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Abstract

An on-line liquid chromatography-immunochemical detection (LC-ICD) system for the quantification of cytokines
in cell extracts has been developed using a post-column continuous-flow reaction detection system using fluorescence
labelled antibodies. Cytokines eluting from the micro-HPLC column react with antibodies to form fluorescent
complexes. In a second step the excess of free antibody is trapped on a cytokine bound support prior to fluorescence
detection. The concentration detection limit of the flow injection-ICD system was 50 pM (20 �l injection volume) for
interleukine 4 (IL-4). An absolute detection limit of 1 fmol was obtained for IL-4. Similar to ICD systems for small
non-protein analytes developed earlier, reaction times were in the order of 1 minute. The immobilised cytokine affinity
columns can easily be regenerated and used for months. The present ICD system for interleukine 4, 6, 8 and 10 was
coupled to ion exchange-, size exclusion- and reversed phase chromatography. Important parameters (reaction times,
reaction conditions) were investigated to get a better understanding of post-column ICD systems for macromolecules.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Recent developments in molecular biology have
increased the availability of recombinant proteins.
Hence, proteins are found to be of great impor-
tance in future drug development [1–6]. Proteins
also are important biomarkers to monitor certain
physiological or pathological processes in the hu-
man body [7–9]. Cytokines are a group of
(glyco)proteins of 10–30 kDa which play an im-
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portant role in regulating immune responses,
sleep, and have been associated with several infl-
ammatory diseases [10–16]. Therefore, cytokines
are important biomarkers to monitor the effect of
drugs influencing the immune system or inflam-
mation. Due to the high biological activity of
most cytokines their concentration in body fluids
is rather low [17–20]. In order to measure these
low concentrations, extremely sensitive and selec-
tive analytical methods must be available to detect
picomolar concentrations of the cytokine of inter-
est in the presence of micromolar concentrations
of other endogenous proteins. In the past decades
several methods have been developed to deter-
mine protein concentrations [21–28]. Of these,
only immunoassays are sufficiently sensitive and,
to a certain extent, selective enough to meet the
stated requirements. Hence, immunoassays are
nowadays the most widely used method to quan-
tify cytokines in biological matrices. However,
immunoassays suffer from some disadvantages
[29–38]. The antibodies used are often not 100%
specific for the cytokine of interest, which causes
cross-reactivity and consequently erroneous re-
sults. Also, other compounds, e.g. soluble cy-
tokine receptors or cofactors of the cytokine,
could interfere with the immunorecognition and
reduce the accuracy of the quantification. Several
cytokines are able to form dimers, trimers or
oligomers which can differ considerably in biolog-
ical activity and affinity towards the antibodies
used in the immunoassay, resulting in inaccurate
quantification data. Using immunoassays only
one analyte can be quantified at a time and due to
the long incubation times, even when automated,
an immunoassay takes 8–24 h.

The earlier mentioned problems of cross-reac-
tive compounds, soluble receptors and oligomer
formation could be overcome by isolating the
cytokines by HPLC combined with fractionation
prior to the immunoassay. However, this would
further dilute the samples and makes the proce-
dure even more time consuming. A less laborious
approach is to couple immunoassays post-column
on-line to HPLC separations. Irth et al. [39] devel-
oped such a system for small analytes, e.g.
digoxin. This immunochemical detection system
was based on the addition of an excess of fluores-

cently labelled Fab fragments to the column
effluent. Digoxin-antibody complex was then sep-
arated from remaining free antibodies by passing
through a digoxin bound support. A review of
biospecific detection in liquid chromatography
(LC) has been given by Emneus and Marko-
Varga [40]. Combining the high separation effi-
ciencies and speed of HPLC with the extreme
sensitivity of biochemical detection (LC-BCD) has
proven to be a very powerful and fast analytical
tool for small, non protein, molecules. Recently,
Miller and Herman [41] presented a LC-BCD
system for human methionyl granulocyte colony
stimulating factor (GCSF) using both labelled
antibodies and receptors. Oosterkamp et al. [42]
developed a receptor affinity detection system
coupled on-line to HPLC for urokinase plasmino-
gen activator.

The physiological effects of cytokines often de-
pend on the relative concentrations of several
cytokines. Therefore, it is crucial to quantify all
relevant cytokines present in one biological sam-
ple to obtain a full cytokine profile. Additionally,
the information generated on activity-structure
relations is of mandatory importance. Quantifica-
tion of each cytokine using a different im-
munoassay for each cytokine can be highly prone
to error.

