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Abstract: This paper describes a microfluidics-based sensing system that relies on electrochemical detection
and electrogenerated chemiluminescent (ECL) reporting. The important result is that the ECL reporting
reaction is chemically decoupled from the electrochemical sensing reaction. That is, the electrochemical
sensing reaction does not participate directly in the ECL process, but because electrochemical cells require
charge balance, the sensing and ECL reactions are electrically coupled. This provides a convenient and
sensitive means for direct photonic readout of electrochemical reactions that do not directly participate in
an ECL reaction and thus broadens the spectrum of redox compounds that can be detected by ECL. The
approach can be implemented in either a two-electrode or bipolar (single-electrode) configuration. By
manipulating the placement and dimensions of the conductors, the photonic response can be enhanced.
The system is used to electrochemically detect benzyl viologen present in solution and report its presence
via Ru(bpy)s?>" (bpy = 2,2'-bipyridine) luminescence.

Introduction content of the system is provided by measuring current at the
working electrode, and processes occurring at the counter
electrode are nearly always ignored. One interesting aspect of
the work described here is that the counter electrode plays a

Here, we report a microfluidics-based sensing system that
relies on electrochemical detection and electrogenerated chemi

luminescent (ECL)reporting. The important new result is that ) . )

the ECL reporting reaction is decoupled from the electrochemi- key role: 't_ reports On Processes occurrng at the wor_kmg
cal sensing reaction. That is, the electrochemical sensing reactione'ecwf)de via ECL, which eliminates the need for a direct
does not participate directly in the ECL process, but becauseeIeCtr'Cal measurement of the current. ECL was chosen as the

electrochemical cells require charge balance, the sensing anc{eporter because of its analytical sjgnificance (high sensitivity,
ECL reactions are electrically coupled. This provides a conve- ow cost, and low power consumption), but the approach would

nient and sensitive means for direct photonic readout of work equally well_if the coun_ter electrode activated any other
electrochemical reactions that do not directly participate in an photonic, magnetic, or chemical change that could be detected.

ECL reaction and thus broadens the spectrum of redox Particularly relevant to our work are findings recently reported

compounds that can be detected by ECL. For convenience, wePY Manz and co-workersThey described a microfiuidic system

demonstrate this result using a microfluidic system configured C?““Q‘%fed to detect thg presenpg of Ru@py (bpy = 22
with either a single bipolar electrode or with two electrodes bipyridine) gnd related light-emitting compounds, at a blpola_r
connected to a power supply, but the approach is general andelectrode via ECL. Although the arrangement of the experi-

easily adaptable to any one- or two-compartment celtaining mental apparatus used in their work is similar to one of the
one. two. or three electrodes. electrochemical cells described here, the detection principle is

In a conventional electrochemical experiment of the type different. Specifically, in the Manz approach, only analytes

sometimes used in chromatographic detectors, the potential Ofpart|C|paténg 'rr: the E_CLdreactloE cascade Et th(; anode were
a working electrode is controlled with respect to that of a Mmeasured. They pointed out, however, that the current is

reference electrode, and the faradaic current flowing between€XPected to be limited by the limited availability of reducible
the working electrode and an inert counter electrode is mea- SUPstance$? In contrast, we use the anode reaction solely as
sured® In this conventional approach, the entire information an ECL reF’o”er of.events occurring at the cathode, where the
analyte of interest is reduced.

*To whom correspondence should be addressed. E-mail: crooks@ As mentioned earlier, previous ECL studies have relied on

tamu.edu. Voice: 979-845-5629. Fax: 979-845-1399. the light-emitting species (the reporter) participating directl
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and references therein. (4) Arora, A.; Eijkel, J. C. T.; Morf, M. E.; Manz, A. AAnal. Chem2001,
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Applications 2nd ed.; John Wiley & Sons: New York, 2000; p 26. Applications 2nd ed.; John Wiley & Sons: New York, 2000; p 439.
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in the chemistry of the detection procég$s10We demonstrate ~ Scheme 1 .

