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Measurement of neuropeptides in clinical samples using chip-based
immunoaffinity capillary electrophoresis�

Terry M. Phillips ∗, Edward Wellner
Ultramicro Analytical Immunochemistry Resource, Division of Bioengineering and Physical Science, Building 13, Room 3N15,

National Institutes of Health, 9000 Rockville Pike, Bethesda, MD 20892, USA

Received 21 June 2005; received in revised form 23 January 2006; accepted 24 January 2006
Available online 10 February 2006

Abstract

The current interest in micro-fabrication has extended to the clinical arena where there is a growing lobby for promoting these for point-of-care
purposes. The advantages of such devices are their relative speed of analysis, lower reagent costs, and their application to clinical screening
and diagnosis. Two chip-based capillary electrophoresis systems have been designed and their performance evaluated for rapidly measuring the
concentrations of inflammatory neuropeptides in tissue fluids of patients with neuropeptide-associated muscle pain. Both chips were manufactured
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o fit a commercially available chip electrophoresis system. One chip was designed to perform electrokinetic flow immunoassays while the other
tilized an immunoaffinity port, containing an array of immobilized antibodies, to capture the analytes of interest. Comparison of the results
o commercially available high-sensitivity immunoassays demonstrated that both chip-based systems could provide a relatively fast, accurate
rocedure for studying inflammatory biomarkers in complex biological fluids. However, the immunoaffinity capture system proved the superior
f the two chips. Using this system, twelve different inflammation-associated mediators could be determined in approximately 2 min as compared
o 30 min when using the flow immunoassay chip. With the ever-expanding array of antibodies that are commercially available, this chip-based
ystem can be applied to a wide variety of different analyses.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Tissue injury induces the secretion of a number of mediators
esulting in localized inflammation and pain. Immune media-
ors such as interleukin (IL)-1�, IL-6, IL-8, and tumor necrosis
actor-alpha (TNF-�) result in localized tissue edema leading to
ressure on nerve endings in the immediate vicinity and release
f neural mediators. Further, it has been documented by a num-
er of investigators that neuropeptides such as substance P (SP),
alcitonin gene-related peptide (CGRP) and vasoactive intesti-
al peptide (VIP) are responsible for the induction of localized
ain and can regulate the local inflammatory response [1–6].
hese events can lead to sustainable injury causing, in the most
evere cases, loss of function. Muscle injury is a prime exam-
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ple of localized tissue injury involving neuropeptides [7–9]
that can lead to a spectrum of conditions ranging from mild
discomfort to restricted use of a limb. Measurement of these
inflammatory markers could become a useful diagnostic tool for
determining not only the extent of the tissue injury but also the
efficacy of treatment. However, a major disadvantage of measur-
ing these mediators is the need for sampling techniques capable
of obtaining samples within the site of tissue injury. Peripheral
concentrations of most cytokines and neuropeptides bear little
resemblance to the events taking place at the actual injury site.
In order to overcome this problem, investigators have devised
a number of different techniques ranging from in-situ micro-
dialysis [10,11] to tissue biopsy. No matter, which approach, is
used, the sample available for analysis is usually extremely small
requiring specialized procedures to analyze multiple analytes.

Capillary electrophoresis (CE) is a suitable technique for
applying to small sample analysis because of its ability to ana-
lyze multiple analytes within a single sample. When coupled
to the selective power of immunoaffinity extraction this tech-
nique becomes even more useful. Immunoaffinity CE has been
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successfully applied to measurement of cytokines and other ana-
lytes in a variety of human biofluids [12–14]. Immunoaffinity
CE holds several advantages over other analytical techniques in
that it is able to analyze samples of 1 �L or less, when direct
capillary injection is employed. Additionally, detection of the
selected analytes can be performed with high sensitivity, when
laser-induced fluorescence (LIF) detection is used. A drawback
to standard CE with immunoaffinity extraction is the time frame
required to perform analysis of cytokines and neuropeptides;
analyses taking up to 1 h to complete.

