
D
a

R
a

b

a

A
A

K
N
S
E
N
C

1

h
b
p
e
c
M
i
p
i
a
c
s
s
d
e
e

i
F

0
d

Journal of Chromatography A, 1228 (2012) 51– 56

Contents lists available at ScienceDirect

Journal  of  Chromatography  A

jou rn al h om epage: www.elsev ier .com/ locat e/chroma
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ttoliter  sample  injection  into  extended  nanochannels
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The  rapidly  developing  interest  in  nanofluidics,  which  is  used  to  examine  liquids  on  an  order  that  ranges
from  an  attoliter  to a femtoliter,  correlates  with  the  recent  interest  in  decreased  sample  amounts,  such
as in  the  field  of  single-cell  analysis.  For  general  nanofluidic  analysis,  the  fact  that  a pressure-driven
flow  does  not  limit  the choice  of  solvents  (aqueous  or organic)  is  an  important  aspect.  In this  paper,  an
automated  injection  system  using  a pressure-driven  flow  for several  hundred  nanometer-sized  channels
(extended  nanochannels)  is  described.  By  automatically,  and  independently,  switching  four  pressure
lines  using  solenoid  valves  controlled  by  a  sequencer  with  a  time  resolution  of 10  ms,  550  aL  sample
hip- based separation band  in  minimum  was  reproducibly  injected  under  normal  phase  conditions.  The reproducibility  of  the
band  injection  was  improved  by  one  order  when  compared  with  the  previous  injection  method,  which
enables  determination  of  time  zero  for injection.  These  facts  are  essential  for the  further  band  analysis
in nanochannels,  where  diffusion  is  dominant.  This  injection  system  using  pressure-driven  flow can  be
used  with  any  kind  of solvent,  which  should  make  it a significant  tool  for  nanofluidic  applications,  such
as  immunoassay,  DNA  analysis,  and  chromatography.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The 101 to 103 nm scale space (so-called extended nanospace)
as recently gained much attention, since it is transient space
etween single molecules and normal liquid and unique liquid
roperties are expected [1,2]. For example, water properties in an
xtended nanospace are reportedly altered, displaying higher vis-
osity, lower dielectric constant, and higher proton mobility [3–5].
oreover, since the volume of liquid in a 101–103 nm scale space

s on an attoliter level, the extended nanospace would be appro-
riate for the analysis of an extremely low-volume sample, such as

n the field of single cell analysis. As the single cell trapping, lysis,
nd analysis is becoming to be integrated into a single microfluidic
hip [6],  further techniques for analysis of extremely low-volume
ample should also be developed. A pressure-driven fluid control
ystem using an air compressor and a pressure controller has been

eveloped for the nanofluidic control [7].  Here, both ends of the
xtended nanochannels are connected to microchannels, which
nable fast and secure liquid exchange. This alignment is essen-
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tial for nanofluidic applications where complicated liquid handling
is required. Some applications, such as conductivity measurement,
immunoassay, and DNA analysis are performed using an extended
nanospace [8–10].

Chromatography is an important application of extended
nanofluidics, which has a potential of new separation mode due
to the unique properties of extended nanospace. Here, the injec-
tion of an ultra-small volume of a sample band into an extended
nanochannel is one of the main challenges for an effective sepa-
ration. For a sample band injection into an extended nanochannel,
electrokinetic pinched injection is the simplest method [11]. How-
ever, it is difficult to adapt an electrokinetic-driven flow to normal
phase chromatography where non-polar organic solvents are used
for the mobile phase. For reversed-phase separation, shear-driven
chromatography was developed in a channel less than 1 �m deep
[12]. The automated injection system resulted in a high repro-
ducible band injection in a picoliter range [13]. Here, the top of the
separation channel was  hydrophobically modified in order to avoid
a leakage of solution between the unbonded top and the bottom
plates. In order to perform general chromatography in all chro-
matographic modes, pressure-driven chromatography shows the

most promise.

Recently, we developed liquid chromatography using a
pressure-driven flow in open column extended nanochannels
(nanochromatography), which displayed the possibility for a highly

dx.doi.org/10.1016/j.chroma.2011.05.095
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:kitamori@icl.t.u-tokyo.ac.jp
dx.doi.org/10.1016/j.chroma.2011.05.095
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Fig. 1. Photograph of microchip and systematic chart of pressure-driven fluid con-
trol  system (a). The abbreviations are defined as follows: compressor (C), regulator
(RG), solenoid valve (SV), pressure transmitter (PT), air tank (T), and liquid tank
(LT). Close-up of the extended nanochannel design (b). Nanochannels were 910 nm
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ide, 220 nm deep, and 1600 �m or 800 �m long from the cross-point, and the
nds were connected to microchannels. Microchannels were 300 �m wide and 3 �m
eep. Photograph (b) shows the custom-made chip holder (dashed line region in (a)).

fficient separation, by eliminating the factor of eddy diffusion due
o the absence of packed columns [14]. Here, sample band was
njected by manually switching pressures using three-way valves.
owever, control of this manual injection had a time resolution of

 s, and a reliable chromatographic analysis of the band peak was
ifficult to obtain.

