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In-column field-amplified sample stacking of
biogenic amines on microfabricated electrophoresis
devices

A novel method for performing in-column field-amplified sample stacking (FASS) in
chip-based electrophoretic systems is presented. The methodology involves the use
of a narrow sample channel (NSC) injector. NSC injectors allow sample plugs to be
introduced directly into the separation channel, and subsequent stacking and separa-
tion can proceed without any need for leakage control. More importantly, stacking and
separation occur in a single step negating the requirement for complex channel ge-
ometries and voltage switching to control sample plugs during the stacking procedure.
The chip is composed of six paralleled systems. Using the NSC injector design, the
number of reservoirs in the multiplexed chip is reduced to N � 2, where N is the
number of paralleled systems. This design feature radically reduces the complexity
in chip structures and associated chip operation. The approach is applied to the anal-
ysis of fluorescently labelled biogenic amines affording detection at concentrations
down to 20 pM.
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1 Introduction

The development of chip-based electrophoretic systems
has influenced many unique systems for genetic analysis,
clinical diagnostics, process control and environmental
monitoring [1]. This in large part has been directly due to
the identifiable improvements in separation performance
as system features are diminished. For example, electro-
phoretic separations performed on microfabricated de-
vices can yield distinct advantages when compared to
conventional formats. Analysis times can be reduced to
sub-second timescales and extremely high separation
efficiencies can be achieved (due to the application of
high field strengths) [2]. The use of cross-type injectors
provides a simple and efficient means of reproducibly
introducing picoliter volumes into the separation channel
[3], and photolithographic printing techniques afford the
creation of multiple or parallel devices on a single sub-
strate [4]. Due to the small sample volumes usually
encountered in microfluidic environments (pL � nL) effi-

cient detection has become a key issue in defining the
applicability of many chip-based systems. Detection
techniques have included a diversity of optical and
electrochemical methods [5, 6]. Fluorescence has proven
to be the most widespread detection technique in micro-
fluidic systems. This is in part due to its exceptional sen-
sitivity, but also to the reduced pathlengths that preclude
sensitive UV detection. Even so, on-line sample con-
centration techniques are often required in applications
where the target analyte is present at low concentration.
There are several approaches to on-line sample precon-
centration employed in conventional CE. These can be
categorised into two main types based on the physical
phenomena employed. The first involves control of the
electrophoretic velocities of analytes and includes field-
amplified sample stacking (FASS) [7–10], pH mediated
stacking [11, 12], isotachophoretic stacking [13, 14] and
sweeping [15, 16]. The second involves the partitioning
of analytes using a packed column, referred to as chro-
matographic preconcentration [17, 18]. The simplest,
and most widely applied, technique is FASS [19]. In
FASS, a plug of sample prepared in a low-conductivity
buffer is injected into the capillary filled with a running
buffer of higher conductivity. When a voltage is applied,
the resulting electric field strength is higher in the low-
conductivity sample zone than in the running buffer zone.
Consequently, the charged analyte velocity will be higher
in the sample zone. At the buffer interface, analyte ions
decelerate abruptly and ‘stack’ into a narrow discrete
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sample band resulting in a signal gain at the detector [20].
There are two methods of performing FASS: head-column
FASS and in-column FASS [7]. In the latter, the sample is
injected hydrodynamically while in the former the sample
is injected electrokinetically. In principle, head-column
FASS can provide higher sensitivity enhancements (typi-
cally three orders of magnitude) due to the fact that ana-
lytes are injected without introducing significant amounts
of sample solvent [7, 8].