The development of micro-fluidic devices enabling chip-
based CE to be performed has greatly improved separation time
[15–18]. In the present study, two chip-based CE systems, one
with a pre-separation immunoextraction port and the other a
electrokinetic immunoassay system, were evaluated for their
ability to measure multiple inflammation-associated neuropep-
tides and cytokines in muscle fluid samples from patients with
myofascial pain.

2. Materials and methods

2.1. Reagents

Recombinant human neuropeptides (substance P (SP), calci-
tonin gene-related peptide (CGRP), brain derived neurotrophic
factor (BDNF), vasoactive intestinal peptide (VIP), neuropep-
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Fig. 1. Diagrammatic representation of the two chip formats. (A) Electrokinetic
lab-on-a-chip format and (B) immunoaffinity format. The different ports in (A)
are labeled as described in Section 2.6 and the ports in (B) are labeled as described
in Section 2.7.

2.3. Analytical chip formats

Low fluorescence “Borofloat” glass CE chips were purchased
from Micralyne as either custom-designed laboratory-on-a-chip
(lab-on-a-chip) format (Fig. 1A) or as standard chip format with
two 20 �m deep × 50 �m wide semi-circular channels arranged
in a cross formation (Fig. 1B). In both formats, the channels
ended in a 2.0 mm diameter × 0.1 mm deep port, which was
used for loading samples or buffers into the chip. The lab-on-a-
chip format had a serpentine separation channel of either 81 mm
(75 mm to the detector) to mimic the separation channel length
of the standard chip or 120 mm (110 mm to the detector). The
standard chip possessed a total separation channel of 80.9 mm
(75.0 mm to the detector) from the intersection of the sam-
ple loading channel to port 4 and a sample-loading channel of
9.64 mm. To aid loading and manipulation of reagents, Upchurch
NanoPort assemblies (Upchurch Scientific, Oak Harbor, WA,
USA) were attached to each port. In the present studies, the lab-
on-a-chip format was used for electrokinetic flow immunoassays
while the standard cruciform chip was used for immunoaffinity
CE.

2.4. Preparation of the immunoaffinity chip

The immunoaffinity chip was prepared in a similar manner
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ide Y (NY), neurotrophic factor-4 (NT-4), �-endorphin, adreno-
orticotropic hormone (ACTH), corticotropin releasing hor-
one (CRH)) and their reactive antibodies were obtained

rom Bachem (King of Prussia, PA, USA). Recombinant
uman cytokines (interleukin-1� (IL-1�), interleukin-6 (IL-
), and tumour necrosis factor-alpha (TNF-�)) and their
orresponding anti-cytokine antibodies were obtained from
&D Systems (Minneapolis, MN, USA). All of the neu-

opeptides and cytokines were reconstituted to stock solu-
ions of 1-�g/ml in 0.1M phosphate buffer, pH 7.4. Sulfosuc-
inimidyl 4-(N-maleimido-methyl) cyclohexane-1-carboxylate
SSMCC), ImmunoPure F(Ab)′2 preparation kit, and Cle-
and’s reagent were purchased from Pierce Biotechnology
Rockford, IL, USA). All other chemicals were purchased
rom Acros Chemicals, Inc. (Fisher Scientific, Pittsburgh, PA,
SA). Immediately prior to use, all solutions were passed

hrough 0.2-�m nitrocellulose filters (Millipore, Bedford, MA,
SA).

.2. Instrumentation

The CE studies were performed on a Micralyne �TK
icrofluidic electrophoresis system (Micralyne, Edmonton,
anada) equipped with eight platinum electrodes and a 635-nm,
-mW red diode laser. Detection was achieved using a epilu-
inescence confocal microscope coupled with a Hamamatsu
5773-03 photomultiplier tube and 16-bit data acquisition. The

ystem was equipped with a chip stage form-fitted to accept
icrolyne standard 16 mm × 95 mm × 2.2 mm deep CE chips.