In this paper, we describe the development of a precise time-

ontrolled injection system using the basics of our pressure-driven
uidic control technique in extended nanochannels. By controlling
he switching of injection pressure in a time resolution of 10 ms,

 sample band of 550 aL in minimum was successfully injected

ig. 2. Schematic view of pinched injection. In the initial state (a), channels are filled wi
njection, first, Pright is switched off to atmospheric pressure (c). With a time lag, Ptop is sw
iquid  flow.
r. A 1228 (2012) 51– 56

under normal phase conditions, with one-order improvement in
reproducibility compared with our previous injection system. Pre-
cise control of the band injection enabled further analysis of the
band in extended nanochannels.

2. Experimental

2.1. Chip fabrication and design

The extended nanochannels were fabricated on a quartz glass
plate by electron beam lithography and plasma etching (photo-
graph in Fig. 1a) [15]. The substrate with channels was thermally
bonded with a cover plate in a vacuum furnace at 1080 ◦C. Dust
and impurities were excluded during fabrication by performing all
operations in class 100 and 1000 clean rooms. The design of the
nanochannel consisted of a loading channel and three parallel sep-
aration channels, as shown in Fig. 1b. Each ends of the cross-shaped
nanochannels (910 nm wide, 220 nm deep, 1600 or 800 �m long
from the cross-point) were linked to microchannels (300 �m wide,
3 �m deep). Each end of the microchannels was  connected to the
exterior via through-holes.

2.2. Fluid control system and sample injection method

The systematic chart of the custom-made pressure-driven fluid
control system is shown in Fig. 1a. Pressure was generated by a
high-pressure air compressor (C) (EC 1445H, Hitachi Koki, Tokyo,
Japan), which could generate a maximum pressure of 4.4 MPa. The
airline was  then separated into four individual lines, and connected
to air tanks (T) with the capability to store pressure of a given
value through control of a solenoid valve (SV1) (J262G001AC100,
ASCO Japan Co., Ltd., Nishinomiya, Japan) with a pressure trans-
mitter (PT). The airline was then connected to a liquid tank (LT)
via a solenoid valve (SV2) (SV30A32P4P33E, Circle Seal, CA, USA).
Opening and closing of this valve was  controlled by a sequencer
(MS2-H100, Keyence, Osaka, Japan) to a desired time resolution of

10 ms. When the valve was opened, the liquid inside the tank was
pressurized into the microchip at a predetermined setup pressure.
When the valve was  closed, the liquid tank was  exposed to atmo-
spheric pressure. Tubes connecting the solenoid valves (SV2) and

th a mobile phase. Pressure is applied from three ways for sample loading (b). For
itched off for completion of injection (d). The small arrows indicate the direction of
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When tlag was small (or zero), the sample entering the separa-
tion channel was insufficient and was diluted, which resulted in
a lack of detection sensitivity. Conversely, when tlag was  large, the
bandwidth and intensity increased. As in chromatography where
ig. 3. Typical results of sample loading (a) and sample injection (b) under the fol
cale  bar represents 100 �m.

iquid tanks could change position freely if necessary. The lines from
he microchip were again connected to solenoid valves via liquid
anks, which were used as waste tanks. These solenoid valves also
ould sequentially control opening and closing. When these valves
ere opened, the liquid tank was exposed to atmospheric pres-

ure. When the valve was closed, it worked as a stop valve. Fig. 1c
hows a photograph of the liquid tank and microchip, including a
ustom-made chip holder. All the system including the chip holder
as fabricated by Ohte Giken, INC. (Tsukuba, Japan). All parts of the
older were made of stainless steel, and all connections were made
ither by screwing or by silver brazing.

