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Abstract: This paper studies the flow characteristics in micro/nano-channels subjected to an applied electric field. The nano-channel
flow was observed by means of the fluorescence Calcein. A Fluorescence Concentration Gradient Interface (FCGI) was observed
across the nano-channel array. The front of the FCGI was shown to have an analogous parabolic shape. The propagation of this inter-
face reflects indirectly the induced pressure at the micro/nano-channel junction, where the enrichment-depletion processes are known
to take place. This induced pressure was predicted by numerical simulations, and this paper gives the first experimental evidence.
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Introduction

With the rapid development of the micro- and
nano-fabrication technology, many nano-fluidic devi-
ces were developed with wide applications in labora-
tories. It is noted that when the characteristic length of
the microfluidics channels is reduced to the same
order as the Debye length, the ion selection process
becomes more efficient due to the overlapping
Electric Double Layers (EDL). One kind of these
devices, a hybrid micro/nano-channel, was used to im-
prove the trace element detection and its sensitivity.
Wang et al.!' and Kim et al.”! observed the protein
concentration enrichment (of up to a factor of 106)
with this kind of system. Recently, Kim et al.”! deve-
loped a new and efficient device for the direct sea-
water desalination. The physical mechanism of these
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devices is as follows.

Basically, the velocity profile of the electro-kine-
tic flow driven only by an applied electric potential
should be shaped as a “plug”. But, Kim et al.'* obse-
rved fast moving vortices in the depletion zone at the
positively charged end of the nano-channel array in
their hybrid micro/nano-channel chip. They noticed
that the front of the depletion zone in the microcha-
nnel was like “meniscus” as driven by pressure. This
parabolic concentration front in the microchannel was
also observed and studied by Yu and Silber-Li".
These experimental results indicate that there is an in-
duced pressure in the pure electro-kinetic flow. Jin et
al presented a numerical model based on the
Navier-Stokes equation and the Nernst-Planck equa-
tion to simulate the flow in a hybrid micro/nano-cha-
nnel and found that an induced pressure did exist
across the micro/nano-channel junction. The associa-
ted vortex flow and the induced pressure in the micro/
nano-channel junction were studied by several
authors”. The vortex flows were visualized experi-
mentally, but without the induced pressure distribution
being observed in the nanochannel. It is extremely di-
fficult to directly measure the induced pressure distri-
bution in the micro/nano-channel. The present study
focuses on the direct observation of this induced pre-



ssure field, especially, in the nano-channel.

The propagation of the fluorescence in an array
of nano-channels was observed in the present experi-
ments. The observation results, as shown in Section 2,
indicate that the propagation lengths in each channel
of the nano array are different and an analogous para-
bolic front is established across the entire array. It is
demonstrated that the induced pressure distribution at
the micro/nano-channel junction drives the fluoresce-
nce propagation passing through the nanoarray. In
Section 3, two hypotheses are proposed for analyzing
the induced pressure based on the Navier-Stokes (N-S)
equation and the Nernst-Planck equation, accompa-
nying with the results of a transient 2-D numerical
simulation. The last section is the conclusion.

1. Experimental apparatus and methods

1.1 Experimental setup

The experiments were performed on a fluore-
scent inverted microscope (Olympus 1X71), equipped
with a 10x/NA =0.3 objective lens. An electron-
multiplying charge coupling device (EMCCD, DV885)
was used to record the images. A voltage source
(HV1005) was used to apply the electric potential.

Fig.1(a) A photo of the glass chip

I

D Ground

+ A

Ground C

(b)
Fig.1(b) Schematic diagram of the microchannel with a nano-
channel array

1.2 Chip fabrication

A glass chip employed in the present experiment
is shown in Fig.1(a). A schematic diagram of the
nano-channel array connected with two micro-channel
reservoirs is shown in Fig.1(b), where A-B and C-D
are marked. The nominal size of the micro-channel is
40 pmx10 pmx=0.02 m and that of each nano-channel
is 4 umx100 nmx200 um (widthxdepthxlength). The
nano-channel bundle consists of 20 channels placed
side by side in a linear array with a total width of
120 um. The entire glass chip is produced by the
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Dalian University of Technology. (see Xu et al."'” for
details).

