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Abstract
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Project Title: Sample Pretreatment Using Flow-Based Analytical Techniques
Involving Particles

Project: Title: Sample Pretreatment Using Flow-Based Analytical Techniques
Involving Particles

Investigator: Dr. Rattikan Chantiwas (Institute for Science and Technology
Research and Development, Chiang Mai University) and Assoc. Prof. Dr. Kate
Grudpan (Institute for Science and Technology Research and Development and
Department of Chemistry, Faculty of Science, Chiang Mai University)

e-mail rattikan@chiangmai.ac.th , rchantiwas@hotmail.com

Project period: 2 Years (1 July 2003 - 30 June 2005)

This work introduces a development of flow-based analysis techniques for sample
pretreatment of environmental and biological samples. Two main flow-based
techniques, i.e. field-flow fractionation and sequential injection analysis, were
developed. The first system, gravitational field-flow fractionation (GrFFF) coupled to

UV and ETAAS detector was used for the investigation of micronsize Fe-rich clay

samples in the range of 5-20 LLm. The size-distribution information of particulate
samples was provided by using the size-based speciation, GrFFF technique. The
second system was the sequential injection-lab-at-valve (SI-LAV) bead immunoassay
system. The SI-LAV system provides microfluidic handling ability to manipulate the
bead, sample and reagents required to perform an immunoassay. The performance
of the system was demonstrated using a potential biomarker, chondroitin 6-sulfate
(C6S) and Shark A1 (Sh-A1) in a normal serum.

Keywords: gravitational field-flow fractionation, size-based speciation, sequential

injection analysis, lab-at-valve, bead immunoassay
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Abstract

Gravitational field-flow fractionation (FFF) coupled to UV and ETAAS detectors has been tested for micron-size particles in the range of
5-20 pm using three Fe-rich clay samples. The iron content estimated after aqua regia extraction was about 2040 mg kg~'. The ETAAS
analysis was performed both off-line from collected fractions and in an online continuous sampling mode using a specially designed flow
through vial placed in the autosampler of the ETAAS. Comparison of the direct injection method with total analysis after aqua regia digestion
shows that slurry injection of the dilute samples in the gravitational field-flow fractionation (GrFFF) effluent is quite efficient in these
samples. In the majority of cases, more than 90% recovery was obtained for the slurry injection method. Fe mass-based particle size
distributions and Fe concentration versus particle diameter plots can be generated using certain assumptions. This provides detailed
information on size-based speciation of particulate samples. Generally, the Fe concentrations in the particles decreased slightly with an
increase in particle size as is often found for soil and sediment samples.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Clay mineral particles; Size-based iron speciation; Micron-size particles; Gravitational field-flow fractionation; Electrothermal atomic absorption

spectrometry

1. Introduction

The size of particles influences many properties of solid
materials. An important example is the transport and fate of
particles in aquatic environments [1] through soil profiles
[2] and as atmospheric aerosols [3]. Since many elements
and compounds are associated with such particulate
material, the study of size-based speciation is very relevant
in environmental science. One approach for such work is to
use conventional separation methods, such as filtration and
settling (gravitational or centrifugal), to prepare subsamples
with specified size ranges and to analyze these for the

* Corresponding author. Tel.: +66 53 941910; fax: +66 53 222268.
E-mail address: rattikan@chiangmai.ac.th (R. Chantiwas).

0584-8547/$ - see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.sab.2004.11.007

components of interest [4-6]. However, filtration suffers
from many artefacts, and settling methods are usually quite
time consuming [5,6].

For several decades, various groups have been develop-
ing methods involving field-flow fractionation (FFF) for
separation purposes [7]. FFF has the advantage of generat-
ing a continuous distribution of polydisperse samples which
can be either collected as discrete subsamples for analysis
[8—10], or in certain cases, the FFF eluent can be fed directly
into an analytical device [11]. The data generated by such
experiments are often in the form of an analyte-based size
distribution [8—11].

Most studies on size-based speciation of environmental
samples to date have involved the use of sedimentation FFF
(SAFFF) [8,12—15] or flow FFF (FIFFF) [16-22] to
characterize submicron colloids. These have been coupled
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both off-line and online with inductively coupled plasma
mass spectrometry (ICP-MS) [12-22], and electrothermal
atomic absorption spectrometry (ETAAS) is employed as
tool [8—11] for element speciation. FFF-ICP-MS has been
currently reviewed for some selected applications by Barnes
and Siripinyanond [23]. One of the limitations for elemental
analysis of particulate slurries is that the efficiency
decreases for particles greater than about 5-10 um. This
could be due to trapping of particles in the nebulizer or
incomplete atomization/ionization for these larger particles.
Recently, we have demonstrated that gravitational FFF
(GrFFF) can be combined with ETAAS to achieve size-
based speciation data for micron-size silica particles up to
10 pm in diameter [9]. This was done off-line by collecting
subfractions for Fe analysis by ETAAS. The digestion
efficiency of ETAAS with slurry samples proved to be good
at least up to 10-pm diameter particles.

GrFFF is carried out by applying a gravitational field
perpendicular to the laminar flow direction in a thin GrFFF
separation channel (see Fig. 1). One significant advantage of
GrFFF is that the channel can be constructed quite easily
and cheaply, and the system can be assembled using widely
available components for HPLC or flow injection systems.
However, the weak gravitational field restricts the size range
that can be fractionated to about 2-50 um in diameter.
Nonetheless, this silt-size range is of importance for
sediment transport in rivers and atmospheric aerosols.

As an extension of our work to develop analytical
methods for size-based element speciation, we present for
the first time data for online GrFFF-ETAAS of micron-size
clay particles. This was achieved by continuously feeding
the eluent from the GrFFF into a special flow through
sampler set in one position of the autosampler. The stream
was sampled at regular time intervals, and the Fe content
was obtained by slurry introduction into the ETAAS. A
major advantage of this method is that samples are with-
drawn from a flowing suspension, thus avoiding the

problem of settling of sample particles in a vial. This same
approach may be useful in other applications where slurry
injection is used.