The aim of the present work was to design
techniques allowing the quantification of several
cytokines at the same time circumventing the ear-
lier mentioned problems of cross-reactivity, solu-
ble receptors and oligomer formation in a
relatively short time. In the present paper we
describe a new analytical tool for the simulta-
neous, accurate and fast determination of cytoki-
nes using LC on-line coupled to immunochemical
detection (LC-ICD). The developed ICD tech-
nique for proteins is analogous to the ICD system
for digoxin developed by Irth et al. [39]. The
influence of the reaction times in the coil and
column on the performance of the system was
investigated to get a better understanding of the
reaction kinetics of macromolecules in post-
column reaction detection techniques. This detec-
tion principle was coupled on-line to ion
exchange, size-exclusion- and reversed phase sepa-
rations. To be able to detect several cytokines in a
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single chromatographic run the immunoreagent
consisted of a mixture of labelled antibodies
against the cytokines, while the excess of free
antibodies was removed by placing the corre-
sponding cytokine affinity columns in series. Fur-
thermore, we investigated the impact of different
LC parameters like ionic strength and organic
modifier content on the performance of the ICD
system.

2. Experimental

2.1. Materials

All recombinant human cytokines and mono-
clonal antibodies were purchased from R&D Sys-
tems Europe (Abingdon, UK). POROS-CM,
POROS-EP, POROS-R1 10 �m were purchased
from PerSeptive Biosystems (Cambridge, USA).
TSK G2000 SWxl was purchased from Tosohaas
(Stuttgart, Germany), acetic acid from J.T. Baker
(Deventer, Netherlands). The antibodies were
fluorescently labelled using a FLUOS labelling kit
from Boehringer Mannheim (Mannheim, Ger-
many). ELISA blocking reagent was also pur-
chased from Boehringer Mannheim and all other
chemicals from Merck (Darmstadt, Germany).

2.2. Instrumentation

All experiments were carried out using a Gilson
(Villiers-le-Bel, France) ASPEC XL equipped
with a Rheodyne (Cotati, CA) sixport injection
valve, a Jasco (Tokyo, Japan) FP 920 fluorescence
detector (excitation wavelength 488 nm, emission
wavelength 520 nm) was used for detection, while
data was collected using Gilson 715 Pascal Soft-
ware and a Kipp & Zonen (Delft, Netherlands)
BD40 recorder. A Pharmacia (Uppsala, Sweden)
P3500 pump was used for adding the immunore-
agent. All tubing consisted of 0.13 mm i.d. PEEK,
except for the reaction coil, which was made of
0.2 mm i.d.×0.4 mm o.d. PTFE. The analytical
system was controlled by Gilson 719 Pascal Soft-
ware. When the immunochemical detection sys-
tem was coupled to a chromatographic system a
LC-Packings (Amsterdam, The Netherlands) IC-

400-var flowsplitter, two additional Gilson
pumps, 305 and 306 and a Gilson 811C dynamic
mixer were used to create the gradient.

2.3. Immobilisation of the cytokines and
anti-cytokine antibodies

POROS-EP (40 mg) was mixed with 25 �g
cytokine or 500 �g anti-cytokine antibody in 0.5
ml 0.1 M carbonate buffer pH 8.0 and rotated
end-over-end for 72 h at room temperature. After
72 h the remaining active groups on the POROS-
EP were blocked by transferring the material to 1
ml of 1 M ethanolamine adjusted to pH 8.0 with
HCl and rotating the mixture for 2 h. Finally, the
product was washed with and stored in phos-
phate-buffered saline (PBS): 10 mM phosphate
buffer pH 7.4 with 150 mM NaCl and 20 mM
KCl at 4 °C. Blocked-POROS-EP was obtained
by omitting the IL-4. All affinity columns were
packed according to the manufacturers prescrip-
tion in a 1.6×60 mm PEEK column.

