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Table 1
Analytes used for Ratio and deconvolution studies

Analyte Molar mass
(g/mol)

Concentration in PBS
buffer (ppm)

Sodium azidea 65 2.15
2-Hydroxypyridinea 95.1 10.92
Sodium pyruvatea 110 2.96
Benzoic acidb 122.4 2.38
Phenylalaninea 165.2 2.54
Tryptophana 204.2 2.92
Peptide 451, ggyra 451.5 0.94
Peptide 848, WAGGDASGEa 848.8 0.83
Peptide 1009, APRLRFYSa 1009.2 1.03
Cytochrome Ca 12327 1.1
Myoglobina 16700 0.87
Carbonic anhydrasea 29000 0.64
Ovalbumina 43000 0.93
Bovine serum albumina 68000 1.13

a Sigma–Aldrich, St. Louis, MO.
b Eastman Kodak, Rochester, NY.

FMD30971, Ocean Optics, Dunedin, FL) that was then con-
nected to a dual-channel UV–vis absorbance detector (SD-2000,
Ocean Optics, Dunedin, FL) for the absorbance measurements.

The H-Sensor glass-chip was etched in glass using methods
previously described [7]. The branches of the H-shaped flow
channel are 1 cm long and 250 �m wide. The central H channel
is 2 cm long and 500 �m wide. The entire chip was etched to a
depth of 200 �m. Holes were bored at the sample and receiving
stream inlets and outlets using 0.75 mm diamond tipped drill
bits (C.R. Laurence Co., Los Angeles, CA). Nanoport assem-
blies (N-126S, Upchurch Scientific) were used to connect the
H-Sensor micro-fluidic chip to PEEK tubing. For all experi-
ments, both the receiving and sample stream pumps were filled
with 10 mM pH 7.4 phosphate buffer solution. All samples were
dissolved in the same buffer solution. Each stream had a flow of
2 �L/min, for a total flow through the central channel of the H-
Sensor of 4 �L/min. The samples analyzed are shown in Table 1.
All samples and buffer chemicals were purchased from either

Sigma–Aldrich (St. Louis, MO) or Eastman Kodak (Rochester,
NY); see Table 1 for details. Five solution mixtures of benzoic
acid and peptide 848 (WAGGSASGE) were also prepared for
deconvolution studies. Each sample contained a total injected
concentration of 1000 ppm. Two pure samples as well as three
mixtures were prepared. The three mixtures had 3:1, 1:1, and
1:3 mass/mass ratios of peptide 848:benzoic acid.

4. Results and discussion

We began by performing proof-of-principle experiments with
the absorbance-based H-Sensor coupled to FIA. These early
experiments were aimed at obtaining experimental Ratios (Eq.
(1)) and comparing them to the theoretical Ratios obtained via
Eq. (5). Fig. 3A shows the multi-wavelength sample stream data
for benzoic acid. The receiving stream data is not shown for
brevity. Initially, for benzoic acid, experimental Ratios were cal-
culated using only the absorbance at 280 nm. Fig. 3B presents
the 280 nm data for both the sample and receiving streams for the
same benzoic acid analysis. The Ratio for benzoic acid (0.45)
was calculated by dividing the area under the receiving stream
signal (shown in Fig. 3B) by the area of the sample stream signal
(also in Fig. 3B).

In this manner, Ratio values were experimentally determined
for all of the analytes in Table 1. For many analytes, it is more
informative to relate to molar mass than to diffusion coefficient,
since often the diffusion coefficient information is not readily
available (as was the case for many of the analytes in this report).
Fig. 4 shows the Ratio values for all analytes tested versus each
analyte’s molar mass. The solid curve in Fig. 4 is the theoretical
relationship between the Ratio and molar mass as estimated by
Eqs. (5) and (6). The experimentally obtained Ratio values show
an adequate agreement with theoretically calculated curve. It
is important to note that the curve has been calculated from a
general expression (Eq. (6)). The proximity of any one data point
to the curve is not as important as the correlation between the
experimental data and the theoretical curve.

Fig. 3. (A) The sample stream data collected for a single injection of benzoic acid. Note that a similar, yet with a less intense signal, data file is collected for the
receiving stream. Each injection results in two data files. (B) Data initially collected as in (A) for benzoic acid with only the absorbance at 280 nm plotted. Both the
sample and receiving stream data are shown. The experimental Ratio for benzoic acid is 0.45.
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Fig. 4. Comparison between several experimental Ratios (Eq. (1)) plotted along
with the theoretical Ratio curve (Eqs. (5) and (6)). The experimental Ratio values
plotted as a function of molar mass. The theoretical conversion between diffusion
coefficient and molar mass was performed using Eq. (6).

The correlation between the experimental and theoretical
Ratio values was reassuring as we began investigating the ana-
lytical utility of the multi-wavelength features of the H-Sensor.
Thus, our next step was to investigate the deconvolution of indi-
vidual analyte signals from mixtures using the multi-wavelength
information provided by this absorbance-based H-Sensor. A
series of binary mixtures were created to test the applicabil-
ity of a classic least squares (CLS) deconvolution of H-Sensor
data. Five solutions of benzoic acid and peptide 848 (mixture
details given in the Section 3) were prepared and injected into
the H-Sensor. Fig. 5A presents the sample stream signal for a
mixture of 250 ppm benzoic acid and 750 ppm peptide 848. Note
that Fig. 5A is only one-half of the data acquired from a single
analyte injection. There is also a unique signal detected for the

receiving stream. For ease of analysis, the absorbance at each
wavelength was summed along the time axis, thus removing the
time dependence at this juncture, leaving two (both receiving
and sample stream) two-dimensional data sets.

