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Abstract

Microchip capillary electrophoresiplCE) with amperometric detection at Cu electrode benefited fast separation and direct detection of car-
bohydrates. The working electrode of i®n Cu wire attached nearly against the channel outlegsr4 where it benefited collecting detection
currentand suppressing overwhelming noise. The use of alkaline medium was essential to separating and detecting carbohydrates, which dis:
ciated into the sensitive alcolate anions. The 10-cm serpentine chip, though lengthening the migration time, it provided better efficiency. Sucrose
cellobiose, glucose, and fructose migrated from the outlet in 468090 V. The linear calibration plots ranging from 10 to 1Q0@ with re-
gression coefficients better than 0.996 were obtained. The injection-to-injection reproducibility of &.24% for glucose in peak currentand
0.6% for migration times were excellent. The detection limitwas low, down tp.®13or glucose (S/N= 3) or 27.6 attomole in mass detection.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction more versatile, economical, and easy to scale down in the
micrometric rangep.CE—EC has succeeded in the analysis
The past decade had witnessed a tremendous growth off neurotransmitter§10], amino acid[14], peptides[15],
miniaturization, which had nurtured the development of the and other compounds. However, the inherent field-induced
micro total analysis system (i-TAS). These systems incor- noise was troublesome if not employing the tedious decou-
porated part or all of the lab procedures for sample prepa- pling technigues. Mathies and cowork¢i€)] developed a
ration, separation and detection. While downscaling labtop plasma-sputtered Pt microelectrode for indirect detection of
instruments such as GC or HPLC is difficult, fabricating DNA. Wang et al[16] used two separate designs: one with
the less complicated micro analyzer such as CE microchip gold film sputtered around the outlet of the channel. The
(LCE) is relatively easy. ButuwCE has weakness, too; its other design used a replaceable screen-printed carbon thick
tiny size limits the optical path, which craves for sensi- film affixed to the channel outl¢t7]. In the same paper, they
tive measurements by fluorescence or laser-induced fluoresdescribed an optimal electrode-to-outlet distance ofilr0
cence. Both require derivitization with fluorophores and al- for best efficiency and sensitivity. But their later works

low only a select number of wavelengths for excitafiby2]. had used 5Q.m, instead[13]. Lunte and coworker$15]
Mass spectrometry (MS) was another chdite3] but fell reported the use of carbon paste electrode array.foE.
short of portability, economy, and sensitivity. The electrode if positioned at 15 (pin from the outlet

Electrochemical method of detection was attractive for was sufficient to suppress the noise but with band broad-
both conventional[4—9] and microchip CE[10,11-14], ening. With electrode-to-outlet distance shorter thamg
since many compounds were detectable without the needthe noise began to soar. However, the statement was rather
for derivatization. It is less sensitive than LIF but much ambiguous since their experimental error was at&qum.

No conclusion about the optimized distance could be drawn

. ) . . from this. More importantly, all the above methods required
o igggjﬁggg;%;&ghon Tek+886-2-29031111-2479; microalignment of the electrode, which was time-consuming
E-mail address: huiling.lee@msa.hinet.net (H.-L. Lee). and skill-intensive. In the prefixed approach, however, the
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electrode was affixed permanently to the outlet, which was more likely to break down. Although the 10-cm serpen-

eliminated the need for frequent in situ alignment. tine chip took longer analysis time, 6.7 min, than the works
Regardless of their wide distribution in nature, carbohy- by Schwartz, 8.5cm for 70s, or Hebert, 4cm for 150s, it

drates still crave for more efficient analytical methods. The gave 120000 N/m—a few times superior. The analysis time

difficulty arose from the lack of chromophores for photo- was seven-fold shorter than the conventional CE—6.7 min

metric detection or electrophores under normal amperomet-versus 45 mirj38].

ric detection. Derivatization with chromophof&8—-20] or

use of indirect UV detection can help, but the former was

time-consuming while the latter lacked the necessary sensi-2. Experimental

tivity. Sensitive techniques such as fluorescence often limit

their usefulness by inborn selectivif21,22]. Analysis by 2.1. Reagents and materials

enzyme-modified electrodes, known for its wide applica-

tions in bioimportant substancg3], was too specific to be All etchants and reagents were of analytical grade. Stock

useful for mixtures. Fortunately, carbohydrates, dissociated solution (1.0 mM) of all sugars, purchased from Sigma (St.

into alcolate anion in alkaline solution, was electrochemi- Louis, MO, USA), were prepared fresh daily in pure water.

cally active at the surface of nobj24,25] or transition met- Standard solutions were prepared by dilution to desired con-

als [26—28]. More importantly, electrodes of Ga9-31], centrations with the separation medium, immediately before

Ni [32,33], Co [34,35], or Ru [36toupled to HPLC could  use.

