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Abstract

Sequential injection-bead-based immunoassay system has been developed. The main purpose is to make immunoassay process more
automated by manipulating the precise delivery of micro-volumes of reagents and the precise timing of incubation and washing steps with a
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omputer program that controls the bi-directional syringe pump. The manifold was designed with the aims of reducing back pre
eads that act as solid surfaces for immobilization of the target substance, reducing dispersion and dilution of the reagent during inc
aximizing signal while minimizing incubation time. This was done by introducing air segment to separate the reagent zone from

tream and by using a suitable sensitive detector which, in this case, was an amperometer. In this study, hyaluronan (HA) was use
nalyte because of its clinical significance as a potential biomarker for liver, bone and cancer diseases. Amount of hyaluronan was
sing competitive enzyme linked immuno sorbent assay (ELISA) based technique where immobilized HA and HA in solution compe
ith a fixed amount of biotinylated HA-binding proteins (b-HABPs). Upon separation of the two phases, anti-biotin conjugated with
nd a suitable substrate were introduced to follow the binding reaction of the immobilized HA and b-HABPs whose degree of

ndirectly proportional to the amount of HA in solution. A calibration curve was constructed from a series of concentrations of HA s
owest detectable concentration was found to be 1 ng/mL with the dynamic working range of 1–5000 ng/mL and R.S.D. of intra-asn= 7)
nd inter-assay (n= 3) of various HA concentrations were 4–10% and 9–12%, respectively. Used beads could be reused by washin
uanidine. Total analysis time for this automatic assay was about 30 min as compared to the 5–8 h used in conventional batch w
he system could be applied to assay HA in human serum.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Immunoassay is an analytical technique that utilizes the
pecific molecular recognition between antigen and antibody
o selectively determine the presence of the antigen. The de-
ection of the binding reaction between antibody and antigen
an be followed using different available labels. Examples
f recently used labels are radioactive isotope[1,2] chemilu-
inescent compounds[3,4], metals[5,6] and enzymes[7,8].

∗ Corresponding author. Tel.: +66 53 941910; fax: +66 53 941910.
E-mail address:kradtas@yahoo.com (S.K. Hartwell).

Among all the labels, the use of enzymes has gained
popularity due to their amplification properties in wh
they can convert substrate to product as long as the
strate is present. Assay with an enzyme label, known a
zyme linked immuno sorbent assay (ELISA), has been w
used.

Conventional immunoassay is normally carried out
micro-well where antigen or antibody is immobilized onto
surface of the well. The rate of binding reaction between
gen and antibody depends upon the diffusion rate of an
or antibody in the bulk solution to the immobilized ones. C
ventional immunoassay, therefore, requires a long incub

039-9140/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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time, mostly overnight or at least 5–8 h to ensure maximum
binding. There have been attempts to reduce the analysis time
of immunoassay[9–13]. Using microbeads as solid surface
is one way that has been gaining popularity[14–18]. Now
that there are many chemically modified beads commercially
available, different formats of bead-based immunoassay have
been reported[9,19–23]. The main advantages of bead-based
immunoassay include increasing the surface area for immo-
bilization of antigen or antibody and reducing the incubation
time due to less diffusion distance needed between species in
bulk solution and the ones immobilized on beads that are sus-
pended in the solution. Magnetic microbeads also facilitate
the phase separation during the washing steps[24,25].

The combination of beads and ELISA is very useful and
has been used in many applications[9,23,24,26–28]. How-
ever, immunoassay always involves many steps of incubation
and washing which are tedious and subjected to human er-
ror, mostly due to imprecise timing on each step. The small
amount of each of the reagents used in the analysis process
is also another difficult matter to handle by an inexperienced
person. There is rarely any development on a true online im-
munoassay where the whole process from the first step of
incubation to the last step of detection is automatic. This is
due to the lack of a system that can deliver a very small vol-
ume of reagents and precisely control the incubation time.
The new generation of flow injection technique called se-
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glycoprotein, composed of gluconate acetylglucosamine dis-
accharide repeating units, that has been reported to be a po-
tential biomarker for liver, cancer and bone diseases[36–43].
It can bind selectively to the proteins called HA-binding pro-
teins (HABPs). In this study, the competitive ELISA based
technique was carried out. Immobilized HA on beads and
HA in solution competed to bind with a fixed amount of bi-
otinylated HA-binding proteins (b-HABPs). Upon separation
of beads from solution, anti-biotin conjugated with enzyme
horseradish peroxidase (anti-b-HRP) and a suitable substrate
(tetramethylbenzidine, TMB-H2O2) were introduced to fol-
low the binding reaction of the immobilized HA and b-
HABPs. The degree of binding is indirectly proportional to
the amount of HA in solution. The demonstration of the po-
tential use of the system with real samples was shown by
performing a recovery study of the amount of spiked HA
in bovine and human serum samples. The system offers an
automated immunoassay process with good sensitivity and
precision as compared to using a batch process, even though
the incubation time was reduced to decrease the analysis time
and increase sample throughput.