he entire system was run on a personal computer running
icrosoft Windows 2000 with a compiled LabView interface.
o that previously described [18]. Briefly, ports 1, 3, and 4 were
lugged to minimize leakage of reagents from port 2. The inner
urface of the port was modified by introducing 0.1 �L of a 10%
queous solution of 3-aminopropyltriethoxysilane, sealing with
dhesive tape, and incubating the chip at 100 ◦C for 60 min. Fol-
owing this incubation the fluid was removed and the port filled
ith fresh silane solution. This treatment was repeated four times
efore filling the port with 10 mM hydrochloric acid and incu-
ating at 100 ◦C for a further 60 min. The port was washed twice
n distilled water and filled with 0.1 �L of a solution contain-
ng 1 mg/mL SSMCC dissolved in 50 mM sodium borate, pH
.6, and incubated at 30 ◦C for 60 min. Finally, the port was
ushed with 50 mM borate, pH 9.5. F(Ab)′2 fragments were
repared from each of the reactive antibodies using the Pierce
mmunoPure F(Ab)′2 preparation kit according to the manu-
acturer’s instructions. The fragments were further reduced to
onovalent FAb fragments by incubation with equal volumes
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of 200 mM Cleland’s reagent and equal volumes of each FAb
were mixed together prior to being immobilized in the immu-
noextraction port (port 2) of the chip via their free sulfhydral
groups. Following the FAb coating, the port was flushed three
times with 100 mM phosphate buffer, pH 7.4, ports 1, 3 and 4
unplugged and the chip mounted onto the CE stage.

2.5. Standards and patient samples

Standards of 10, 50, 100, and 500 pg/mL were prepared for
each analyte by dissolving a stock solution containing 1 mg/mL
of each recombinant analyte in 0.1 M phosphate buffer, pH
7.4. These standard solutions were used to construct calibration
curves from which analyte concentration in the patient samples
were calculated.

Tissue fluid samples were obtained via needle aspiration
from healthy volunteers and patients with mild or intense mus-
cle pain. Samples were obtained pre and post treatment with
intramuscular injections of the anti-inflammatory agent, corti-
sol. The subjects were divided into three groups, each of 12
subjects. Group 1: 12 normal volunteers; Group 2: 12 subjects
with mild complaints of muscle pain; and Group 3: 12 subjects
with severe muscle pain and/or diminished muscle function.
In the third group, samples were collected every 5 min, from
the affected muscle, to study the kinetics of mediator release.
Consent to use the samples were obtained from the subjects
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The port receiving the sample was filled with 500 nL of buffer
prior to the electrokinetic transfer and increases in volume mea-
sured at 10 s intervals using a calibrated 1 �L syringe pipette
attached to a Picoliter Microinjection System (Harvard Scien-
tific Apparatus, Holliston, MA, USA). It was calculated that a
pulse of 1 kV for a duration of 1 min transferred 96.4 ± 0.6 nL
of labelled antibody and that a pulse of 1 kV for 1.2 min trans-
ferred 94.9 ± 1.3 nL of normal human serum. These values were
calculated from 10 repetitive injections for both solutions. The
mixture in port 4 was allowed to react for 2 min before separa-
tion and on-line detection. Separation was achieved by applying
6 kV between ports 4 and 8; the immune complex formed by
interaction between the labeled antibody and its antigen being
detected as the primary peak while free antibody was detected
as a secondary peak. By alternating between port 4 and ports 7
and 8 it was found that up to four stacked samples could be run
before the chip needed cleaning.

2.7. Immunoaffinity immunoassay

Polyether ether ketone (PEEK) tubing (50 �m I.D., 360 �m
O.D., Upchurch Scientific) was attached to all 4 ports and the
system channels filled with 100 mM phosphate buffer, pH 7.0 by
pumping at a flow-rate of 1 �L/min through initially port 1 and
then port 3. This was achieved using a Harvard syringe pump
(Pump “11” – Harvard Scientific Apparatus). Once the system
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nd no name indicators were assigned to the samples. Approxi-
ately 10-�L samples were collected in sterile tubes containing
cocktail of protease inhibitors from a cohort of 16 males and
0 females (aged 21–45 years) seen at a muscle pain clinic at
he George Washington University Medical Centre, Washington,
C, USA. The samples were passed through a 50 kDa cut-off
ltramicro Spin Con dialyzer (The Nest Group, Southborough,
A, USA) to remove extraneous macromolecules prior to anal-

sis. Each sample was analyzed by direct spectrophotometry
t 280/260-nm using a NanoDrop ND-1000 micro spectropho-
ometer (NanoDrop Technologies, Wilmington, DE, USA) for
otal protein content and adjusted to a protein concentration of
�g/mL in 100 mM phosphate buffer, pH 7.4 prior to analysis.