the principle of sensing an analyte that does not participate in Bipolar Elezliode. AEqq

the ECL reactions by detecting benzyl viologen @Yat the ‘ |
-t |

cathode and reporting its presence via luminescence arising from : g
a previously reported complex reaction cascade that relies on

electrooxidation of Ru(bpyj"™ and a highly reducing coreactant
generated in sitd The coreactant used in this study is derived

from oxidation of tripropylamine (TPA}-12 \‘Ul ' l

- AEqpgi

<+ 500 um >
I - Al

« 400um 5 i ECL Collection
Scheme 2

)
(=
1

Chemicals. Ru(bpy}Cl,*6H,O (bpy = 2,2-bipyridine) (minimum A |
98%) was purchased from Strem Chemicals (Newburyport, MA). l+ e -l
Tripropylamine (TPA) (99-%) and benzyl viologen dichloride (BY,

97%) were obtained from the Aldrich Chemical Co. (Milwaukee, WI).
Deionized 18 M2-cm water (Milli-Q reagent water system, Millipore,
Bedford, MA) was used to prepare all aqueous solutions. Unless
otherwise noted, 0.1 M phosphate buffer (pH 6.9) was used as the
supporting electrolyte solution for electrochemical measurements. Al E
chemicals were used without further purification.

Device Fabrication. Standard lithographic and soft-lithographic
method$® were used to prepare the indium tin oxide (ITO) microelec-
trodes and fabricate the microfluidic devices. Briefly, ITO-coated O+e R R-e O
(thickness:~200 nm, resistance>10 Q/square) aluminosilicate glass A\ g \r )
slides (Delta Technologies, Ltd., Stillwater, MN) were first sonicated cathode ,_e'_anode
in a 1% detergent (Micro-90, International Products Co., Burlington, Conductor
NJ) solution (1:4 (v/v) ethanolamine/water mixture) for 30 min and Distance "
then dried. A positive photoresist layer15 um thick, AZ P4620,

C!arlant Co., Somervnle,_ NJ) was then spin coated_ ontq thl_s clean gla_ssas working electrodes with an approximate exposed area of 0.26 cm
slide. Next, the photoresist layer was patterned by illuminating the resist |, 5 cases, the counter electrode was a Pt wire, and the reference was

with 365 nm light (EFOS Lite, UV spot lamp, Mississauga, Ontario) Ag/AgCI (3 M NaCl) (Bioanalytical Systems, West Lafayette, IN).
through a mask (photographic film) designed using a computer graphics g tions were not deaerated.

program. These patterns were then transferred to the ITO layer by
loping the phot i hing the IT i ith . S
developing the photoresist and etching the ITO surface with an aqueousmtrogen cooled, CCD-based (LN/CCD, Roper Scientific, Tucson, AZ)

acid solution (5% HN®@and 20% HCI). The remaining photoresist .

was removed with acetone, and the patterned ITO electrodes on glassspectrometer (S_pectraPrc_)-SOOL Acton Research Co., Acton, MA) under
- . ) - o dark-room conditions. This spectrometer was connected to the side port

were then rinsed thoroughly with water and finally dried at°60

Microfiuidic devices were prepared by a published method using of an optical/fluorescence-inverted microscope (ECLIPSE TE300,

poly(dimethylsiloxane) (PDMS, Dow Corning Sylgard Silicone Elas- Nikon). The ECL acquisition time was typicglb s with a slit width

. ) of 2 mm. To optimize the reproducibility of the ECL signal, the devices
tomer-184, Krayden, Inc.) mold8.The main channel of the device . . : o
was 1.2 cm long, 75@m wide, and 3Qum high. The PDMS devices were refilled with fresh solution after each measurement. The run-to

. . . . ECL iati inth 0%. Soluti d to obtai
were aligned over the patterned ITO-coated glass slides with the aid fun variation was in the range of30%. Solutions used to obtain
: . ) - ECL measurements were not deaerated.

of anx,y,z-micropositioner (462 series, Newport Co., Irvine, CA) and
a motion controller (model 861, Newport Co., Irvine, CA) under a
microscope with a 1R lens (Optiphot, Nikon). The power supply used
to carry out the experiments depended on the required voltage: (range Principle of Operation. Two different electrode configura-
ﬁlfonvp' mﬁdi: LEISQ%?O*ILamtbd?; range%d V*t "}?doe' E_%ZAOA* . tions were used in this study (Scheme 1). The operation of the

ewlett-Packard). Electrical contacts were made to UsINg AQ paste v\ q_electrode system is straightforward. Electrical connections