2. Experimental

2.1. Apparatus and reagents

2
Sci-

e up
t ent
C ow
X z
2 0,
F g.
A tem
w B.V.
U u-
t stem
v ng
e steel
a s set
a ct,
p MB.

2
) size

4 r-
f hed
w on-
i fil-
t

ich
h ly
a ing
0 tely
uential injection analysis (SIA) is now available[29–33],
nd a true online immunoassay is possible. One very inte

ng work is the combination of bead injection technique w
he lab-on-valve (LOV)-sequential injection analysis sys
or carrying out ELISA[34]. However, this work involve
he sophisticated LOV device that attaches as a part o
ulti-selection valve of the commercial SIA system.
The attempt of this work is to make the immunoas

rocess more automated and more precise than batc
ess by utilizing the most simple, and cost effective sys
s much as possible. This was done by utilizing the seq

ial injection analysis (SIA) system controlled by compu
oftware to deliver micro-volumes of reagents and to
isely time the incubation and washing steps. Beads
sed as solid surfaces. The system was developed wi
ims of reducing back pressure in the flow line which c
only occurs when using a bead packed column, as w

o minimize the incubation time and to maximize the sig
s much as possible. An air segment was introduced to
rate the reagent zone from the carrier stream[35] in order

o reduce the dispersion of the reagent during the incub
ime when the pump was stopped. Amperometry was ch
s a detection means because of its high sensitivity an
usceptibility to the differences in non-electrochemical p
rties of reagents. For example, the Schlieren effect wh
sually encountered when using spectrophotometric d

ion can be avoided when electrochemistry technique
sed.

The SIA-bead ELISA based system was developed
uantification of hyaluronan (HA) in serum. Hyaluronan
.1.1. SIA system
The system is composed of a syringe pump (CAVRO

ntific Instrument Inc., XL 3000) that can draw solution
o 2.5 mL, two 10-ports selection valves (Valco Instrum
o. Ltd., C25-3180EMH), a computer (Microsoft Wind
P professional, CPU-AMD AthlonTM XP 2000 + 1.67 GH
56 MB of RAM) and SIA control software (FIAlab 300
IA Instrument). Holding coil is made of tygon tubin
ll other tubings are PTFE tubings. The detection sys
as an amperometer (�Autolab Type II Eco Chemie
trecht, The Netherlands) with its control software (A

olab Software—General Purpose Electrochemical Sy
ersion 4.9). A BAS flow cell with glassy carbon worki
lectrode, Ag/AgCl reference electrode and stainless
uxiliary electrode was used. The applied potential wa
t 100 mV for detection of the reduction of TMB produ
roduced from the enzyme–substrate reaction, back to T

.1.2. HA coated beads
EAH-sepharose 4B beads (Amersham Biosciences

5–165�m (mean bead size 90�m) were used as solid su
aces for immobilization of HA. These beads were was
ith saline solution at the ratio of 0.5 M NaCl 250 mL: dei

zed water 100 mL: bead 10 mL (drained gel) and were
ered prior to use.

One of the many sources of HA is umbilical cord, wh
as an abundant amount of HA[44], that is also commercial
vailable. HA was extracted from umbilical cord by mix
.0300 g umbilical cord (Sigma, containing approxima
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30 mg HA) with 0.0010 g bovine testicular hyaluronidase
(Sigma) and 10 mL of 0.15 M NaCl (BDH) in 0.1 M sodium
acetate buffer solution pH 5.0 (Sigma). The mixture was
shaken to let the reaction take place for 3 h before bringing it
to boil for 10 min to end the reaction.