.6. Electrokinetic flow immunoassay

The sample was introduced into port 1 and AlexaFluor633
aser dye (Molecular Probes) labeled antibody was placed in
ort 3. Port 2 was filled with 100 mM phosphate buffer, pH
.0, as were all of the chip channels by introducing the buffer
hrough port 8. In the present assay format, ports 5 and 6 were
ermanently plugged and remained unused. Port 4 was used as
mixing chamber and port 7 as a waste chamber when stacked

amples were run. Approximately 100 nL of labelled antibody
as moved to port 4 by maintaining 1 kV between ports 3 and 4

or 1 min. Once this had been achieved, approximately 100 nL
f sample was moved to port 4 by placing 1 kV between ports 1
nd 4 for 1.2 min. These parameters were developed from exper-
ments using either labelled antibody or normal human serum
o measure the amounts of materials migrating from one port
o another under the influence of a defined electrical current.
hannels were filled, the PEEK lines were removed and ports
, 3, and 4 filled with the same buffer. Five hundred nanoliters
f sample was introduced into port 2 and allowed to remain in
ontact with the immobilized FAb fragments for 5 min. Dur-
ng this time, the immobilized FAb’s interacted with and bound
heir respective analytes. In the present studies, the amounts of
ach analyte present in the patient’s samples was unknown, and
o ensure that the maximum amount of analyte was captured
he immunoextraction port was built with a potential 50-fold
xcess of immobilized FAb. This was based on previous expe-
ience (data not shown) that demonstrated a minimal ratio of
ntibody to analyte of 50:1 was required for efficient analyte
apture in clinical samples. Following the incubation, the sample
as recovered and 500 nL of a 1 �g/mL solution of AlexaFluor
33 laser dye dissolved in 100 mM phosphate buffer was intro-
uced into the port and incubated for a further 5 min. The dye
olution was removed and the port washed five times by intro-
ucing 500 nL of phosphate buffer. Finally, the port was filled
ith 100 mM phosphate buffer, pH 1.5 to elute the captured

nalytes and the CE electrodes placed into all of the four ports.
sing the LabView interface, the CE run was programmed to

lectrokinetically introduce 100 nL of sample into the intersec-
ion of the sample arm with the main separation channel. This
as achieved by applying a 1 kV potential between ports 2 and
for 8 s while keeping ports 1 and 4 at ground. Applying a
kV potential between ports 1 and 4 then separated the injected

ample, the components of which was detected on-line by the
IF detector. To aid in comparison of the two systems, both the
lectrokinetic and immunoaffinity assays were run in 100 mM
hosphate buffer, pH 7.0 at 6 kV during the separation phase of
he assay. All assays were run at room temperature.
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In both assay formats, the individual concentrations of each
analyte was calculated by comparison of the area under the curve
to that similar values generated by constructing a calibration
curve from known standards run under identical conditions.

3. Results

Assay parameters such as lower limit of detection (LOD),
recovery and precision as well as intra- and inter-assay variance
were examined using known concentrations of each analyte.
The lower limit of detection was calculated by running dilu-
tions of each analyte in both systems until they could no further
be detected. The electrokinetic system exhibited LODs of 1.6,
1.8, 2.2, 1.7, 2.3, 2.4, 1.6, 2.2, 3.4, 1.1, 1.3, 1.1 pg/mL for SP,
CGRP, BDNF, VIP, NY, NT-4, �-endorphin, ACTH, CRH, IL-
1�, IL-6, and TNF-�, respectively. The immunoaffinity system
exhibited LODs of 0.7, 0.9, 1.4, 2.0, 1.5, 0.7, 1.6, 1.9, 2.0,
0.6, 1.2, 0.8 pg/mL for the same order of analytes. Saturation
studies demonstrated that both assay formats had a greater than
1.6 ng/mL binding capacity. The recovery and precision of the
two chip-based assays were reasonable and well within limits
required for clinical diagnosis. All analytes could be recovered
by both systems at 95.4% or above (Table 1) with intra-assay
and inter-assay RSDs between 4.21 and 6.68% for both systems.