2.4. Flow injection immunochemical detection
(FI-ICD)

A scheme of the ICD is displayed in Fig. 1. The
reaction coil consisted of knitted 0.2 mm i.d.×0.4
mm o.d. PTFE tubing with an internal volume of
200 �l. The carrier flow consisted of PBS contain-
ing 0.5% (w/w) Tween 20 (PBST) and 1% (w/w)
ELISA blocking reagent (BR). The immunore-
agent solution consisted of 1 nM labelled antibod-

Fig. 1. Scheme of the continuous flow immunochemical detec-
tion system for cytokines. (1) Carrier flow (100 �l/min) consist-
ing of BR and injected cytokine, (2) immunoreagent solution
(100 �l/min) consisting of 1 nM fluorescently labelled anti-cy-
tokine antibodies, (3) mixing-T, (4) reaction coil, (5) immo-
bilised cytokine column, (6) flow to fluorescence detector. For
other conditions, see Section 2.
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ies in BR. Mixing of the two buffer streams, with
a mixing ratio of 1:1, was performed using an
inverted Y-type low-dead-volume mixing union.
All experiments were performed at room tempera-
ture. All cytokine samples were dissolved in BR
and stored at −20 °C.

2.5. Coupling of liquid chromatography to
immunochemical detection (LC-ICD)

For gradient cation-exchange- and reversed
phase separations a flowsplitter (splitratio: 1/25)
was used to obtain a flow rate of 40 �l/min in the
micro LC-system. All separations were performed
at room temperature. The flow rate of the im-
munoreagent was 160 �l/min. For the LC-ICD
analysis of two cytokines in a single run the two
corresponding cytokine-columns were placed in
series.

2.6. Cation-exchange chromatography

A 0.75×50 mm PEEK column was packed
with CM-POROS. Elution was performed using a
salt gradient, starting 10 min after injection, from
PBST to PBST containing 0.4 M NaCl in 15 min.
All samples (20 �l) were dissolved in PBST.
Cation-exchange chromatography was also per-
formed with pH step gradient elution, using the
same HPLC column. Elution was performed us-
ing a step gradient, 5 min after injection, from 10
mM acetate buffer pH 4.5 containing 0.5% Tween
20 and 0.2 M NaCl to 10 mM carbonate buffer
pH 10.0 containing 0.5% Tween 20 and 0.2 M
KCl. The samples were dissolved in starting
buffer.

2.7. Size exclusion chromatography

A 0.75×300 mm PEEK column was packed
with TSK G2000 SWxl. Elution was performed
using PBST as mobile phase at a flow rate of 40
�l/min. All samples (5 �l) were dissolved in PBST.

2.8. Re�ersed phase chromatography

A 0.5×50 mm PEEK column was packed with
POROS-R1 10 �m stationary phase. Elution was

Fig. 2. Scheme of the immunoaffinity sample clean-up coupled
to on-line micro HPLC-immunochemical detection of cytoki-
nes. (1) Gradient pumps, (2) mixing-T, (3) flow splitter, (4)
micro LC-column, (5) 10-port valve, (6) 6-port valve, (7)
elution-pump, (8) immunoaffinity pre-column, (9) solvent se-
lect valve, (10) dilutor, (11) flow to ICD system, (w) waste. For
other conditions, see Section 2.

performed using linear gradients of 60% A (0.1%
TFA in 10% MeOH) to 100% B (0.1% TFA in
90% MeOH) in 15 min. All samples (20 �l) were
dissolved in BR unless stated otherwise.

2.9. Sample clean-up

A scheme of the immunoaffinity sample clean-
up coupled to on-line micro HPLC-immunochem-
ical detection of cytokines is displayed in Fig. 2.
Cell extract samples consisted of 95 �l human
monocyte cell extract spiked with 5 �l cytokine in
PBS or blank PBS and were loaded on a 1.6×60
mm anti-cytokine affinity column using PBS as
carrier at 0.5 ml/min. The immunoaffinity pre-
column was washed for 2 min with PBS at 0.5
ml/min. The cytokines were eluted using 0.1%
TFA for 4 min at 100 �l/min. The precolumn was
regenerated with 1 M NaCl at 0.5 ml/min for 5
min and equilibrated using 0.5 ml/min PBS for 3
min.

3. Results and discussion

The post-column ICD system (Fig. 1) presented
here is based on the fast association of fluores-
cently-labelled antibodies with their target cy-
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tokine. In the first step, the antibodies are added
to the mobile phase. Cytokines react with the
antibodies to form fluorescent immunocomplexes.
In a second step free antibodies are removed prior
to fluorescence detection via passage through a
small column packed with cytokine-bound
support.