resist oxidation over an extended period. Cu electrode had Pyrex glass (Corning 7740, 5@0n thickness) was ob-

shown selectivity toward amino acids, peptides, and pro- tained from I.G.S. (Sunnyvale, CA, USA). Thin film positive

teins, besides carbohydratg®),31]. Alternatively, pulsed  photoresist S1813 and developer MF-319 were purchased

amperometric detection (PAD) at gold electrode in series from Shipley (Marlborough, MA, USA). All of the solutions

with conventional CH37] was effective for carbohydrates, were prepared in a class 1000 clean room.

but presumably harmful to the electrode. Instead, detection

by amperometry at constant potential posterior to capillary 2.2. Apparatus

end was less aggressive to the electrfgk]. Wang et al.

[39] had done enzymatic analysis iCE without separa- A high-voltage power supply from Bertan 230-30R (Val-
tion, which was effective for glucose. Schwartz et[dD] halla, NY, USA) with adjustable voltage range of 0-30kV
was the first group to use Cu electrode p€E to de- was used for separation. Electrochemical detection was per-

tect sucrose, galactose, and fructose, with estimated effi-formed with an Electrochemical Analyzer 812 (CH Instru-
ciency of 12000 N/m. Unfortunately, they all required the ments, Austin, TX, USA), which was connected to a Pen-
time-consuming and skill-intensive microalignment of the tium 166 MHz computer.
electrode to the channel outlet—a setback to the day-to-day
reproducibility. Hebert et a[41] had further improved the  2.3. Chip fabrication, design, and operation
method using sinusoidal voltammetry at the deposited Cu
electrode to detect glucose and sucrose, with 50 000 N/m for The experimentaiu CE—EC device is depicted iRigs. 1
sucrose and 70 000 N/m for glucose. However, the depositedand 2. Photolithography was done at the MEMS Facility
Cu thin-film electrode, at the mercy of sinusoidal pulse, (National Taiwan University (NTU)) followed by in-house
tended to foul, deteriorate and eventually breakdown. The fabrication. The microfluidic network was fabricated on an
end-channel configuration, coined by Lunte and coworkers 18 mm x 58 mm x 0.5mm thick Pyrex 7740 wafer using
[42], with Cu electrode placed at the outlet received con- the standard photolithographic techniques. Pyrex glass was
siderable attention recently. It needed no micromanipulator, cleaned in acetone and then in deionized water by sonifi-
specific decoupling or machined cells. The built-in electrode, cation for 10 min. Then transferred to hot Piranha acid so-
though exempt from such difficulty of alignment, still need Iution (H,SOQs/H202, 3:1) maintained at 120C in a class
to attend to the problem of noise. The distance between the1000 clean room. (CautionfPiranha acid solution is a pow-
electrode and the outlet mattered a great deal to noise superful oxidizing agent, which reacts violently with organic
pression. In this study, parameters such as separation voltcompounds; it should be handled with extreme care.) Af-
age, detection potential, injection potential, pH and injection ter 10 min, changed the solution to WH>02/H,0 (1:1:2)
time were studied to optimize the separation. for another 10 min. After blown dry under nitrogen, a sac-
Our 10-cmu.CE, 40pm wide, and 1Qum deep, was sensi-  rificial etching mask layer of Cr/Au (35 nm Cr/200 nm Au)
tive and able to detect 23V (27.6 attomole) glucose, which  was deposited on the glass surface; here Cr served as the
was better than Schwartz et §0] or Hebert et al[41]. adhesive to Au. A S1813 positive photoresist was spun on
This increase in sensitivity could be related to the integrated the glass wafer at 4000 rpm for 30 s to yield a 1.5-um-thick
approach of on-chip Cu wire electrode. The approach of at- layer. After prebake at 90C for 2 min, the mask pattern
taching Cu wire to the outlet after chip bonding was superior was successfully transferred to the photoresist with a mask
to the deposited-electrode approach in durability. The latter aligner (Double Side Mask Aligner MA6/MB6, Karl Suss,
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Fig. 1. Schematic diagram fCE with electrochemical detection used in this study. SC, separation channel; RB, running buffer reservoir; S, sample
reservoir; SW, sample waste reservoir; DC, detection cell; CE, counter electrodenBBOwire); RE, reference electrode (Ag/AgCl); and WE, working
electrode of 5um Cu wire.