The reason for our focus on Fe, in this and previous
publications, is that hydrous Fe oxide coatings are thought
to exist on aquatic and soil particles and are generally
believed to be involved in the uptake of contaminants such
as toxic metals [3] and phosphate [2]. In this paper, we
continue with this emphasis, but instead of using pure silica
with a coating of synthetic goethite [9], we study the Fe
speciation of a series of natural iron-rich silt-size clay
minerals.

2. Experimental section
2.1. Instrumentation

2.1.1. GrFFF

The components of the GrFFF instrument have been
described in previous work [9,24]. The channel dimensions
were 0.095x300x20 mm for the channel thickness, tip-to-
tip length and breadth, respectively. The geometric void
volume was 0.57 mL. Although the GrFFF channel was
only 95 um thick, no clogging problems were experienced
with the dilute (2 mg mL™') <45-um diameter sieved
samples used in this work. A Milton Roy Constametric III
pump (Pennsylvania, USA) was used to deliver the carrier,
107* M sodium hydroxide solution. Particle suspensions
were injected into the carrier stream with a hypodermic
syringe (40 pL) through a homemade injection port [24].
The concentration of particles in the FFF eluent was
monitored by a UV detector (Model UVS, BAS, USA) at
an operating wavelength of 254 nm. The Pocket Sampler
(Dick Smith, Australia) with the software supplied was used
as the interfacing device for digitizing the GrFFF-UV
detection signal.
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2.1.2. ETAAS

The ETAAS instrument was a Perkin—Elmer Model
5100 (Norwalk, CT, USA) equipped with Zeeman correc-
tion, an HGA-600 graphite furnace and AS-60 autosampler.
A pyrolytically coated graphite tube with L’vov platform
was used. The fast-heating program for the graphite furnace
is summarized in Table 1. The peak area across the 3-s
heating segment (step 2) of the program was recorded. This
program enables more analysis data to be collected across
the GrFFF fractogram. The total analysis time for each
replicate was 86 s (including autosampler operating time
and cooling step). By using this temperature program, there
was no difference for the Fe atomic peak profiles from the
slurry, and solution analysis was observed.

2.1.3. GrFFF-ETAAS

Off-line and online determination of iron by GrFFF with
ETAAS detection can be carried out by employing the
instrument set-ups, as shown in Fig. 2. Off-line GrFFF with
ETAAS analysis was done by collecting fractions (ISCO,
Model RETRIEVER 500 fraction collector, Lincoln, USA)
of the eluent after passing through the GrFFF separation
device, as shown in Fig. 2(a). Analysis of the iron content in
each fraction was obtained through slurry introduction into
an electrothermal atomic absorption spectrometer (ETAAS).
For online GrFFF-ETAAS analysis, the eluent from FFF
unit was continuously fed into the bottom of a specially
designed flow through sampler vial (see Fig. 2(b)) which
was placed in the autosampler of the ETAAS. Sample
suspensions (10-20 pL of 2.01-2.07 mg mL~"' depending
on the sample) were introduced into the GrFFF, and the
eluted particle suspension was continuously introduced
through the bottom of the sampler vial. The overflow was
directed to waste (Fig. 2(b)). The autosampler arm was set
always to sample from this same position so that it
introduced discrete samples of the eluent into the ETAAS.
A photograph of the online GrFFF-ETAAS instrumentation
is shown in Fig. 2(c).

2.2. Chemicals and samples

2.2.1. Chromatographic silica particles (5 and 10 um)
Chromatographic silica was obtained from used HPLC
columns (CN packing from PARTISPHERE RTF Columns,
Whatman, UK). Particle suspensions of about 2 mg mL ™" in
water were prepared. The 5-pm particles were spherical, and

Table 1

Fast heating graphite furnace temperature program

Step Furnace Ramp Hold Internal Ar

temperature(°C) time (s) time (s) gas flow

(mL min~ ")

1 140 1 15 300

2? 2400 3 10 0

3 2600 1 5 300

# Peak area measurement.

(a) Sample

Carrier—[Pump] D GrFFF Channel[ UV Detector|

J0000n

Fraction
| Agitation |Collector

Atomizer || Autosampler| ((E»
| ETAAS

(b) Sarilple
cam'er_>GrFFF Channel—UV Detector|
)

[ Atomizer || Autoszm
| ETAAS

UV Detector
Pump

Autosampler

Sampler vial

Fig. 2. Instrumental set-up for GrFFF coupled with ETAAS. (a) Off-line
GrFFF-ETAAS, (b) online GrFFF-ETAAS showing the flow through
sampler vial and (c) photo of the online GrFFF-ETAAS instrumentation.

the 10-um particles had more irregular shapes. These were
used as particle size standards.

2.2.2. Clay samples

All clay samples were of natural origin and were
obtained from different provinces in Thailand. The clays
are referred to as red clay (Kanchanaburi province), ball clay
1 and ball clay 2 (sampled from different sites in Payao
province). They were dry sieved through a 45-pm sieve,
then dried further at 60 °C for 12 h in an oven and stored in
a desiccator until required. Each sample was suspended in
water (2 mg mL™").

2.2.3. Reagents

All reagents were prepared using water obtained from a
Milli-Q system (Millipore, Milford, MA, USA). Carrier of
sodium hydroxide (10~* M) was prepared using a reagent
from Aka Chemicals (Sweden). A standard iron solution
(1000 mg L") was SpectrosoL® grade from BDH. The
desired standard concentrations (10, 20, 40, 60 and 80 pg
L") were diluted appropriately from the stock standard
and used to obtain the calibration line: Y=0.0049X,
17=0.9947.
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3. Results and discussion

3.1. Mass- and Fe-based fractograms obtained by GrFFF
with ETAAS

Fractograms of the three clays generated with off-line
and online GrFFF-ETAAS analysis for iron are given in
Fig. 3. It was found that the UV and Fe profiles obtained by
off-line and online operations from all samples agreed
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Fig. 3. UV and Fe-based fractograms of clay samples obtained by off-line/
online GrFFF-ETAAS (a) red clay, (b) ball clay 1 and (c) ball clay 2.

reasonably well with each other. The largest discrepancy
was between the off-line and online UV fractograms for
ball clay 1, which might have been caused by specific
errors of the runs. In all subsequent plots, the online
fractogram data were used for the calculations. The fact that
the sample peak was not resolved from the void peak
indicated the presence of large particles of about 20 um or
more.