3.1. Immobilisation of cytokines

POROS-EP was used as the solid support for
immobilising the cytokines because of its better
resistance against pressure and organic modifiers
compared to Sepharose. POROS-EP is commonly
used for covalent immobilisation of proteins by
their amino groups. This immobilisation-step of
the protein is a random immobilisation, only a
certain percentage of the immobilised protein
molecules will have the right orientation to bind
the antibody. For the synthesis of the cytokine-
supports only 25 �g cytokine (2 nmol) was used. In
comparative studies it has been established that ca.
10% of the proteins used for the immobilisation are
able to bind an antibody after immobilisation.
Theoretically, this will yield a cytokine-column
with a total capacity of 200 pmol. Since the
immunoreagent solution of 1 nM antibodies is
pumped at a flow rate of 100 �l/min during flow
injection experiments, the affinity-column should
theoretically be able to bind 200 ml immunore-
agent solution, corresponding to 33 hours of anal-
ysis. This indicates that the capacity of the
cytokine-columns is limited and therefore regener-
ation has to be possible.

3.2. Flow injection ICD

Interleukine 4 (IL-4) was used as a model cy-
tokine to develop a multi-cytokine immunochemi-
cal detection system coupled on-line to an HPLC
separation. First a flow injection immunochemical
detection system was developed for IL-4. After
immobilisation of IL-4, binding of the labelled
anti-IL-4 antibodies (anti-IL-4*) to the IL-4-sup-
port was tested using a continuous flow of antibod-
ies. Fig. 3 shows the increase in baseline when 1
nM fluorescently labelled antibodies are continu-
ously added to a carrier flow and subsequently pass

through a Blocked-POROS-EP column (from situ-
ation 1 to situation 2 in Fig. 3). Exchanging the
Blocked-POROS-EP column for the IL-4 column
results in a 90% reduction of the fluorescence (from
situation 2 to situation 3 in Fig. 3), indicating that
90% of the fluorescently labelled antibodies are
trapped by the affinity column. The 10% of the
fluorescence signal which was not trapped by the
IL-4-support is probably caused by protein impuri-
ties in the antibody preparation or antibodies that
lost their activity caused by labelling at or near the
binding site. Injection of an excess of antigen (100
nM IL-4) results in a peak of 95% of the maximum
signal, while the blank shows no peak at all. This
points out that the antibodies can be prevented
from binding to the IL-4-support by blocking them
with 100 nM IL-4 during a one minute reaction in
the reaction coil. This proves that at least 95% of
the antibodies binding to the IL-4-support bind

Fig. 3. Signal of continuous flow immunochemical detection
systems. (1) carrier (100 �l/min) and immunoreagent (100
�l/min) both consist only of background buffer and pass
through a Blocked-POROS-EP column resulting in a low
fluorescence signal, (2) 1 nM fluorescently labelled antibody is
added and still no cytokine column is present resulting in a
strong increase in fluorescence background, (3) the Blocked-
POROS-EP column is exchanged for a cytokine column, re-
sulting in a 90% reduction of the background fluorescence by
trapping of the labelled antibodies on the IL-4 column, (4)
cytokine column is exchanged for the Blocked-POROS-EP
column again, resulting in a high fluorescence signal. For other
conditions, see Section 2.
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Fig. 4. Calibration curve of IL-4 in FI-ICD, injection volume,
20 �l. Both flows 100 �l/min. For other conditions, see Section
2.

3.4. Effect of reaction times and LC-conditions
on the ICD system

The described ICD system for cytokines has to
be coupled on-line to a liquid chromatographic
protein separation system. In most normal-bore
LC systems, however, the flow of the mobile
phase is higher than the 100 �l/min used in the
present ICD system for IL-4. Therefore the effect
of higher flow rates (shorter reaction times in
cytokine column) on the binding of the antibody
to the IL-4-support was tested. In these experi-
ments both flows (mobile phase and immunore-
agent solution) were increased equally, so the
mixing ratio remained 1:1 and the antibody con-
centration passing through the IL-4-support
column was unchanged. This study proved that
the binding of the labelled antibodies to the cy-
tokine support was not affected by residence time
in the cytokine column ranging from 6 s to 2 min.
The excess of immobilised cytokine present in the
column will trap the 1 nM antibodies almost
instantaneously.