Although FASS is well established in conventional CE, its
transferral to a chip-based format is not straightforward.
The primary difficulty associated with sample stacking in
a microfluidic format is the control of the analyte zone
during the stacking and separation procedures. This often
necessitates the use of relatively complex channel net-
works and voltage programs to stack and/or manoeuvre
the analyte zone. In previous studies, for example, Lich-
tenberg and co-workers [21] describe the use of a six-
channelled injector to perform in-column FASS, achieving
a signal enhancement of 20-fold. In addition, Ramsey and
co-workers [22] have reported in-column FASS on chip
for the analysis of metal ions with gated injection and
obtained sensitivity enhancements of 140-fold. Li et al.
[23] have also reported signal gains of over 50-fold using
in-column FASS on chip with mass spectrometric detec-
tion. More recently, Yang and Chien [24] have mani-
pulated sample zones using a five-channel injector with
a multiport pressure/voltage manifold to realise in-column
FASS and reported signal gains of over 2 orders of magni-
tude. Furthermore, sweeping has also been applied to the
microchip format by Landers and co-workers [25], in
which they reported 20-fold signal increase for the analy-
sis of neutral molecules.

In this paper, we report a new method of performing in-
column FASS on chip using a novel type of injector
design: the narrow sample channel (NSC) tee-injector.
Details of the NSC injector design have been described
previously by Zhang and Manz [26]. An NSC tee-injector
allows for injection of an analyte zone directly into the
separation channel without leakage control. Using the
NSC tee-injector, in-column FASS can be realised in a far
simpler way than with conventional injector geometries
used in traditional chip-based CE systems. Using the
NSC injector, sample plug length and conditions for in-
column FASS were investigated. The device is then
applied to the analysis of biogenic amines at low con-
centrations. Biogenic or naturally occurring amines have
recently been shown to play a role as neurotransmitters
[27], and participants in psychiatric and neurological dis-
orders [28]. It has been reported that many of these
amines are also present in a number of agricultural prod-
ucts, and the analysis of such compounds in foodstuffs
is an expanding area of interest [29]. Using a micro-
fabricated CE chip with NSC tee-injectors and in-column
FASS, detection of tryptamine and putrescine at pico-
molar concentrations is investigated.

2 Materials and methods

2.1 Chip design and fabrication

The layout of the CE microchip used in this work is shown
schematically in Fig. 1A. The device includes six parallel
CE devices affording a variety of injection plug lengths
(600–1600 �m). The distances between the injection inter-
section and the buffer inlet serve as the sample plug

Figure 1. (A) Schematic layout
of the CE microdevice and (B)
scanning electron microscope
(SEM) micrograph of one of the
NSC injectors. The distances
between the inlet buffer reser-
voir and the injection intersec-
tion are 600, 800, 1000, 1200,
1400 and 1600 �m for CE chan-
nels 1–6, respectively. The total
separation channel length is
30 mm. The sample channel
length is 2 mm. The widths of
sample and separation chan-
nels are 5 and 55 �m, respec-
tively. The distance between
adjacent CE separation chan-
nels is 10 mm.
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length. This design ensures that the sample plug length is
defined by the channel length and not by injection time,
thereby eliminating reproducibility errors that might occur
in the latter method of injection. The total channel length
from buffer inlet to buffer outlet is 30 mm, and the total
length from sample inlet to injection intersection (sample
channel length) is 2 mm for all devices. Unless stated
otherwise, the detection window is positioned 15 mm
from the injection intersection for all six CE systems. The
widths of the injection and separation channels are 5 �m
and 55 �m, respectively. The final device comprised an
unstructured glass substrate and a poly(dimethylsiloxone)
(PDMS) moulded layer containing the microchannel net-
work. A scanning electron micrograph of one of the injec-
tion intersections of the PDMS layer is shown in Fig. 1B.
Fabrication of the PDMS layer involved a three-step pro-
cess: (i) the fabrication of a chromium mask, (ii) the genera-
tion of an SU-8 master, (iii) the moulding of the device in
PDMS. Brief details of each step are now presented. First,
the channel pattern was created using AutoCAD 95ª and
transferred onto a glass wafer precoated with a positive
photoresist layer and a chromium layer (Nanofilm, West-
lake Village, CA, USA) using a direct-write photolitho-
graphic system (DWL 2.0; Heidelberg Instruments, Heidel-
berg, Germany). The exposed photoresist was first
removed using a mixture of developing agent (Microposit,
Coventry, UK) and water (5:1). This was followed by chro-
mium removal using a Lyodyne etch solution (Microchem
Systems, Coventry, UK). This resulted in a transparent
microchannel layout of the chip design. Next, a plain glass
wafer was spin-coated with a negative photoresist XP SU-
8 10 (Microchem, Newton, MA, USA) at 2500 rpm yielding
a 12 �m (�/� 1 �m) thick resist layer. The transparent
channel network on the chromium mask was then trans-
ferred onto the SU-8 substrate by contacting the sub-
strates and exposing under a 10 cm diameter collimated
UV beam from a 200 W mercury lamp (Goulding and Part-
ners, Sussex, UK). The unexposed SU-8 was then
removed using 1, 2-propanediol monomethyl ether acetate
(PMEA) (Lancaster, Morecambe, UK), leaving the SU-8
network fixed to the glass substrate. This was then baked
for 24 h at 120�C. To form the structured PDMS layer,
PDMS base and curing agent (Sylgard 184; Dow Corning,
Wiesbaden, Germany) were mixed in a ratio of 10:1 w/w,
degassed and decanted onto the SU-8 master. The result-
ing structure was cured overnight in an oven at 40�C. One
common buffer reservoir (approximately 8 cm�2 cm) was
cut at each of the two ends of the six CE channels on the
PDMS layer. Sample reservoirs were created by punching
0.5 mm diameter holes at the end of the sample channels
of each CE system using a specially constructed bradawl.
The PDMS substrate and a plain glass wafer were cleaned
with 1 M sodium hydroxide and ethanol before being
brought into contact to form the complete microfluidic chip.

