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Electroactive intercalators for DNA analysis
on microchip electrophoresis

Miniaturized analytical systems, especially microchip CE (MCE), are becoming a promising
tool for analytical purposes including DNA analysis. These microdevices require a sensitive
and miniaturizable detection system such as electrochemical detection (ED). Several elec-
troactive DNA intercalators, including the organic dye methylene blue (MB), anthraqui-
none derivatives, and the metal complexes Fe(phen);** and Ru(phen);**, have been tested
for using in combination with thermoplastic olefin polymer of amorphous structure
(Topas) CE-microchips and ED. Two end-channel approaches for integration of gold wire
electrodes in CE-ED microchip were used. A 250 pm diameter gold wire was manually
aligned at the outlet of the separation channel. A new approach based on a guide channel
for integration of 100 and 50 pm diameter gold wire has been also developed in order to
reduce the background current and the baseline noise level. Modification of gold wire elec-
trodes has been also tested to improve the detector performance. Application of MCE-ED
for ssDNA detection has been studied and demonstrated for the first time using the elec-
troactive dye MB. Electrostatic interaction between cationic MB and anionic ssDNA was
used for monitoring the DNA on microchips. Thus, reproducible calibration curves for
ssDNA were obtained. This study advances the feasibility of direct DNA analysis using CE-
microchip with ED.
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considered as an emerging technology with potential for
novel designs and new applications [3].

The most promising progress in DNA analysis mainly covers
three aspects: conventional and microchip CE (CE and MCE,
respectively), MS, and DNA sensors/chips based on the
hybridization with oligonucleotide probes.

CE microchips, since they were introduced by Manz et al.
[1, 2], have demonstrated to be a powerful and useful (bio)
analytical tool. These miniaturized systems are characterized
by high-speed, high-throughput, small sample, and reagent
requirements as well as integration and compactness. Com-
paring with the relatively mature CE, microchips can be
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Microfluidic devices have been mainly fabricated from
silicon and glass substrates. However, polymeric materials
have been recently used because of their mechanical and
chemical properties, low cost, high flexibility, and relatively
simple fabrication procedures facilitating mass production
of disposable microdevices. Several polymers such as
poly(methylmethacrylate) (PMMA) [4], PDMS [5], poly-
carbonate (PC) [6], polyester [7], and poly(ethyl-
enterephthalate) (PET) [8] have been employed. Recently,
cyclic olefin polymers and copolymers such as Zeonor [9]
or thermoplastic olefin polymer of amorphous structure
(Topas) [10] have also received attention due to their high
chemical resistance, good machinability, and optical trans-
parency.

A miniaturized and sensitive detection system is needed
for microchip electrophoresis due to the small sample vol-
ume. LIF has been commonly adapted to microchips for
separation of DNA fragments, genetic analysis, DNA se-
quencing, and mutation detection as shown in several
reviews [11-14]. Nevertheless, this detection system is not yet
very compatible with miniaturization and microfabrication
technology. Many of the potential benefits associated with
miniaturization will be negated if chips must be used in
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conjunction with bulky and expensive equipment. Electro-
chemical detection (ED) provides an alternative of high sen-
sitivity and low cost that can be easily integrated in micro-
analytical devices due to its inherent simplicity.

In the last years, the conductometric detection mode has
experienced an important increase of reporting for analytical
[15] and bioanalytical [16] applications including separation
of dsDNA and PCR products [17, 18]. However, ampero-
metric detection is the most widely described ED for MCE. A
critical step for the good performance of ED in microchips is
the cell design for isolation of the detector from the separa-
tion electric field. Several approaches have been developed
with this aim including in-channel, end-channel, and off-
channel configurations.

In- and off-channel detection modes are based on the pla-
cement of the working electrode directly within the separation
channel without[19, 20] or with an electric field decoupler [21,
22], respectively. The end-channel configuration is the most
commonly used amperometric detection mode, where the
working electrode is located close (10-50 pm) to the outlet of
the separation channel. Different electrode materials and
integration/alignment modes have been used for end-chan-
nel detectors. The working electrode can be permanently
integrated on-chip by means of thin-films made of platinum
(23, 24], gold [25-27], copper [26], or carbon [28] placed close to
the channel exit. Other approach is based on an off-chip
alignment of replaceable disk [10,29-33] or thick-film [33-35]
working electrodes. In this case, the working electrode could
be replaced when surface fouling happened. Thus, planar
thick-film carbon electrodes have been mounted perpendi-
cular to the flow direction [4, 33-35]. Several designs based on
a guide tube have been developed in order to align platinum
microdisk [31] and carbon fiber [31, 32] electrodes. XYZ
micromanipulators have also been employed for aligning
metal wire electrodes [8, 29]. Platinum, gold, and copper
microwires have been aligned across the separation channel
using a channel patterned in PDMS [30].

Electrochemical DNA detection has been commonly
accomplished using a label that binds to DNA. Thus, differ-
ent labels including redox-active molecules [36-39], metal
nanoparticles [36], or enzymes [36, 40] have been employed.
The simplest mode is based on the use of redox-active mole-
cules which contain a planar aromatic structure that could
insert itself between two adjacent base pair of DNA (inter-
calator) or interact with DNA grooves. In this way, previous
labeling of reagents is not necessary and the marker
becomes universal. Several metal complexes [36], anticancer
agents such as daunomycin [36, 37], organic dyes such as
methylene blue (MB) [36-38, 41], and other molecules such
as anthraquinone derivatives [36, 42] have been used as
intercalators and groove binders.

