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Abstract

Microchip capillary electrophoresis of proteins labeled either off- or on-chip with the “chameleon”
CE dye 503 using poly(methyl methacrylate) microchips is presented. A simple dynamic coating
using the cationic surfactant cetyltrimethyl ammonium bromide prevented nonspecific adsorption of
protein and dye to the channel walls. The labeling reactions for both off- and on-chip labeling
proceeded at room temperature without requiring heating steps. In off-chip labeling, a 9 ng/mL
concentration detection limit for bovine serum albumin (BSA), corresponding to a ~7 fg (100 zmol)
mass detection limit, was obtained. In on-chip tagging, the free dye and protein were placed in
different reservoirs of the microchip, and an extra incubation step was not needed. A 1 ug/mL
concentration detection limit for BSA, corresponding to a ~700 fg (10 amol) mass detection limit,
was obtained from this protocol. The earlier elution time of the BSA peak in on-chip labeling resulted
from fewer total labels on each protein molecule. Our on-chip labeling method is an important part
of automation in miniaturized devices.

1 Introduction

Biomolecular separation using microchip capillary electrophoresis (CE) [1-3] is an important
analytical method in the life sciences, because of small sample consumption, fast analysis
times, and high throughput. Significantly, microchip CE can facilitate the realization of an
integrated and automated micro total analysis system [4], in which sample preparation,
separation, and detection are performed in a single miniaturized platform. Researchers have
been and are still devoting considerable effort toward fully integrating operations in
miniaturized systems. Pre- [5,6] and post-column [7] amino acid labeling in integrated
microchips have been reported. Recently, a hybrid droplet/channel microfluidic device was
fabricated for in-line sample processing and separation [8]. Polymeric materials, such as poly
(methyl methacrylate) (PMMA) [9] and poly(dimethylsiloxane) [10], play a key role in the
fabrication of microfluidic devices [11-13]. Compared with conventional glass substrates,
polymer microchips are superior in many respects, including cost, fabrication simplicity, and
design flexibility.

Sample detection in miniaturized systems is a challenging, but important endeavor. Laser-
induced fluorescence (LIF) offers low detection limits [14,15], and systems can be made with
relatively low cost. Although native fluorescence from tryptophan residues can be detected
[16], the low abundance of tryptophan [17] and the need for ultraviolet excitation complicate
native fluorescence detection. Alternatively, proteins can be derivatized with fluorescent labels
through primary amines on more abundant lysine residues either before, during or after
separation [14,18,19]. Two important considerations in finding suitable fluorescent labels for
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microchip CE are as follows. First, the labeling step for detection should either not perturb the
analyte’s characteristics (e.g., charge, size, etc.), or should be carried out as close as possible
to the detection time (during or after separation). This requires the labeling reaction to happen
swiftly. A second concern is the small sample volume (and hence mass) loaded in microchip
CE, which requires the labels to provide low detection limits.

Recently, fluorogenic “chameleon” dyes, consisting of a pyrylium group, have been developed
[20]. The free label is weakly fluorescent, but generates a highly fluorescent product upon
reaction with a primary amine. The dramatic color change that is observed upon the reaction
led to the “chameleon” name, and these dyes have been used widely in CE of proteins [14,
15,21,22]. “Chameleon” labels offer desirable fluorogenic reagent properties, such as good
detection limit [15,23] and fast reaction time [14,22], but in addition these labels do not change
the natural charge characteristics of proteins upon reaction. However, the “chameleon” labels
have not yet been used for microchip CE of proteins.

Here, we report microchip CE of proteins either off- or on-chip labeled with the “chameleon”
CE dye 503 using PMMA microchips. Detection limits of ~10 ng/mL and ~1 pg/mL can be
achieved in off- and on-chip labeling, respectively, using our straightforward and rapid
procedures. No microchip surface pre-treatment is needed, and the labeling reaction proceeds
at room temperature without requiring a heating step. In on-chip tagging, the labeling reaction
and separation both occur inside the microchip; thus, no additional operations are needed for
the incubation step. On-chip labeling offers a simple and fast method for automating protein
analysis in microchip CE.

