont, CA, USA), respectively. Sodium hydroxide,
boric acid, and sodium tetraborate were acquired from Sigma (St. Louis, MO, USA).
Fluorescein (FL) disodium salt dehydrated and coumarin (CM) 519 were obtained from
Eastman Kodak Fine Chemicals (Rochester, NY, USA). Sulfuric acid, 30% hydrogen peroxide,
and ammonium hydroxide were purchased from Fisher Scientific (Pittsburgh, PA, USA). The
20 mmol/L boric acid/sodium tetraborate buffer solution, pH 9.0, was prepared weekly in
Nanopure water (resistivity 18 MQ cm) and filtered through 0.45 um membrane filters before
use. Stock solutions of FL and CM 519 (5 mmol/L each) were prepared daily in water and
acetone, respectively. Prior to electrophoresis, sample solutions were diluted in run buffer.

2.2 Microfabrication processes

The layout of the devices was drawn using Microsoft Freehand 8.0 software. The
electrophoresis microchip consisted of a simple cross-channel layout. For the production of
glass and PDMS channels, the mask was printed on high-resolution transparency film by Laser
Graphics (Lawrence, KS, USA). These high-resolution transparency films were used as masks
in the standard photolithographic step. For PT microchips, the layout was printed directly on
polyester film using an office 600-dpi-resolution LP (692 series) from Hewlett Packard. For
all microfabrication processes, the mask was prepared with four similar layouts. Silicon and
glass wafers were used to fabricate four devices each (glass and PDMS) while an A4 size
polyester sheet allowed the printing of 12 devices (PT) at the same time.

2.2.1 Glass microchannel fabrication—Glass microchips were fabricated in-house using
standard photolithographic procedures [11,51]. The mask containing four identical layouts was
placed on top of a piece of soda-lime glass (5 + in.) with predeposited layers of chrome and

AZ1500 photoresist and exposed to UV radiation for 15 s. The exposed image was developed
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with AZ developer for 3 min, rinsed with Nanopure water, baked at 95°C for 10 min, and placed
in chrome etching solution for 2 min to remove the exposed chrome layer. The glass was then
placed in a bath containing BOE solution for ca. 35 min under rigorous stirring. Once the
etching of the channels was complete, the photoresist and chrome layers were removed using
acetone and chrome stripper, respectively [11]. The etch profiles were measured using a Tencor
Alpha Step 200 profilometer (San Jose, CA, USA).

A cover plate was prepared by drilling access holes into another piece of soda-lime glass using
a 0.75-mm-diameter diamond drill bit. Prior to bonding, the cover and channel plates were
chemically cleaned by immersion in piranha solution (7:3 H,SO4:H,05) for 30 min to remove
organic impurities. The plates were then placed in a second bath composed of water, hydrogen
peroxide, and ammonium hydroxide (5:2:2) for another 30 min. The two plates were then rinsed
thoroughly with water and dried with N, gas. Finally, the substrate surfaces were assembled
with a few drops of water [11] and placed in a Fisher Scientific Isotemp programmable oven
for bonding. The following temperature program was used: (i) ramp to 500°C at 10°C/min,
hold for 30 min; (ii) ramp to 580°C at 2°C/min, hold for 1 h; (iii) ramp to 630°C at 2°C/min,
hold for 5 h; (iv) ramp down to 450°C at 2°C/min; and (v) ramp to 25°C at 10°C/min [11].
After the thermal bonding step, the bases of 50-uL pipette tips were glued to the chip using an
epoxy-resin to form solution reservoirs.

2.2.2 PDMS microchannel fabrication—PDMS microchips were fabricated by SU-8
molding as described previously [52,53]. Briefly, masters for the production of PDMS
microchip separation channels were produced by coating a 100-mm silicon wafer with SU-8
negative photoresist using a spin coater operating at 2500 rpm for 20 s. The photoresist was
prebaked at 95°C for 5 min prior to UV light exposure through a negative mask containing the
desired microchannel structures. After this exposure, the wafer was postbaked at 95°C for 5
min and developed in SU-8 developer. The thickness of the photoresist master was measured
using a Tencor Alpha Step 200 profilometer. A 10:1 mixture of Sylgard 184 elastomer and
curing agent was poured onto the silicon wafer and cured at 70°C for ~2 h. The PDMS layer
was then easily peeled off the master.