Pressure-driven pinched injection, which was first performed
n a microchannel [16], was adapted to extended nanochannels,
s shown in Fig. 2. Thick arrows indicate the presence of pres-
ure, and line arrows show the direction of the liquid flow inside
he nanochannels in the figure. First, both loading and separation
hannels were filled with a mobile phase (Fig. 2a). For sample load-
ng, three pressures (Ptop, Pright, Pleft) were applied from the top of
he loading channel, and from both ends of the separation channel
Fig. 2b). Then, Pright was  switched off to atmospheric pressure to
tart introducing the sample into the separation channel (Fig. 2c).

ith a time lag (tlag), Ptop was switched off to cut off the sample
and, and the band injection was completed (Fig. 2d). The timing
f the switching-off of the pressures was controlled by a sequence
ith a time resolution of 10 ms.  The concept of controlling fluid
sing solenoid valve was recently demonstrated in microchannels,
sing relatively small pressure (<200 kPa) [17]. We  have evolved
his concept as band injection device for nanofluidics.

.3. Band observation

The microchip, including the custom-made chip holder (Fig. 1c)
as placed on the motorized stage (BIOS 105T, Sigma Kouki Co.,

td., Tokyo, Japan) of a fluorescence microscope, model IX71 (Olym-
us, Tokyo, Japan). A CCD camera (ImagEM, Hamamatsu, Shizuoka,

apan) was used to detect the fluorescence image, and software
Aquacosmos, Hamamatsu) was used for the analysis. In order to
chieve the chromatogram, a time profile of the average inten-
ity was obtained in a detection window at an arbitrary place
n the recorded image. Pyrromethene 597 (EXCITO INC., Dayton,
SA) was used as a fluorescence dye (50 �M),  and a mixture of

oluene/ethanol = 100/1 (v/v) was used as the mobile phase.

. Results and discussions

.1. Sample injection – proof of principle
The sample was chosen to show the injection availability under
ormal phase conditions, which could be achieved only by a
ressure-driven flow. The mobile phase was toluene (non-polar
olvent) and the stationary phase was the channel wall, which was
g conditions: Ptop = 320 kPa, Pright = 310 kPa, Pleft = 300 kPa, and time lag of 0.2 s. The

bare silica (silanol surface, polar). Toluene is an aprotic solvent with
very low dielectric constant (ε = 2.4), in which condition that the
solute ions will not dissociate, and tend to keep neutral species
[18,19]. The electrokinetic effect due to the electrical double layer
in the several hundred nm channel will therefore not be discussed
in this report.

Fig. 3 shows the typical results of a sample injection
when Ptop = 320 kPa, Pright = 310 kPa, Pleft = 300 kPa, and time lag
(tlag) = 0.2 s. The three separation channels appeared as a single
channel in this scale. The programmed sequence allowed 12 s of
sample loading (Fig. 3a), and a sample injection was  accomplished
in one serial run (Fig. 3b).

Fig. 4 shows the band formation profile under the same
conditions as depicted in Fig. 3 (Pleft = 300 kPa, tlag = 0.2 s). The lon-
gitudinal axis in the graph represents the average intensity through
the separation channel. The time interval between the curves was
0.1 s. Curve (1) shows the sample loading state where the sample
bandwidth kept constant by the mass equilibrium of diffusion and
the flow toward the injection point. Curve (2) depicts the moment
directly after the Pright was switched off, and curve (3) depicts the
moment after Ptop was switched off. The right-hand shoulder of the
band increased during curves (2) and (3), due to the analytes enter-
ing the separation channel, as explained in Fig. 2c. When Pright was
switched off, the sample band injection was completed in about
0.2 s, which agrees well with the value of tlag Sample band kept
broadening after injection (after curve (3)), keeping the symmetric
gaussian profile.

Fig. 5 shows the dependence of tlag and the injection band.
The chromatograms were taken at 50 �m from the injection point.
Fig. 4. Formation of the band after injection. Time interval between the curves is
0.1  s. Curve (1) represents sample loading, curve (2) shows conditions just after Pright

was switched off, and curve (3) shows conditions just after Ptop was switched off.



54 R. Ishibashi et al. / J. Chromatog

F
t

a
e
w
b
e

u
s
d
o
m
r
t
b
e
0
z
t
s
a
s
h
i
n
r
a
m
F
b
f
i
d

F
i
i

ig. 5. Chromatogram of injected band when the time lag (tlag) was varied. Sensi-
ivity and bandwidth reduced with a decreasing time lag, and vice versa.

 smaller injection bandwidth is desired for higher separation
fficiency, tlag is a trade-off between detection sensitivity and band-
idth. Because the peak of the injection band is largely influenced

y the tlag, even on the order of 0.1 s, precise control of tlag is nec-
ssary for reproducible injection.