The beads and HA from previous steps were mixed and
about 30 mL deionized water and 0.5751 gN-ethyl-N′-3-
dimethylaminopropyl carbodiimide hydrochloride (Sigma)
were added to the mixture. After mixing thoroughly, 0.1 M
HCl (Sigma) was used to adjust the pH to about 4.5. This
mixture was continuously shaken for 24 h at room tempera-
ture. After that, the remaining un-substituted amino groups
were blocked with 1 mL glacial acetic acid and allowed to
stand for 6 h. The beads were washed with 400 mL each of
different solutions in the order of 1 M NaCl, 0.1 M Tris–HCl
(Sigma) pH 8.1, 0.05 M formate buffer (Sigma) pH 3.1, and
deionized water, respectively. In each washing step, beads
were separated from washing solution by centrifugation. Fi-
nally, the beads were kept in 0.5 M sodium acetate buffer pH
5.7 at 4◦C for future use.

2.1.3. Biotinylated HABPs
HABPs was extracted from cartilage using 4 M guani-

dine. The extract was dialyzed against water and then was
liophilized. The powder was partially digested with tripsin
before dialyzation and liophilization again. Up to this step,
H till
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collected, aliquoted and stored at−20◦C as a stock solution
of the biotinylated HABPs (b-HABPs).

2.1.4. Anti-biotin conjugated with HRP
Anti-biotin HRP (Zymed) was diluted to 1:1000 ratio with

PBS buffer solution pH 7.4.

2.1.5. HA standard solutions
HA standard solution (IAL®-F) has the concentration of

20 mg/2 mL which is equivalent to 10× 106 ng/mL. Stock
solution of 1 mL at the concentration of 10,000 ng/mL was
made by diluting the HA standard solution with 6% BSA to
match the approximate amount of protein contained in real
blood. This stock solution was further diluted into a series
of different concentrations; 5000, 2500, 1000, 500, 250, 125,
50, 25, 5 and 1 ng/mL.

2.1.6. Serum samples
Bovine serum (Sigma) in the powder form was dissolved

in PBS to obtain a final concentration of 6% (w/v). This is
to mimic the real blood in liquid form that contains approxi-
mately 6% protein.

Human serum was obtained from Chiang Mai University
Hospital. Volunteers had not taken food and drink for 8 h
prior to the blood drawing. These bloods were centrifuged
t ept at
−
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i ng.
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sed sy
A that was previously bound to HABPs in cartilage is s
resent with HABPs. To separate out the HABPs from

n solution, bead HA was added. HABPs can bind to
n bead better than HA in solution. This may be becau
igher amount of HA on beads and also because some

ions of HA in solution were partially digested and theref
annot bind effectively to HABPs. After that, HABPs w
luted out from bead HA using 4 M Guanidine.

Biotinylation of HA-binding proteins was performed
standard method[45]. Briefly, HABPs which had bee

repared was dissolved in 0.1 M sodium hydrogen car
te buffer pH 8.5 and withN-hydroxysuccinimidobioti
Sigma–Aldrich Chemical, 34.1 g/L in DMSO) mixed a
atio of 3:1 (w/w) at room temperature for 1–2 h. The m
ure was then introduced to a Sephadex G-25 column
as eluted with PBS pH 7.4. The excluded protein peak

Fig. 1. SIA-bead ELISA ba
o separate out the blood cells. Serum samples were k
20◦C and were used without further dilution.

.2. Manifold design

The manifold used in this study is as shown inFig. 1. A
ipette tip (100–1000�L blue tip, Eppendorf) with cotto
ool at the tip end was used as a reservoir for beads. I
irectly connected to one of the ports on the selection v
ince one end was opened to air, there was no proble
ack pressure as normally found in a packed column. O
eagents were kept in microcentrifuge tubes and light s
ive ones such as TMB were kept in a dark color tube.
ubes were closed and only a small hole was made for the
ng from selection valve to go through for solution drawi
his was to avoid air contact that might oxidize and deg

stem for determination of HA.
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Fig. 2. Diagram illustrate bead ELISA based technique for determination of HA.

reagents. Holding coil was made of tygon tubing that can
hold 2.5 mL of solution.

2.3. Operation steps

The bead-based ELISA process for determination of HA is
illustrated inFig. 2.Table 1summarizes the operation steps.
First, exactly 20�L of HA coated bead suspension was pipet-
ted into the pipette tip reservoir, seeFig. 1. The computer
software program was started. The beads were washed once
with 500�L of PBS. Exactly 30�L of standard HA solution
or serum sample was drawn at the flow rate of 100�L/s to mix
with the bead HA in the reservoir. The mixed b-HABPs and
anti-b-HRP zone was made by first drawing an air segment
of 10�L, followed by 10�L of 1:1000 anti-b-HRP, 60�L of
1:100 b-HABPs, and again 10�L of anti-b-HRP. Total vol-
ume of the reagents drawn was 80�L. The air segment helps
to reduce dispersion of the zone during the reagent drawing
and mixing process and the presence of anti-b-HRP on both
sides helps to promote mixing. The zone was moved back
and forth twice before sending 80�L to the reservoir to mix
with HA coated bead and sending the air segment to waste.
These reagents were incubated with bead HA for 5 min before
the unbound species were removed by washing the beads four
times with PBS pH 7.4, 500�L each time, followed by wash-
ing four times, with citric phosphate buffer pH 5.0, 500�L
e ing
t 5.0.
T f
w ate
o ead
H e
d
a ov-