To get a better understanding of the reaction
kinetics between macromolecules in postcolumn
reaction detection systems the influence of the
reaction time in the reaction coil was investigated.
The reaction time in the coil was varied by using
different coil lengths. Fig. 5 shows the influence of
the reaction time in the coil on the peak height for
the ICD system of IL-4. These results clearly
show that the peak height increases with the
reaction time until a maximum after approxi-
mately 2 min, after which the peak height de-
creases again. The initial increase of the signal is
caused by the association reaction of the injected
IL-4 with the labelled anti-IL-4 antibodies be-
cause the concentration of the antibody-antigen
complex is proportional to the peak height. The
kinetics of the reaction between the two macro-
molecules indicates that this reaction is not diffu-
sion controlled but mass-transfer controlled. The
decrease of the peak height is caused by the band
broadening in the reaction coil, which counteracts
the increase caused by the prolonged association
reaction.

The described ICD system for proteins has to
be coupled on-line to a liquid chromatographic

specific. The IL-4 injected when the Blocked-
POROS-EP column was on-line (situation 4 in
Fig. 3) did not result in any signal. This proves
that the IL-4 dependent signal was not caused by
fluorescence enhancement by binding of the cy-
tokine to the labelled antibody.

3.3. Analytical data

Fig. 4 shows a typical calibration curve of IL-4
(n=3). As can be seen the detector response is
non-linear to the IL-4 concentration over the full
scale. This effect is produced by the saturation
characteristics of the antibody/antigen interaction.
However the first part of the calibration curve,
between 50 pM and 10 nM of IL-4 is linear
(r=0.999, n=3). The limit of detection (signal-
to-noise ratio=3) for IL-4 was 1 fmol (20 �l
injection). It has been established that the la-
belling ratio of the antibodies was 3.5, indicating
that the average amount of label molecules on
each antibody was 3.5. Other experiments (data
not shown) showed that the signal of IL-4 is
proportional to the labelling ratio of the anti-IL-
4* antibodies, while the baseline noise exhibits a
smaller increase. This means that the limit of
detection can probably be decreased using highly
labelled antibodies.
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protein separation system. Ion-exchange chro-
matography is probably the most suited separa-
tion technique prior to ICD because of the mobile
phase composition used (aqueous buffer, salts,
moderate pH). As immunoreactions normally
take place under physiological conditions at phys-
iological ionic strength, the effect of different
concentrations of sodium chloride on the im-
munoreaction was tested. Fig. 5 shows that an
increasing ionic strength in the reaction coil
causes a considerable decrease in peak height but
does not influence the reaction kinetics because
the shape of the three curves is identical with an
optimum at a reaction time of 2 min. The de-
creased signal caused by the increased ionic
strength is caused by a reduced affinity constant
between the IL-4 and the antibodies.

To investigate the feasibility of coupling the
ICD system for proteins to reversed phase chro-
matography the influence of methanol on the
post-column immunochemical detection system
was studied. In Fig. 6 the influence of methanol
on the peak height is presented. This figure sug-
gests an almost linear relationship between the
IL-4 signal and the methanol concentration, indi-
cating the negative effect of methanol on the
interaction between IL-4 and the antibodies.

Fig. 6. Influence of methanol on ICD of IL-4. For conditions,
see Section 2.

3.5. Regeneration of the cytokine-support

After using the cytokine-column for 1 day and
re-using it a second day, the binding of the anti-
bodies to the affinity column was reduced, result-
ing in a gradually increasing base-line. This was
caused by saturation of the affinity support, cor-
responding to the theoretical capacity of 200
pmol. It was found that the labelled antibodies
could be desorbed from the affinity column by
flushing it overnight with PBS containing 1 M
NaCl at a flow rate of 0.5 ml/min. Using this
regeneration-step one cytokine-column could be
used for 2 months without detectable loss of
binding efficiency.

3.6. Coupling of LC-ICD

Micro-LC was chosen as the separation step
prior to the ICD since it offers the possibility to
maintain the low flow rates in the ICD system
(minimising the reagent consumption) without
post-column splitting. Micro-LC also offers the
possibility to dilute the HPLC effluent (40 �l/min)
with the immunoreagent solution (160 �l/min)
and hereby decreasing the adverse effects of the
salt or modifier gradients (Figs. 5 and 6) on the
ICD system. A third advantage using micro-LC is
the enhanced on-column concentration when gra-
dient separations are employed in combination

Fig. 5. Influence of reaction times and ionic strength on ICD
of IL-4. (A) 165 mM NaCl, (B) 330 mM NaCl and (C) 660
mM NaCl. For conditions, see Section 2.