Fig. 6 compares the repeatability of the five automated and man-
al sample injection runs using the same chip, Pleft ( = 300 kPa), and
ample (pyrromethene 597 in toluene). Both the relative standard
eviation of the peak maximum and the peak area were improved
ne order, from 42 to 3.5% and from 46 to 4.0%, respectively. The
aximum difference of the peak arrival time between different

uns improved from around 1 s to 0.1 s. This improvement is impor-
ant for analysis of bandwidth in nanochannels, where the band
roadening by diffusion will largely contribute to the bandwidth,
ven in the small time scale (e.g., 190 �m for 1 s, and 60 �m for
.1 s). High reproducible injection leads to determination of time
ero for injection. When collecting data in nanochromatography,
he camera is focused downstream from the separation channel,
o the injection cannot be observed. Therefore, the precise peak
rrival time after injection of the injected band cannot be mea-
ured with lack of highly reproducible injection. The two factors,
igh reproducibility and determination of the time zero after the

njection, enables further band analysis of the chromatogram in
anochannels. Band shape was asymmetric in Fig. 6a, but symmet-
ic in Fig. 6b. The asymmetric shape is not due to tailing by the
dsorption of the analyte to the channel, as the band has a sym-
etric, gaussian profile in Fig. 4. Thus the asymmetric shape in

ig. 6a is probably observing the formation state of the gaussian

and (between curves 1 and 3 in Fig. 4). Fig. 6b is not observing the
ormation state of the gaussian state due to the rise time of pressure
s very slow (about 5 s) in the previous set-up, compared to present
evice (<1 s).

ig. 6. Comparison of reproducibility of automated (a) and manual (b) sample injection
njection points. The relative standard deviation of peak height was  reduced from 42 to
njection.
r. A 1228 (2012) 51– 56

3.2. Band broadening

Band broadening was  observed between sample loading and
injection (from 57 to 130 �m,  in full width) as can be seen in Fig. 3
or Fig. 4 curves (1) to (3). This band broadening is not favorable
for chromatography, where the separation efficiency or the theo-
retical plate height is related to the injection bandwidth, and the
increase of band width will decrease the separation efficiency. In
order to understand this band broadening, bandwidth (full width
at half maximum, w0.5) was  plotted against time. Fig. 7a shows
the dependence of square bandwidth (w2

0.5) against time, when
the applied pressure was fixed to a constant value (Pleft = 300 kPa),
and tlag was varied between 0 and 1.0 s. The dashed line in the
figure indicates the boundary of (i) sample loading state, (ii) injec-
tion state, and (iii) after injection, and the figures on the top shows
the direction of pressure in each state. The dashed line at the left
is bent to show the point where the injection state was started
with different tlag. In the loading state (i), the bandwidth kept a
constant value by the mass equilibrium of diffusion and the flow
toward the injection point, as described in Fig. 4, curve (1). In the
injection state (ii), the bandwidth largely increased during the tlag.
The slope of broadening corresponded to tlag, where the increase
was minimum (w0.5 = 10–23 �m)  when tlag = 0 s, and maximum
(w0.5 = 10–170 �m) when tlag = 1.0 s. This band broadening is due
to diffusion during tlag, and the flow toward the injection channel
during the tlag as depicted in Fig. 2c. The band broadening due to dif-
fusion (full width, wdiff) can be expressed by the Einstein equation
of diffusion as;

wdiff = 4� =
√

32 × Dmol × tdet (1)

where Dmol is the molecular diffusion coefficient of the analyte.
The bandwidth (w0.5) at the end of injection state had a linear
relation with tlag. As can be seen in the plot of tlag = 1.0 s, the rise
time of band broadening did not respond with the beginning of
tlag, due to the analysis was on full width at half maximum. The
point below the half maximum responded to the beginning of tlag,
but did not appeal in the plot. After injection (iii), the bandwidth
kept on broadening gradually, where w2

0.5 increased linearly with
time. This broadening is consistent with diffusion and Taylor dis-
persion in the separation channel. Plots of tlag = 0 s had a relatively
large variance due to the small signal-to-noise ratio, as discussed
in Fig. 5. Fig. 7b shows the dependence of square bandwidth (w2