In the development of integrated DNA analysis systems
an area where improvements are needed is that of product
detection [11]. Obtaining an adequate signal for DNA strands
is a key step for developing an appropriate methodology.
Amperometric detection has been also used in combination
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with MCE for DNA analysis. Redox indicators of DNA have
been widely employed in biosensors for monitoring DNA
hybridization [43, 44]; however, bibliography related to the
employ of indicators with the aim of detecting DNA in CE
microchips is scarce when ED is concerned. A laborious
covalent labeling of allele-specific primers with ferrocene has
been performed for a PCR-based SNP typing assay employ-
ing CGE on microchip [27]. This molecule is employed also
as label for chain terminators in the detection of SNPs by
CGE microchip in a single-base extension reaction [28].
Apart from this covalent labeling, an indirect ED through the
complex Fe(phen);*" that acted as intercalation agent has
been developed to separate and detect DNA restriction frag-
ments and PCR products [23, 27] on CGE microchips. The
constant background current from free Fe(phen);*" in the
separation buffer decreases when DNA- Fe(phen);*" com-
plexes migrate through the detection region, so the passage
of DNA is indicated by transient dips in the background
current. This is the first time, to the best of our knowledge,
that specific interaction of an intercalator with ssDNA is
electrochemically detected on a CE microchip.

Thus, in this work, several electroactive DNA inter-
calators have been evaluated for their possible application on
CE-microchips. Taking into account the significance that this
miniaturized detection is achieving is relevant the consecu-
tion of a suitable signal. The use of noncovalently bound
probes eliminates the need for previous chemical modifica-
tion avoiding additional preparative tasks and decreasing
analysis time. In this case, the amperometric detection on
Topas-microchip has been achieved using two different end-
channel approaches based on gold wire electrodes of various
diameters. Modification of the gold electrodes has been also
tested in order to improve analytical signals. Optimal detec-
tion system in combination with the Topas-microchip has
been employed for ssDNA analysis using the electrostatic
interaction with an electrochemical indicator. The sequence
is complementary to one specific to the severe acute respira-
tory syndrome (SARS)- associated coronavirus, the causative
agent of an outbreak of atypical pneumonia.

2 Materials and methods
2.1 Reagents

MB, 9,10-anthraquinone-2,6-disulfonic acid disodium salt
(2,6-AQDS, 98% purity), anthraquinone-1,5-disulfonic acid
disodium salt (1,5-AQDS, 95% purity), anthraquinone-2-sul-
fonic acid sodium salt (AQMS, 97% purity), dichloro tris(1,10-
phenanthroline) ruthenium (II) (Ru(phen);**), 1,10-phenan-
throline iron(IT) sulfate complex (Fe(phen);*"), Tris, 1-hex-
anethiol (95%), L-cysteine (1-Cys), SDS, and boric acid (99.5%)
were purchased from Sigma—Aldrich (St. Louis, MO, USA).
EDTA was supplied by Fluka (Buchs, Switzerland). Potassium
chloride, perchloric acid (70%), and ethanol were obtained
from Merck (Darmstadt, Germany).
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A synthetic 30-mer ssDNA with sequence 5’-CTT TTT
CTT TTT GTC CTT TTT AGG CTC TGT-3" was purchased
from Eurogentec (Belgium). This sequence is complementary
to the portion of the SARS genome [45] comprised between
bases 29218 and 29247, both included. Oligonucleotide solu-
tions were prepared in TE buffer pH 8.0 (0.1 M Tris-HCI buf-
fer solution, 1 mM EDTA). Aliquots were prepared and stored
at —20°C. Working solutions of ssDNA were prepared from
aliquots in the running buffer and conserved at 4°C.

All other solutions were prepared in the running buffer
and filtered through nylon syringe filters (Cameo 30N,
0.1 um, 30 mm) obtained from Osmonics (Minnetonka, MN
55343, USA).

Water was purified employing a Milli-Q plus 185 equip
from Millipore (Bedford, MA 01730). All other reagents were
of analytical reagent grade.

2.2 Microchip design

Topas (thermoplastic olefin polymer of amorphous struc-
ture) microchips, shown in Fig. 1. I, were purchased from
Microfluidic-ChipShop (Jena, Germany). Microchips con-
sisted of a plate (58.5 mm x 13.5 mm) of 2 mm thickness
with a 54 mm long separation channel (between the running
buffer reservoir, A, and the waste/detection reservoir, B) and
9 mm long injection channel (between the sample reservoir,
C, and the sample waste reservoir, D). The two channels
crossed each other halfway between the sample (C) and
sample waste (D) reservoirs and 4.5 mm from the separation
channel buffer reservoir (A). An additional 4.5 mm channel
(E) was placed at 4.5 mm from the end of the separation
channel. The channels were 20 pm depth with 32 pm width
at the bottom and 60 pm width at the top. A cover plate of
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similar dimensions but 200 pym thickness is adhered for
closing the channel at the top. Holes of 2 mm diameter that
act as reservoirs were situated on the 2 mm thick plate at the
end of the channels. Micropipette tips were cut for obtaining
1 cm long pieces with a diameter of 0.5 cm at the top. They
were adhered concentrically to the chip holes with Araldit
(Vantico AG, Basel, Switzerland) forming reservoirs of ap-
proximately 100 uL volume. A methacrylate holder
(18 cm x 13 cm x 2 cm) was fabricated for accommodating
the chips. Once inserted the chip on the holder, a small rec-
tangular piece (5 cm x 1 cm X 0.8 cm) was fixed with screws
with the aim of securing the chip.