Chip design was found to be an important issue especially
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Fig. 2. Electropherogram of an anti-�-endorphin immunoassay performed in
the electrokinetic immunoassay lab-on-a-chip format according to the procedure
described in Section 2.6.

free-labeled antibody took a further 80 s to resolve. In com-
parison, as shown in Fig. 3, the immunoaffinity capture tech-
nique resolved �-endorphin at ∼100 s and all 12 analytes in
160 s. Even with stacked loading of the lab-on-a-chip system,
it was found that no more than four analytes could be fully
processed in a 10 min time-frame, whereas the other system
could resolve all of the analytes within 5 min including incuba-
tion and elution time. This ability to monitor multiple analytes
simultaneously was found to be an added advantage. Further,
the lab-on-a-chip system required the entire sample to com-
plete all twelve assays whereas the immunoaffinity chip sys-
tem could measure all of the analytes in a 100-pL sample,
thus saving the remainder of the precious samples for further
studies.

The Micralyne system is reasonably portable especially when
the detector is connected to a laptop computer. The whole appa-
ratus easily fits on a standard laboratory cart and can be used
at both point-of-care and in operating room annexes. Using the
immunoaffinity chips, we found that we could process between
10–12 samples per hour when using the chips once. Cleaning the
chips was tedious and presented a disadvantage to the system.
Likewise, labeling the captured analytes in-situ considerably

F
a
C
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n the electrokinetic assay system. The length of the separa-
ion channel greatly dictated the efficiency of the system in
ts ability to separate complexed antibody-analyte complexes
rom non-complexed labelled antibody. Chips with short sepa-
ation channels (equivalent to the immunoaffinity chip) failed
o adequately separate these two components thus making

easurement of the analyte of interest impossible. Length-
ning the separation channel from 81–120 mm resolved this
roblem but greatly lengthened the analysis time, making the
lectrokinetic assay format relatively slow when compared to
he immunoaffinity capture system. As shown in Fig. 2, the
mmune complex containing anti-�-endorphin bound to its spe-
ific analyte took approximately 200 s to resolve and the excess

able 1
nalyte recovery in the two chip-based systems

nalyte Amount added
(pg/mL)

Electrokinetic
assay

Immunoaffinity
assay

Amount recovered
(pg/mL)

Amount recovered
(pg/mL)

P 100 97.5 ± 0.9 98.2 ± 0.8
GRP 100 97.1 ± 1.3 97.5 ± 1.1
DNF 100 98.3 ± 0.9 98.1 ± 0.6
IP 100 97.6 ± 1.5 97.3 ± 1.3
Y 100 97.2 ± 1.3 97.7 ± 0.9
T-4 100 98.5 ± 1.7 98.4 ± 1.4
-Endorphin 100 95.9 ± 1.2 96.8 ± 0.8
CTH 100 96.2 ± 0.8 97.7 ± 1.2
RH 100 98.2 ± 1.1 97.8 ± 1.4

L-1� 100 96.4 ± 0.8 98.3 ± 1.0
L-6 100 96.9 ± 1.3 98.2 ± 1.5
NF-� 100 97.8 ± 1.6 98.5 ± 0.9

ll values ± S.E.M. Represents 10 replicates.
ig. 3. Multi-analyte electropherogram produced by the immunoaffinity chip
s described in Section 2.7. Peaks in order of appearance from left to right: SP,
GRP, BDNF, IL-1�, VIP, NY, NT-4, �-endorphin, ACTH, CRH, IL-6, and
NF-�.
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Table 2
Concentrations of the 12 inflammation-associated markers in the three study
groups as measured by the two chip-based CE systems