2 Materials and methods

2.1 Materials

The CE dye 503 kit was from Active Motif (Carlsbad, CA). Although the company does not
specify the structure or chemical name of the reagent in the CE dye 503 kit, the product literature
and publications [21,22] indicate that the dye is similar to the “chameleon” label, Py-1 [21].
Fluorescein sodium salt was from Spectrum Quality Products Inc. (New Brunswick, NJ).
Bovine serum albumin (BSA, 66.5 kDa), cytochrome C (CYC, 10-15 kDa, from bovine heart),
lysozyme (LYZ, 14.4 kDa, from chicken egg white), dimethyl sulfoxide (DMSO),
cetyltrimethyl ammonium bromide (CTAB), and sodium bicarbonate of analytical purity were
from Sigma (St. Louis, MO).

2.2 Microchip design and operation

PMMA microchips were fabricated using protocols reported previously [24,25], including
photolithography, hot embossing, and thermal bonding. Schematic diagrams of the microchip
layouts for off- and on-chip labeling are shown in Figures 1 and 2, respectively. For on-chip
labeling, a wide (300 um) reaction channel was designed to extend the labeling time of reagents
prior to separation [5]. The buffer used, unless otherwise indicated, was 10 mM sodium
bicarbonate (pH unadjusted) containing 1 mM CTAB. Prior to use, the microchip channels
were filled with running buffer. Dynamic coating with CTAB surfactant was used to decrease
nonspecific adsorption of protein and dye to the channel walls [26-28].

A “gated” injection scheme [29] was used, and the reservoir content for off- and on-chip
labeling is indicated in the Figure 1 and 2 legends. The voltage configuration and flow direction
during injection are shown in Figures 1B and 2B. Similarly, the voltage arrangement and
microchannel flow paths during separation are illustrated in Figures 1C and 2C.
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2.3 Apparatus

A LIF detection system coupled with an inverted optical microscope was used, as reported
previously [25]. The 488 nm excitation light was generated by an air-cooled Ar ion laser and
directed to a 20%, 0.45 NA objective. Collected fluorescence went through a D600/60 band-
pass filter (Chroma, Rockingham, VVT) and was detected at a Hamamatsu photomultiplier tube
(HC120-05, Bridgewater, NJ); out-of-focus light was blocked by a 1000-um-diameter pinhole.
The photomultiplier voltage signal was processed by a preamplifier (SR-560, Stanford
Research Systems, Sunnyvale, CA) and an analog-to-digital converter (PCI1 6035E, National
Instruments, Austin, TX), and was recorded by LabView software running on a Dell computer.

Microchip devices were affixed to a holder above the objective in the inverted microscope.
Platinum wires were inserted into the solution-filled reservoirs to provide electrical contact.
Two high-voltage power supplies controlled sample loading and electrophoresis. A custom-
designed voltage switching box for “gated” injection was controlled by LabView and applied
potentials to the microchips. The default configuration was separation mode (Figures 1C and
2C), and injection times from 0.1 to 10.0 s could be programmed. In this paper, injection times
of 0.8 and 1.0 s were used. In detecting separations, the laser beam was focused within the
separation channel ~5 mm before reservoir 4 (see Figures 1A and 2A). Fluorescence
micrographs of the injection region were captured by a Nikon D 90 (Tokyo, Japan) digital
camera. To increase the illuminated area for these images, the expanded laser beam was
directed into a 5% objective. Absorption spectra were obtained from a spectrophotometer
(ND-1000, NanoDrop Technologies, Wilmington, DE). Emission spectra were obtained from
a fluorometer (QuantaMaster UV VIS QM-4, Photon Technology International, Birmingham,
NJ).

2.4 Off-chip labeling

A stock solution of CE dye 503 was prepared by adding 635 puL of DMSO into a newly opened
container having 0.5 g dye powder, and was stored at 4 °C. For samples containing only BSA,
dye stock solution (0.5 uL) was added to 100 pL of 0-100 ng/mL BSA solutions in buffer.
After incubation for 20 min at room temperature, 20 uL of the mixture was delivered into
reservoir 1 of the microchip (see Figure 1A), while the other reservoirs were filled with buffer.
Next, the device was run in separation mode (Figure 1C) for 10 min (30 min total reaction
time), and then microchip CE runs were performed. For the protein mixture, 1 puL of dye stock
solution was added to 100 pL of solution containing 100 ng/mL BSA and 100 ng/ml CYC in
buffer. After the labeling reaction had proceeded for 20 min, the solution was delivered into
reservoir 1, and the device was run in separation mode (Figure 1C) for 4 min (24 min total
reaction time) before gated injections were performed.