2.3 Electrochemical detector

The amperometric detector was situated in the waste reser-
voir (B) with a three-electrode configuration. The reference
and counter electrodes were coupled in a 250 pL micropip-
ette tip that was introduced in the detection reservoir for
performing the measurements. The reference electrode
consisted of a 1 mm diameter silver wire (Goodfellow, UK)
anodized in saturated KCl and introduced in a pipette tip
through a syringe rubber piston. The tip was filled with
saturated KCl solution and contained a low-resistance liquid
junction. The auxiliary electrode, a 0.3 mm diameter plati-
num wire (Goodfellow), was externally fixed with insulating
tape. Gold wires (Alfa Aesar, Germany) with different diam-
eters (250, 100, and 50 um) were used as working electrodes
with an end-channel configuration.

The 250 pm diameter gold wire working electrode was
manually aligned at the outlet of the separation channel as
previously reported [10]. In brief, the wire was introduced in
the reservoir with the aid of a micropipette tip, then, it was

1L

Bottom view

Adhesive tape

Y

Figure 1. Microchip (I) and amperometric detector (ll) design.
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adhered to the microchip with Araldit. Finally, a 1 cm long
piece of a 250 puL micropipette tip was adhered to the chip
hole fixing the wire.

A new end-channel detector design was developed in
order to align the 100 and 50 pm diameter gold wire elec-
trodes (Fig. 1.II). A part of the cover plate was removed,
leaving open the last part of the separation channel (approx-
imately 1 mm). The open channel was widened with a cutter
in order to obtain a guide channel of appropriated dimen-
sions for aligning accurately the 100 and 50 pm diameter
electrodes. The gold wire was coupled to a piece of adhesive
tap (1 mm approximately) for allowing easier handling and
was placed and aligned in the new guide channel with the aid
of a microscope (Swift Optics, USA). The electrode was fixed
on the guide channel with epoxy resin (Araldit) and adhesive
tape. After the glue was cured, the wire was turned 90° at the
end of the adhesive tape and was also fixed with epoxy resin.
In this way, the gold wire is in contact with the solution only
at the end of the channel and not in the rest of the reservoir,
which could increase capacitive currents. The microchip was
joined to a methacrylate block consisting of two pieces. In the
one that contacts the microchip, a circular cavity (5 mm di-
ameter and 2 mm deep) that includes the initial 2 mm
diameter hole, was practiced in order to make the final
detection reservoir. All the pieces were maintained together
with Araldit. Finally, a copper cable was fixed to gold
wire with a conducting silver epoxy resin (CW2400, RS
Components, UK) for electrical connection.

Cyclic voltammetry experiments were carried out using
the waste/detection (B) reservoir as electrochemical cell. A
250 pm diameter gold wire was employed as working elec-
trode. The tip containing the reference and auxiliary elec-
trodes was also introduced in the reservoir for performing
the measurements. Alternatively, a card with screen-printed
electrodes and electrical carbon connection (Alderon, USA)
was modified [33] and employed for performing cyclic vol-
tammetry experiments.

Amperometric and cyclic voltammetric detection was
performed with an Autolab PGSTAT 10 (ECO Chemie,
Netherlands) potentiostat interfaced to a Pentium Celeron,
333 MHz, 64 MB RAM computer system and controlled by
Autolab GPES software version 4.9 for Windows 98.

2.4 Electrophoresis procedure

CZE separations were carried out in uncoated channels
using two high-voltage power supplies (HVPS, M] series)
with a maximum voltage of +5000 V from Glassman High
Voltage (High Bridge, NJ 08829-0317, USA). They were
interfaced to a Pentium Celeron, 333 MHz, 64 MB RAM
computer system and monitored by a DT300 Series Board,
DT Measure Foundry 4.0.6 software for Windows 98. High-
voltage electrodes consisting of 0.3 mm diameter, 1 cm long
platinum wires (Goodfellow) were inserted into each of the
reservoirs and connected by means of crocodile clips to the
HVPS.
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Prior to electrophoresis, Topas microchips were rinsed
with 0.1 M HCIO, and running buffer for 15 and 10 min,
respectively. Washing was made with the aid of a simple
vacuum system and reservoirs were filled with the running
buffer solution. The microchip was fixed in its holder and a
Faraday cage was used for housing it in order to minimize
electrical interferences. After baseline stabilization, reservoir
C was filled with the sample solution and injections were
performed by applying the desired voltage. Several types of
injections (“pinched” and “unpinched”) were evaluated.
Separation was performed by applying the corresponding
voltage (usually +2000 V) to the running buffer reservoir (A)
with the detection reservoir (B) grounded. Then, the detec-
tion potential was applied and the electropherogram was
recorded. All experiments were performed at room tempera-
ture.

Safety considerations: High-voltage power supplies
should be handled with extreme care to avoid electrical
shock.