1.3 Reagents

The sodium borate buffer solution was prepared
by using Di-water (Millipore company) at a concen-
tration of 0.1 mM and a pH value of 9.2.

Two portions of this fluid were prepared. The
fluorescence Calcein (an analytical reagent) was dilu-
ted into one portion of this solution at a mass concen-
tration of 10 uM and filled into the A-B micro-cha-
nnel at the beginning of the experiment. The other
portion was filled into the C-D micro-channel. Com-
pared with other experiments', in which both micro-
channels were filled with the fluorescence, in our
experiment, only one micro-channel is filled with the
fluorescence so that the state of the flow passing
through the nano-channel array can be observed.

1.4 Experimenl procedure

At the beginning of the experiment, one portion
of the sodium borate buffer solution with the fluore-
scence was filled into the upper micro-channel (A-B)
and another portion of the sodium borate buffer solu-
tion without the fluorescence was filled into the
bottom micro-channel (C-D). Platinum wires were
then put into the reservoirs to provide the electric con-
nection. A potential difference was then applied
between A-B and C-D micro-channels (see Fig.1(b))
while C-D ends were grounded. The flow fields in the
two micro-channels and in the array of nano-channels
were observed with the EMCCD at 21 frames/s. The
images were captured in sequence with an exposure
time of 20 ms and an interval of 27 ms.

The main experiment was conducted as described
above with 50 V potential drop across the two micro-
channels. Also, we used the potential drops of 100 V,
300 V, 500 V and a reduced buffer concentration of
0.01 mM in the tests.

2. Experimental results

The results of the present experiments are as
follows. After an electric potential was applied to the
micro-channel A-B, a depletion zone was observed to
form in the A-B micro-channel (that is, at the anode of
the nano-channel array) at r=1.24 s (Fig.2(a)). At
t=3.91 s, the depletion zone continued to extend,
while the enrichment zone developing in the C-D
micro-channel (the cathode end of the nano-channel
array) as shown in Fig.2(b). At this instant, a Fluore-
scence Concentration Gradient Interface (FCGI)
appeared in the nanochannel array. At r=7.03 s, it
was observed that the fluorescence solution was pro-
pagating in each nano-channels of the array from the
A-B micro-channel towards the C-D micro-channel.
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The position of the FCGI assumes an analogous para-
bolic form (as shown in Fig.2(c)). At ¢=14.86 s, the
position of FCGI was near the bottom micro-channel.
In addition, the gray scale values of the fluorescence
in the nano-channel were always less than those in the
depletion area. While in the enrichment area (that is,
at the C-D channel end of the nano-channel array), the
fluorescent gray values increased with time.

(a)t=124¢

(b)¢=3915s

(c)¢=703s

(d)t=14.36s

Fig.2 The FCGI evolution in the nanno-channel array with a
depth of 100 nm (the image size is 800 pm x400 um)

The front positions of the FCGI in each nano-
channel at different moments are shown in Fig.3.
They assume an analogous parabolic shape. The ave-
rage propagating velocity of the FCGI calculated from
Fig.3 is shown in Fig.4. The velocity in the center of
the nano-channel array is found always higher than
the velocities at the edges. For example at #=3.91 s

the maximum velocity, v,

o 18 about 20 pm/s while
the velocities at the edges are only in the range of
0 pm/s-5 pm/s. With the time, the maximum velocity
decreases. At r=7.03 s, v, =15 um/s, and the

corresponding velocity values at the edges of the
nano-channel array are about 6 pm/s. At ¢t=14.86 s
the maximum velocity is reduced to 9 um/s while the
edge velocities are kept on the level of 5 um/s . The
velocity results indicate that the propagation of fluore-
scence is faster in the middle part than at the edges,
however, this propagation becomes much slower as
time progresses.
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Fig.3 The positions of FCGI’s front at different time correspo-
nding to Figs.2(b)-2(d). The location of x axis is at the
middle of the nano-channel array
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Fig.4 The average velocity of the propagating FCGI and the
estimated pressure at different moments