ing the solution in and out of the reservoir 20 times at the
moving volume of 20�L and the flow rate of 50�L/s which
resulted in a total mixing time of 200 s. The mixture was al-
lowed to stand for another 100 s. Total incubation time was
5 min. The product of enzyme HRP and substrate TMB that

Table 1
Summarization of operation steps

Step no. Operation Volume (�L)

1 Pipette HA coated bead into the reservoir 20
2 Wash bead with PBS 500
3 Load HA standard solution or sample to the

holding coil and then send it to mix with HA
coated bead in the reservoir

30

4 Drawing air to the holding coil 10
5 Drawing anti-b-HRP to the holding coil 10
6 Drawing b-HABPs to the holding coil 60
7 Drawing anti-b-HRP to the holding coil 10
8 Mixing anti-b-HRP and b-HABPs by moving

solution back and forth twice
9 Send mixture to HA coated bead reservoir 80

10 Discard air
11 Incubate HA solution, b-HABPs and

anti-b-HRP with HA coated bead for 5 min
12 Remove unbound species by washing beads

with PBS four times followed by washing beads
with citric phosphate buffer four times

500

13 Fill the detector line with citric phosphate buffer
1
1

1

17 Send the solution from the reservoir to the
amperometer to detect product

18 Change new bead reservoir to start new analysis
ach time. After that the buffer solution in the tubing lead
o the detector was changed to citric phosphate buffer pH
hen TMB-H2O2 300�L was drawn into the holding coil o
hich 250�L was pushed into the reservoir at the flow r
f 50�L/s to incubate with HRP that was bound to the b
A. The rest of the TMB-H2O2 solution was moved to th
etector to adjust the baseline. The mixing of TMB-H2O2
nd (bead HA)-(HABPs-b)-(anti-b-HRP) was done by m
4 Draw TMB-H2O2 to the holding coil 300
5 Send some TMB-H2O2 to the detector to adjust

baseline
50

6 Send the rest of TMB-H2O2 to bead reservoir
and incubate for 5 min while moving solution
back and forth at the end of the reservoir to
promote mixing

250
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occurred was detected when sending the solution to the am-
perometer at the flow rate of 20�L/s. The resulting signal
was the comparison of the TMB product with the TMB that
had been sent previously to the detector. Used beads were
collected to be washed for reuse.

2.4. Optimization

This study aims to improve the efficiency of the im-
munoassay technique by reducing reagent usage and time
consumption as much as possible. Two main parameters stud-
ied here are the amount of b-HABPs for the given amount of
HA coated beads and the incubation time.

2.5. Standard curve

The standard curve was constructed from various concen-
trations of standard HA solutions (1, 5, 25, 50, 100, 250, 500,
1000, 2500 and 5000 ng/mL) in 6% BSA. Lowest detectable
concentration and working range were estimated from this
curve.

2.6. Recovery study

To demonstrate the performance of the system on analysis
of real samples, bovine serum and human serum were used.
T
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Fig. 3. Determination of optimum concentration of b-HABPs (60�L) for
the set of conditions: 20�L HA coated bead, 20�L anti-b-HRP and 300�L
TMB-H2O2.

ited amount of HA on the beads. The results indicated that
60�L of 1:100 b-HABPs was suitable to be used with 20�L
of HA coated bead.

Another important parameter that affects the sensitivity of
the system is the incubation times between HA coated beads
and b-HABPs and also between enzyme HRP and TMB-
H2O2. Without stopping time for incubation, analytical sig-
nals could be observed. However, the longer the incubation
time was, the better the sensitivity obtained. To compromise
the analysis time and the sensitivity, the incubation time in
both steps were limited to 5 min.