2.2 Optical detection system

An inverted microscope (DMIL; Leica, Milton Keynes, UK)
equipped with a filter cube comprising an excitation filter
(band pass 450–490 nm), a dichroic mirror, a reflection
short pass filter (510 nm), and a suppression filter (band
pass 515–560 nm) was used for detection. Excitation light
(488 nm, 15 mW) from air-cooled argon-ion laser (Melles-
Griot, Cambridge, UK) was passed through the excitation
filter, reflected by the dichroic mirror and focused onto
the microchip. Fluorescence emission was collected by
a microscope objective (10�, 0.42 NA) (Newport, Irvine,
CA, USA), passed through the dichroic mirror, a sup-
pression filter, and finally through an adjustable detection
window set at 55 �m�40 �m. A photomultiplier tube
(MEA153; Seefelder Messtechnik, Germany) functioning
in current mode was employed to detect fluorescence
photons. Data were acquired at a frequency of 20 Hz,
stored using a PC data acquisition program (Picolog;
Pico Technology, Hardwick, Cambridge, UK) and pro-
cessed in Origin 6.0 (Microcal Software, Northampton,
USA). An in-house 8-channel power supply was used to
supply the drive voltages for electrophoresis and oper-
ated between 0 and �3000 V relative to ground. Voltage
control was affected using a programme written under
the LabView 5.0 graphical programming environment
(National Instruments, Austin, TX, USA).

2.3 Chip operation

The empty microchip was first filled with ethanol by capil-
lary action. This process was crucial to efficient operation,
and allowed subsequent aqueous solutions to be intro-
duced to the somewhat hydrophobic PDMS channels.
EOF observed in the PDMS channels was similar in mag-
nitude to that seen in glass-etched channels. Conse-
quently, no modification of PDMS channel surfaces was
performed before operation. Electrical contact between
the power supply and fluidic reservoirs was made using
platinum electrodes. The microchip was operated in two
steps: ‘sample loading’ and ‘stacking and separation’.
In the sample loading step, sample from the sample reser-
voir was injected directly into the separation channel by
applying ��1 kV at the sample reservoir for 10 s, ground-
ing the inlet buffer reservoir and leaving the outlet buffer
reservoir floating. The sample plug length is determined
by the channel design, in that the portion of the separation
channel between the injection intersection and channel
inlet is filled completely with sample. Subsequently, a
voltage of � �3 kV was applied at the inlet buffer reser-
voir while the outlet buffer reservoir was grounded and the
sample reservoir was left floating to initiate sample stack-
ing and separation.
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2.4 Reagents, buffers and sample solutions