3.2. Conversion from elution time to diameter

Due to the complications in the steric/hyperlayer model,
the conversion of the elution time or volume to diameter
must be done empirically via calibration with suitable
standard particles. By assuming that the standard particles
have the same density as the clay particles, the conversion of
the diameter scale can be made employing the empirical
formula [25],

logt, = — Sglogd + logty (1)

where ¢, is measured retention time, d is the diameter of the
particles, Sq the size selectivity, and ¢, is a constant equal to
the extrapolated value of ¢, corresponding to particles of unit
diameter.

For the purposes of illustrating the general approach, a
calibration line was obtained using only two chromato-
graphic silica samples (5 and 10 pum) as particle size
standards. Although it is not adequate for accurate size
determination, the errors are not likely to be excessive as
many previous studies have found that the calibration
graph is linear [7,26]. Fig. 4 shows fractograms of the 5-
and 10-pm silica particles and the plot of log ¢, versus
log d. This plot was used to generate the equation for
converting the x-axis to a diameter scale as described
above. In this case, the calculated selectivity using the data
for the 5- and 10-pum silica was found to be 0.92, and 7,
was 98.

It should be noted that there may be a systematic error
in the calibration performed because the 5-um silica
standard particles are spherical, but the 10-um silica
standard and clay particles are more platey in shape. It is
known that platey particles experience higher lift forces
than spheres of the same volume and hence elute at shorter
times [27].

A rough estimate of the magnitude of the error
introduced by shape can be deduced as follows. A survey
of the literature shows that the selectivity for sedimentation
FFF (including the gravitational version) usually falls
between 0.7 and 0.8. The gradient for our data in
Fig. 4(b) is higher (0.92) because ¢, for the 10-pm
nonspherical particles is smaller than would be expected
for a spherical particle of the same volume. If we use a
gradient of 0.75 and the single 5-um spherical particle
calibration point, we can estimate that, for a 10-um
spherical sample particle, we would obtain a diameter of
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Fig. 4. (a) GrFFF Fractograms of 5- and 10-pm silica particles and (b) plot
of log ¢, versus log d.

8.8 pm or thus incurring an error of 12%. This simple
calculation illustrates the magnitude of the shape error to be
expected but should not be taken as the error in our results.
Indeed, the situation here is even more complicated as the 5
um standard was spherical, the 10 um standard appeared to
be somewhat irregular in shape, and the ball clay samples
were very platey.

The density of the silica particles may also differ from
the clays although this is likely to be less than 20%. Ideally,
the calibration standards and samples should have the same
shape and density. The calibration error encountered here
are of no importance in this paper which is intended just to
outline the concept of GrFFF—-ETAAS approach for size-
based speciation.

3.3. Conversion from UV detector signal to eluted mass

For submicron particles, the UV detector response is
usually assumed to be directly proportional to the mass
concentration of particles (dmy;/dV;). However, according to
the approach of Reschiglian et al. [28,29] for micron-size
particles, the general relationship for the suspension con-
centration for large particles (10-fold bigger than the

incident wavelength), which comes from Mie theory, can
be expressed as

dmlf,i
dv;

o UVd; (2)

where UV;; is the UV detector response at point i along the
FFF elution profile; my; is the mass of sample eluted up to
elution volume V;, and d; is the particle diameter eluting at
V;. It should be noted that the superscript ¢ in these
quantities signifies that it is the cumulative amount eluted
up to point i on the fractogram.

3.4. Mass- and Fe-based particle size distributions of clay
samples

The appropriate y-axis for a particle size distribution
(dm;/dd;) is given by [7]

dmy; _ dm;
ddi  dV;

oV
od;

oV;

od;

(IUVidi (3)

where 0d; is the increment in d; corresponding to increment
oV, in Vat point i along the fractogram. The mass-based size
distribution is thus a plot of dmy,/dd; versus d;.

When the GrFFF was connected to the ETAAS system,
the Fe content can be evaluated. The mass concentration of
the Fe present in the eluent (dmg. /dV;) is used to plot the Fe
fractogram. This is then converted to an Fe-based particle
size distribution using the equation,

C C
dmg,, B dmg,,

dd; dv;

oV
od;

(4)

where mg, represents the cumulative mass of Fe eluted up to
digitized point i on the fractogram. The Fe-based particle
size distribution is obtained by plotting df./dd; against
particle diameter d;.

Fig. 5 shows the particle mass and Fe distributions of the
three clay samples. It was found that the samples contained
particles in a broad size range starting from about 2 um and
extending beyond 20 um. However, in these GrFFF runs,
the larger particles (>20 pm) are eluted with the void peak
where there is no resolution of particle size. Again, we
caution that extrapolation beyond the 10-um upper limit of
the calibration standards is not recommended, but in this
illustration of the method, it is tolerated because of the
expected linear calibration graph.