3 Results and discussion
3.1 Electroactive DNA intercalating ligands

Although DNA can be detected through label-free ap-
proaches by monitoring the oxidation or reduction current of
electroactive bases [44, 46], electrochemically active inter-
calators have been widely employed in the development of
genosensors [43, 44]. The process of guanine, the most oxi-
dizable base, occurs at highly positive potential (around
+1.0V vs. Ag/AgCl) and background currents are high.
Moreover, species in biological samples may be oxidized
causing a positive error. Addition of an indicator molecule
improves the detection with a simple procedure. As com-
mented in the introduction, the use of intercalators is com-
mon in sensors but there is not reference of their specific use
in CE microchips. In this work, the organic cationic dye MB,
the organic anionic species including 2,6-AQDS, 1,5-AQDS,
and AQMS, as well as metal complexes such as Ru(phen);**
and Fe(phen),®* have been evaluated by cyclic voltammetry
using a 250 pm diameter gold wire electrode. TBE buffer
(50 mM Tris-boric acid pH 7.0, 1 mM EDTA) was used as
BGE in all studies. Solutions of anthraquinones have to be
degassed with nitrogen for 10 min in order to avoid the
interference of the oxygen signal.

Anthraquinone derivatives have been described as redox
intercalators with long-range electron transfer (LET) through
dsDNA [42, 47] immobilized on a sensor surface. A single
strand of probe DNA will not allow efficient LET to occur and
the free surface is blocked to avoid direct transfer. From the
several anthraquinone derivatives, three among them: the
monosulfonic (AQMS) and two different disulfonic (2,6-
AQDS and 1,5-AQDS) were evaluated. The cyclic voltammo-
gram recorded in a 1mM AQMS solution is shown in
Fig. 2A. A cathodic process that appears at —0.662 V corre-

www.electrophoresis-journal.com



Electrophoresis 2007, 28, 4679-4689

2{A

'14 T T T T T T T
-1 -08 06 -04 -02 0 02 04 086

Potential (V)

Current (uA)

-08 06 -04 -02 O 02 04 06

Potential (V)

Current (pA)

'1 T T T T

0.6 0.8 1 1.2 1.4 1.6
Potential (V)

Figure 2. Cyclic voltammograms with a gold wire electrode for
(A) TmM AQMS, (B) 100 uM MB, and (C) 145 uM Fe(phen);?* (—)
and 100 pM Ru(phen);?* (==) using TBE buffer and v =50m V/s.
(Inset: hydrodynamic voltammograms for MB (A), Fe(phen);?*
(@), and Ru(phen);2* (M) using a Topas-microchip with a 250 um
gold wire detector. Conditions: V., = +2000 V; injection: 5 s at
+2000 V; running buffer: TBE

sponds to the reduction of the keto groups of the antraqui-
none to the corresponding alcohol. The reoxidation to the
keto form occurs at —0.137 V. When the voltammogram is
recorded in a 2,6-AQDS solution, the redox process becomes

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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poorly defined and the closeness of the background current
makes difficult the measurement of cathodic currents. When
the two sulfonic groups are in a nearer position (1,5) the
process becomes more irreversible. The amperometric
detection of antraquinones will require an optimal detection
potential over —0.5 V, where solutions must be deareated.
Since moreover, this potential is near the background cur-
rent, it will increase the baseline noise level. Therefore,
anthraquinone species were discarded for DNA application
on MCE. In addition, these molecules possess sulphonic
groups and therefore they are negatively charged at the
working pH and could suffer repulsion from polyanionic
DNA.

MB is a common intercalator dye that presents a well-
defined reversible redox process as can be seen in Fig. 2B.
The cyclic voltammogram shows a cathodic process at
—0.215 V (conversion of MB to leucomethylene blue (LB), a
two electron process [38]). The corresponding anodic process
appears at —0.127 V which means a difference of 0.088V
(ip an/ip cat = 1.37). In both cases, the peak current varies line-
rarly (r equal to 0.9996 and 0.998 for the anodic and cathodic
processes, respectively) with the square root of the scan rate,
indicating that the processes are diffusion controlled. The
precision of the signals is very adequate since where ten
measurements are successively recorded, an RSD of 3.0 and
3.1% is obtained for the oxidation and reduction processes,
respectively. The process was also checked at carbon elec-
trodes (screen-printed electrodes). Although it becomes
more reversible (AE = 0.056V, i, ,n/i, e = 1.03) the intensity
of successive signals is increasing with the number of the
scans. The third signal is 3.1 = 0.3 times higher when com-
pared with the first one, which implies the necessity of per-
forming an electrode pretreatment for obtaining reproduci-
ble signals. Activation procedures are usual when solid elec-
trodes are used but when they are part of a microchip the
whole procedure becomes more complicate and the perfor-
mance of the detector can deteriorate. Moreover, the inten-
sities of the peak current are always lower than those
obtained with gold wires for the same MB concentration
(10 uM). Therefore, the process that MB presents at gold
electrodes seems to be more adequate for following the sig-
nal of DNA. MB has been shown to bind specifically to the
guanine bases of ssDNA [48, 49]. Furthermore, as MB is
positively charged, its interaction with DNA is easier and
more rapid than for anionic intercalators.

Both processes, oxidation and reduction, are appropriate
but since MB has first to be reduced to LB if oxidation want to
be observed, the amperometric procedure will imply the
application of a cathodic potential before fixing the anodic.
Therefore, for the sake of simplicity, the cathodic process has
been chosen. In order to determine the optimum detection
potential, a hydrodynamic voltammogram has been recorded
using a Topas-microchip with a 250 um diameter gold wire
electrode. A separation voltage of +2000V (370 V/cm), an
injection voltage of +2000 V applied for 5 s and TBE as run-
ning buffer was employed. The potential was varied between
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+0.1 and —0.4 V. The intensity is increasing and reaches a
plateau at —-0.2'V (Fig. 2B, shown as inset). A potential of
—0.3 V was employed as working potential to detect the MB
reduction process on CE-microchip.

