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Chemical and biochemical manipulations carried out in
integrated devices have generated considerable interest in
total-analysis microsystems (mTAS)[1,2] and in micrometer-
scale laboratory chemical manipulations.[3–6] Microfluidics
enable significant reductions in sample size. However, the
low Reynolds numbers can lead to laminar flow.[4] Mixing, a
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basic requirement for reactions in solution, between parallel
laminar streams depends on diffusion, which, except in special
geometries,[7,8] may be too slow. To decrease the mixing times,
workers have exploited moving parts, external forces, or
changes in channel geometry to achieve both active (vortex
chambers[9] and microstirrers,[10,11] sinusoidally alternating elec-
tric fields[12,13] and ultrasonic vibration[14]) and passive (alter-
nating microchannel geometry or complex channel networks)
mixing.[15] Electrokinetic mixing has been demonstrated,[16] and
chaotic flow can be induced, with oriented ridges, serpentine 3D
channel structures,[17] microplume arrays[18] and microbead-
packed channels,[19] which generate efficient mixing by reducing
the effective thickness of fluid laminae.

Herein we report an alternative that opens the possibility
of rapid mixing and reaction in the important class of 3D
fluidic architectures.[20–25] Mixing is implemented in structures
with characteristic length scales of nanometers, such that
diffusive transport occurs on experimentally convenient
millisecond timescales; mixing occurs within micron distances
rather than the centimeters that are often needed for laminar
microflows. To illustrate the advantages of nanoscale features,
consider two parallel fluid streams, separated by 500 nm,
injected into a solution that contains a complementary
reactant. With a diffusion coefficient of 5 8 10�7 cm2 s�1

linear diffusion mixes the reactants in only 2.5 ms. This
arrangement is implemented by nanocapillary membranes
with monodisperse distributions of nanometer diameter
channels, which are used to control molecular transport in
multilevel microfluidic systems.[21,23–25] Typically, these mem-
branes contain about 3 8 104 nanopores in 100 8 100 mm2, that
is, the mean interpore separation is about 580 nm. Because
fluid is transferred under electrokinetic control at appreciable
velocity (umax� 2.5 mm s�1), there is significant convective
mixing in the receiving stream. Also, because active flow is
maintained in the receiving channel, the reactants are trans-
ported while they react, which means that the flow axis is
linearly related to time of reaction, so that kinetics may be
monitored directly by spatial imaging.

To test these ideas, confocal fluorescence microscopy was
used to study mixing and reaction in a two-layer structure
coupled by a nanocapillary array membrane (inset Figure 1c
and Supporting Information) under conditions in which the
receiving channel flow was maintained. The capacity of these
structures to achieve rapid mixing was initially tested by
injecting 2 mm fluorescein in phosphate buffer from a source
channel into a receiving channel that contained only buffer
(Figure 1a). The source channel solution emerges from
individual nanopores and is mixed (diluted) in a volume
whose lateral dimensions are determined by the interpore
spacing. Under 1 mms�1 flow velocities cross-sectional fluo-
rescence imaging indicates that complete mixing, both
laterally and in depth, is achieved within the first half of the
channel overlap region (45 mm, position 3 of Figure 1a),
consistent with the simple estimate above.

Since rapid mixing is observed, it is natural to ask whether
these structures can be used for kinetic studies of reactions in
which the reagent amounts preclude bench-scale studies.
Derivatization of glycine with o-phthaldialdehyde (OPA) and
2-mercaptoethanol (ME) was used to test this possibility. The