PDMS channels were sealed against three different flat surface types: native PDMS, plasma-
oxidized PDMS, and glass. For native PDMS, the microfluidic network was reversibly sealed
to the blank PDMS piece, bringing the two substrates into conformal contact with one another.
The same procedure was carried out for the hybrid PDMS/glass chip, in which PDMS channels
were sealed against a cleaned glass plate. For both types, a reversible seal was provided by
simple van der Waals’ interactions. To obtain an irreversible seal, the PDMS channel replica
and a blank piece of PDMS were placed in an oxygen plasma cleaner (PDG-32G plasma
cleaner/sterilizer) and oxidized for 150 s. The two pieces were brought into contact immediately
after removal from the plasma. A strong irreversible seal was obtained following this short
plasma exposure time. The oxygen plasma cleaner was acquired from Harrick Scientific
(Ossining, NY, USA).

2.2.3 PT microchannel fabrication—The PT microchips were fabricated according to the
procedure described elsewhere [24,25]. Briefly, the layout of the device and its mirror image
were printed over the same polyester sheet using a 600-dpi-resolution LP. An adapted paper

punch was used to create holes on the mirrored layout. Prior to the lamination step, the polyester
films containing the printed layout were placed in an oxygen plasma cleaner and oxidized for
180 s. Following this procedure, the layout and its perforated mirror image were aligned and

laminated using a standard office laminator at 120°C at a rate of 30 cm/min. This lamination
step accomplished the sealing of both PT films as a result of the interaction between the toner
layers. After the sealing step, the bases of 50-uL pipette tips were glued with epoxy-resin over
the holes to form solution reservoirs.
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2.3 Electrophoresis procedures

2.3.1 Microchannel preconditioning—~Prior to use, the microchannels in different
materials, except PT devices, were treated by rinsing them with 0.1 mol/L sodium hydroxide
and run buffer for 15 min each. To avoid the formation of bubbles, native PDMS channels
were first preloaded with isopropyl alcohol and then rinsed with 0.1 mol/L sodium hydroxide
and run buffer. The rinsing steps were carried out by applying vacuum in the buffer waste
reservoir. For PT chips, run buffer was added to one reservoir and the channels were easily
filled under capillary action. Run buffer was then added to other reservoirs, and the channels
were electrokinetically washed for ca. 5 min until the electrophoretic current stabilized. After
the surface preconditioning, the run buffer in the sample reservoir was replaced with sample
solution (for all chips). All solution reservoirs were filled with the same volume (50 pL), and
the electrophoresis experiments were performed at room temperature.

2.3.2 Electrokinetic transport—The electrokinetic transport of the flow into microfluidic
channels was accomplished by a Jenway bipolar four-channel high-voltage power supply
(Essex, England) controlled by a Toshiba laptop computer. Platinum electrodes were placed
into the reservoirs of the microchip as electrical contacts to the high-voltage power supply.
Electrokinetic injections were accomplished using a gated injection procedure involving a
three-step protocol. Initially, flow was established by applying an 1800 V potential to the run
buffer reservoir and 1200 V to the sample reservoir while the electrodes in the waste reservoirs
were grounded. To introduce discrete sample plugs into the separation channel, the voltage
applied at the buffer reservoir was floated for a selected time (1 s). After injection, potentials
were switched back to the initial values. This protocol allowed flow in the separation channel
to continue uninterrupted, and no leakage was observed.

2.4 LIF detection

LIF detection was carried out using a Kimmon He-Cd laser (Englewood, CO, USA) at 442 nm
and a homemade detection system (emission wavelength at 490 nm) [34,52]. The resulting

fluorescence signal was sent to a DA-5 Chromgraph interface and monitored in real time using
Chromgraph data collection software [34]. Both DA-5 Chromgraph interface and Chromgraph
data collection software were obtained from Bioanalytical Systems (West Lafayette, IN, USA).

2.5 EOF measurements

The EOF magnitude was determined using indirect LIF detection by injecting a 2% acetone
solution to a run buffer containing 10 pmol/LFL[54]. The EOF marker (acetone) was detected
as a negative peak. For PT devices, the EOF magnitude was confirmed using a current
monitoring method [55].