(Epo-tek, Epoxy Technology, Billerica, MA). In the bipolar-electrode . . .
experiments, the electric field was generated by applying a current are made to the two electrodes, and a potentiéthfp) is applied

between two Ni wires (25Qum diameter) that were inserted into between the_m. IAEqppi reaches a critical valuetg), faradaic
reservoirs present in PDMS molds. The one- and two-electrode €lectrochemical processes will occur at both electrodes. In many
configurations are compared in Scheme 1. cases,Eqit is roughly equal to the difference in the formal
Electrochemical MeasurementsConventional three-electrode ex- ~ potentials of the redox processes occurring at the cattiede (
periments were carried out using a Pine AFRDE4 bipotentiostat (Grove and anodeHE;”"). As in any electrochemical experiment, charge
City, PA) and a Kipp and Zonen XY"thart recorder (Bohemia, NY).  balance at the two electrodes is required, and thus an electro-
Clean ITO slides (Delta Technologies, Ltd., Stillwater, MN) were used chemical process occurring at the cathode results in a process
having an identical velocity at the anode. Our experiments are
R e e & N A o s o0, 35a0.  designed such that an ECL reaction occurs at the anode, and

1582. the photon flux is therefore related to the velocity of the cathode
(8) Blackburn, G. F.; Shah, H. P.; Kenten, J. H.; Leland, J.; Kamin, R. A;; i
Link, J.; Peterman, J.; Powell, M. J.; Shah, A.; Talley, D. B.; Tyagi, S. K.; reaction.

Wilkins, E.; Wu, T.-G.; Massey, R. Llin. Chem.1991, 37, 1534, ; H i
(9) Fahnrich, K. A.; Pravda, M.; Guilbault, G. Galanta2001, 54, 531—559. The operatlon of a blpolar electrode is somewhat more
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ECL Measurements. ECL spectra were acquired using a liquid

Results and Discussion

(10) Knight, A. W.; Greenway, G. MAnalyst1994 119, 879-890. complex, but it has been described extensively in the literature
(11) Zu, Y.; Bard, A. JAnal. Chem200Q 72, 3223-3232. ; i i ,15 i

(12) Noffsinger, J. B.; Danielson, N. DAnal. Chem 1987, 59, 865-868. and therefore is °”'Y brlefly SummanZEd héﬁé' The phyS|c_aI

(13) Xia, Y. N.; Whitesides, G. MAngew. Chem., Int. EA99§ 37, 550-575. layout and energetics of the bipolar configuration used in our
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Table 1
length of ECL
electric field AEgiec (V) illumination® (cem)
Eiot (V) (Viem) (500/450/400 1em)? (500/450/400 m)?
55 (bf 46 2.3/2.1/1.8 45/10/0
60 (c) 50 2.5/2.3/2.0 65/45/0
65 (d) 54 2.7/2.4/2.2 80/50/10
90 (e) 75 3.8/3.4/3.0 125/100/70
100 () 83 4.2/3.8/3.3 135/115/80

aThese values refer to the lengths of the three intrachannel electrodes.
b These values refer to the distance from the end of the anode toward the
center of the conductor over which light is detectethe letters refer to
the panels in Figure 1 from which these data were derived.

dissolved in 100 mM pH 6.9 phosphate buffer solution, and
then various voltagesE(y) were applied across the channel.
The one-electron oxidation of Ru(bp¥y) at the anode was
designed to lead to emission of light via ECL, which provides
a convenient probe d; that is, ECL will be observed when
AEelec > Ecrit-

