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Microfabricated fluidic devices are of considerable recent inter- RB
estl2 Such technology offers great promise for developing powerful Ab-E,+ E, 6 ()
and versatile miniaturized analyzers compatible with future require- RC =1—0B 999 . Insulin
ments® Because of these advantages, microchip platforms have Aets O | vl Immuno

. . . . g+8,0 | F1Y9Y| ¢ complex

proven themselves as attractive vehicles for conducting enzynfatic Fo Cev]
and immunologicdl® assays. The resulting biochips combine the S
analytical power of microfluidic devices with the inherent selectivity NADH
of biocatalytic and immunological reactions. Simultaneous enzy-
matic and immunological biochip measurements of the correspond-
ing substrates and antigens have not been demonstrated, despite Free
the fact that such bioassays have long been the backbone of clinical 1 YyY:  labellgG
diagnostics. C_EtyT(E

This Communication reports on a novel biochip concept integrat-
ing immunochemical and enzymatic assays within the same WE

microchannel to allow simultaneous measurements of g|ucose andFigure 1. Schematic of the biochip used for simultaneous immunological

; ; ; P ; ; and enzymatic assays. (RB) Running buffer, (Af)-&lkaline phosphatase-
insulin. The simultaneous monitoring of insulin and glucose, and labeled anti-insulin. (5 GDH enzyme, (Ag) insulin, (8 glucose, (RC)

hence of the insul_in/glucose ratio, is _of great relevar?ce_ for the (gaction chamber, 8 p-NPP, (B) buffer, (WE) working electrode, (CE)
management of diabetes, the detection of pancreatic islet cell counter electrode, and (RE) reference electrode. See text for dimensions
malfunction, the definition of hypoglycemia, and the diagnosis of and details.

insulinomat®-12

As illustrated in Figure 1, the realization of such dual-bioassay B
single-channel microchip protocol involves the judicious coupling M.
of multiple enzymatic and immuno reactions through integration ab ¢
of electrophoretic separations with relevant pre- and postcolumn 4/\/\-/\ E

reaction steps. Such a biochip operation is thus comprised of
precolumn reactions of the enzyme-labeled antibody (anti-human
insulin) with its antigen (insulin) and the reaction of the glucose-
dehydrogenase (GDH) enzyme with its glucose substrate in the
presence of its NAD cofactor; these are followed by electrophoretic
separation of the free antibody, antibeehntigen complex, and
the NADH product of the glucose enzymatic reaction, and a Time

postcolumn reaction of the alkaline-phosphatase (ALP) enzyme tagFigure 2. (A) Electropherograms for the ALP-labeled antibody (128

IR 104 g mL™1) in connection to a postcolumn addition of {hé\PP substrate
with its p-nitrophenyl phosphate{NPP) substrate. Both the NADH (at 20 mM). (B) Response for 1 mM glucose in the presence of GDH and

and the p-nitrophenol p-NP) products are monitored at the pap+ (20 U mL~ and 20 mM, respectively). (C) Same as B but in the
downstream amperometric detector. presence of ALP-labeled antibody (1.2810°4 g mL~1) and p-NP (20

Such an ability to conduct simultaneous on-chip enzyme and mM). (D) Same as C but in the presence il insulin. (E) Same as D
immunoassays is demonstrated in Figure 2. Electropherograms werél)gg'g \t/r_‘e_ Preﬁe”%e of ?igonoM\/l-ngutlml tsepar‘:‘“ot’.‘ f;‘ldzpsstcc"xn}zvgltages’
first recorded to identify the individual peaks of the new glucose/ wire). Injection s s & ; detection potentiatf 1.2V (vs Ag/Ag
insulin biochip protocol and to demonstrate that the new biochip
responds independently to glucose and insulin. An injection of the because of the large excess of the antigen. Finally, the same
ALP-labeled anti-insulin alone, coupled to the postcolumn addition experiment was performed in the presence of a substantially lower
of the p-NPP substrate, resulted in a well-defined “free-antibody” (0.3 nM) insulin concentration to yield three defined and resolved
peak at around 160 s (A,a). Similarly, injecting glucose along with peaks (at similar migration times) for the free-labeled antibody,
GDH and NAD' led to a defined NADH peak at around 236 s the NADH (glucose-enzymatic) product, and the labeled immuno-
(B,b). Two resolved peaks, with similar (160 and 236 s) migration complex (E,ac). Using the free-antigen peak for quantitation
times, are observed upon conducting the glucose assay in the(instead of the complex signal) allows significantly (40%) shorter
presence of the enzyme-labeled antibody (C,a,b). Repeating theassay times. Coexisting electroactive compounds, for example,
experiment in the presence of an excesaNl) of insulin resulted ascorbic and uric acids, are expected to migrate between the glucose
in a well-defined peak (around 394 s) of the labeled immunocom- and labeled immunocomplex peaks and are not expected to interfere.
plex and the disappearance of the “free-antibody” peak (D). The Relevant experimental parameters affecting the dual immuno/
latter indicates the completeness of the immunological reaction enzyme response were assessed and optimized. For example,