3 Results and discussion

3.1 Microfabrication processes

To produce channels with similar dimensions in the three substrates investigated, some of the
parameters related to the different microfabrication processes had to be considered. A major
consideration was the fact that the channel width of PT microdevices is defined by the LP
resolution [24,25]. It is difficult to reproducibly generate channels of less than 100 um width
using a 600-dpi-resolution LP [25,37]. For the direct-printing process the wider the channel,
the better the reproducibility. The estimated error for a channel 150 um in width is
approximately 8% (n = 10), and this is the limiting dimension for the direct-printing process
employing a 600-dpi resolution [37]. For this reason, all microchips were fabricated with a
150-um-wide channel. The injection and separation channels were 15- and 50-mm long,
respectively. While the channel depth on glass and PDMS structures is defined by the etching
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time and the high-relief master, respectively, with PT chips, this parameter is defined by toner
layer thickness. For a LP with 600-dpi resolution, the STL thickness was 7.3£0.8 um (n = 5).
For DTL structures, the depth was 12+2 um. Therefore, the direct-printing process not only
defined the channel width but also the channel depth in these studies.

Due to the isotropic etching profile of glass channels, the mask for glass micromachining was
prepared with a 130-um width. The glass channel depth was 12.3+0.4 um (n = 5). The resulting
microchannels were found to be ~152-um wide at the top of the channel and ~130-pum wide

at the bottom. For PDMS channel prototyping, the SU-8 mold over a silicon wafer produced

a channel 13.1+0.6 um in height and 148+6 pum in width (n = 4).

While both glass and PDMS micromachining procedures provide well-structured
microchannels with flat walls, the channels fabricated by the direct-printing process result in
high-roughness surfaces [24,25,37]. Both the polyester film and toner contribute to this
roughness. The contributions from the polyester film and the toner surface were 0.13+0.06 and
1.8+0.1 um, respectively. Measurements were carried out for five different chips by applying
a stylus force of 15 mg and scanning a region of 500 um. It is important to note that these
values are for an STL. For DTL channels, these parameters would have to be considered for
both plates.

3.2 Electrical characterization

Electrical characterization of the different microchip types was evaluated by producing an
Ohm's law plot [56]. These experiments were carried out using a 20 mmol/L boric acid/sodium
tetraborate buffer solution, pH 9.0. All microchips exhibited a linear relationship between
current and electrical potential up to 500 V/cm. Glass and PT chips were linear up to 900 V/
cm. The resistances of the chips, calculated from the slope of the Ohm's plot, were 225, 185,
94, 162, and 128 MQ for glass, PT, native PDMS, plasma-oxidized PDMS, and hybrid PDMS/
glass chips, respectively. The estimated cross-sectional areas for glass, PT, and PDMS channels
were 1660, 1705, and 1830 um?, respectively. The buffer resistivity was calculated by
conductivity measurements performed at room temperature and was ca. 760 Q cm for the 20
mmol/L borate buffer. Thus, the theoretical resistances of the microchannels in glass, PT, and
PDMS filled with run buffer were, respectively, 255, 240, and 228 MQ. The theoretical values
were calculated taking into consideration the channel dimensions of every chip measured by
profilometry. The values found for the resistance on glass and PT channels were, respectively,
ca. 15 and 25% higher than the calculated values. The experimental data for plasma-treated
PDMS, hybrid PDMS/glass, and native PDMS were, respectively, ca. 30, 45, and 60% lower
than theoretical resistance estimated for PDMS channels. According to results reported by
Fletcher et al. [57], this discrepancy may be related to the material surface conductivity, which
provides a significant contribution to the overall measured electrical currents in channel
networks.

3.3 EOF of substrate materials

A cathodic EOF was observed for all materials studied. The results for the electroosmotic
mobility, ueo, and zeta potential, , were determined at pH 9 and are presented in Table 1. The
zeta potential of the substrate surfaces was calculated according to the Smoluchowski equation:

&0&d
n (1)

Heo= —

where &g is the permittivity of the vacuum (8.854 x 1012 C2 N"1 m™2), ¢, is the relative
permittivity of the medium (~80 for water at room temperature), and 7 is the viscosity of the
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solution (0.001 N s m~2 for water at 20°C). As expected, glass and plasma-treated PDMS
generated the highest values for both EOF and zeta potential, while the lowest value was found
on PT devices. The low EOF magnitude observed on PT devices was confirmed using the
current monitoring method. The values found for the zeta potential on glass, hybrid PDMS/
glass, and native and plasma-oxidized PDMS were in agreement with those previously reported
in the literature [56,58]. The value found for the zeta potential on PT channel indicates a low
negative net charge density on its surface. This low-charge density at the surface is a result of
the presence of a thin layer of silica on polyester film. The difference in the EOF values found
on glass, hybrid PDMS/glass, and native and plasma-treated PDMS devices is in agreement
with other reports [54,56,58,59].