2.5 On-chip labeling

To label single-component protein samples, a diluted dye solution was made by mixing 1 uL
of dye stock solution with 50 pL of buffer immediately prior to use. While a microchip was
configured in separation mode as shown in Figure 2C, reservoir 1 was emptied of the running
buffer with a micropipette, rinsed, and filled with 20 pL of the diluted dye solution (this process
typically took about 40 s). After running for 3 min, reservoir 1’ was similarly emptied, rinsed,
and filled with 20 pL of the unlabeled protein solution in buffer. After both reservoirs 1 and
1" were filled with reagents, the microchip was maintained in separation mode for another 2
min, and then microchip CE was performed.

To label protein mixtures, a diluted dye solution was made by mixing 3 pL of dye stock solution
with 50 pL of buffer immediately prior to use. Reservoirs 1 and 1’ were filled with dye and
protein solution, respectively, as described above, and then the device was maintained in
separation mode for another 40 s, after which microchip CE was performed. Between samples,
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the microchip was held in separation mode, and all reservoirs were rinsed with buffer at least
three times before fresh solution was put in. The concentration series for on-chip labeling of
BSA was all done on the same microchip, analyzing in order of low to high BSA concentration.

3 Results and discussion

3.1 Injection characterization

Fluorescence micrographs of microchip channels during a 1.0 s injection are shown in Figure
3. The device started in separation mode (Figure 1C), was switched to injection mode (Figure
1B) for 1.0 s, and then was returned to separation mode. The loading volume for the 1.0 s
injection was estimated to be ~750 pL.

3.2 Off-chip labeling

The absorption and emission spectra of free CE dye 503 and labeled BSA are shown in Figure
4. The free dye had an absorbance maximum at ~590 nm and emitted weakly with a maximum
at 600 nm for a 488 nm excitation wavelength (data not shown). After the labeling reaction,
the absorbance maximum shifted to 525 nm, the fluorescence signal for 488 nm excitation
increased, and the emission maximum was ~595 nm.

Figure 5 shows electropherograms of different concentrations of CE dye 503 labeled BSA in
a PMMA microchip. Based on the inset plot of BSA concentration versus peak height, the
concentration detection limit was calculated to be 9 ng/mL, which is comparable to previous
work [21]. Our results, however, have a much clearer elution pattern, and the separation is fast,
with the BSA peak eluting around 23 s. Similar results were obtained on different devices over
aone month timescale. Moreover, the labeling time was decreased from 60 min [21] to 30 min,
and a heating step was not needed.

In Figure 6, electropherograms of CE dye 503 labeled BSA, and a mixture of 100 ng/mL BSA
and CYC are shown. The labeled BSA and CYC peaks are well resolved. Although BSA and
CYC had the same solution concentration, their peak heights differed somewnhat. We attribute
this difference to two possible factors. First, gated injection biases the loading of faster
migrating components (BSA) versus slower ones (CYC). Secondly, CYC may have fewer
available lysine amine groups than BSA to react with the fluorescent label.

Our off-chip labeling protocol was very simple and relatively fast. BSA concentrations in the
ng/mL range were detectable, corresponding to a ~7 fg (100 zmol) mass detection limit, which
compares favorably to recent work by Dovichi’s group [15]. The cationic surfactant CTAB
worked as a dynamic coating [26—-28], and was the only buffer additive found to decrease
nonspecific adsorption of dye and protein to the channel walls. Dynamic coating eliminates
the need for complex or time-consuming covalent microchip surface modification [30]. Since
the free dye emits weakly [20], we suggest that complexes involving the fluorophore and CTAB
surfactant in the running buffer are responsible for the peaks and broad shoulder in the protein-
free blank in Figure 5. Strong background fluorescence from chameleon labels was also
observed previously [31] with the anionic surfactant sodium dodecyl sulfate (SDS).

We also tried SDS as a dynamic microchip coating, but strong adsorption of free dye on the
channel walls was observed. SDS coats the PMMA channel walls, making them negatively
charged [26,27], and since CE dye 503 is positively charged [20], electrostatic interaction
between the column walls and dye is likely. In contrast, the cationic surfactant CTAB makes
the channel walls positively charged [26,27], which should repel CE dye 503, as well as dye-
labeled CTAB-protein complexes. Thus, CTAB was more effective than SDS in surface
passivation in our experiments.
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To optimize the labeling conditions, we performed separations with varying incubation times
and amounts of CTAB or dye. The incubation time for the labeling reaction was critical. Under
our conditions, the first CTAB peak eluted more slowly as the incubation time increased, such
that over-incubation resulted in poor separation between the first CTAB peak and the BSA
peak. The amount of CTAB also affected separation. When 0.2 mM CTAB was used in the
buffer, only the first CTAB peak was present, and the second CTAB peak and the broad
shoulder disappeared from the electropherogram. However, the resolution between the first
CTAB peak and the BSA peak decreased. Finally, the amount of dye was important too. As
the dye to protein ratio increased, the peak height of labeled BSA decreased, as has been
reported previously [20].