Synthetic organic molecules [50] have been prepared for
intercalators. Similarly, metal complexes have been synthe-
sized in order to improve the analytical signal since the
interaction between the complexes and DNA varied signifi-
cantly depending on the nature of ligands. In this work, only
commercial products have been checked: Ru(phen);** and
Fe(phen);*". They were both employed as DNA groove bin-
ders and intercalators [51, 52]. The ligand 1,10-phenantroline
(phen) possesses three aromatic rings and when it is com-
pared with other polypyridyl ligands in cobalt complexes, it
results to be the most electrochemically reactive [53].
Ru(phen);*" and Fe(phen);*" showed an irreversible oxida-
tion process at +1.2 and +1.0V, respectively (Fig. 2C).
Hydrodynamic voltammograms performed in the microchip
with conditions similar to those employed for MB are
included as an inset. They reached a plateau at +1.3 and
+1.1V, respectively. In the case of Ru(phen);*" the back-
ground current is very close to the process and can difficult
the detection. Both require a high detection potential that
can affect the good performance of the detector. Therefore,
these metal complexes have been discarded and only MB was
used in the remainder of the work.

3.2 Microchip performance

Once the indicator molecule has been chosen, the analytical
signal of the electroactive dye, MB, in the MCE with end-
channel gold wire detection was checked. Obtaining an ade-
quate signal is of paramount relevance in order to monitor
the interaction with DNA. Several parameters, such as injec-
tion mode and detection system, that could affect the good
performance of microchip, were evaluated.

A Topas-microchip with a 250 um diameter gold wire
electrode was initially used to monitor the MB reduction.
Fig. 3A shows the amperometric signal of a 100 pM MB so-
lution on Topas-microchip with a separation voltage of
+2000 V, an injection voltage of +2000 V applied for 5,
TBE as running buffer and —0.3 V as detection potential.
Since MB is a cation at the working pH it should appear
before the EOF. This means that the migration time is going
to be lower than this of other neutral or anionic intercalators.
Under the conditions stated above, the migration time for
MB s around 40 s. The intensity at the maximum of the peak
is —5nA. Although the front of the peak is marked, an
excessive band broadening was observed. Indeed, the peak
did not turn back to the baseline until 100 s approximately.
Moreover, the baseline current with the 250 pm diameter
gold wire was relatively high (—24 nA) as well as the noise
level (0.2 nA), which could pose a problem when sensitivity
is required. This is probably due to the area of the gold wire
electrode. Taking into account the design of the chip detec-
tion, only the gold area in front of the microchannel outlet is
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Figure 3. Electropherograms for 100 uM MB at 250 um gold wire
electrode unmodified (A) and modified with L-cysteine (B) and
1-hexanethiol  (C). Conditions: running buffer, TBE;
Viep = +2000 V; injection: 5 s at +2000 V; £y = -0.3 V (vs. Ag/AgCl).

responsible for analytical signals. However, as the working
electrode is a wire, the rest of the area of the electrode could
contribute to the capacitive current that is proportional to
the electrode area, increasing band broadening, and noise
level.

Electrode modification with self-assembled monolayers
(SAMs), especially on gold materials, is being commonly
employed in order to improve analytical signals [54-57],
intervening for instance in ion binding, protein adsorption,
or surface blocking. Mercaptohexanol has been employed for
prevent AQDS from undergoing direct electrochemistry [42]
and 1-hexanethiol was employed for minimizing nonspecific
adsorption at gold surfaces, which produced moreover a de-
crease in the charging current [58]. In this case, modification
of the electrode with 1-hexanethiol and 1-cysteine was stud-
ied in order to decrease the background current and the
baseline noise level.

The detection reservoir (B) where the gold working elec-
trode is located was filled with a solution of 1-hexanethiol 2%
v/vin ethanol. After 30 min, the solution was replaced by the
running buffer (TBE) and electropherograms of MB were
recorded. Figure 3C depicts the electropherogram obtained
for 100 pM MB at 1-hexanethiol modified gold wire elec-
trode. A decrease in the background current was observed
(—2.5 nA) without prejudicing the intensity (—5 nA). How-
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ever, better noise level was not obtained. Nevertheless, a little
improvement of the peak shape was shown with a decrease
of the half-peak width (w;,;). When the incubation time of
1-hexanethiol was increased, a decrease in the peak current
was observed which demonstrates that it acts as a surface
blocking agent that prevents electrochemistry. Thus, when
the gold electrode was incubated with 1-hexanethiol over-
night, analytical signals of MB were suppressed. This indi-
cates that the gold area in front of the channel outlet
becomes covered by the alkanethiol.

Similarly, the gold electrode was modified with a 1 mM
L-cysteine aqueous solution. In this case, after 30 min of
interaction, a slight decrease on the noise level was shown.
Although the background current remains low, a decrease in
the peak current and increase in the half-peak width is pro-
duced as can be seen in Fig. 3B.

A calibration plot for MB was performed using 1-hex-
anethiol modified gold wire electrode on Topas microchip. A
linear range comprised between 0.5 and 200 uM with a sen-
sitivity of 54 pA/uM and a correlation coefficient of 0.9993
(n =7) was obtained. The LOD for MB was 0.3 uM (S/N = 3).

The precision was also evaluated from a series of repeti-
tive injections of a 100 uM MB solution. The RSD of the
peak current for 12 successive signals was 2.1%
(ip (averagey = —5-4 nA). The RSD of the migration time was
2.4% (tm (average) = 38.6 ). This is very adequate if an absence
of electrochemical pretreatment for the solid electrode is
considered. Moreover, the channel is initially conditioned but
no special treatments are made between runs.