PT devices have been shown to exhibit very low EOF when compared with glass and plasma-
oxidized PDMS chips (see Table 1) [25]. In this case, the polyester film defines the bottom
and the top of the channel, while the toner layer defines the channel wall and, consequently,
its depth. At a chemical level, toner is composed mainly of iron oxide and styrene/acrylate
copolymer [24,25,37]. The polyester film, i.e. PET film, is coated with a thin layer of silica
with a thickness that varies, depending on the manufacturer. X-ray photoelectronic
spectroscopy experiments have shown the presence of silicon (ca. 0.6%, estimated as SiO,)
on the polyester film [26]. While the magnitude of EOF on glass or PDMS chips is basically
a function of the extent of ionization of the silanol groups, this is not the case with PT chips.
With PT chips, the parameters affecting EOF in this highly complex system are numerous and
not well understood, since the bottom and the top of the channel are composed of silica-doped
PET and the channel walls are constructed from toner. However, the low abundance of silica
in the channel helps to explain the low EOF found in PT microchips, which is typically ten
times lower than in the most common materials explored for microchip fabrication [25,37].

Several different strategies were investigated in an effort to increase the EOF of the PT devices.
The use of sodium hydroxide for surface activation did not provide any enhancement. In fact,
this solution deteriorates the channel structure in a matter of minutes. Plasma oxidation did not
provide any measurable increase in the magnitude of the EOF for PT microchips. However,
the oxidation did clean the surface and decrease the amount of bubble formation at the surface.
According to a recent report by Qiao [60], the magnitude of the EOF in a rough channel is
significantly lower than that in a smooth channel due to electrical double-layer non-uniformity.
The EOF could potentially be increased in PT microchips through the use of a high-resolution
LP. This would allow fabrication of smoother and narrower channels, which would lead to a
better-defined channel profile and, most likely, higher EOF.

3.4 Separation efficiency

The analytical performance of the different material substrates was evaluated using FL and
CM 519 as model analytes with gated injection. Electrokinetic injection of the analytes was
optimized using a 50 umol/L FL solution. Efficiencies of greater than 30 000 N/m were
obtained on glass chips using injection times of less than 0.75 s. However, no peaks were
obtained on PT devices using these short injection times. Due to its low EOF, the minimum
injection time required to detect an FL peak in a PT device was 1 s with negative polarity. For
this reason, this injection time was adopted for all experiments.

Typical examples of electropherograms for separation of both fluorophores in different
microchips are shown in Fig. 1. All electropherograms were recorded under the same
electrophoretic conditions. Both CM and FL (25 umol/L each) were diluted in run buffer prior
to analysis. It is important to note that both analytes are negatively charged at pH 9. The
separation on glass, plasma-treated PDMS, and hybrid PDMS/glass was accomplished in less
time than on native PDMS due to the higher EOF characteristic of the former substrates.
Interestingly, the anionic dyes were not detected on PT devices using normal polarity because
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the magnitude of their electrophoretic mobilities is higher than the electroosmotic mobility
generated on PT channels. Therefore, reverse polarity was required. In this case, both dyes
were successfully detected in reverse order of migration (see Fig. 1). The difference observed
for the signal intensity in the electropherograms shown in Fig. 1 is attributed to the background
fluorescence of each material. With the PT devices, the peak heights for both analytes were
higher that those observed for chips made of other materials. Since PT has the lowest EOF, the
polarity for the injection was reversed in order to improve the injection of the negatively
charged dyes. This led to a different amount of analyte injected for this device.