In all samples, the size distributions decrease rapidly in
the range from 4 to 2 pm. This truncation of the
distributions is expected in these runs since no stop flow
relaxation step was used. Stop flow relaxation is sometimes
required in order that the particles travel across the channel
to the accumulation wall under the influence gravity. Thus,
some of the particles <2 pm would be eluted in the void
peak as their relaxation time is >35 s compared to the mean
residence time of the carrier in the channel of 171 s [7]. The
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relaxation time is estimated as the time for the smallest
particle of interest to settle across the channel width, w. The
relaxation time (Z.1ax) 1S calculated by transposing the
Stokes settling velocity equation to give fiejax=18nw/
gApd?, where 1 is the carrier liquid viscosity, w is the
channel thickness, d is the particle diameter, g is the
gravitational acceleration and Ap is the density difference
between the particle and the carrier liquid. However, optical
microscope observation of these samples revealed that only
small amounts of material were present with diameter <2
pum. The lack of sample relaxation will cause some
spreading of the smaller particles but should be insignif-
icant for particles greater than about 4 pm which have
relaxation times <9 s.

3.5. Fe content distributions

The Fe concentration in the particles is given by
dmf,  dmf, /dV;

1 — 1 a
dmf " dmf /dV;

The Fe concentration distributions were obtained by
plotting i, [V ie [Fel against particle diameter.
Ovid, ¢ Uvd
The distribution of the Fe concentration in the particles is

plotted in Fig. 6. The data are only plotted between 5 and

dm;ei 1
dVv; UVid;

(5)
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Table 2
Total Fe concentrations in the three clay samples

Samples Fe content (mg g~ ")

Digested Online Off-line
Red clay 41.7 32.6 38.6
Ball clay 1 19.9 18.2 18.3
Ball clay 2 21.7 239 21.7

20 pum. For >20-pum particles, no resolution from the void
peak is obtained at the run conditions employed. The data
below 5 um are not shown as both the UV and Fe
concentration values are small, which can result in a large
swing in the graph due to errors in setting the correct
baselines in the fractograms.

The Fe content increases in the smaller particles,
particularly for ball clay 2. This is commonly found for soil
and sediment samples [1,11,14]. This may indicate that a
significant proportion of the Fe is present as a surface coating
on the particles, or that there is an increase in the proportion
of Fe containing particles in the smaller size range.

3.6. Efficiency of Fe analysis by GrFFF-ETAAS

An evaluation was carried out on the effectiveness of the
slurry ETAAS method for Fe analysis after GrFFF separa-
tion. Summation of the iron amounts in each fraction across
the entire Fe-based fractogram (including the void peak)
provides an estimate of the total mass of Fe injected into the
GrFFF with the samples. This was done by integration of the
area under the Fe-based fractograms obtained by both off-
line and online operations (Fig. 3).

The results were compared with the total iron contents of
the original samples analyzed by flame atomic absorption
spectrometry after being digested with aqua regia. This
comparison is presented in Table 2. It can be seen that the
total Fe contents obtained by the GrFFF-ETAAS methods
(both off-line and online slurry injections) agreed reason-
ably well with the digestion analysis. Thus, it would appear
that the slurry ETAAS analysis for Fe does not suffer from
the same loss of efficiency. This agrees with some previous
studies [30].

Using the mean value of all three methods for a given
sample, the percentage deviations of each method from this

Table 3

mean can be calculated, as shown in Table 3. It was found
that the percent deviations from the mean for the digestion,
online and off-line methods were 3—-11%, 3—13% and 3%,
respectively.

Assuming that the digestion method gave the most
accurate estimate of the total Fe content of the sample, the
percentage deviations from this value for the slurry methods
were found to be 8-22% for the online method and 0-8%
for the off-line method. The mean deviation (discounting the
sign) was 9%, and only one value was greater than 10%. By
far, the most significant outlier was the online red clay result
(22% deviation). One contributing factor may be the fact
that only 10 puL of sample was injected compared to 20 pL
for the ball clays.

It was found that for ball clay 2, the slurry results were
higher than those obtained from the digestion analysis. This
suggested that there could be other errors in the analysis in
addition to inefficient slurry atomization. Thus, it is
reasonable to conclude from the results in Tables 2 and 3
that the slurry efficiency is quite good. However, optimiza-
tion of the slurry method is required to improve the overall
accuracy of the Fe analysis.

4. Conclusion

GrFFF-ETAAS was demonstrated to be an effective
method for investigating the Fe size-based speciation of
micron-size particles. Direct injection of the dilute suspen-
sions of GrFFF eluent into the graphite furnace was shown
to be quite efficient. The average deviation of the Fe
contents from the values determined after aqua regia
digestion was 9%.

The method was illustrated using some Fe-rich clay
samples. The Fe concentration in the particles increased
slightly with decreased particle size, perhaps indicating that
significant amounts of the Fe exists as surface hydroxy
oxide coatings. An alternative explanation is an increase in
the proportion of Fe-rich minerals in the smaller particles.

GrFFF is the most cost effective of the FFF suite of
separation techniques and could be constructed in the
simplest workshops. However, it is only applicable over a
size range of about 2—50 pm. The ETAAS can be operated

Percentage deviations of the total mass of Fe in the three clay samples obtained by various ETAAS methods from either the mean Fe content value or the Fe

content of the total digested sample

Sample %Deviation of Fe content from the mean value® %Deviation of Fe content from the digested value®
Digested Online Off-line Online Off-line

Red clay 11 13 22 7

Ball clay 1 6 3 8 8

Ball clay 2 3 6 10 0

The mean value was for the three methods.