The biogenic amine standards putrescine (Put) and tryp-
tamine (Try) were 99% and 98% pure, respectively
(Sigma-Aldrich, Gillingham, Dorset, UK). Running buffer
solutions were made from ortho-phosphoric acid, diso-
dium phosphate (Sigma-Aldrich) and 0.1 M sodium hy-
droxide solution. Fluorescein disodium salt and fluo-
rescein-5-isothiocyanate were purchased from Fluka
Chemicals (Gillingham, Dorset, UK). To improve amine
solubilisation in the separation medium, a small percent-
age of 2-propanol (�3% v/v) was added to the running
buffer. This procedure has been well documented as an
efficient way of encouraging hydrophobic compounds to
stay in an aqueous environment [30]. All experiments
were carried out using freshly prepared and filtered solu-
tions.

2.5 Derivatisation procedure

Biogenic amines were labelled with fluorescein-5-isothio-
cyanate (FITC) according to the following procedure.
Stock solutions of 3 mM FITC and 30 �M of each biogenic
amine were first prepared in ethanol. A 1000 �L aliquot of
the amine stock solution was mixed with a 1000 �L ali-
quot of the FITC stock solution (label �100 times in
excess of the amine concentration) and kept in the dark
at 4�C for up to 12 h. Prior to experiments the samples
were diluted to the desired concentrations with ultra pure
water. Due to the fact that FITC degrades over time, fresh
stock solutions were prepared each day.

3 Results and discussion

3.1 In-column FASS on chip

Figure 2 illustrates CCD images recorded around the
injection intersection during sample loading and stacking.
Visualisation was performed using a sample of 1 �M

disodium fluorescein dissolved in ultrapure water and
a running buffer of 50 mM phosphate. As illustrated in
Fig. 2A, fluorescein is injected directly into the separation
channel by applying �700 V at the sample reservoir,
grounding the inlet buffer reservoir and leaving the outlet
buffer reservoir floating. Using CE system 5, after 10 s of
injection the portion of the separation channel from the
buffer inlet to the injection intersection (1400 �m) has
been completely filled with sample. The length of the
sample plug injected is determined by the length of the
channel from the buffer inlet to the injection intersection.
Due to the size of the buffer reservoir and the low con-
centration of the sample, any excess sample pumped
into the buffer inlet reservoir had no effect on the sub-

Figure 2. Illustration of the stacking process within
the channel network with supporting CCD footage.
(A) Sample loading. Injection voltage of �700 V was
applied at the sample reservoir filled with 1 �M disodium
fluorescein dissolved in water. The inlet buffer reservoir is
grounded and the outlet buffer reservoir is left floating.
The buffer was 50 mM phosphate (pH 9.2). After 10 s, the
portion of separation channel from the injection inter-
section to the inlet buffer reservoir was completely filled
with the sample. (B) Stacking and separation. A voltage
of �2.0 kV was applied at the buffer inlet reservoir, the
outlet buffer reservoir was grounded and the sample
reservoir was left floating, switching from ‘injection’ to
‘stacking and separation’. Compression of sample plug
occurs very quickly. CE system 5 is used for illustration.

sequent stacking or separation. The voltage is then
switched from the ‘sample loading’ step to the ‘stacking
and separation’ step by applying a �2.0 kV voltage at the
inlet buffer reservoir, grounding the outlet buffer reservoir
and leaving the sample reservoir floating. This operation
moves the high conductivity buffer into the separation
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channel and the negatively charged analytes accelerate
rapidly through the low-conductivity zone towards the
anode (buffer inlet) and are stacked at this concentration
boundary. The resulting compressed analyte zone has
now become clearly visible by eye (Fig. 2B). It is worth
noting that due to the strong cathodic EOF present in the
PDMS-glass channels, the negatively charged analytes
always move towards the negative electrode in respect
of the double layer at the channel walls. Electrophero-
grams of fluorescein obtained under nonstacking and
stacking conditions are shown in Fig. 3 for comparison.
Using a 175 mM phosphate buffer, the S/N ratio was
enhanced by a factor of � 80 in comparison with non-
stacking conditions.