3.3 On-chip labeling

For on-chip labeling, the step of pre-incubation is eliminated, quickening the process and
facilitating automation of miniaturized analytical methods. Reaction occurs as diluted dye and
protein travel from reservoirs 1 and 1’ through the wider reaction channel (see Figure 2). Figure
7 shows microchip electropherograms of CE dye 503 tagged BSA at several concentrations
using our on-chip labeling protocol. In the blank (black trace), several peaks from the CTAB-
dye fluorescent conjugates appeared as in Figure 5. In the other separations a clear BSA peak
was visible at ~26 s; the height of this peak was linearly proportional to the BSA concentration
(see Figure 7 inset). Based on the plot of BSA concentration versus peak height, the detection
limit for BSA was calculated to be 1 ug/mL. Our detected 2 ng/mL BSA concentration (blue
trace) is more than 10 times lower than the concentration previously reported for on-column
labeling with a similar “chameleon” dye in conventional CE [21].

The BSA peaks in Figure 7 were slightly closer to the first background peak than those in
Figure 5, and the system peaks also had a somewhat different appearance. Our hypothesis is
that the incubation process accounts for the subtle difference between off- and on-chip labeling.
In off-chip labeling, the reaction happens on a longer time scale, allowing each protein molecule
to react with some number of dye molecules during the allotted time. Thus, most of the protein
molecules reach a similar degree of labeling by the end of incubation, which results in the well-
separated BSA peaks in Figure 5. In contrast, on-column labeling happens in a dynamic manner
while reagents traverse the reaction channel. Individual protein molecules were exposed to,
and subsequently reacted with, a varying number of dye molecules while both reagents had
their brief transit through the reaction chamber.

Is this difference in the number of labels on BSA sufficient to influence the elution time or
mobility? BSA contains 60 lysine residues [32]. Prior to reaction with CE dye 503 on-chip,
the BSA had interacted with CTAB in the buffer, forming BSA-CTAB complexes. The
surfactant alters the native conformation [33], making many of the primary amines on lysine
residues exposed and accessible. A single dye label should cause a mass shift of just under 300
Da[14], but the effects of several tens of dye labels on molecular weight and affinity for CTAB
could be enough to influence the mobility and hence elution time of BSA. We feel that these
factors cause the BSA peaks in the on-chip labeling process to elute faster than the off-chip-
labeled peaks. As with off-chip labeling experiments, we found that when devices were
exposed to the dye for longer times, the resolution between the first background peak and the
BSA peak decreased.

Figure 8 shows electropherograms of 30 ug/mL LYZ, 8 ug/mL BSA, and a mixture of these

two proteins labeled on-chip with CE dye 503. The two protein peaks are baseline resolved in
the mixture separation. We note that the LYZ peak is smaller than the BSA peak even though
its concentration is greater than that of BSA. The same factors of mobility bias in gated injection
and different numbers of accessible lysine residues that were noted in Section 3.2 for off-chip
labeling also influence the relative peak heights for on-chip labeling. Furthermore, when equal
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concentrations (500 ng/mL) of BSA and LYZ are labeled off-chip, the peak height of LYZ is
about half that of the BSA peak (data not shown), indicating that in on-chip labeling LYZ is
under-labeled compared with off-chip tagging. Finally, although we have been successful in
applying our approach to the separation of BSA, CYC and LYZ, we note that other analytes
could have migration times that overlap with these peak or the system peaks, such that their
quantitation would be more challenging.