On the other hand, an alternative to improve the analyti-
cal signal of MB with a better S/N was the employ of gold
wires with smaller diameter. Considering the geometry of
the microchannel, 20 yum depth with 32 pm width at the
bottom and 60 pm width at the top, the 250 pm diameter
gold wire covers the entire outlet. MB reaches the electrode
frontally and gives a sharp peak but then it continues along
the electrode wall meanwhile it dilutes, producing band
broadening. Thus, 100 and 50 pm diameter gold wire were
checked as working electrode in combination with Topas
microchips.

Table 1. Comparison of parameters for different gold wire electrodes
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Current (nA)
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Figure 4. Electropherograms for 100 uM MB at gold wire elec-
trode with 50 pm diameter (a) and 100 um diameter with a chan-
nel-to-electrode distance of >100 um (b) and <50 pm (c). Condi-
tions as in Fig. 3.

Figure 4 presents the electropherograms for 100 uM MB
using different diameter gold wire electrodes and Table 1
shows a comparative of parameters such as peak current (i),
half-peak width (w;,), background current, noise level, and
S/N for the different gold wire electrodes. Although the peak
current of MB with 100 and 50 pm diameter gold wire was
lower than this for 250 um diameter, the noise level was also
lower, approximately ten times lower. Thus, S/N was ap-
proximately two-fold higher in those for the same MB con-
centration. This increase was probably due to the smaller
area of the electrode and the lowest effect of the high voltage.

The distance between the working electrode and the
outlet of the separation channel is another parameter that
affect the analytical signal [24, 27, 31, 32, 59]. This is clearly
seen in Figs. 4b and c, where electropherograms recorded
employing a 100 pm diameter gold wire located at different
distances from the channel exit are presented. When the
electrode was too far from the channel outlet (more than
100 pum, Fig. 4b) a decrease in the intensity was observed due
to analyte dilution in the reservoir. It can also be noted that

Gold wire electrode

250 pm 250 um 250 um 100 um 50 um
& Bare & Hexanethiol ¢ L-Cysteine %)
ip (NA) —5.4 -5.6 —4.2 -1.5 1.1
Wy (s) 12.5 9.5 16.2 4.5 8.5
Background current (nA) 20-40 0-10 0-10 0-10 0-10
Noise level (nA) 0.2 0.2 0.15 0.025 0.020
S/N 25 25 25 60 55

Conditions: 100 uM MB, separation: +2000 V, injection: +2000 V at 5 s, detection potential: —0.3 V, TBE buffer.
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the peak is not as sharp in the front as before. Meanwhile, if
the electrode was closer to the separation channel (below
50 um, Fig. 4c) an increase in the peak current is observed.
In this case, a slight initial baseline slope, due to the influ-
ence of high voltage, reflected the proximity of the electrodes
to the outlet. A very small channel-to-electrode distance
could result in relatively intense interference of the separa-
tion voltage on the detection, decreasing the sensitivity too.
Therefore, selecting an appropriate distance can ensure
effective hydrodynamic transport of the analyte zone toward
the electrode surface and minimize the influence of the high
electric field.

Modification of the 100 um diameter gold wire with 1-
hexanethiol was also tested. However, in this case, better S/N
was not obtained. Thus, unmodified 100 pm diameter gold
wire electrode was employed in the remainder of the work
due to its better S/N as well as the easier and more accurate
alignment when compared to that of 50 pm diameter.

Using this working electrode with Topas microchips, the
influence of the injection in the analytical signal of MB was
studied. Band broadening could also be due to the sample
plug shape and therefore the injection format could influ-
ence it. Thus, two different approaches of unpinched and a
special pinched injection have been evaluated.

In the first unpinched injection, the positive connection
was situated in the sample reservoir (C), while the sample
waste reservoir (D) and the detection reservoir (B) were
grounded. Hence, high voltage was applied between C and
D/B reservoirs. In the second unpinched injection, the posi-
tive connection was also situated in C reservoir, but only the
detection reservoir (B) was grounded. Thus, high voltage was
applied between C and B reservoirs. In both cases, an injec-
tion voltage of +1500 V was employed and a time control
(between 5 and 10 s) of the high voltage was needed in order
to improve the sample plug. After the unpinched injection,
the separation voltage (+2000 V) was applied between A and
B reservoir without push-back voltage on C and D reservoir.
Although similar peak shapes were obtained with both
unpinched injections (data not shown), the second one
increased slightly the peak current and the half-peak width
due to the increase in the sample volume injected because
the sample will go preferentially to B. When the injection
time was increased from 5 to 10 s, an increase in the peak
current was also shown. However, an excessive half-peak
width (>15 s) was also observed which affects to resolution
on separations. This effect was more notorious in the second
unpinched injection, which requires a better injection time
control.

In the pinched injection, the positive connection is located
in the sample reservoir (C) with the sample waste reservoir
(D) grounded, and a push-back positive voltage should be
applied in A and B reservoir in order to avoid the leakage of the
sample into the separation channel [60]. However, as the
detector electrodes are in B reservoir, no voltage can be applied
in it. Thus, in order to apply the push-back voltage an addi-
tional reservoir (E) was employed. After injection, the separa-
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tion voltage (+2000 V) was applied between A and B reservoir
with a push-back voltage on C and D reservoir. In E reservoir
nonvoltage was applied. Various push-back voltages, +250,
+500, and +1000 V, were evaluated with an injection voltage
of +1500 V applied for 5 s. When this pushing voltage was
increased, a lower half-peak width was observed. Thus, the
peak width decreased from 11.1 to 8.6 s when it moved from
+250 to +1000 V, respectively, probably due to a reduction in
the sample volume injected. However, a decrease in the peak
current as well as a higher initial baseline slope was shown,
which means that the pushing voltage during the separation
also affected the detector.