“methodi” refers to either the digest, online or off-line method for ETAAS analysis.
* %Deviation of Fe content the from mean value=(Total Fe(metnodiy—Total Fe(mean)X 100/Total Fe(mean))-
® 9;Deviation of Fe content from digest value=(Total Fegneinodiy—Total Fe(gigest X 100/Total Fegigest))-
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online using a specially designed sampler vial which was
used in the autosampler. GrFFF-ETAAS has been demon-
strated for Fe speciation here but should also be useful for a
range of other elements.
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ABSTRACT

This work introduces a development of a sequential injection-lab-at-valve (SI-LAV)
immunoassay system. The SI-LAV system provides microfluidic handling ability to
manipulate the bead, sample and reagents required to perform an immunoassay.
Chondroitin 6-sulfate (C6S) and Shark A1(Sh-A1) fraction assay are important for
diagnosis of cartilage disease. The C6S/Sh-A1 analyte is mixed with a fixed amount of
WF6 specific antibody. The analyte in a sample competes with the C6S coating on
beads for the binding with the WF6 antibody. The C6S coating beads and the reagents
are aspirated and trapped in a specially designed device attached to a selection valve.
Flow manipulation is made using a syringe pump. The investigation on assay conditions

and it advancetages compared with the conventional method are discussed.
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1. INTRODUCTION

Immunoassays are widely used in the molecular biology field, providing the molecular
basis for many clinical applications (refs). Currently bead immunoassay is one of the
most topics widely used. Bead immunoassay, in which antigen or antibody are

supported on a solid phase are of interested. A flow-based with bead immunoassay

Up to date, there are some reports on bead injection with sequential injection method
(refs). They included sequential injection (SI) with a jet ring cell in the early works (ref)
and a lab-on-valve technique in the recently works (ref). We report a new method for
automated bead-based immunoassay using lab-at valve (LAV) (refs). It is based on the
sequential injection (SI) providing the required microfluidically manipulated ability to
handle the microparticles/beads, sample and reagents to perform an immunoassay. The
flow-based immunoassay offers an automatic assay carrying out rapidly in an integrated
unit. The beads/microparticles were discarded after use, thus avoiding regeneration step.

The fresh particles were introduced.

Chondroitin 6-sulfate assay (C6S) which is important for diagnosis of cartilage disease
was chosen to be a model compound for developing the system based on competitive
immunoassay.

Chondroitin sulfate is one of cartilage proteoglycan which is a major constituent in
various connective tissues (ref). There were several works reported that chondroitin
sulfate and epitopes on chondroitin sulfate chains are important biomarker of cartilage

destruction (ref).
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The purpose of the present work is to develop the novel SI-LAV bead based
immunoassay system for chondroitin 6-sulfate (C6C) and epitopes on chondroitin
sulfate chains from Shark A1 (refs). The system was simply composed of the auxiallry
apparatus to facilitate the development of higher throughput for more automated
immunoassay. The detection system used was the spectrometric measurement which
commonly used in ELISA. The model compounds of chondroitin 6-sulfate (C6C) and
C6S epitopes based on competitive immunoassay are therefore chosen for developing
the system. The assays are important for diagnosis of cartilage disease. It is a promising

performance to use the system for disease screening.

2. EXPERIMENTAL
2.1 Chemical and Regents
Chondroitin 6-Sulfate sodium salt from shark cartilage (Product No. C4384) was a

chemical from Sigma-Aldrich (Saint Louis, MO).

Shark cartilage proteoglycan (Al fraction); (Shark Al): The shark Al (Sh-Al) is a
highly associated form shark proteoglycan molecules from which separated other small
one by CsCl gradient centrifugation. Al fraction was the largest major component in
cartilage containing the bottom two fifths of the extractant after centrifugation. The
detail for the method of preparation was described previously (ref. 2 MS thesis). The Al
fraction was purchased from Assoc. Prof. P. Kongtaweelert, Department of
Biochemistry, Faculty of Medicine, Chiang Mai University, according to the general

procedure reported previously (ref.thesis MS).

Monoclonal Antibody WF6; (mAb WF6): The specific monoclonal antibody WF6 (IgM)

was synthesized by immunization of female Balb/c mice with the embryonic shark PG-
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A1l fraction by using a standard hybridoma technique. The monoclonal antibody WF6
was gifted from Assoc. Prof. P. Kongtaweelert, according to the method description

reported previously (ref.thesis MS). Dilution of the WF6 antibody used was 1 mg/mL.

Goat Anti-Mouse IgM Horseradish Peroxidase Conjugate (A8786), IgM-HRP, was
purchased from Sigma-Aldrich (Saint Louis, MO). The working dilution used was

1:2,000.

The TMB Peroxidase substrate, TMB-H,0, (3,3’,5,5’-tetra-methylbenzidine in an acidic
buffer) was purchased from SureBlue™ TMB Microwell Peroxidase Substrate (1-
Component) (Cat. No. 52-00-02), KPL (Gaithersburg, MD). The TMB-H,0; solution is

ready to use.

Carrier used is phosphate buffer saline (PBS, 10 mM, pH 7.4), 1 L of PBS contain 0.26
g KH,PO4 2.17 g Na,HPO42H,0 1.44 g, 8.71 g NaCl, 0.5 mL of TWEEN 20. Dilution

of WF6 antibody and Anti IgM-HRP were made with PBS.

Working dilution of standard C6S and Sh-A1 was spiked in 6 g/L bovine serum a/bumin
(in 10 mM PBS) to imitate a real biological fluid which had a total protein at around 6

g/L.

2.2 Pre-coupling C6S /Sh-A1 on beads

Sepharose 4B™ was purchased from Amersham Biosiecnes (Uppsala, Sweden). Beads
were washed following the manufacurer suggested procedure. The Carbodiimide
method was used as coupling procedure. The target antigen (C6S or Sh-Al) was

dissolved in coupling solution, deionized water pH 4.5 adjusted, to obtaind 2.5 mg/mL
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and 5 mg/mL for C6S and Sh-Al, respectively. The antigen solution (10 mL) was
added to the beads, 5.0 g (wet weight), and followed by adding carbodiimide power
0.1951 g. The mixture was end-over-end rotated for 18 hrs at 4 °C. The pH of the
mixture was measured by pH paper during the first hour and adjusted to pH 4.5. Acetic
acid (1.0 M) was used as a blocking solution by rotation with beads for 4 hrs at 4 °C.
The coupled bead was washed throughly with three cycles of 0.1 M acetate buffer, pH
4.0 containing 0.5 M NaCl followed by a wash with 0.1 M Tris-HCI buffer pH 8.0
containing 0.5 M NaCl. The C6S/Sh-A1 coupling beads was kept in 10 mM PBS at 4 °C

until use.