Current
?Xj%é

8444 wm J. AM. CHEM. SOC. 2003, 125, 8444—8445 10.1021/ja036067e CCC: $25.00 © 2003 American Chemical Society



COMMUNICATIONS

3

< (@)

: g

3nA

5 \ g

: [ 4 =
-1 E

35 500s 2 d ¢ S
+-0

-8
Log([Insulin] /M)

Figure 3. Calibration data for glucose (A) and insulin (B). (A) Concentra-
tion dependence for glucose over theX® mM range in the presence of
1.28x 1074 g mL~1 Ab-E and 0.1 nM insulin. Also shown (as inset) is the
portion of the electropherograms for 0 (a), 2 (b), 4 (c), 6 (d), and 8 (¢) mM
glucose. (B) Dependence of the free-antibo@®) and complex ©) peak
currents over the concentration range over 6.0 nM of insulin in the
presence of 1 mM glucose, 20 U mLGDH, and 20 mM NAD. Also
shown (as inset) are portions of electropherograms for the free-antibody
peak in the presence of 0.05 (a), 0.2 (b), 1 (c), and 5 (d) nM insulin. Other
conditions are the same as those in Figure 2.

[Glucose] /mM

hydrodynamic voltammograms of the NADH apeNP products

(of the enzyme and immunological reactions) indicated that a
potential of+1.2 V offered the most favorable signal/background
characteristics. NADH ang@-NP displayed similar voltammetric
profiles; their oxidation started at aroureD.7 V and leveled off
around—+1.2 V. p-Nitrophenyl phosphate was used as a substrate
for the ALP tracer due to its high stability. Increasing the applied
(separation and postcolumn) potentials over the £330 V range

decreased the dual-assay time from 230 to 110 s, while the baseline

resolution of the NADH andp-NP products was maintained.
Maximum mixing was observed when the separation and postcol-
umn voltages were similar.

Despite the huge concentration difference [millimolar (glucose)
and nanomolar (insulin)] and the use of different assay principles,

Figure 3 indicate that both insulin and glucose can be measured
reliably over their largely different clinically relevant ranges
[glucose (2.5-7.2 mM) and insulin (36:179 pM)]1+12The linear
range can be extended to accommodate higher glucose concentra-
tions by tailoring the GDH level. The dual glucose/insulin response
is highly reproducible. A series of five repetitive measurements of
a mixture containing 10 pM insulin and 2 mM glucose vyielded
relative standard deviations of 4.7% and 4.6%, respectively, for
the peak currents of the labeled-antibody and NADH peaks. The
clinically relevant insulin/glucose peak ratio remained highly
reproducible (with a RSD of 0.36%), reflecting the fact that both
peaks are similarly influenced by experimental variables.

In summary, we have demonstrated a new biochip strategy for
coupling enzymatic and immunological assays on a single-channel
microfluidic device and its applicability to simultaneous glucose
and insulin measurements. Such a coupling of different bioassays
on the same microfluidic device reflects the versatility and
integration features of such devices. The availability of a biochip
capable of simultaneously monitoring both insulin and glucose holds
great promise for improved management of diabetes. Crucial for
the successful realization of such glucose/insulin monitoring is the
integration of relevant sample pretreatment/cleanup procedures
essential for whole blood analysis. The new biochip approach can
be extended to the integration of other assays and additional sample
handling steps, as is desired for creating versatile and miniaturized
clinical analyzers. Homogeneous multiplexed immuno and/or
enzyme assays can be envisioned.
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