T. Schenk et al. / J. Pharm. Biomed. Anal. 26 (2001) 975–985982

with smaller elution volumes compared to normal
bore LC.

3.7. Cation exchange chromatography-ICD

When using isocratic elution in cation-exchange
chromatography it was extremely difficult to ob-
tain a chromatogram for one cytokines. We were
unable to perform a separation of different cy-
tokines. The physio-chemical properties of the
different cytokines are too different to obtain a
separation using isocratic elution. After unsuc-
cessful attempts to use isocratic elution in cation-
exchange chromatography of IL-4, a salt gradient
was used for elution. This resulted in an extremely
increasing baseline caused by a decrease in affinity
of the labelled anti-IL-4 for the IL-4-support (an
increased dissociation rate constant). This de-
crease in affinity will not only decrease the bind-
ing efficiency of the column (the percentage of
antibodies binding to the affinity support) but
moreover will cause the dissociation of the al-
ready bound antibodies from the affinity support.
This result is in accordance with the earlier dis-
cussed results shown in Fig. 5 and with the ability
to regenerate the immobilised IL-4 support with 1
M NaCl. A less steep salt gradient for elution did
not result in any better results. However, it was
possible to retain IL-4 on the cation exchange
column at pH 4.5, 0.2 M NaCl and elute the
protein with a pH step gradient to pH 10.0, 0.2 M
KCl, without any adverse effects on the ICD
system. The disadvantage of this one step pH
gradient is that at pH 4.5 most proteins will be
retained by the cation-exchanger, and at pH 10.0
most proteins will elute from the column. This
means that no actual separation will take place. A
linear pH gradient would overcome this disadvan-
tage. However, it is very difficult to obtain a
linear pH gradient over a broad pH range. If this
would be possible it would surely make ion ex-
change separations of proteins more compatible
with immunochemical detection. Especially be-
cause the pH gradient can easily be buffered in
the ICD system to physiological pH by addition
of the immunoreagent. A second opportunity to
make ion exchange chromatography compatible
with ICD is on-line desalting of the HPLC

effluent, using for example continuous-flow dialy-
sis or cross flow membranes [43], prior to im-
munochemical detection.

3.8. Size exclusion chromatography-ICD

To overcome the problem of the adverse effects
of the LC mobile phase on the ICD system, a
separation technique which operates under stable
physiological conditions should be used. Size ex-
clusion chromatography is such a technique.
However, chromatograms obtained after size-ex-
clusion chromatography of 100 nM IL-4 and in-
terleukine 10 (IL-10) showed that IL-4 and IL-10
co-elute after ICD. Considering the molecular
mass difference between IL-4 (14 kDa) and IL-10
(18.5 kDa) and the specifications of the size exclu-
sion material, a separation of the two cytokines
was expected. However, the low resolution was
diminished by the band broadening in the post
column ICD system. Experiments to verify this
using UV detection would consume large amounts
of cytokine and were hence too expensive.

3.9. Re�ersed phase chromatography-ICD

Modifiers used in reversed phase HPLC such as
methanol, ethanol or acetonitrile are capable of
changing the tertiary structure of proteins, which
might cause a loss of their biological activity. For
this reason severe problems could be expected
when coupling reversed phase HPLC to ICD.
However, the denaturing effect of most common
modifiers is reversible, implying that when the
modifier concentration decreases, the proteins will
return to their original conformation. This offer
the possibility to couple reversed phase separa-
tions to ICD, namely by diluting the HPLC
effluent with the immunoreagent to a modifier
concentration, which is not harmful to the
protein.

In the present reversed phase micro HPLC-ICD
system the 40 �l/min. LC effluent was mixed with
160 �l/min. immunoreagent solution in the ICD
system. As a consequence of this 4-fold dilution of
the mobile phase the methanol concentration in
the ICD system increases up to 22.5% during a
gradient separation. During the actual reversed
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phase separation the cytokines are exposed too
much higher organic modifier concentrations. Fig.
7 shows chromatograms of interleukine 6 (IL-6)
and interleukine 8 (IL-8) and a reversed phase
separation between IL-4 and IL-10 coupled on-
line to immunochemical detection using methanol
gradients up to 95%. These results prove the
compatibility of reversed phase protein separa-
tions with ICD. This is likely to hold true for (a
broad range of) most proteins, especially because
these four cytokines are structurally completely
different. However, as can also be seen in Fig. 7,
the organic modifier gradient does increase the
base-line of the ICD system. This is in accordance
with the earlier discussed reduction of the anti-
body affinity with increasing methanol concentra-
tions (Fig. 6). The effect of the reduced affinity by
methanol is comparable to the effect of reduced
affinity caused by ionic strength. A decrease in
binding efficiency of the cytokine column, but
moreover, dissociation of the already bound anti-
bodies from the cytokine support will result in a
gradually increasing baseline.