2.3 Serum sample

Serum samples were obtained from the volunteer students, age 22-26 years (Flow-based
analysis group, Chiang Mai University). A sample of fastingmorning serum was
collected from a voluteer in the laboratory. Serums were kepted at -20 °C freezer before

analysis required.

2.4 Instrumentation

2.4.1 SI-LAYV apparatus

The syringe pump (Cavro XL3000) was purchased from FIAlab Instruments Inc.
(Bellevue, WA). The ten-port selection valve (C25-3180EMH) was a product from
VICI Valco Instruments Co. Inc. (Houston, TX). The spectrometric detection system
used a model LS-1 light source, a USB2000 spectrometer and two 400-um (FIA-P400-
SR (/16 inch-o0.d. or 1.587 mm diameter)) from Ocean Optics, Inc. (Dunedin, FL). The
laboratory designed flow cell was connected with a PEEK cross 0.020 inch thru-hole (P-
729) (Upchurch Sciencetific, Oak Harbor, WA). The three-way isolation solenoid valve

(A-0136772) was purchased from Cole Parmer International, USA. All connecting /6
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inch-o.d. tubing were FEP Teflon and PEEK (Upchurch Sciencetific, Oak Harbor, WA).
The instrument was controlled by the FIAlab for windows 5.0 (version 5.9.158)
software. The signal out put was recorded by the LabView software (v.7). The data

evaluated and graph generated was made by OriginLab v.7 (Northampton, MA).

The automated instrument for bead immunoassay was developed using the LAV
apparatus for spectrophotometric measurement. The instrument (Figure 1) consists of a
syringe pump (syringe volume 1000 pL), a holding coil, ten-port selection valves, a
three-way solenoid valve, a lab-at-valve flow cell, a bead reservoir (plastic syringe 1
mL), a PEEK cross flow cell with a fiber optics light source and a detector. Sample and
bead introduction are carried out by combinations of reversible flow pump motion,
valves port-position selected and solenoid valve switching direction. The LAV flow
cell schematic is shown in Figure 2. All connecting tubing was shortened as much as

possible to minimize dilution and reagent consumption.

2.4.2 Operation sequences

The SI-LAV operating sequences was designed and modified from a typical ELISA
batch-well competitive immunoassay for chondroitin 6-sulfate and Sh-Al (ref.). The
beads and the reagents were aspirated via the selection valves by a controlled-flow
motion of the syringe pump. The certain beads amount was achieved by the LAV flow-
cell cavity. Solenoid valve was needed in order to retain the microparticles within the
LAV flow-cell and to bypass the flowing reagents to carry out an immunoassay. The

operation sequences were drawn in Table 1.

3. RESULTS AND DISCUSSIONS

3.1 Developed LAYV flow-cell
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A LAV flow-cell for bead immunoassay with spectrometric measurement was designed.
It was made of Perspex and comprised a cylindrical cavity (1.5 mm i.d., 4.5 mm long)
with three flow connections. One connection, the frit 5 um was placed to retain the bead
in the cavity. Bead inlet, bead outlet and beads blocking connections were made by
using the same connection via MV2. Beads were introduced into the cavity of the LAV
cell from MV2 (beads reservoir). Beads were retained in the cell by changing valve
position MV2 (plug), to block the beads in the cell and by switching 3-way solenoid
valve to by pass the flowing reagents. Bead discarding was done by selection of MV2
(bead outlet) and stopper of the solenoid valve. The whole cavity of the flow cell was

filled with beads, approximately 8 uL.

3.2 Assay condition

Assay condition was investigation to perform bead-based SI-LAV immunoassay as
following.

Incubation: A slow flow rate (1 pL/min) incorporating a pulsed flow was performed in
the incubation steps (Table 1, steps 10, 15). These flow patterns prolonged the contact
time of the sample zone, thus would lead the more effective binding between beads and
reagents. Air segments were aspirated to prevent dilution of the sample and reagent

zones (Table 1, steps 3, 7, 13, 18).

Reagent concentration: The amounts of mAb WF6 (0.25, 0.5, 1, 2 mg/mL) were
varied while amounts of the others were fixed (beads 8 uL, 100 pg/mL C6S). The

suitable concentration was found to be 1 mg/mL.
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Fresh bead introduction: Used beads were discarded and the fresh beads were
introduced into the LAV flow-cell after each run. Thus, there is no need to regenerate

the beads. However, the used beads can be collected for further refreshing.

3.3 Monitoring Signal

Signal due to the bead immunoassay was monitored in real-time by an optical fiber
spectrometer. The response was monitored for the entire spectra at peak maximum
(Figure 4 (a)). The sensitivity of the measurement in the UV at 375 nm, and the Visible
at 675 is the highest, however the signal at 375 nm could suffer from low light intensity,
the response in the visible 675 nm is therefore monitored as a detected wavelength. The
SI profiles of the various standards C6S competed with the packed bead-C6S (Figure 4

(b)). During the runs, a well reproducible level of zeroed baseline was obtained.

3.4 Competitive binding curve

The competitive binding curve was typical generated using the expression B/ B, which

is the unitless ratio vs. log [Analyte]. B is the signal from the amount of the label bound

to the beads when the sample analyte is present. B, is the signal from the amount of the

label bound to the beads when the sample analyte is absent.

The C6S/Sh-A1 analyte was mixed with a fixed amount of WF6 specific antibody, and
the analyte in the sample competed with the coating C6S/Sh-A1 on beads for the
binding with specific antibody.