4 Concluding remarks

Here, we developed a protocol for PMMA microdevices to analyze “chameleon” dye labeled
proteins in both off- and on-chip labeling scenarios. CTAB worked as a dynamic coating to
prevent nonspecific adsorption of protein and dye to the channel walls. In off-chip labeling, a
9 ng/mL concentration detection limit for BSA, corresponding to a ~7 fg (100 zmol) mass
detection limit, was obtained. In on-chip labeling, the free dye and proteins were loaded in
different reservoirs on the microdevice. This approach had a 1 ug/mL concentration detection
limit for BSA, corresponding to a ~700 fg (10 amol) mass detection limit. The BSA peaks were
shifted to a shorter elution time in on-chip labeling because of fewer total dyes on each protein
molecule. Importantly, we have demonstrated that both off- and on-chip labeling can be used
in separating protein mixtures in these polymer microdevices. Our methods eliminate time-
consuming microchip pre-treatments, inconvenient heating steps, and the need for long reaction
incubation times. Finally, instead of multiple manually controlled inputs [21], our on-column
labeling is performed in a relatively continuous and integrated manner, an important aspect of
automating miniaturized devices, further demonstrating the promise of our approach.
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Figure 1.

(A) Schematic of microchip layout for off-chip labeling showing channel lengths, channel
cross-sectional dimensions, and reservoir numbers. Reservoirs 1-4 are analyte inlet, analyte
waste, buffer inlet, and waste, respectively. (B) Schematic of flow during injection. Reservoir
1 was grounded, reservoirs 2 and 3 were floated, and reservoir 4 was maintained at +1600 V.
The solution flow directions are indicated by arrows. (C) Schematic of flow in separation mode.
Reservoirs 1 and 3 were grounded, reservoir 2 was at +400 V, and reservoir 4 was at +1600
V. The solution flow directions are indicated by arrows.
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Figure 2.

(A) Schematic of microchip layout for on-chip labeling showing channel lengths, channel
cross-sectional dimensions, and reservoir numbers. (Inset) Photomicrograph of the reaction
channel. The reaction chamber is 300 pum wide on the bottom. Reservoirs 1 and 1’ are dye inlet
and analyte inlet, respectively. Reservoirs 2—4 are waste, buffer inlet, and waste, respectively.
(B) Schematic of flow during injection. Reservoirs 1 and 1’ were grounded, reservoirs 2 and 3
were floated, and reservoir 4 was maintained at +1600 V. The solution flow directions are
indicated by arrows. (C) Schematic of flow in separation mode. Reservoirs 1, 1" and 3 were
grounded, reservoir 2 was at +700 V, and reservoir 4 was at +1600 V. The solution flow
directions are indicated by arrows.
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128

Figure 3.

Fluorescence micrographs of microchip channels during a 1.0 s gated injection. Reservoir 1
was filled with high concentration (mM) fluorescein solution, and the other reservoirs were
filled with buffer. The loading volume during the 1.0 s injection was estimated to be ~750 pL,
by calculating the volume of a rectangular block 930 pm long, 62 pm wide, and 13 um high.
The scale bar in the 0.0 s frame applies to all images.
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Figure 4.

Normalized absorption spectra of free CE dye 503 (red dashed line) and CE dye 503 labeled
BSA (black dashed line), and normalized emission spectrum of CE dye 503 labeled BSA
excited at 488 nm (black solid line).
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Microchip electropherograms of BSA labeled off-chip with CE dye 503. From bottom to top
(offset traces) are 0 (black), 25 (blue), 50 (green), and 100 ng/mL (orange) BSA. The gated

injection time was 1.0 s. The BSA peak is denoted with an asterisk. The inset is a plot of BSA
concentration vs. peak height. The detection limit (3c) was calculated to be 9 ng/mL. Standard
deviations of the slope and intercept of the linear least squares fit are 7.0x1076 and 4.0x1074,

respectively.
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Microchip electropherograms of proteins labeled off-chip with CE dye 503. The lower trace
is 100 ng/mL BSA and the upper (offset) trace is a mixture of 100 ng/mL BSA and 100 ng/mL

CYC. The sample injection time was 0.8 s.
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Microchip electropherograms (offset vertically) of BSA labeled on-chip with CE dye 503.
From bottom to top are 0 (black), 2 (blue), 4 (green), and 8 (orange) ug/mL BSA. The gated
injection time was 1.0 s, and the BSA peak is denoted with an asterisk. The inset is a plot of
BSA concentration vs. peak height. The detection limit (3c) was calculated to be 1 pg/mL.
Standard deviations of the slope and intercept of the linear least squares fit are 3.3x10~* and

1.5x1073, respectively.
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Microchip electropherograms (offset vertically) of proteins labeled on-chip with CE dye 503.
From bottom to top are 8 ug/mL BSA (blue), 30 ug/ml LYZ (green), and a mixture of 8 pug/
mL and 30 pg/mL LYZ (orange). The gated injection time was 0.8 s.
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