3.2. Standard curve and figures of merit

Standard curve is the sigmoidal (logistic) fit ob-
tained from the computer software Origin version 7.0 as
shown in Fig. 4. This standard curve is represented as
Y= [(A1 −A2) / (1 + (X /X0)P)] + A2 and R2 = 0.9963 where
Y is current in�A, X is concentration of HA in ng/mL,
A1 is initial Y value = 3.5,A2 is final Y value = 2.5,X0 is
X value atY equal to half of the limitA1 andA2 = 77.78
andP is power = 0.83. The lowest detectable concentration

m.
he effects of matrices were tested by spiking 50�L of stan-
ard HA solutions of different concentrations into 950�L
f 6% bovine serum to gain the final added concentra
f HA at 5, 50 and 250 ng/mL and do the same with hu
erum to obtain the final added concentrations of HA
25 and 250 ng/mL. Percent recoveries were calculated

he results obtained from the standard curve as compa
he expected value from calculation.

. Results and discussion

.1. Optimization

Amount of b-HABPs is the most critical parameter
his immunoassay process for the selected amount o
oated beads used in the experiment. Insufficient amou
-HABPs may be used up by the HA in solution and there
o signal would be produced. An excess amount of b-HA
ould accommodate all the HA present both in the solu
nd immobilized HA on beads, therefore no significant si
ith the different levels of HA in solution would be observ
hus, in this study the optimum amount of b-HABPs was

ermined by varying the concentration of a 60�L b-HABPs
rom 0, 1:200, 1:100, 1:50 to 1:10 dilution in phosphate bu
hile amounts of beads, anti-b-HRP and TMB-H2O2 were
xed at 20, 20 and 300�L, respectively. The signals we
ncreased with the increased b-HABPs concentration b
he concentrations higher than 1:100, there was no signi
hange of signal as shown inFig. 3. This was due to the lim
 Fig. 4. Standard curve for determination of HA using the SIA syste
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Table 2
Percent recovery of spiked HA in bovine serum and human serum samples

Sample Obtained (HA, ng/mL) Expected (HA, ng/mL) % Recovery

Bovine serum 54 54 –
Bovine serum + 5 ng/mL standard HA 57± 6 59 97 ± 9
Bovine serum + 50 ng/mL standard HA 90± 5 104 87 ± 4
Bovine serum + 250 ng/mL standard HA 281± 15 304 92 ± 5

Human serum 47 47 –
Human serum + 5 ng/mL standard HA 60± 5 52 115 ± 9
Human serum + 125 ng/mL standard HA 188± 7 172 109 ± 4
Human serum + 250 ng/mL standard HA 303± 12 297 102 ± 4

of HA was found to be 1 ng/mL and the working range
was 1–5000 ng/mL. The lowest detectable concentration
was determined as the lowest distinguishable analytical
signal± S.D. with 95% confidence from the blank signal
while the highest detectable concentration was determined
similarly on another end of the calibration curve. This
range can very well covers the HA level reported to be
found in normal human at 28± 17 ng/mL [46] and at
various elevated level in patients with liver and cancer
diseases.

In this study, it was assumed that there were insignifi-
cant level of degraded HA too small to be unrecognized by
HABPs. All serum samples have been kept at−20◦C and
therefore HA should not be degraded during the sampling
and assay process. It has also been reported that HABPs
can interact with HA of the minimum 6–10 monomers
and larger[47]. Small fragments of HA of 3–25 disaccha-
ride units have been found in urine which is the last body
fluid source before being discarded out of the body[48].
However, if HA macromolecules in serum were to be de-
graded with enzymes or other conditions, the degraded HA
in serum should not be smaller than the ones found in urine
and therefore the chance of having HA molecule of less
than 6–10 monomers is possible but should be insignifi-
cant.

Precision of the system configured as % R.S.D. of intra-
a rk-
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w rted
w tion
a d
C f
b say
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w

3

dard
H e re-
c atri-
c study
s

4. Conclusion

The SIA-online bead-based immunoassay system has
been developed. It can be employed to assay amount of HA in
serum samples. Reuse of HA coated bead is possible by wash-
ing beads with guanidine solution to remove other reagents
that have been added and leave HA attached on the bead
surface. Analysis time per sample can be greatly reduced as
compared to batch well ELISA without any decrease in sen-
sitivity. Precision on drawing small amounts of reagents and
timing the incubation and washing steps is improved with
the use of computer control. Research has been in progress
for a system performing multi-sample analysis by changing
the configuration of the manifold in order to gain even better
analysis time and to further develop the system into the lab-
at-valve (LAV) device where integrating sample processing
and detection unit are attached onto a port of a multiposition
selection valve[50,51]. This would lead to an alternative cost
effective�TAS for ELISA based multi-sample analysis in the
future.
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