The analyte C6S/Sh-A1 binds to the WF6 specific antibody thus preventing the antibody
from binding with the C6S/Sh-A1 coating on the bead surface. Therefore, an increase in

amount of C6S/Sh-A1 in sample solution resulted in a decrease of the signal.
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The two model of competitive binding immunoassay of C6S and Sh-Al were
investigated. The same conditions were used for the two models. The competitive
binding curves are shown in Figure 4. Concentrations of C6S standards over range from
100-3200 pg/mL (curve detail...), the Sh-A1l range from 500-200 000 ng/mL were
obtained. Sh-A1l gave the better sensitivity of the assay. This could be due to the larger
size for Sh-A1l than C6S, which could make it possible to have a high binding property
with mAb WF6. Therefore Sh-A1 could be used as a potential standard antigen as a

relative equivalent of chondroitin sulfate epitopes in a serum (ref).

3.5 Comparison of the operation steps of the convenentioal ELISA and the

developing system

3.6 Preliminary analysis of Cs epitopes in human serums

Sh-A1 was used as a potential standard antigen for the assay of a relative equivalent of
chondroitin sulfate epitopes in human serum. The data for chondroitin sulfate epitopes

in human serum by the developed SI-LAV method is given in Table 2.

4. CONCLUSION
A microfluidic flow-microparticles based immunoassay has been developed. It is rapid,
automatic and can be used for real time analysis. Apart from C6S epitope assay,

applications to other analytes should be possible using this instrument.

These results demonstrate the potential of the developed system for assay where the
C6S epitope levels are lower for normal case. The high levels from patient serums are

currently under investigation.
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List of Tables

Table 1 Operation sequences

Port Port |Volume*/| Flow | 3-way
Step | (MV1) | (MV2) uL rate/ |Solenoid Description
pL/sec | valve
Beads
1 Beads | resevior ~8 NA On  Manual fill beads inlet to LAV cell
Beads
2 (PBS) Plug -100 | On  |Flush beads with PBS
MC2 Plug +20 20 On  |Load air segment-Al
WF6
4 |antibody| Plug +25 20 On  |Get WF6 antibody
Standard
5 |solution| Plug +50 20 On  |Get a compettive standard
WF6
6 |antibody| Plug +25 20 On  |Get WF6 antibody
7 MC2 Plug +20 20 On  |Load air segment-A2
8 MC2 Plug -/+100 20 On  [Third times reversible flow for mixing
9 | Waste Plug -25 20 On |Discard air-A2
10 | Beads Plug -80 1 On |Inject the mixture to packed beads
11 | Waste Plug -50 20 On |Discard air-Al
Bead
12 | (PBS) Plug -300 1 On  |Flush PBS carrier to beads
13 MC2 Plug +20 20 On |Load air segment-B1
Anti-IgM
14 | HRP Plug +60 1 On  |Get Anti-IgM HRP
15 | Beads Plug -50 1 On  |Inject Anti-IgM HRP to beads
16 | Waste Plug -50 20 On  |Discard air-B1
Bead
17 | (PBS) Plug -300 1 On  [Flush PBS carrier to beads
18 | MC2 Plug +20 20 On  |Load air segment-C1
TMB-
19 H,0, Plug +60 1 On |Get TMB-H,0,
20 | Beads Plug -50 1 On [Inject TMB-H,0; to beads
21 | Waste Plug -50 20 On  |Discard air-Cl
Bead
22 | (PBS) Plug -650 1 On  |Flush PBS carrier to beads
Bead
23 | (PBS) | Waste -1000 100 Off |Clear packed bead in LAV cell

* Postitive (+) means syringe aspiration, negative (-) means syringe dipensing

3-way solenoid valve ‘On’; in order to bypass the flowing reagents, ‘Off’; in order to
retain the beads with in the cell.
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Table 2 Comparison of ELISA method and SI-LAV method

Operation steps®

ELISA method (ref)

SI-LAYV method

1. Coupling antigen

Onto well-plate ELISA
(>18 hr)

Onto Sepharose bead®
(~4 hr)

2. Introducing C6S/Sh-A1
and WF6 antibody mixture

100 uL mixture/well
(1 hr, 4 °C and 37 °C, manual)

50 uL+50 uL of C6S/Sh-Al
and WF6

(100 s, R, air automatic
flow with air segmented)

3. Conjugation of Anti-
IgM HRP

100 pL (1:4000)/well
(7 hr, 37 °C, manual)

50 pL (1:4000)
(50 s, Rt, automatic flow
with air segmented)

4. Loading substrate TMB-
H,0,

100 pL (1:4000)/well
(7 hr, 37 °C, manual)

50 uL (1:4000)
(50 s, Rt, automatic flow
with air segmented)

5. Stop reaction

100 uL (2 M H,SO4)/well
(20 min, 37 °C, manual)

Not required
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Table 3 C6S epitopes in human serum samples

Sample Pre added Sh-A1 Sh-A1 added Sh-A1 found
no. (ng/mL) (ng/mL) (ng/mL) % Recovery
S1 571 2500 2994 97
S2 1129 2500 3038 84
S3 1095 2500 3110 87
Drafted manuscript-SI-LAV bead immunoassay 13
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Figure 1 Compettive formate for C6S/Sh-A1 using identical C6S/Sh-A1 coupling beads
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LAV flowcell

Figure 2 Schematic diagram of the SI-LAV system
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THE FLOW-MICROPARTICLES BASED IMMUNOASSAY SYSTEM

R. Chantiwas1, P. Kongtawelert3, S. Kradtap2, J. Jakmunee1,2, K.
Grudpani,2

1 Institute for Science and Technology Research and Development, Chiang
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Chiang Mai, THAILAND 50200
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Keywords. Microparticles; Immunoassay; Flow system

This presentation will be discussed on utilizing microparticles as mobile
solid-phases for immunoassay. The larger surface area/volume of such
microparticles as compared to a microtiter well-plate makes immunoassay
ease of miniaturization and mobility with high sensitivity and rapidity.
Investigation on some flow systems will be discussed. Antibody against
specific proteoglycans is chosen to be a model for flow-enzyme liked
microparticles based immunoassay system. Some selected microparticles,
specific antigen, specific antibody, peroxidase-conjugated antibody and
peroxidase substrate were employed for flow systems with
spectrophotometric detection. Performance of flow-microparticles based
immunoassay systems and advantages will be discussed.