The separation performance of these devices is compared in Table 2 in terms of plate numbers,
N, and peak symmetry, expressed as peak skew. Efficiency was calculated according to the
equation N = 5.54 x (t,/wy/2)2, where ty, is the migration time and wy, is the peak width at
half-height. Microcal™ Origin™ software version 5.0 was used to integrate and analyze the
data. The peak skew was measured using the same software employed to collect the
fluorescence signal [61]. As one can see from Table 2, the best separation efficiencies were
observed for native PDMS, which required a longer separation time compared with that of
other materials (see Fig. 3). As presented in Table 2, the lower the EOF of the substrate, the
higher the plate numbers, except for PT devices. The same trend was not observed on PT chips
due to the use of reverse polarity associated with the analyte—wall interaction as well as the
high channel roughness. In terms of peak skew, a perfectly symmetrical peak should have a
value of 1.0. Values greater than 1.0 indicate the presence of tailing peaks [61]. The efficiency
can be affected by the channel geometry (or channel surface uniformity), EOF magnitude,
injection process, or even by analyte-wall interaction [39,62].

The channel geometry is one of the most important parameters influencing the microchip
electrophoresis performance [54,62]. As various microfabrication methods were used, different
channel shapes were obtained. Microfluidic channels composed of PDMS fabricated using
rapid prototyping and replica molding exhibit channels that are rectangular in shape. Etching
of glass with HF or BOE generates a trapezoidal shape in glass channels due to isotropic etching
[54]. Lastly, the PT channel shape is defined by the resolution of the LP and is not perfectly
regular due to the limitations discussed in Section 3.1. However, its geometry is very close to
a cylindrical shape [24,26,37].

The injection plug length also has a significant influence on the separation efficiency. The plug
length in gated injection is substantially influenced by the injection time, electric field strength,
channel dimensions (width and depth), sample concentration, electrophoretic mobility of the
analyte, and electroosmotic mobility. The experiments reported here were performed under
the same electric field strength using microchips fabricated with similar channel dimensions
but having different EOF values. Therefore, the amount injected varied depending on the
substrate material directly influencing the separation efficiency.

Besides the effects of the channel geometry, EOF magnitude, and method of injection,
additional factors can also negatively affect the separation efficiency. The contributions to total
variance in microchip electrophoresis are:

2
Diff

+o7 1 +ol o 07

2_
0=0 Det Wall

(2)

where o _is from the molecular diffusion, o, is from the injection system, o> is from the

2
Wall

detector system (laser beam spot-size length), o is from analyte interaction to channel wall,

and 0'12 is from Joule heating [63]. Since all of the experimental parameters except the material
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2 2

substrate were kept constant in this work, the contributions of o, , @, and o>, to o> are

constant. In addition, all material substrates exhibited efficient heat dissipation up to 500 V/
cm so that crf can be considered negligible compared with ai.

Thus, any change in o> should be exclusively related to the contribution of o2, . Peak variances

at sequentially longer separation distances were measured and plotted as a function of
increasing separation-channel effective length. The total variances for a 25 umol/L FL peak
were calculated using the Microcal™ Origin™ software. Figure 2 shows the results obtained
for the total variance versus the detection point on the channel for each system investigated in
thiswork. A linear correlation was observed for all of them. For PT chips at 40 mm, for example,

o2 was 1.8 x 1072 cm?, For a small molecule such as FL, the diffusion coefficient, D;, is ca.
1.0 x 10~% cm?/s. Considering a migration time of 72.6 s, then o, _is calculated to be 1.4 x

1073 cm? ((Tﬁiﬂ. = 2Dj x t). For PT chips, the injection plug length, 1,;, was estimated be
approximately 300 um (540 pL). Since the EOF is different for each material, the injection
plug length (or injection volume) was determined separately using fluorescence images (data
not shown). Using the value of 300 um, the contribution of the injection to the total variance

(fflznj) on PT chips was 7.5 x 1075 cm? (O'ifllzm /12). Assuming that o and (Tfnj have nearly
equal contributions to the total variance and that 012 is negligible, the o2 was estimated to be

Wall

1.6 x 1072 cm2. These values indicate that o, was the largest contributor (ca. 90%) to the

Wall

band broadening on PT electrophoretic devices. On glass, o> was determined to be 9.6 x

Wall

104 cm?, a value that represents 25% of 0.