Although pinched injection allows a better control of the
sample plug, the second unpinched injection with a voltage
of +1500 V applied for 5 s was employed in this work due to
its simplicity as well as a better compromise between peak
current and half-peak width.

A calibration curve for MB is performed with this sys-
tem (unpinched injection at +1500 V for 5 s with a separa-
tion voltage of +2000 V and a detection potential of —0.3 V
in a 100 pm gold wire working electrode) employing a
50 mM Tris-boric buffer pH 7.0 (the change in the buffer
composition is explained in next section). A linear relation-
ship is obtained between 0.25 and 200 uM MB with a slope
of 33 pA/uM (r=0.996, n=38). The LOD in this case is
0.2 pM.

The precision of the measurements resulted to be 2.1%
in terms of RSD for ten successive injections of a 100 uM
solution with an average peak current of —2.5 nA. The RSD
for the migration time is 2.4% (average of 43.5 s).

3.3 DNA application

DNA analysis plays an important role in genetic, medical
research, and clinical diagnosis. Development of new meth-
ods using CE microchips could become a powerful bioana-
Iytical tool for high-throughput DNA analysis. Up to now,
CE-microchips with amperometric detection have not been
widely employed for DNA analysis. However, electro-
chemically active indicators can be successfully used for
DNA detection on microchips. This is the first time that the
interaction between one of these molecules, MB, and ssDNA
is demonstrated in a CE microchip.

A 30-mer ssDNA with a specific sequence of SARS cor-
onavirus has been directly labeled with the electroactive
intercalating dye MB for ED on Topas-microchips. MB has
been supposed to interact with guanine base of DNA [48, 49],
which is also attended by the electrostatic attraction between
the cationic MB and polyanionic DNA. In this case, four
guanine bases are present in positions 13, 23, 24, and 29, that
can interact with MB.

Labeling reaction of ssDNA with MB was developed
off-chip so that, the mixture of ssDNA, MB, and ssDNA-
MB complex was injected on microchip. The reaction was
performed adding DNA to dye as previously reported [61].
This mixing order was determined to affect the distribu-
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tion of dye molecules on DNA fragments. Moreover, in this
way, a signal of MB before interaction with ssDNA can be
obtained.

Figure 5 shows the electropherograms recorded for the
sample mixture of 100 uM MB and 10 ng/uL ssDNA as well
as single 100 uM MB on a Topas-microchip using a separa-
tion voltage of +2000 V (370 V/cm), an injection voltage of
+1500 V applied for 5s and TBE as running buffer. In
Fig. 5A, the signal corresponding to a MB solution is shown.
When ssDNA is added, two peaks were initially recorded
(Fig. 5B), the first one, at 40 s, corresponding to free MB and
the second one, at 80 s, was due to ssDNA-MB complex.
DNA is not electroactive at this potential and therefore this
signal must be due to MB associated to DNA. Moreover,
DNA, as a polyanion, moves against the direction of EOF.
The mobility of DNA would be smaller than that of free MB
and EOF. Although charges can be partially compensated by
MB, it appears separately at higher times accordingly to its
charge/mass ratio. The separation efficiency, expressed as
the theoretical plate number (N), was 8700 = 500 and
29000 = 2000/m for free MB and ssDNA-MB complex,
respectively. An excellent resolution (R, = 4) was also shown.
Nevertheless, the second peak was not very reproducible with
time and sometimes it could even disappear.

Various modifications of the running buffer were studied
in order to stabilize the signal for the ssDNA-MB complex.
Thus, SDS was added to the initial running buffer TBE
(50 mM Tris-boric acid pH 7.0, 1 mM EDTA) in a 1 mM con-
centration, that is below the critical micellar concentration.
When this buffer was employed, a decrease on the analytical
signal of MB was observed. Additionally, nonsignal of ssDNA-
MB was observed. Since SDS is an anionic surfactant, it can
interact with cationic MB and probably impede the interaction
with ssDNA. Actually, MB has been employed for the spectro-
photometric determination of surfactants since they form an
ionic pair that can be extracted in chloroform [62].

Me ssDNA-MB

Current

Izoc- pA

T T T T T T T T 1

15 30 45 &0 75 g0 105 120 135 150
time (s)

Figure 5. Electropherograms for (A) 100 uM MB and (B) a mixture
of 100 uM MB and 10 ng/uL ssDNA using a Topas-microchip with
a 100 um gold wire detector. Conditions: running buffer: TBE,
Visep = $2000 V; injection: 5s at +1500V; E4=—-0.3V (vs. Ag/
AgCl).
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On the other hand, a decrease in the ionic strength of the
running buffer was also tested in order to improve the inter-
action ssDNA-MB. Since ssDNA possesses phosphate
groups that render it anionic, ions from the solution may
interact with them and impede its interaction with MB.
Moreover, in the modes of binding of MB the influence of the
ionic strength is of relevance [63]. Thus, TB buffer (50 mM
Tris-boric acid pH 7.0) without EDTA was employed. EDTA
could interact with MB and interfere its interaction with
ssDNA. In this case, a slight increase on the free MB and
ssDNA-MB peak current is seen. However, the ssDNA-MB
signal disappears with time.