(1) E. Diamandis, T. Christopoulos (Eds.), Immunoassay, Academic Press,
San Diego, 1996.
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Development of Sequential Injection Lab-at-Valve-Bead Immunoassay System
for Chondroitin 6-Sulfate

Rattikan Chantiwas *, Prachya Kongtawelert °, Supaporn Kradtap *°, Kate Grudpan
* Institute for Science and Technology Research and Development, Chiang Mai
University, Chiang Mai, THAILAND. rattikan@chiangmai.ac.th

b Department of Biochemistry, Faculty of Medicine, Chiang Mai University, Chiang
Mai, THAILAND.

¢ Department of Chemistry, Faculty of Science, Chiang Mai University,

Chiang Mai, THAILAND 50200, kate@chiangmai.ac.th

This work introduces a development of a sequential injection-lab-at-valve (SI-LAV)
immunoassay system. The SI-LAV system provides microfluidic handling ability to
manipulate the bead, sample and reagents required to perform an immunoassay.
Chondroitin 6-sulfate (C6S) assay is important for diagnosis of cartilage disease.
The C6S analyte is mixed with a fixed amount of C6S specific antibody. The
analyte in a sample competes with the C6S coating on beads for the binding with the
specific antibody. The C6S coating beads and the reagents are aspirated and traped
in a specially designed device attached to a selection valve. Flow manipulation is
made using a syringe pump. The investigation on assay conditions will be
discussed.
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EXPLOITING SIZE-BASED ELEMENT SPECIATION BY GRAVITATIONAL
FIELD-FLOW FRACTIONATION COUPLED WITH ICP-MS. Rattikan
Chantiwas, Institute for Science and Technology Research and
Development, Chiang Mai University, Muang, Chiang Mai 50200 Thailand,
Siripat Suteerapataranon, School of Science, Mae Fah Luang University,
Muang, Chiang Rai 57100 Thailand, Horst Geckeis, Institut fir Nukleare
Entsorgung, Postfach 3640, D-76021 Karlsruhe, Germany, Ronald Beckett,
Water Studies Centre, Department of Chemistry, Monash University, Victoria
3800 Australia, Kate Grudpan, Department of Chemistry, Faculty of Science,
Chiang Mai University, Chiang Mai 50200 Thailand; rattikan@chiangmai.ac.th

Gravitational field-flow fractionation coupling with ICP-MS for size-based
element speciation of clay mineral particles has been investigated. The mass
concentration of particles was monitored by using UV detector. The eluent
from the UV detector was merged with Rh standard and then introduced
directly into the ICP-MS nebulizer. Mass and elemental based particle size
distribution can be estimated under some certain assumptions. The results
showed that decrease in efficiency of ICP-MS signal was observed for
particles larger than 10 um. This could be due to either loss of larger particles
in the nebulizer or incomplete atomization and ionization of elements in the
micronsize- particles larger than 10 um. In additions, it was observed that
band broadening of the element GrFFF-ICP-MS fractograms was apparently
greater than that of flow FFF-ICP-MS of nanosize humic substances.
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A NOVEL BEAD IMMUNOASSAY-SEQUENTIAL INJECTION SYSTEM
FOR AN IMPORTANT PROTEOGLYCAN

Rattikan Chantiwas *, Prachya Kongtawelert°, Supaporn Kradtap®, Kate Grudpan **

*Institute for Science and Technology Research and Development, Chiang Mai
University, THAILAND 50200, ® Department of Biochemistry, Faculty of
Medicine, Chiang Mai University, THAILAND 50200, ¢ Department of Chemistry,
Faculty of Science, Chiang Mai University, Chiang Mai, THAILAND 50200

This work introduces a development of a novel sequential flow based-
immunoassay system. The sequential injection (SI) system provides microfluidic
handling ability to manipulate the beads, sample and reagents to perform an
immunoassay. Bead-based immunoassay can be made by a flow manipulated of a
required reagent through the beads using the SI system with a simple lab-designed
flow-cell. A specific proteoglycan assay is important for diagnosis of cartilage
disease. The competitive immunoassay for an important proteoglycan was
demonstrated. A proteoglycan analyte was mixed with a fixed amount of a specific
antibody, and the analyte in a sample competed with the proteoglycan coating on

beads for the binding with the specific antibody. The investigation on assay

conditions for developing the system will be discussed.
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Abstract: Bead injection system for determination of chondroitin 6-sulfate (CsC) was
developed by utilizing bead as a mobile solid-phase in a sequential flow method. Chondroitin
sulfate assay in body fluids is important for diagnosis of cartilage diseases. CsC coated bead

was injected to the laboratory-designed flow cell. Then microfluid amounts of a mixture of



CsC standard, CsC specific antibody, peroxidase-conjugated antibody and peroxidase
substrate were sequentially introduced. The product of colored beads was monitored in real
time at 630 nm. The sequential flow system composed of a syringe pump, a selection valve, a
switching valve and an optical detector. The developed bead injection system was operated
semi-automatically. Calibration range of 500-6000 pg/mL CsC (R, correlation coefficeint =
0.99) and reproducibility (1000 pg/mL CsC, n=4) of 5 %RSD were obtained.

Methodology:

Light Source

10-position

Selection Valve Flow-cell

B
_;ead Out

1 4-port
selection
Valve

Holding
Coil

Carrier Syringe Detector
Pump 3-way
Switching
Valve

Reagent Waste

Figurel. Scheme diagram of the developed bead injection system.

Results, Discussion and Conclusion: Bead injection system based on competitive
immunoassay was developed for the determination of CsC. Calibration for CsC is
demonstrated in Figure 2. Reproducibility (1000 pg/mL CsC, n=4) of 5 %RSD were
obtained. The system will be further developed for fully-automatic operation and will

be optimized to improve sensitivity.
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Figure 2 Profiles of bead injection for different chondroitin 6-sulfate
concentrations
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