Germany). The exposure rate was 6 mWicior 6s. The plate helped the bonding in a programmable furnace (Model
wafer was developed in MF-319 for 25s to remove the un- 2-525 by J.M. Ney Co., Yucaipa, CA). The glass chip was
reacted resist to expose the desired pattern, then hard bakedirst ramped to 656C at 3.4°C/min, and then annealed to
at 120°C for 30min on a hot plate. Au film was then 100°C at 5°C/min, held for 1.5h before cooling down to
etched with KI/b and Cr film with Cr etchant (KTI Chemi- ~ room temperature. Insufficient bonding can be spotted by
cals, Sunnyvale, CA, USA); both of commercial grade. The the presence of rainbow. Several trials may be necessary to
HNA (HF/HNO3/CH3COOH 1:2:1 (v/v)) etching solution ~ ensure a perfect bond. The glass tubing (0.4cm i.d.) was
was used for pattern engraving. The depth of the etchedinserted into the hole and glued permanently with epoxy.
channel was periodically monitored with the Alphastep pro-

filometer (Tencor Ind., San Jose, CA, USA) to establish ba- 2.4. On-chip detection

sic data for future reference. The effective separation chan-

nel was 10 cm long, 4@m wide, and 1Qum deep, with in- A schematic diagram for on-chip electrochemical detector
jection channel crossed at 5@tn from the running buffer  is shown inFig. 2. Cu wire of 2cm 50-um (Goodfellow
reservoir. The injection volume confined in the intersection Corp., Malvern, PA, USA) was mounted vertically to the
was 12 pl as estimated from the cross-sectional trapezoid,prepolished channel end. In detail, Cu wire led from the
top square of 4Qm and bottom square of 20m. Connec- bottom plate across the outlet to the top plate, with both ends
tion from buffer or sample reservoir to the flow channel was glued with 15-min epoxy (Selleys Bolt, NSW, Australia).
bored by electric discharge in alkaline solution with a tung- Finally, unused portion of the Cu wire was covered with
sten carbide needle (3@0n i.d.). Cleaned the glass plates epoxy for better performance.

accordingly as described above and blew it dry under nitro-

gen before bonding. A load of metal weights on the glass 2.5. Electrophoresis procedure

Rinse the channels before use with 0.1 M NaOH for
10 min, then deionized water 20 min. The channels were
flushed with the separation medium of 80 mM NaOH by vac-
uum for 5min and then sit for 15 min before use. The entire
device was then flushed again with the separation medium
by applying+2000V for 20 min. Sample was drawn into
the sampling channel by high voltage for 3 s, while keeping
the sample waste reservoir grounded and the other reser-
voirs electrically floating. Apply+2000V between the
running buffer reservoir and the detection reservoir while
keeping the sample reservoir floating to trigger separation.

2.6. Amperometric detection
Three-electrode configuration was employed in all exper-

iments with a Ag/AgCl reference electrode and a platinum
Fig. 2. Optical micrograph of the on-chip microelectrode. auxiliary electrode. Amperometric detection was performed




H.-L. Lee, S-C. Chen/ Talanta 64 (2004) 210-216 213

with an Electrochemical Analyzer 812 (CH Instruments),
which was connected to a personal computer (Pentium \
166 MHz, 32 MB RAM). The electropherograms were ob- \
tained at the detection potential $0D.6 V against Ag/AgCl, N AT

for injections after baseline stabilization. Joa .. ‘

3. Results and discussion

3.1. Effect of electrode position and detection potential d

High separation voltage induces noise, which would in P 1A
turn chew up the sensitivity gain from miniaturization and
integration. The plague originates from indiscriminate posi-
tioning of the electrode; in-channel electrode arrangement, . : : :
invariably introduces serious noises. However, moving the ¢ 100 200 300
electrode outside the channel would restrain noise but the Time (s)
e e, e enchannel des il « Cocrophrgam o 1000 e () cltios ) s
(c), and 20QuM fructose (d). Also shown (in the inset) are the resulting

between noise reduction and signal gain. In principle, the piots of 3000 injections (three months). 80 mM NaOH separation medium;
electrode should stay as close to the outlet as possible, busample injection time for 3s a+2000V; detection at+0.6V against
to position the electrode at precisely 1 opih away from Ag/AgCl at Cu electrode.
the outlet was extremely difficult. In this chip, the distance
between the electrode and the outlet wasm measured
by a microscope.

Carbohydrates are inert toward Pt or Au but sensitive to ) i
metals such as Cu or Ni under specified conditions; anchor-3-2. Effect of separation medium
ing electrophore is another choice but too tedious. The use ) ) _ )
of Cu electrode in strongly alkaline solution for carbohy- ~ Carbohydrates are weak acids, which dissociate to neg-
drate analysig43] is sensitive and more convenient. All atively charged alcoholates in medium more alkaline than
seven carbohydrates, characterized individually, gave simi-PH 12. This anionic transformation incurred discriminate
lar HDV voltammograms as the detection potential stepped Migration and helped peak resoluti##,45]. As shown in
from +0.4 to-+0.7 V, as shown ifFig. 3. Beyond this range, Fig. 4, the overlap betwee_:n glucose z_ind fructose began to
the current was too small for practical use or the baseline "€S0lve in separation media more basic than 50 mM NaOH.

rise too severe ovet-0.7, not shown. The current rose in  Overall, the condition optimized at 80 mM NaOH.