Figure 1b shows the three-electrode array whgn= 55 V.
AEgec Values of 1.8, 2.1, and 2.3 V were calculated for
electrodes 400, 450, and 5@t in length, respectively, using
the expressioEgec = dE/dX x Leiee Under these conditions,
the 500um microelectrode emits an easily detectable lumines-
cent signal, light from the 450m electrode is barely detectable,
and no light is present at the anode end of the 4@Celectrode.
WhenE is increased to 60 V, light emission is clearly observed
at the 45Qum electrode (Figure 1&\Ecec = 2.3 V) but not at
Figure 1. (a) Optical micrograph of the bipolar electrode configuration the 400um electrode AEeiec= 2.0 V). Note that light emission
used to obtain the data in the other panels of this figure. Because the opticalffom the 50Qum electrode now extends further toward the center
contrast between the ITO electrodes and the underlying glass substrates i©f the bipolar electrode than it did &, = 55 V, indicating
low, the electrodes are outlined by dashed white lines. From top to bottom, that g potential difference sufficient to drive the necessary
the lengths of the electrodes are 500, 450, and#0(b-) Luminescence faradaic processes extends further onto the electrode. Here, we

micrographs showing the magnitude of ECL as a function of the voltage ) . . .
drop across the three electrodes. The calculated valuaEgé. and the begin to see one of the interesting aspects of this system: the

value of Eq: for each electrode in each panel are provided in Table 1. The illuminated length of the electrode is a function of ba@tBeec

0.1 M phosphate buffer electrolyte solution (pH 6.9) contained 5 mM Ru- n - and thus repr n means for ntifvina the r r
(bpy)2" and 25 mM TPA. The negative electrode used to ajffalywas andEq and thus represents a means for quantifying the reporte

on the left. output. The 400um electrode remains dark under these
conditions.
experiments are summarized in Scheme 2. Hegg; is the Further increases im\Eeiec result in lengthening of the

length of the bipolar electrod&,, is the voltage across the —emission signatures on both the 500 and the4%Celectrodes
solution in the microfluidic channel, attlEge is the fraction as AEekc increases to 2.7 and 2.4 V, respectively, while
of Eqor dropped across the distantcge If AEeecexceedEyi, luminescence from the shortest electrodédEdec = 2.2 V) is
then faradaic processes will occur at both ends of the conductor.weak but still detectable (Figure 1d). Results obtained for higher
As for the two-electrode cell, the bipolar system is configured Values ofAEgecconfirm this general trend (Table 1, and Figure
so that an ECL reaction cascade is the most energetically 1€ and f). Importantly, as the potential increases, light emission
favorable process at the anode in the experiments reportedeXpands along the long axis of the electrode, implying that for

below. every position along the electrode, there is a different potential
Effect of the Electrode Length on Wireless Electrochemi-  driving the ECL reaction. _
cal Reactions.Scheme 2 predicts th@tEeec depends on the In a second experiment, we recorded the entire ECL spectrum

electrode length and the potential gradier/dx, along the @S @ function ofAEe. for a single 50Qum bipolar electrode
fluidic channel. To confirm these expectations, we prepared (Figure 2). The shape of these emission spectra is consistent
three parallel ITO microelectrodes having lengths Scheme ~ With previous reports for this ECL systethThe trend toward

2) of 400, 450, and 509m and configured as shown in Figure ~higher emission intensity as a function ke (Figure 2b)

1a. The electrodes were not connected to a potentiostat, ancForroborates the results shown in Figure 1: highBgiecleads

thus their potential was free to float. The main channel of the to higher ECL intensities. _ _
microfluidic device housing these three electrodes was filled ~ There are some important advantages of performing this sort

with a solution containing 5 mM Ru(bpyd" and 25 mM TPA of experiment using a two- or three-electrode configuration. To
demonstrate this, we fabricated a two-electrode microfluidic

(14) Duval, J; Kleijn, J. M.; van Leeuwen, H. P. Electroanal. Chen2001, device analogous to the just-described one-conductor system.
505, 1—-11. ; ; e ; ; 56 Wi

(15) Fleischmann, M.; Ghoroghchian, J.; Rolison, D. R.; Pon3, Bhys. Chem. It consists of a mI(?I‘OﬂUIdIC dewce_housmg two wide
1986 90, 6392-6400. ITO electrodes oriented perpendicular to the channel and