Simple and effective sample stacking and electrophoretic
separation is benefited directly from the NSC tee-injector
design. In a previous approach, it has been demonstrated
that the leakage between sample and separation chan-
nels can be effectively suppressed by narrowing the
sample channel width [26]. No complex voltage programs
are required to shape the sample plug. For the sample
stacking work presented herein, clear boundaries be-
tween sample and buffer zones are necessary. In previous
approaches, this requirement has been met through the
use of complicated channel structures and voltage
switching operations [21–24]. By using the novel NSC
injector design, a simple method can lead to effective
stacking and efficient separation. No intricate voltage
programs are required; only one voltage is needed for
each operation at any given time. Clear boundaries and

Figure 3. Injection profiles for 1 nM fluorescein under
(A) nonstacking and (B) stacking conditions. (A) In non-
stacking, the sample was dissolved in the running buffer.
(B) Fluorescein sample was prepared in ultrapure water
(1 nM). The running buffer was 175 mM phosphate. Injec-
tion voltage, �1.0 kV; ‘stacking and separation’ voltage,
�3.0 kV; injection time, 10 s for all experiments. CE sys-
tem 3 with a sample plug length of 1000 �m was used.
The detection window was positioned 15 mm down-
stream of the injection intersection.

defined sample injection plugs can be formed using the
geometry of NSC injector itself. Furthermore, a precise
injection length can be obtained with good reproducibility
(Table 1) without need to carefully control the injection pa-
rameters. It is also worth noting that at the beginning of

Table 1. Reproducibility, detection linearity, detection limit and column efficiency data of in-column FASS on the multi-
plexed CE chip

Analytea) Sample
plug
lengthb)

(�m)

RSDc)

Peak
height
intraday
(%)

RSD
Peak
height
interday
(%)

RSD
Peak
area
intraday
(%)

RSD
Peak
area
interday
(%)

RSD
Migration
time
intraday
(%)

RSD
Migration
time
interday
(%)

rd)

2�10�9�
2�10�11

LOD
(S/N = 3)

Ne) He)

(�m)

Fluorescein 600 2.42 7.16 3.15 6.89 2.58 4.28
800 2.94 6.65 4.18 9.12 2.62 4.06

1000 2.76 5.35 5.33 9.88 2.19 3.26
1200 3.57 6.21 6.10 10.26 3.15 5.56
1400 3.63 7.42 7.10 13.09 3.25 7.99

Putrescine 1000 3.77 6.13 3.21 6.85 5.04 7.81 0.9919 20 pM 4678 4.28
Tryptamine 1000 5.37 12.02 5.91 7.33 5.64 7.93 0.9979 25 pM 3280 6.09

a) All the test samples were prepared in water. The concentrations of fluorescein, Put and Try for RSD measurement were
20 nM, 20 nM and 25 nM, respectively. The voltages and running buffer are as for Fig. 3. The data with fluorescein and
biogenic amines were obtained with separation lengths of 15 and 20 mm, respectively.

b) The data with different plug lengths were obtained using the CE systems 1–5 as shown in Fig. 1A.
c) The RSDs for intraday and interday were calculated from five measurements on the same day and different days,

respectively.
d) The correlation coefficient of linearity was measured with five samples over the concentration range 2�10�9�2�10�11.
e) Plate numbers (N) and plate height (H) were evaluated with a sample containing 2 nM Put and 2 nM Put and Try.
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sample loading phase, the boundary at the cathodic side
moves towards the buffer inlet reservoir and there is no
buffer-sample boundary at the anodic side where anions
should be stacked. When the portion of separation chan-
nel from the injection intersection to the buffer inlet and
the whole sample channel is completely filled with sam-
ple, there is no boundary at all. Consequently, no stacking
phenomena are observed during the whole sample
loading phase.