T T T T T T 1
400 500

nonlinear response, except glucose, to potential increase; the
optimized detection potential was0.6 V against Ag/AgCI.

75 - a
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Fig. 3. Hydrodynamic voltammograms (HDVs) for 2@ of glucose, Fig. 5. Effect of separation voltage on migration time: (AJL000V,

raffinose, galactose, cellobiose, xylose, fructose, and sucrose. Condi-(B) +2000V, (C)+2500V, and (D)+3000V. CE conditions: 10QM
tions: separation voltage at2000V; electrokinetic injection for 3s (at (&) sucrose, (b) cellobiose, (c) glucose, and (d) 28Dfructose; 80 mM
+2000V); working electrode with Cu electrode; separation medium of NaOH separation medium; sample injection time for 3s+&000V,
80 mM NaOH. detection at+0.6 VV against Ag/AgCI at Cu electrode.
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Fig. 6. Effect of injection time on the number of theoretical plate per

Injection time (s)

meter for 5QuM glucose. Experimental conditions as kig. 4.

3.3. Effects of separation voltage and injection time

migration and sensitivity, but at the cost of resolution and
efficiency; migration times of most of the compounds de-
clined in half while N dropped nearly 30%. A separation
voltage of+2000V optimized separation time, sensitivity,
and efficiency. The injection volume, though confined by the
intersection, was not constant if injection time was not con-
trolled, as shown iffrig. 6. Discriminate migration of ions by
electrophoretic field in separation was also effective when
drawing the sample into the sampling channel. Peak broad-
ened on prolonging sampling time from 3 to 10s. Injection
time shorter than 3 s was very difficult to control. A sampling
time of 3 s usually ensured good resolution and sensitivity.

3.4. Reproducibility, linearity, and detection limits

Long-term use of glass at high alkalinity usually raises
concerns about its legitimacy, but the chip had endured more
than one month without anomalies. The analytical quality
had remained almost intact after 300 injections, with migra-
tion time shift of only 0.6%. However, the sensitivity had

The separation voltage plays a major role in manipulating dropped 12% over the same period. After 3000 injections

migration time and resolution, as shownhig. 5. Increas-
ing separation voltage from-1500 to 43000V increased

over three-month period, as shown in the insefig. 4,
the efficiency and resolution declined with peak overlap

Table 1

The results of regression analysis on calibration curves and the detectior? limits

Analyte Regression equatiop = bx + a° Correlation coefficient Linear range (uM) Detection lifn{.M)
Raffinose y = 22.391x+ 0.2085 0.9971 10-1000 29

Sucrose y = 2.944x+ 0.2204 0.9963 50-1000 8.4

Cellobiose y =9.967x— 0.4232 0.9971 50-1000 16.6

Glucose y = 46.398x— 0.10 0.9994 10-1000 2.3

Galactose y = 16.51x+ 0.8348 0.9989 50-1000 20.3

Fructose y = 16.22x— 0.5962 0.9972 50-1000 14.2

Xylose y = 15.636x+ 0.4193 0.9968 50-1000 15.2

a Detection potential is+0.6 V against Ag/AgCI. Other conditions as Fig. 4.
by andx are the peak current (nA) and the concentration of the analyte (mM), respectively.
¢ Detection limits was based on tf&N ratio of 3.

Jom
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r

T T T T T T T T T 1
0 100 200 300 400 500
(B) Time (s)

Fig. 7. Electrophoregram of carbonated soft drinks for (A) regular Coca®C¢R) light Coca-Col&. Peaks (a) glucose and (b) fructose, respectively.
All samples are diluted 1:500. 80 MM NaOH separation medium; sample injection time for-82080 V; detection at+-0.6 V against Ag/AgCl at Cu

electrode.
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between cellobiose and glucose. NaOH solution severely at-ern Region MEMS Research Center (Taipei) of the National
tacked the channel. A year later, the peak had widened 178%Science Council of the Republic China for facilities to sup-

with a 33% drop in separation efficienclable 1showed

good linearity between peak current and concentration in the

range of 10-100Q.M, correlation coefficients >0.996. The
detection limit was 2.3.M for glucose, or higher for other
species. Reproducibility in peak currents £n 7) showed
little deviation: as little as 0.04% for sucrose or 1.24% for
glucose. Even the precision of migration time was controlled
within 0.6% (n= 7).

3.5. Analytical applications

Samples from two popular soft drinks, Coca-Cbland
light Coca-Col&, were injected for evaluation of its feasi-
bility for routine use. Samples were diluted 500-fold with
the separation medium, followed by membrane filtration be-
fore injection; as shown ifrig. 7. Identification of peaks

port the MEMS fabrication.
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