J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002 13267



ARTICLES Zhan et al.
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'(-Z) 1.0¢ a ,"""'\_. AE,.. (V)] Agll
2 o8t . Applied Voltage
I
O 0.6+ E
e Detector
o 04r é
S h
T 02} ] N
€ \TPA
2 oo} ] 2 .
o Ru(bpy);?*  Ru(bpy);** By &Y
500 550 600 850 700 750 800 ( \\U 2
Wavelength (nm) v ¢ [anode G cathode| * v
2 40l b T i . | Reporter Site Sensor Site
2
% 08+ / . same value oAEgec0r AEsppand with the same data acquisition
- 06 2 time, but in the absence of Ru(bg¥) and TPA.
8 “l / Electrochemical Sensing and Photonic Reporting from a
o o4t o i Bipolar Electrode. As mentioned earlier, electrochemical
N _/ processes occurring at the anode and cathode of either the
g 02r /./ 7 bipolar or the two-electrode configuration (Scheme 1) are linked
g 00l m—u—" | electrically but not chemically. That is, there is a one-to-one

15 3 5 55 57 correspondence between the number of electrons consumed at

AE,. (V) the anode and the number provided at the cathode. In this
e section, we demonstrate that this observation provides a new

Figure 2. (a) Normalized ECL spectra, obtained using the wireless bipolar way of thinking about electrochemical sensor design. Specifi-

electrode configuration shown at the top of Scheme 1, as a function of the

potential difference between the ends of the electrod&qd. (b) cally, we show that electrochemical reactions occurring at the
Normalized ECL intensity atmax = 610 nm as a function cAEee, Data cathode of a one- or two-conductor cell can be followed by
were obtained using a 5Q0m-long ITO electrode. The 0.1 M phosphate ; i ; inei
buffer electrolyte solution (pH 6.9) contained 5 mM Ru(kgy)and 25 o_bservmg the ECL m.tenSIty e_lt the anoqle.. The prlnc_lple of the
mM TPA. single-electrode version of this system is illustrated in Scheme
3.
: : . : —— To demonstrate this dual sensing/reporting function, we
2 10r e oo ; T compared the Ru(bpyd" ECL intensity at the anode for the
@ sl Bckground / ] cathodic processes shown in eqs 1 and 23Bl¢ the benzyl
g ' Zjl | viologen dication).
1 06} o ;| 1
O . _/,/« 1 + or
w i— - 2H" + 2e=H, (E;") Q)
-039 04r AE,. (V) i
® 021 —=— Two-electrode | BV2+ +e= BV+ (Ezcl) (2)
% - -0 - - Background
Z 00f 0900000000000 1 The formal potential for proton reductioB;(") occurs at a more
08 10 12 14 16 18 20 22 negative potential than BY reduction E>*") under the condi-
AE,. (V) tions used in these experiments (ITO working electrode, 5 mM
appl

_ _ - _ Ru(bpy}?*, 5 mM BV?*, and 25 mM TPA in pH 6.9 aqueous
Figure 3. Normalized ECL intensities (ainax= 610 nm) as a function of 0.1 M bh hate buff uti Thi tion i fi d
AEgppifor the two-electrode configuration (bottom of Scheme 1). The inset - phosphate buffer solution). .|s a§ser Ion 1S Clon Irme
shows analogous data for the single, bipolar electrode configuration. The by the two voltammograms shown in Figure 4, which were
0.1 M phosphate buffer electrolyte solution (pH 6.9) contained 5 mM Ru- obtained using a three-electrode cell having an ITO working
(bpy)?t and 25 mM TPA. The background data were obtained in the electrode (area= 0.26 cn?) and an Ag/AgCl (3 M NaCl)
absence of Ru(bpyd" and TPA. ’

reference electrode. The shape of these voltammograms, espe-

separated by a 400m gap. Scheme 1 compares this configu- cia!ly the catalytic process occurring gt positive potgntials, is
ration to that of the bipolar electrode arrangement. Emission typical of the ECL reaction used in this stutyReduction of
spectra obtained using the two-electrode cell were the same a$V*" (voltammogram b) begins at abot0.52 V, while proton
those shown in Figure 2 when the potential applied between éduction is first observed at abotl.08 V (voltammogram
the two electrodes reached a value sufficient to drive the ECL &)- The important point is that the potential window between
reaction at the anode. Figure 3 compares the maximum ECL the anodic process (ECL), which is the same for both voltam-
emission intensity for the bipolar and two-electrode configura- Mograms, and the corresponding cathodic reactions is differ-
tions atAma = 610 Nm as a function 0AEqp, (the distance ent: in the presence of BY, the voltage difference between
between the two eIeCtrOd,eS was taken as that betwee,n the O,Ute(lﬁ) The CCD-based photodetector used to obtain the luminescence data shown
edges) and\Eg|e, respectively. In both cases, ECL emission is in Figures 2-7 was more sensitive than the camera (Nikon N2000) used
first observed at-1.8 V.16 Background signals were obtained to record the micrographs shown in Figure 1. Therefore, the minimum value

. 2 . . of AEqec Necessary to detect luminescence is lower for the more sensitive
by collecting spectra under similar conditions, that is, at the detector.