Figure 1. a) Cross-sectional fluorescence images normal to the flow
axis at positions upstream (1) through to downstream (5), of the
90 mm wide nanocapillary array intersection. The fluorescein solution
in the horizontal channel was injected through the nanocapillary array
into the receiving (observation) channel. Positions (2), (3), and (4) are
at the upstream edge, in the middle, and at the downstream edge of
the intersection, respectively. b) Fluorescence images of the reaction of
glycine with OPA/ME as a function of distance along the receiving
channel with V1=V2 and V4=0; Vn is the voltage applied in the
respective reservoirs. Top, fast-channel flow {V1,V3}= {200,160}. Fluo-
rescence intensity (I, arbitrary units) as a function of distance (time) in
the reaction of glycine with OPA/ME along the receiving channel
under applied voltages at fixed Rv=1.25
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reactants are nonfluorescent, but OPA reacts with primary
amines in the presence of ME to form a fluorescent isoindole.
Fluorescence images of the reaction of glycine with OPA/ME
as a function of distance along the receiving channel are
shown in Figure 1b. The reaction time within the observation
window was varied by controlling the ratio, RV=V1/V3, of the
potential controlling forward bias, V1 =V2, to that controlling
the flow rate in the receiving channel, V3 (V4 = 0). As
indicated in the inset of Figure 1c, V1 and V2 are the voltages
applied to the respective source reservoirs and V3, V4 for the
receiving channel. In all cases, the flow direction is from the
source channel into the receiving channel towards the waste
(V4) reservoir when forward bias is applied. All data shown
are for fluorescence detection in the receiving channel. It is
immediately evident from Figure 1b that the reaction pro-
ceeds further towards completion within the observation
window under low-voltage conditions (slow flow rate) than at
high-voltage conditions (fast flow rate). A variation of RV
shows that optimum reaction kinetics are achieved at an
intermediate RV, thus indicating a trade-off between delivery
of sufficient reagent to saturate the second-order reaction and
making the forward bias potential so high that backflow is
observed. At a fixed RV the reaction can be observed at
various flow rates, Figure 1c, and the experimental data fit to
a model which depends on the flow rate (/V3) and the
reaction rate. As detailed in the Supporting Information, the
time constant for the reaction to reach steady state is
independent of flow rate, as expected, and gives a second-
order rate constant 530� 40m�1 s�1 for the reaction of OPA/
ME adduct with glycine. This result agrees with the reported
value after the OPA/ME equilibrium and amine group
dissociation are included.[26] We note that the nanofluidically
gated microfluidic scheme presented here is well-suited to
screening of combinatorial chemistry products because it
allows product formation to be followed in real time for
sequential reactions on the same target under identical
experimental conditions.

Ca2+ ion binding to calcium green-labeled dextrans
(CGD) was also studied in the presence of ethylene glycol-
bis(2-aminoethylether)-N,N,N,N-tetraacetic acid (EGTA).
The modest fluorescence of native CGD increases drastically
when it binds Ca2+ ions. Fluorescence microscopy, Figure 2a,
shows that the low background fluorescence in the receiving
channel increases dramatically when Ca2+ ions are injected
through the nanocapillary array. Monitoring of the change in
fluorescence intensity at a single position enables metal-ion
sensing as shown in Figure 2b and c. The series of injections
detected at the intersection in Figure 2b demonstrate the
rapid approach to steady-state fluorescence of this chemical-
sensing reaction and the trial-to-trial repeatability, while the
concentration response is shown in Figure 2 c. The rapid
mixing utilizing the nanofluidic membrane is a key for fast
chemical sensing. In applications in which the nanofluidic
membrane injection is to be used for chemical sensing, the
mass-transfer efficiency of the membrane is of interest.
Previous work in this laboratory has shown that under the
right operating conditions, 100% mass-transfer efficiency can
be achieved,[24] which means that the reactive coupling
through nanocapillary arrays can be used quantitatively.

A number of interesting problems are sample-limited,
either due to the danger of acquiring samples, for example,
biotoxins, or inherent sample size limitations, for example,
single subcellular organelles. The capacity of the hybrid
nanocapillary/microchannel architectures to serve as effi-
cient, externally gatable microreactors promises to open the
full armamentarium of chemical reactivity studies to mass-
limited samples. By simple manipulation of the physical
design of the nanofluidic interconnect control can be exerted
over the spatial and temporal characteristics, for example,
mixing ratio, of analytes and solvents between microfluidic
channels. Compared to other mixer designs, it is simple and

Figure 2. a) Fluorescence images of Ca2+–CGD binding reaction. Top:
membrane reverse bias; bottom: membrane forward bias. Ca2+ is
injected into the horizontal CGD channel. b) Fluorescence intensity (I,
left ordinate) and applied bias state (right ordinate, -·-·) as a function
of time, which shows the transport of Ca2+ ions across a nanocapillary
array (pore diameter 200 nm) to the CGD-containing channel (2 mm).
c) Fluorescence intensity of Ca2+–CGD in the receiving channel as a
function of [Ca2+] .
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versatile. The Ca2+ ion detection is proof-of-concept in using
the nanocapillary-mixer construct for microsensing, a result
which we are currently extending to other sensing schemes for
metals and volatile organics.
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