According to the well known Poiseuille formula,
the velocity in a channel is proportional to the pre-
ssure drop, which can be used to estimate the pressure
drop across the nano-channel. The hypothesis invo-
lved in the Poiseuille formula will be discussed in
Section 3. The Poiseuille formula takes the form

d*AP
32uL

(1)

where V' represents the average velocity of the solu-
tions in the nano-channel, and d 1is the hydraulic



diameter of the nano-channel. The nano-channel
length is L while AP denotes the pressure drop
between the two ends of the nano-channel. Using V',
as shown in Fig.4, we can calculate AP and display
it in the same figure. At ¢#=3.91 s, the pressure in the

center of the nano-channel array AP

3500 Pa. After3s,at +=7.03s, AP __ decreases to

2 500 Pa. And at t=14.86's, AP, is further redu-

ced to about 1 500 Pa. From Fig.4, it is seen that the
center of the experimental AP, is three times higher

max

is about

than the pressure at the edges (which remains at the
level of about 1000Pa in the experiment). These esti-
mates provide qualitative information about the pre-
ssure distribution along the axis of the micro-channel
near the micro/nano junction.

3. Discussions

In the section above, we use Poiseuille formula
Eq.(1) to calculate AP from the velocity distribution
(Fig.3). This estimate is based on two hypotheses,
which will be analyzed in this section. Before the ana-
lysis, we first discuss the continuity assumption and
the validity of the N-S equation for nano-channel
flows. For gas, according to the analysis of Bao and
Lin[“’m, when the Knudsen number Kn<0.1, the
continuity assumption is still valid. For liquid (we
refer to water here), the mean free path of water mole-
cules is not known due to the fact that water molecu-
les can not move freely like gas, and thus it is difficult
to determine Kn number. If the interspace of water
molecules, about 0.3 nm, is taken as an approximation
of the mean free path, for a 100 nm scale nano-cha-
nnel, the Knudsen number (~107) still falls in the
continuum region. It is estimated that the N-S equa-
tion still works down to 1 nm scale for liquid flow!"*!.
In the present experiment, the hydraulic diameter of
the nano-channel is 200 nm, so the continuity assu-
mption and the N-S equation are still valid.

The hypotheses of our analysis will be discussed
in two parts:

(1) Ion transportation

Figures. 2(a)-2(d) show that the FCGI is formed
as the depletion region is developed at the micro/
nano-channel junction, and extended along the micro-
channel. The flux of the ions in the nano array is dete-
rmined from the Nernst-Planck equation

J=-DVc—zFu,cV¥+Ve 2)

where ¢ denotes the concentration of the species, J
represents the flux of that species, z is the valence
of the species, ¥ is the electric potential, 4, is the

ionic mobility of the solution and F is the Faraday
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constant (9.65x10* C/mol). The first term in the right
hand side of this equation represents the flux of the
concentration, which is proportional to the gradient of
the concentration scaled by the ion diffusion coeffi-
cient, D . The second term represents the flux due to
the electromigration. The last term specifies the flux
of the concentration due to the fluid velocity field.
The propagation of the fluorescence in the nano array
is a result of the electric field, the fluid flow and the
ion diffusion. However, in the nano-channel, the cha-
racteristic parameters, the diffusion coefficient D[]

O(10° m*/s), the electric potential ¥ 1O (10V),
the electric mobility 4, [ 0107 s/Kg), show that

the ratio of the electrical potential over the diffusion
Fu, ¥ /DU 0(10%) is large. Therefore, the influe-

nce of the diffusion can be neglected, and the velocity
of the ions V,, consists of the electro-migration V,

and the fluid velocity V., which can be written as
V.

¥ is applied on the microchannels and the length of
microchannel is in the order of centimeters, much
longer than the junction of the micro/nano-channel
(~120 pm), we may adopt the first hypothesis that the
electric potential ¥ along x can be considered as
uniform in the junction and its gradient V¥ takes a
constant value, as mentioned in the references!">'®.
Therefore, the distribution of the velocity driven by
the electromigration should assume nearly a flat line.

Thus, the electrical term F, could not be responsible

=V, + Vi 14 Because the electrical potential

for the analogous parabolic velocity distribution in the
nano-channel array since the electric potential is
nearly uniform along the nano-channel array. V,
only depends on V,, , which will be discussed
below.