13268 J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002
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Figure 5. ECL intensity atimax = 610 nm as a function of B¥%
concentration. Data were collected using the two-electrode configuration
shown at the bottom of Scheme 1. The 0.1 M phosphate buffer electrolyte
solution (pH 6.9) contained 5 mM Ru(bpyj and 25 mM TPA.

IZ mA/cm’ 9 -8

1 1 1 L L

1
-15 -0.75 0 0.75 15 V)
E (vs. Ag/AgCl, 3 M NaCl)

Figure 4. Cyclic voltammograms obtained using a conventional three-
electrode cell. The 0.1 M phosphate buffer electrolyte solution (pH 6.9)
contained 5 mM Ru(bpyj*t and 25 mM TPA. (a) In the absence of BV

(b) In the presence of 1 mM BA. The ITO working electrode had an area

of 0.26 cn%, and the scan rate was 100 mV/s. The inset shows the normalized
ECL intensity atlmax = 610 nm as a function oAEgp,. These data were
collected using the two-electrode configuration shown at the bottom of
Scheme 1 and the same electrolyte solution used to obtain the voltammo-
grams.

the onset of the cathodic and anodic processes narrows from
1.80 to about 1.38 V.

The inset of Figure 4 compares the voltammetry to the ECL Ts000 .
intensities observed for the two-electrode configuration. When L
BV2* is introduced into the microfluidic channel, ECL is readily
observed anEapp = 1.4 V, which correlates well to the 1.38 ; . . .
V window between the anodic and cathodic processes for 500 600 700 800
voltammogram b. At 1.8 V, the potential at which ECL is just Wavelength (nm)
starting to turn on for the cathode reaction corresponding to eq Figure 6. Effect of electrode area on ECL intensity for the two-electrode
1, a very large luminescent intensity is observed for thé BV Cr:’”fig_ura?lo_”d?hgwﬂ atthe SOHOTJ of Scr?ezj”e 1 (?]) OPtiC%‘ migmlgfapthf

. : e 2+ the microfluidic device used to obtain the data. The numbered electrodes
contalnlng SOIUtlon',S_peCIflca”y’ when 1004 BV =" was added are highlighted with dashed white lines because of poor optical contrast
to a solution containing 5 mM Ru(bpy) and 25 mM TPA, a between ITO electrodes and the glass substrate. The available area for the
40-fold enhancement in the ECL intensity was observéigat electrochemical reaction is defined by the width of the ITO electrodes (50
— — ; ; um) and the width of the channel (for electrodes 1 and 2, 400 for

610 nm fOrABeiec .1'7 V. Alth.OUQh detecting BY .IS not electrodes 3 and 4, 1Qm). (b) ECL spectra obtained as a function of the
a technically dema_ndlng_ task, this example Cc_)ndus'vely dem' relative area of the anode and cathode. The three configurations studied
onstrates the relationship between the sensing and reportingare illustrated to the right of the spectra. For the upper and lower spectra,
functions of this sensor, and that it can distinguish between two electrodes 2 and 3 were used, and for the middle spectrum, electrodes 1

; ; ; . and 2 were connected. Light was collected from the anode, which is
different targets on the basis of their redox potentials. indicated by an asterisk. In each CasBay= 1.95 V. The 0.1 M phosphate