Analyte Group 1 Group 2 Group 3

Electrokinetic system
SP 10.9 ± 1.3 68.7 ± 14.5 295.5 ± 49.7
CGRP 12.6 ± 1.9 70.6 ± 12.4 202.1 ± 52.6
IL-1� 11.8 ± 1.7 71.2 ± 13.5 240.6 ± 51.8
IL-6 13.6 ± 1.9 49.8 ± 18.1 271.5 ± 57.5
TNF-� 10.2 ± 1.4 80.3 ± 14.1 329.7 ± 52.7
�-Endorphin 11.6 ± 2.8 65.9 ± 10.2 300.4 ± 48.9
VIP 9.2 ± 1.3 17.5 ± 10.8 81.5 ± 18.6
NY 14.5 ± 1.1 10.6 ± 4.9 110.8 ± 28.3
NT4 12.1 ± 1.8 15.4 ± 6.2 68.8 ± 14.8
ACTH 10.2 ± 1.6 15.9 ± 3.5 120.4 ± 26.1
CRH 16.1 ± 2.1 14.6 ± 5.2 91.7 ± 14.5
BDNF 8.4 ± 0.7 10.4 ± 2.9 73.6 ± 21.3

Immunoaffinity system
SP 12.4 ± 1.1 65.3 ± 12.1 280.5 ± 52.2
CGRP 10.4 ± 2.3 73.2 ± 10.8 215.8 ± 49.4
IL-1� 14.6 ± 2.1 68.5 ± 15.4 235.4 ± 56.3
IL-6 10.4 ± 1.6 53.9 ± 16.5 280.1 ± 60.1
TNF-� 13.5 ± 1.9 77.4 ± 10.8 315.9 ± 49.7
�-Endorphin 8.6 ± 2.4 68.2 ± 14.4 290.6 ± 51.3
VIP 6.5 ± 1.6 21.4 ± 11.7 90.4 ± 20.6
NY 10.3 ± 0.9 13.1 ± 8.2 106.3 ± 24.4
NT4 8.8 ± 1.3 12.6 ± 5.5 88.1 ± 18.5
ACTH 6.7 ± 0.7 15.5 ± 2.9 116.7 ± 22.7
CRH 11.1 ± 2.6 10.3 ± 4.7 95.3 ± 16.2
BDNF 5.2 ± 0.8 8.1 ± 3.5 68.8 ± 18.9

All of the values are expressed in pg/mL and represent the pre-treatment con-
centrations of each marker.

shortened the life and usefulness of the immunoaffinity port as
the laser dye bound to the antigen binding sites of free antibodies
thus preventing them from capturing further analyte. This could
be circumvented by labeling the sample prior to immunoaffin-
ity extraction thus preventing loss of reactive antibody activity
through steric hindrance of the dye. In other studies (data not
shown) we have determined that the immunoaffinity ports can
be regenerated, following electroelution, up to 25 times before
they lose their binding capacity. This greatly enhances the life
of the immunoaffinity chip and greatly reduces the cost of each
analysis.

Examination of the three study groups demonstrated that
there were clear differences between the normal subjects and
those with muscle pain (Table 2). The pre-treatment sam-
ples from subjects with mild (group 2) or severe pain (group
3) expressed elevated concentrations of the neuropeptides
SP, CGRP, and �-endorphin as well as the pro-inflammatory
cytokines IL-1�, IL-6 and TNF-�. The other neuropeptides
demonstrated concentrations similar to those of the normal vol-
unteers (Group 1). This was surprising considering that all of
these analytes have been implicated as mediators of muscle
pain but only six mediators changed during treatment. Follow-
ing intra-muscular cortisol treatment, these concentrations were
considerably lowered 30 min post-treatment (Table 3). Exam-
ination of the 5 min samples taken from subjects in Group 3,
demonstrated that dramatic falls in the concentration of these
i

Table 3
Concentrations of the six most important inflammation-associated markers pre-
and 30 min post-treatment in subjects from study group 3

Analyte Pre Post

Electrokinetic system
SP 269.3 ± 50.8 31.6 ± 11.8
CGRP 211.7 ± 51.6 27.2 ± 10.1
IL-1� 229.9 ± 59.1 49.3 ± 15.7
�-Endorphin 286.6 ± 49.8 50.4 ± 10.9
IL-6 275.6 ± 66.2 30.5 ± 11.6
TNF-� 309.5 ± 51.7 53.8 ± 17.1

Immunoaffinity system
SP 280.5 ± 52.2 35.1 ± 10.6
CGRP 215.8 ± 49.4 26.4 ± 11.8
IL-1� 235.4 ± 56.3 44.3 ± 13.5
�-Endorphin 290.6 ± 51.3 53.7 ± 12.6
IL-6 280.1 ± 60.1 33.2 ± 9.9
TNF-� 315.9 ± 49.7 50.5 ± 14.2

All of the concentrations are expressed as pg/mL as measured by the immu-
noextraction both chip-based CE system.