3.2 Effect of sample plug length

The design of the microdevice allows injection of various
sample plug lengths, permitting the study of the effect
of sample plug length on peak shape and sensitivity. The
six parallel CE systems have variable injection plug
lengths ranging from 600 to 1600 �m. This range equates
to 2.0–5.3% of the total separation length. In Fig. 4, it can
be seen that signal increases as the injection plug size
increases. However, when the sample plug length is
increased beyond 1000 �m the peak height no longer
increases; with only an increase in peak area being
observed. This trend was initially observed in conven-
tional CE by Burgi and Chien in 1991 [31, 32]. In theory,
a larger sample injection volume would result in an
increased peak width (or peak area) but not peak height
(sensitivity). Furthermore, sensitivity enhancement in FASS
is governed by the stacking efficiency (Es) [8]:

E2 � C2

C1
� E1

E2

�1

�2
(1)

Figure 4. Variation of peak height and area as a func-
tion of plug length. Running buffer was 175 mM phos-
phate. The sample, 1 nM fluorescein, was dissolved in
ultrapure water. The data for different sample plug lengths
were obtained using the different CE systems shown in
Fig. 1A. The detection window was positioned 15 mm
downstream of the injection intersection. Other condi-
tions were the same as in Fig. 3.

where C1 and C2 are the analyte concentrations in the
original sample solution and in the compressed sample
zone after stacking, respectively. E1 and �1 are the
electric field strength and the electrophoretic mobility of
the solute in the sample zone, respectively. E2 and �2

are the corresponding parameters in the adjacent buffer
zone. In practice, however, larger sample injection vol-
umes can result in increased peak heights. This is
possibly due to the fact that if the stacked sample plug
is very short it will be contaminated (by diffusion) with
salts in the adjacent buffer zone. Therefore, a longer
sample plug would better preserve the low-conductivity
environment during stacking. Once the sample plug
length is long enough, a further increase in the sample
plug length is no longer helpful in improving sensitivity.
In the current studies, results demonstrate that sample
plugs � 3.3% of the total sample channel length pro-
vided no further gains in sensitivity. Furthermore, the
peak height (or sensitivity) decreased when the sample
plug length was over 1 mm. The optimum plug length
for this system was determined to be 1000 �m, and was
consequently used for all further investigations. Accord-
ing to Eq. (1), the composition of the buffer and the sam-
ple may influence the stacking efficiency or sensitivity.
Experimental data show that increasing the phosphate
concentration in the running buffer from 50 mM to
175 mM led to a 3-fold enhancement in sensitivity (data
not shown). Further increases in phosphate concentra-
tion resulted in a decrease in sensitivity, and it is thought
that Joule heating is responsible for the observed distor-
tion in peak shape. The optimum phosphate concentra-
tion for the current experiments was approximately
175 mM.

3.3 Application to the analysis of biogenic
amines

The microdevice was subsequently used for the stacking
and separation of two common biogenic amines. Figure 5
shows separation of Put and Try after stacking at a con-
centration of 80 pM and 100 pM respectively, utilising on-
chip FASS. The limit of detection for the biogenic amines,
based on a minimum signal-to-noise of 3, was found to
be 20 pM for putrescine and 25 pM, for tryptamine. The
observed gain equates to a 75–80-fold improvement in
sensitivity compared to nonstacking conditions. Under
nonstacking conditions, the limits of detection using our
system were 1.5 nM and 2.0 nM for putrescine and tryp-
tamine, respectively.