Next, we explored how ECL intensity varies as a function of buffer electrolyte solution (pH 6.9) contained 5 mM Ru(kfy)and 25
the concentration of B% present in the microfluidic channel ~ mM TPA (but not B\?).
and as a function of the bias voltage applied between the two
electrodes. Independent of potential, the maximum luminescenceBV+ and Ru(bpy3®* or quenching of the excited state of Ru-
signal was observed at a B¥concentration of 10aM (Figure (bpy)?t by BV Both of these processes are a consequence
5). The increase leading up to this point is easy to understand:of the close proximity of the anode and cathode (less than 500
a higher concentration of BY leads to a larger cathodic current  ;m, Scheme 1). We have demonstrated this to be the case by
and, because of charge balance, a correspondingly high anodigeparating the anode and cathode reactions into different
current, which in turn drives the ECL reaction faster. A microfluidic channels; these results will be reported elsewhere.
concentration of B¥" of 100 nM was easily detected, and by ECL Intensity as a Function of the Relative Areas of the
using a more sensitive photodetector, it should be possible to Anode and Cathode of the Bipolar Electrode Thus far, we
reduce this value significantly. have demonstrated that ECL intensity increases as a function
The decrease in emission intensity observed at concentrationf increasing potential difference between the anode and cathode
higher than 10&M is due to either the cross-reaction between and as a function of the concentration of the electrochemical

ECL Intensity
=
g
=]
.-
T =
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T-shaped electrodes are compared to a band electrode having

% 1or equal areas at the two ends. The highest ECL intensity is

$ osl observed when the area of the cathode is large relative to the

c

= anode.

O 06

e Summary and Conclusions

@ 04f

% The results reported here provide a means to detect electro-

g 02r chemical events and report them photonically regardless of

Z ool whether the electroactive analyte participates in the ECL reaction
sequence. This greatly increases the number of analytes that

500 550 600 650 700 750 800 can be detected using the highly sensitive ECL process.
Wavelength (nm) Importantly, the anode and cathode reactions are coupled
Figure 7. ECL spectra obtained as a function of the relative area of the glectrically, and therefore it is possible to correlate ECL intensity

anode and cathode for the bipolar (one-electrode) configuration shown at . .
the top of Scheme 1. The three configurations studied are illustrated to the '_[0 the concentration of the reduced analyte, thereby quantifying

right of the spectra. The length of each electrode was/&80The wide it. We also showed that by changing the shape of the anode

ends of electrodes 1 and 3 were 208 x 100um. The thin ends of the and cathode relative to one another, it is possible to enhance
electrodes were 50m in width. In each case\Eeiec=1.88 V. The 0.1 M the sensitivity of the method.

hosphate buffer electrolyte solution (pH 6.9) contained 5 mM Ru . . . .
gnd 2pS mM TPA (but notyB‘?/‘f). ¢ ) by) In addition to decoupling the chemistry of the sensing and

reporting functions of this sensor, the ability of the system to
target reduced at the cathode. Indeed, it is obvious that anyoperate with a single bipolar electrode having no external
experimental condition that produces more current at the cathodeelectrical contacts is importafior example, by using bipolar
will enhance the ECL intensity at the anode. Accordingly, we electrodes of differing lengths, it is possible to create electrode
anticipated that under otherwise identical conditions, increasing arrays that are sensitive to targets whose half reactions have
the area of the cathode relative to the anode would result in different formal potentials. We showed that such a device could
more intense ECL. To test this hypothesis, we measured ECL be read out by measuring either the intensity of the ECL or the
intensity as a function of the relative areas of the cathode and length of the electrode that is illuminated. In the two-electrode
anode using the two-electrode configuration. configuration, such a device could easily be miniaturized with
Figure 6a is an optical micrograph of a microfluidic channel a small battery providing the necessary power and a photodiode
incorporating four ITO band electrodes configured perpendicular collecting the light emission. We envision that this same
to the channel. The electrodes, numbered lare outlined with ~ approach will be used to build more sophisticated sensors. One
dashed white lines because of poor optical contrast betweenapproach might involve immobilization of selective receptors,
the glass substrate and the ITO. Because the fluidic channel isalready devised for other electrochemical sensor applications,
designed to be narrower on the right side than on the left, the on the cathode. It is also easy to imagine constructing more
areas of electrodes 1 and 2 are 4 times larger than the areas o¥ersatile devices containing many channels, each of which
electrodes 3 and 4. When a 1.95 V bias is applied between contains many electrodes that can detect different analytes.
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