Overall, it can be seen in Fig. 2 that the channel walls of glass and hybrid PDMS/glass

contribute less to rri than do other materials for the analytes employed in these experiments
(anionic dyes). Glass and hybrid PDMS/glass devices exhibited similar slopes over three
different detection points. A good correlation was also observed between native and plasma-

treated PDMS devices. The significant variation on the o> for the native PDMS device is
attributed to EOF instability. For the fluorescent dyes, the PT devices displayed lower
separation efficiencies and exhibited greater wall adsorption compared with chips fabricated
from glass and PDMS. The separation efficiency on PT devices could be improved by adding
EOF maodifier, thus reversing its direction, or by selecting positively charged analytes. In this
case, electrophoresis could be performed under normal polarity on all substrate materials.

Similar results in terms of total variance have been obtained for glass channels fabricated using
a toner-mediated lithographic technique [47]. In this case, the channel roughness was defined
by the direct-printing process, such as the one used in the PT devices. However, the short
manufacturing time and the very low cost of PT devices are significant advantages over other
substrate materials. Obviously, a more realistic comparison of the analytical performance
would be to evaluate all three substrates using a low-resolution technique for fabrication or
making more defined PT channels with a higher resolution LP (>3000 dpi) [37]. In recent years,
different procedures using toner have been described to fabricate PDMS [42-44], glass [47],
and PT channels [24-26]. Using toner-based techniques to produce disposable devices, the
roughness of the toner layer would be transferred to either the PDMS or glass surface during
molding, thermal transference, or wet chemical etching. In this case, PT devices could present
better analytical performance than low-resolution PDMS and glass channels.

Electrophoresis. Author manuscript; available in PMC 2009 April 23.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Page 10

3.5 Run-to-run reproducibility and ruggedness

The run-to-run reproducibility was evaluated for all the materials. To evaluate the run-to-run
reproducibility, an automatic sequence of seven injections was programmed for all microchips.
The only variable was the time interval between injections due to the separation time
differences for different substrates. The best results in terms of run-to-run repeatability were
found on glass and hybrid PDMS/glass (data not shown). For an intra-chip comparison on glass
and hybrid PDMS/glass chips, the RSD values in the migration time, peak area, peak height,
and separation efficiency were lower than 8%. The plasma-oxidized PDMS devices also
exhibited excellent run-to-run repeatability (data not shown). On these devices, an amazing
stability over eight uninterrupted hours was obtained with low RSD in migration times (2.4
—3.6%). For native PDMS, injections were performed every 120 s. An electropherogram
showing seven sequential injections performed on native PDMS devices is shown in Fig. 3.
The migration times for CM and FL were 159+5 and 200£10 s, respectively. The RSDs in peak
height and peak area for CM and FL were 11.4 and 8.9 and 26.3 and 24.5%, respectively. The
large RSDs for migration times, peak height, and peak area can be attributed to the instability
of the EOF over the course of the seven injections, which varied as much as 10% (see Table
1). The RSD values for both peak height and peak area were greater for FL than for CM; this
is due to the electrokinetic injection bias of the gated injection. The resolution of the two
compounds also increased from 1.9 to 3.0 from the first injection to the seventh, as shown in
Fig. 3. In addition, the peak skew value was systematically affected by the continuous change
in EOF, giving RSDs of 2.6% (CM) and 5.9% (FL). This irreproducibility of EOF can be a
problem for chips that will be used multiple times. However, one of the major advantages of
both PDMS and PT chips is that they are very inexpensive and can thus be used for disposable
single-use devices. In this case, long-term changes in the EOF are not important.

The run-to-run repeatability was also evaluated for PT devices. For PT chips, it was necessary
to reverse the polarity in order to detect the negatively charged dyes. This is because the EOF
generated by the PT chips is not large enough to allow the injection of a significant amount of
the negative dyes using normal polarity. Figure 4 shows an electropherogram of seven
repetitive injections performed every 120 s. The first injection resulted in peaks of low intensity
when compared with the following six injections. This effect is attributed to low EOF, in which
the electrokinetic transport on these devices requires a longer loading time to completely fill
the microfluidic connections with sample. The migration times for FL and CM were,
respectively, 663 and 104+8 s. The RSDs for both peak height and peak area over these seven
injections were greater than 20%. If the data from the first injection are ignored, then the RSD
values were better than 10%. A noticeable difference in resolution is observed after the first
three injections on PT chips. The resolutions (for the two dyes) for first, second, and third
injections were 2.7, 2.3, and 1.9, respectively. From the fourth to seventh injections, the
resolutions ranged from 1.4 to 1.6. This decrease in resolution is also a result of EOF instability.
The analytical performance in terms of repeatability on PT devices was slightly better than that
of the native PDMS chips.