Reproducibility data for peak height, peak area and
migration times are provided in Table 1. Furthermore,
plate number and heights, linearity and detection limits
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Figure 5. Electropherogram of Put (80 pM) and Try
(100 pM) with in-column FASS. CE system 3 with 1000 �m
sample plug length was used. The detection window
was positioned 20 mm downstream of the injection inter-
section. The sample was prepared in ultrapure water.
The running buffer was 150 mM phosphate (pH 9.2). Other
conditions were the same as in Fig. 3. Solutes: 1, Put;
2, Try.

are presented for both the biogenic amines studied. The
RSDs of peak height, peak area and migration time
for fluorescein in intraday analysis were 2.4–3.6%, 3.15–
7.1%, and 2.58–3.25%, respectively, demonstrating that
the microdevice was stable during a working day. The
interday results show a more significant variation of up
to 13% RSD. Data for the analysis of FITC-labelled
biogenic amines demonstrate a similar pattern for intra-
and interday results. However, the reproducibility here
is more dependent on the reaction of the labelling moiety
with the amines which inherently carries additional
errors. Linearity of response for Put and Try is dem-
onstrated with good correlation coefficients (0.9919
and 0.9979, respectively) over the range of 2�10�9–
2�10�11 M. It should be noted that even though relatively
large sample plugs are being injected without any form
of pinched control, reasonable separation efficiencies
and plate numbers are still achieved when compared
with previous microchip-based analyses. It is also noted
from our initial results that resolution may become an
issue when separating many analytes of similar charge
and mass. For in-column FASS, there is an inevitable
compromise between sensitivity and resolution. Never-
theless, the use of an NSC injection design to facilitate
in-column FASS describes a promising and simple me-
thod for improving sensitivity without a significant loss
in resolution.

4 Concluding remarks

The microdevice presented herein primarily provides a
novel method of performing in-column FASS on chip.
Sample stacking in chip-based formats has previously
been plagued by a need for complex geometrical channel
networks and/or complex voltage/pressure programs
to control and manoeuvre the sample analyte band.
The new method presented allows for facile injection of
samples directly into a separation channel without leak-
age control. The merit of this technique is primarily facili-
tated by the use of NSC tee-injectors, in which leakage
from the sample into the separation channel is naturally
suppressed by the geometry of the design. The approach
was found not to be feasible using the standard ‘cross’
or ‘tee’ injectors usually found in many microfabricated
CE systems, due to the fact that prevention of sample
leakage cannot be effected. This is due to the fact that
traditional injector geometries are usually the same width
as the associated separation channel, whereas NSC
injector operation is facilitated by the fact that the width
of the injector channel is 1/10th of the width of the separa-
tion channel.

An interesting feature of the current design relates to the
number of reservoirs required for a multiplexed system.
It has been predicted that a theoretical minimum of N� 3
reservoirs are required for a multiplexed system, where N
is the number of paralleled systems [33]. To our knowl-
edge, multiplex systems consisting of 2N � 1 reservoirs
have only been realised [34]. However, the microfluidic
CE systems employing NSC tee-injectors presented in
this paper, make feasible a theoretical minimum of N� 2
reservoirs for multiplexed applications. The total number
of reservoirs for the 6-multiplexed CE chip presented is
8 (6 � 2). Although the chip was operated in a parallel
mode, i.e., all six CE systems filled with solutions and
passed current, due to the single-point detection scheme
employed, only one CE channel was monitored at any
given time. Improvements in our optical detection system
incorporating a multiple point detection scheme, will facil-
itate a methodology in which optimisation of stacking
conditions for dynamic systems can be carried out with a
minimum number of experiments. The new theoretical
minimum of N� 2 reservoirs will also allow many samples
to be analysed in one operation when employing a multi-
point detection system.

The preliminary studies have afforded a 75–80-fold en-
hancement in sensitivity for the detection of biogenic
amines and a limit of detection of 20 pM. These results
represent a significant improvement on reported on-chip
detection limits for biogenic amines of 3.5 �M by Beard
and deMello [35], 3 �M by Li and co-workers [36], and
100 nM by Hahn and co-workers [37]. Further improve-
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ments to the current stacking method and investigations
into novel labelling moieties with rapid reaction times and
high quantum efficiencies should afford improvements in
sensitivity for our system and reduce sample preparation
times.
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