Fig. 4. Analysis of the changes seen in the important inflammatory neuropep-
tides and cytokines during a treatment of a subject from group 3. Key: (×) = SP;
open square = CGRP; open triangle = IL-1�; asterisk = �-endorphin; open dia-
mond = IL-6; open circle = TNF-�. Measurements performed by immunoaffinity
chip-based CE as described in Section 2.7.

4. Discussion

The application of CE to clinical testing holds great poten-
tial due to the small sample size (ca. 1 �L) required for analysis
and high sensitivity when used in conjunction with LIF or elec-
trochemical detectors. Additionally, the use of immunological
selectivity in CE adds a further advantage has specific antibodies
can be employed either as immunoextraction or immunoaffinity
matrices or in electrokinetic immunoassays. The former utilizes
either a pre-analysis extraction column [19,20] or immobiliza-
tion of antibodies directly into the capillary [12,14] to select
the analytes of interest. Immunoaffinity CE has been applied
to the analysis of multiple different clinically relevant samples
where multiple analytes have been measured in the same sample
[12,18,21–24].

Electrokinetic immunoassays can be performed as direct
binding or competition assays, the amount of analyte being
determined from the labeled immune complex. The Kennedy
group [25,26] described competitive CE immunoassays cou-
nflammation-associated factors took place over 25 min (Fig. 4).
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pled to reverse-phase liquid chromatography for the detection
and measurement of neuropeptide Y and glucagon in biological
materials. Han et al. [27] developed a competitive immunoassay
for the measurement of vasopressin in cerebral spinal fluid. This
technique used fluorescein-labeled antigen and LIF detection to
measure both the immune complex and free-labeled vasopressin
within 10 min with a high degree of reproducibility. Wang et al.
[28] developed an immunoassay for the detection of bone mor-
phogenic protein-2 based on peroxidase-labelled antigen, which
produced a chemiluminescent signal upon reaction with lumi-
nol.

The need for analysis of ultramicro samples has led to the
development of chip-based systems, especially those designed
to perform complete analyses on chip. Such devices have been
called “lab-on-a-chip” and are considered the future in protein
analysis. The application of chip-based CE to clinical samples
is not new. Colyer et al. [29] described a chip-based CE for
separation of human serum proteins. The chip was designed
for post separation labeling coupled with LIF detection but was
not used on true samples due to lack of detection sensitivity.
Wang and Chatrathi [30] reported the use of chip-based CE with
amperometeric detection for simultaneously determining four
markers of renal function. All four markers could be measured
within 5 min with creatinine and creatine being measured within
2 min. Guijt et al. [31] reviewed the role of bio-affinity in chip-
based analytical systems, with special reference to electrokinetic
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with the requirements for clinical use and the speed of analysis
(ca. 2 min) makes this a rapid diagnostic screening tool.

5. Conclusions

The coupling of immunoaffinity to CE analysis greatly
enhanced the selectivity of the analytical process. Two chip-
based systems were tested and the immunoextraction chip was
found to be more efficient in the analysis of multiple analytes
within the same sample than the electrokinetic immunoassay
chip. Both systems had good recovery of all 12 analytes with
the immunoextraction chip demonstrating recoveries of greater
than 98% for all analytes with intra-assay = 3.51–4.2 and inter-
assay = 3.35–4.11. Additionally, 10–12 samples could be run
each hour and with pre-labeled samples, the chip was reusable
for 50–60 runs. The immunoextraction chip-based CE system
is suitable for use bedside or in treatment room studies and is
reasonably portable for other types of “field” studies.
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