(2) Bulk fluid transportation

The fluid flow is governed by the N-S equation.
In the micro/nano-scale, the Reynolds number is low
enough, the N-S equation can be simplified as the
Stokes equation

p%—’;:—vavw —p V¥ 3)

where p V¥ denotes the electrostatic body force
term, p, =F(z,c, +z_c ) is the net charge density
of ions, u denotes the dynamic viscosity of the fluid,

uV?V  represents the viscous term. It is clear that the
velocity of the fluid is influenced by the pressure, the
electrical field and the viscosity. As stated above, the
electro-migration V¥, is nearly the same in each nano-

e

channel, and has little contribution to the parabolic
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velocity distribution in the nano array. Therefore, the
second hypothesis proposed here is that the pressure
gradient term, AP, plays the dominant role in the for-
mation of the analogous parabolic FCGI.

The estimated pressure is not quite accurate due
to the fact that the average velocity value is obtained
from experiments, with the effects of the ion diffusion
and the electric potential being neglected as just noted.
However, these results represent the experimental evi-
dence of the pressure distribution in the micro/nano-
channel flows, which has not been noted before. This
observation provides some further basic information
to understand these complex flows.

A basic numerical model is tested by a simple
verification. It can not fully simulate all the experime-
ntal details, but it can help us catch the mechanism in
the system.

o
s} e y*= 03— y*=03
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Fig.5 The calculated pressure distribution along x* axis of the
micro-channel in the micro/nano-channel junction. The
inset is the computation area of the numerical study, both
x and y are normalized by the width of micro-channel
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Fig.6 The potential distribution along the x” axis of the micro-
channel near the micro/nano-channel junction. Both x
and y are normalized by the width of micro-channel

In the numerical simulation, three nano-channels

are arranged at x" =—0.3, 0 and 0.3, respectively, to
represent the nano array (see the inset graph in Fig.5).

Their inlets are all located at y* = 0.3, and the outlets
are at y" =-0.3. The junction of the micro/nano-

channel is thus between x* =0.3. Figure 6 shows

the computed electrical potential distribution along the
x" axis of the micro-channel. The curve of voltages
is found to be approximately flat from x" =-0.3 to
x" =0.3, corresponding to the inlet of the nano-cha-
nnel array at " = 0.3. This result confirms the above

hypotheses that the V¥ is nearly constant along x
direction. Hence the electric field could not induce the
analogous parabolic FCGI observed in the experime-
nts (see Fig.2(a)-2(d)).

Figure 5 shows the pressures along the x* dire-
ction of the micro-channel near the micro/nano-cha-
nnel junction. The pressure distribution in the deple-

tion zone near the junction between x" =+0.3 at
y* =03 is in an analogous parabola profile (solid

line), and in the enrichment zone at y* =-0.3 it is

nearly linear (dotted line). This result is in accordance
with the experimental pressure distribution discussed
above.

These simulations confirm the existence of an
induced pressure distribution in the micro/nano-cha-
nnel junction and this pressure field is responsible for
the formation of an analogous parabolic FCGI in the
nano-channel array observed in the experiments.

4. Conclusions

In this study, the propagation of the fluorescence
concentration in a hybrid micro/nano-channel under
external electric field was observed. The main results
can be summarized as follows:

(1) A FCGI was observed across the nano-cha-
nnel array (20 nano-channels, each of 4 pm=100 nmx
200 pm (widthxdepthxlength). The FCGI front was
shown to have an analogous parabolic shape. The ave-
rage propagation velocity distributions were obtained
from images at different moments.

(2) Based on the Nernst-Planck equation, it is
shown that the ion diffusion effect can be neglected as
compared with the effects of the electromigration and
the fluid convection. Two hypotheses are introduced:
(a) the electric potential is uniform and thus the pote-
ntial gradient can be considered as constant in the jun-
ction, and (b) in the N-S equation, only the pressure
gradient is responsible for this FCGI. Based on these
two hypotheses, the distribution of the induced pre-
ssure at the micro/nano junction is evaluated.

(3) A basic 2-D numerical model was used to
simulate the flow in a hybrid micro-channel with nano
array composed of three nano-channels. The numeri-
cal results show the similar distribution of the induced
pressure in the micro/nano-channel junction. Also

from the electrical potential along the x* direction, it

is shown that the values at the inlets of the nano-cha-
nnels are nearly uniform.
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