4 Concluding remarks

The analytical performance comparison of electrophoresis microchips fabricated by standard
procedures (photolithography and replica molding) and an emerging technique (direct-printing
process) provides a useful reference to researchers developing microchip electrophoresis-based
devices. Glass, native, and plasma-treated PDMS, hybrid PDMS/glass, and PT devices were
fabricated according to the limiting dimensions (width/depth 150 pm/12 um) from the direct-
printing process. Based on our results, native PDMS and glass chips showed the lowest and
the highest amount of heat dissipation, respectively. In addition, PT devices exhibited the
lowest EOF among all substrate materials. The low EOF generated on PT channels was not
high enough to detect negative dyes with normal polarity. The EOF magnitude was greater in
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glass and plasma-treated PDMS devices. Based on these results, PT devices could be useful
for separations in which the EOF needs to be suppressed.

For the anionic dyes employed in our experiments, better efficiencies were obtained for PDMS/
glass and native PDMS chips. Quantitative studies were carried out to demonstrate the

contribution of the channel wall, o2, , to the total variance, which for PT devices represents

almost 90% of the total variance. On the other hand, for glass and hybrid PDMS/glass chips,
the contribution of o2 is lower than 30%.

Despite some drawbacks, PT chips have several advantages over the other chip substrates. The
fabrication procedure is extremely simple and fast and employs equipment that is found in
most offices (LP, transparencies, and a laminator). The chips are very inexpensive and can be
considered disposable. They are also very lightweight and not fragile like glass. The results
presented in this paper also show that the PT chips exhibit low EOF that could be useful for
many biological applications. Although PT exhibits lower separation efficiencies than PDMS
and glass, it is still possible to perform fast separations on these chips. PT chips may be most
useful for point-of-care clinical applications where very cheap, rugged, and disposable devices
are desirable. Future research will include the investigation of higher resolution LPs to produce
narrower and better-defined microchannels and, therefore, improve the analytical performance
of the devices, as well as the investigation of PT chips for the separation of peptides and
proteins.
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Figure 1.

I
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Time (s)

Example electropherograms for the separation of 25 pmol/L CM and FL using glass, plasma-
treated PDMS, hybrid PDMS/glass, PT, and native PDMS chips. For gated injection, the
electrical potentials applied to sample and buffer reservoirs were 1200 and 1800 V,
respectively; the floating time was 1 s; channel effective length, 40 mm from injector. All
electropherograms were recorded with normal polarity, except for PT chips (negative polarity).
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Figure 2.

Peak total variance for 25 umol/L FL as a function of detection point in (4) glass, (A ) hybrid
PDMS/glass, (V) plasma-treated PDMS, () native PDMS, and (m) PT devices (n = 3).
Experimental conditions are the same as in Fig. 1.
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Electropherogram showing the resolution variance over seven repetitive injections on native

PDMS devices. Experimental conditions are the same as in Fig. 1.
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Electropherogram showing the fluorophores separation over seven repetitive injections on PT

devices performed every 120 s.
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Table 1

Electroosmotic mobility and zeta potential of the electrophoresis microchannels fabricated on different substrate
materials

Materials Heor (X 107%em2v 1 s7h ¢ (mv)

Glass 3.90+0.08 -55+1

Plasma-treated PDMS 3.52 +0.06 —-49+1

Hybrid PDMS/glass 2.30£0.07 -32+1

Native PDMS 1.12+0.10 -15+1

PT 0.35+0.02 -42+0.3

Electrophoresis. Author manuscript; available in PMC 2009 April 23.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Coltro et al.

Table 2

Comparison of the separation efficiency and peak skew found for all microfluidic channel materials

Page 19

Materials Efficiency (N) Peak skew

CM FL CM FL
Native PDMS 6980 6265 1.28 1.20
Hybrid PDMS/glass 1865 3330 1.32 1.18
Plasma-treated PDMS 1265 2720 1.35 1.29
Glass 812 1410 1.24 1.17
PT 895 925 1.21 1.26
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