For the LC-ICD analysis of two cytokines in a
single run the corresponding cytokine-columns
were placed in series. Attempts to co-immobilise
two or more cytokines on one support were not
successful. This limits the amount of different

cytokines that can be detected in a single LC-ICD
system because of the bandbroadening and in-
crease backpressure when more than two cytokine
affinity columns are placed in series. The cytokine
samples, used to obtain the chromatograms
shown in Fig. 7, contained 1 mg/ml blocking
reagent, a 10 000 times excess of other proteins.
This also confirms the extreme selectivity of the
developed ICD system.

Identical FI-ICD system as presented for IL-4,
IL-6, IL-8 and IL-10 were also developed for
other cytokines like tumour necrosis factor-�, In-
terferon-�, interleukine 2 and interleukine 12.
These cytokines could successfully be immobilised
on a solid support. The antibodies to the cytoki-
nes could also be labelled while still binding to
immobilised cytokine column. However, when the
cytokines were injected into the FI-ICD system
only very small peaks appeared, resulting in very
high detection limits of 100 nM. Different ap-
proaches to solve this problem have been unsuc-
cessful so far.

3.10. Analysis of cytokines in cell extracts

Analysis of cytokines in cell extracts by direct
injection of the samples on the micro LC-ICD
system resulted in very broad peaks and bad
separations. This was caused by overloading of
the micro LC column due to the biological matrix
of the cell extracts. A sample pre-treatment step
was necessary to remove the excess of background
and prevent overloading of the micro-LC column.
Immunoaffinity sample clean-up was chosen be-
cause it is one of the most widely used sample
pre-treatment steps prior to the LC analysis of
proteins [44]. As can be seen from Fig. 8, analysis
of 5 nM IL-4 in cell extract using immunoaffinity
sample clean-up coupled to on-line LC-ICD re-
sults in almost the same signal as direct analysis
of 5 nM IL-4 in aqueous buffer with LC-ICD.
This indicates that the biological matrix hardly
influences the selectivity of the analytical method
and that only 15% of cytokine is lost during the
sample clean-up procedure. The limit of detection
(s/n=3) was 500 pM for IL-4 in cell extracts. By
mixing different cytokine antibody supports and
packing them in one immunoaffinity precolumn

Fig. 7. Revered phase micro-LC separation between 100 nM
IL-4 and 10 nM IL-10 and chromatograms of 100 nM IL-6
and 100 nM IL-8, 20 �l injections on 0.5×50 mm POROS-
R1. For other conditions, see Section 2.
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Fig. 8. (A) Revered phase chromatography ICD of 5 nM IL-4 in aqueous buffer with blank. (B) Immunoaffinity sample clean-up
revered phase chromatography ICD of 5 nM IL-4 in cell extract with blank cell extract. For other conditions, see Section 2.

different cytokines can be analysed simulta-
neously in one cell extract.

4. Conclusions

Macromolecules behave similar to low molecu-
lar mass analytes in continuous flow biochemical
detection system regarding their reaction kinetics.
The small diffusion constant of large proteins
does not negatively influents their reaction kinet-
ics in a well-mixed continuous flow biochemical
detection system.

The presented LC-ICD system also shows that
reversed phase separations of proteins, using mo-
bile phases with organic modifiers such as
methanol or acetonitrile, are compatible with
post-column immunochemical detection systems.
The present system allows multi-cytokine analysis
in complex biological matrices and the determina-
tion of cross-reactive compounds such as cy-
tokine-like proteins and breakdown products. For
a readout which is more comparable to the bio-
logical activity of the cytokines the labelled anti-
body can be replaced by a labelled soluble
receptor, which exists for most cytokines. When
receptors are used as biological targets this bio-
chemical detection system can also be used for

drug discovery, screening of complex samples, e.g.
natural products or combinatorial chemistry
products.
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