0.5)
to time, when tlag was  fixed to a constant value (0.5 s), and applied
pressure (Pleft) was  varied between 300 and 1000 kPa. The num-
ber of plots at 1000 kPa is small, due to the fast protrusion of
the band from the detection window in this high pressure con-

dition. Loading state (i) and after injection (iii) showed a similar
behavior as discussed in Fig. 7a. In the injection state (ii), the slope
of broadening this time corresponded to applied pressure, where
the increase was minimum (w0.5 = 9–96 �m)  when 300 kPa, and

s. Chromatograms of five independent injections were taken at 50 �m from the
 3.5%, and that of the peak area was reduced from 46 to 4.0% by automating the
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Fig. 7. Dependence of square bandwidth (w2
0.5) against time, when the applied pressure was  fixed to a constant value (Pleft = 300 kPa), while tlag was  varied (a), and when tlag
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as  fixed to a constant value (0.5 s), while applied pressure (Pleft) was varied (b). Th
tate,  and (iii) after injection, and the figures on the top shows the direction of pres

aximum (w0.5 = 6–244 �m)  when 1000 kPa. This band broaden-
ng is again due to the diffusion and the flow toward the injection
hannel during the tlag. The bandwidth (w0.5) at the end of injection
tate had a linear relation with applied pressure. As the bandwidth
fter injection state had a linear relation with both applied pres-
ure (i.e., flow velocity originated by this pressure) and tlag, this
and broadening (full width, wflow) can be expressed as a product
f flow velocity (v) and tlag, as

flow = v × tlag (2)

hich indicates that the flow during tlag is dominant to this band
roadening in injection state.

As a result, the band broadening in injection is consisted by;
. Bandwidth in loading state (wload), 2. Diffusion during injection,
nd 3. Flow toward the injection channel during injection. Thus the
alculated injection bandwidth (full width, winj,calc), using Eqs. (1)
nd (2),  can be expressed as

inj,calc =
√

w2
load

+ w2
flow

+ w2
diff

(3)

he first factor of bandwidth can be controlled by the pressure
alance during the sample loading state, though it is not much a
roblem while its contribution is small. The second factor, broad-
ning due to diffusion, can be reduced by reducing tlag. However,
he reduction of tlag leads to a reduction in sensitivity, so it cannot
e wiped out completely in many cases. Third factor, flow during
he injection was the most dominant factor in band broadening.
s this factor could be expressed by the product of flow velocity
nd tlag, it can be controlled by controlling the applied pressure
nd tlag. Our present device enables to control the tlag with the time
esolution of 10 ms,  thus led to a reproducible injection.

The volume of the injected sample corresponds to the sum of
he volume of the intersection of loading and separation channels
0.91 �m × 0.91 �m × 0.22 �m × 3 channels = 550 aL), and sample
ushed into the separation channel by the flow during the

lag (wflow × channel depth). The flow velocity was calculated
y measuring the fluorescence signal between several points in
he separation channel, by serial experiments. The calculated
njection volume when tlag = 0.2 s and Pleft = 300 kPa, was 4.9 fL
36 �m s−1 × 0.2 s × 0.91 �m × 0.22 �m × 3 channels + 550 aL, 1.6 fL
or single separation channel), and 550 aL (180 aL for single separa-
ion channel) in minimum, when tlag = 0 s. This amount was  three
o four orders smaller than that used by Desmet’s group, who  also
utomated the injection of an extended-nanochannel by a pL order,

ut with a shear-driven flow [12]. For the analysis of an ultra-small
olume of sample, e.g., in the field of single-cell proteomics where
he volume of a single cell is on the order of pL, the handling of the
L to fL range for analysis should be suitable.

[

ed line in the figure indicates the boundary of (i) sample loading state, (ii) injection
 each state.

4. Conclusions

We  have developed an automated injection system using
pressure-driven flow in extended nanochannels by controlling the
four pressure lines, and by switching the pressures ON and OFF
using sequence-controlled solenoid valves. By precisely controlling
the time lag with a time resolution of 10 ms,  a sample injection of
550 aL in minimum was achieved, which is four orders smaller than
a conventional injection device. The reproducibility of the injected
band peak was  improved by one order compared to our previous
method. High reproducibility of the band and determination of time
zero after the injection were achieved, which enabled further anal-
ysis of the band. Band broadening was  observed between loading
and injection, and was  discussed as the combination of bandwidth
upon sample loading, sample flow during switching pressure, and
diffusion. As we  have performed the injection under normal phase
condition, pressure-driven flow does not limit the choice of sol-
vents. This device enables cutting of definite volume sample of aL
to fL in extended nanospace Therefore, it would be a powerful tool
for applications in nanofluidic systems, such as immunoassay [8],
DNA analysis [10], and chromatography. Basic analysis of physic-
ochemical properties in extended nanospace can also be achieved,
such as diffusion coefficient measurement by band cutting. Normal
phase separation using this device is now being performed.
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