Using TB buffer, 10 ng/uL of ssDNA was added to dif-
ferent MB concentrations (25, 50, and 100 pM). Quite simi-
lar signals for the ssDNA-MB complex were obtained,
meanwhile, important differences were found for the single
MB signal. A decrease in the initial MB signal was observed
after mixing with ssDNA, that was more important when
MB concentration decreased. Even, the signal for 25 uM MB
almost disappeared completely after adding 10 ng/uL of
DNA. Taken into account it, a MB concentration of 50 uM
was used for the rest of the studies with ssDNA.

Since analytical information could not be obtained from
the signal of ssDNA-MB complex, the signal of free MB was
studied in order to acquire analytical information from DNA.
Different DNA concentrations (0.5, 1, 5, 10, 20, and 40 ng/
nL) were added on 50 pM MB aliquots and the resulting
solutions were measured on the Topas-microchip just after
mixing. The analytical signal corresponding to the MB
reduction significantly decreased upon addition of DNA
(Fig. 6). The peak current of MB decreased with a rate of 2%
per ng/uL of DNA. Thus, a calibration plot based on the de-
crease of MB peak with the ssDNA was found to be linear in
the range 5-40 ng/uL with a sensitivity of 31 pA plL/ng
(r=0.998, n=>5). The LOD estimated was 4 ng/uL, corre-
sponding to a mass of 0.4 pg in a 100 pL sample injection.

Current

time (s)

Figure 6. Electropherograms for mixtures of 50 uM MB with
increasing levels of ssDNA: (A) 0, (B) 5, (C) 10, (D) 20, and (E)
40 ng/pL. The resulting calibration plot is shown as inset. Condi-
tions: running buffer: TB; other as in Fig. 5.
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This was calculated as the concentration corresponding to a
decrease in the signal that is three times the SD of the blank
(signal of free MB without adding DNA).

The precision of the labeling reaction of DNA with MB
was verified by measuring the mixtures in other two succes-
sive days. Thus, two similar calibration curves with sensitiv-
ities of 36 and 30 pA pL/ng were obtained. The sensitivities
were quite similar in the three successive days. Furthermore,
the reproducibility of the intercalator-based labeling reaction
was also tested on a new Topas-microchip with new mixtures
of ssDNA and MB. Thus, a new calibration plot was made
obtaining a linear range comprised between 5 and 40 ng/pL
with a sensitivity of 32 pA pL/ng (r = 0.996, n =5).

The labeling reaction of the ssDNA with MB did not
change with time; it took place immediately after mixing of
ssDNA and MB. Thus, large incubation time was not neces-
sary. When the signal of the mixture between MB (100 pM)
and DNA (10 ng/uL) is tested during 3 h, the RSD for 15
measurements successively recorded is 2.8% with an average
peak current of —0.45 nA (the RSD for the migration time is
1.2% with an average of 40.2 s). Similarly, for the mixture
with a lower concentration of MB (50 uM) and the same of
DNA (10 ng/pL) the RSD for ten measurements successively
recorded along 2 h resulted to be 3.8% with an average peak
current of —0.33 nA. In this case, RSD of the migration time
is 1.3%(average of 39.8 s). Therefore, the good reproducibil-
ity of the microchip system and the labeling reaction has
been also demonstrated for DNA analysis. Using DNA sam-
ples decreased the lifetime of the Topas microchips taken
into account the previous work with this microchip material
[33]. Partial adsorption of DNA could foul the channel sur-
face decreasing the lifetime of microchip. In this case,
microchips were employed during 75 runs without worsen-
ing of the analytical signals.

4 Concluding remarks

Electrochemical ssDNA detection in MCE through MB
interaction is first reported herein. Firstly, different redox-
active molecules have been evaluated for its use as DNA
indicators on CE microchips. The organic dye MB has pre-
sented the best analytical signal by cyclic voltammetry. Thus,
the reduction redox process of MB at —0.3 V has been stud-
ied and optimized on Topas-microchips with a homemade
design that employs a gold wire-based detector.

Two end-channel detector designs have been developed
for monitoring the MB reduction on Topas-microchips. The
detector based on a 250 um diameter gold wire has shown a
high background current and noise level. This could be
decreased by using 1-hexanethiol-modified gold wire elec-
trode without worsening of the analytical signal.

The detector based on a guide channel, in which a 100 or
50 pm diameter gold wire is aligned accurately, has pre-
sented an excellent S/N. A small diameter produces a better
isolation of the detector from the electric field. Furthermore,
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modification of these gold wire electrodes is not necessary
because they presented a low background current and noise
level.

The 100 um diameter gold wire detector has been suc-
cessfully employed in combination with Topas-microchips
for the detection of ssDNA. An intercalator-based reaction
has been achieved for labeling ssDNA using the organic dye
MB for first time in microchips. Thus, the Topas-microchip
with the amperometric detection has shown a good repro-
ducibility for the free MB signal accomplishing a calibration
plot based on the signal decrease upon the addition of
ssDNA with a detection limit of 0.4 pg.

Work is in progress for sensitivity enhancement of the
ED and achievement of the separation between single- and
dsDNA.

This work has been supported by the FICYT under project
IB05-151C2. Mario Castafio Alvarez thanks FICYT-Principado
de Asturias for the award of a Ph.D. grant.
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