With the data reduced to absorbance versus wavelength, the
classical least squares method was used to find the contribution
of each analyte in the mixtures for both the sample and receiv-
ing streams, and thus, be able to determine the Ratio values of
each deconvoluted analyte. The CLS method assumes that the
mixture spectrum was due to a linear combination of the pure
components of the mixture. Both the mixture and the pure com-
ponent sample stream spectra are shown in Fig. 5B. Each pure
spectrum is then multiplied by a factor and summed with the
other pure spectrum. This process is repeated until the summed
pure spectra match, as closely as possible, the mixture spectrum.
The concentration of each analyte in the mixture is calculated
by multiplying the concentration of the pure spectrum by the
same factor that yielded the best-matched spectrum (minimiz-
ing the error of the CLS fit). Lastly, Fig. 5B also shows a plot
of the difference (i.e., the minimized error of the fit) between
the predicted mixture spectrum as compared to the experimen-
tally measured mixture spectrum. The intensity of the difference
plot is less than one order of magnitude of the original spectra.
This suggests a reasonable CLS fit, albeit with some run-to-run
variation from the individual standards and the mixture.

We now turn our attention to investigate the utility of the
CLS deconvolution of the receiving and sample stream signals
for several mixtures of benzoic acid and peptide 848, in order to
provide consistent Ratio values. The theory above assumes that
diffusion, and therefore the Ratio value, is independent of ana-
lyte concentration. CLS deconvolution provides a receiving and
sample stream concentration for each analyte in the mixture. If
the assumption is correct, the Ratio value for each analyte should
be constant across all mixtures, suitably near infinite dilution
conditions, which is often the case for many analyses. Recall

Fig. 5. (A) Sample stream signal for a mixture of 250 ppm benzoic acid and 750 ppm peptide 848. Five mixtures were created and analyzed via CLS. (B) Pure and
mixture sample stream spectra of benzoic acid and peptide 848 used for CLS deconvolution. The absorbance values were summed across all time points to yield
the two-dimensional representation. Also shown is the difference plot. The difference plot was generated by subtracting the summed deconvolved spectra from the
mixture spectrum. This mixture data was from the 1:3 mass:mass mixture of benzoic acid and peptide 848.
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Fig. 6. The Ratio values calculated from the CLS fit. The Ratios for benzoic
acid and peptide 848 remain relatively independent of concentration.

from the Section 3, two pure samples as well as three mixtures
were prepared, at 3:1, 1:1, and 1:3 mass/mass ratios of peptide
848:benzoic acid. For example, the 1:3 mixture was 750 ppm
benzoic acid to 250 ppm peptide 848. After CLS deconvolu-
tion, a Ratio value for each analyte in the mixture can be easily
found by dividing the calculated receiving stream concentration
by the calculated sample stream concentration. Fig. 6 shows the
Ratio values for both benzoic acid and peptide 848 calculated
in this manner. The Ratio values are relatively constant, regard-
less of the concentration of each analyte in the mixture. This
fact supports the assumption made above that we are operating
sufficiently within the infinite dilution regime, where the dif-
fusion of an analyte is independent of analyte concentration.
Working within the infinite dilution range also insures that the
sample stream viscosity will not increase significantly due to the
analyte presence. If this were to occur the merge point on-chip
would shift, artificially increasing the receiving stream signal
intensity. For more information concerning viscosity-induced
flow changes, readers are referred to two previous publications
[7,9]. In this regard, a more thorough quantitative study specif-
ically for the H-Sensor is warranted after the success of this
proof-of-principle study.

The final portion of the current study involved simulating
chromatographic data using actual experimental H-Sensor data
to determine the applicability of the generalized rank annihi-
lation method deconvolution of H-Sensor data [11,12]. Over-
lapped HPLC peaks were simulated by offsetting the pure pep-
tide 848 FIA signal by varying lengths of time from the pure
benzoic acid FIA signal. The length of the offset was such that
the chromatographic resolution between the peaks ranged from 0
to 1, equating to a retention time difference of 0–300 s. The time
axis of the peptide 848 data was changed by adding the desired
offset (in seconds) to each time point. The two data sets were then
added together to create the simulated chromatographic data
set. In this manner, several simulated chromatographic separa-
tions of benzoic acid and peptide 848 mixtures were generated,

each with a different resolution. The simulated separations are
chemometrically defined as second order for either the receiving
or sample stream signals when considered separately (simulated
HPLC/multi-wavelength absorbance). However, the separations
are third order when the receiving and sample stream data are
considered jointly. The three axes of interest are simulated sepa-
ration time, spectral selectivity, and analyte diffusion coefficient
selectivity.

To successfully deconvolute the individual analytes of a
co-eluting mixture, GRAM requires knowledge of how many
analytes are in the mixture, as well as two second-order data
files (a ‘standard’ and an ‘unknown’) of the co-eluting mix-
ture. Arbitrarily, the sample stream was used as the standard,
and the receiving stream was used as the unknown. No align-
ment was performed on the two data sets, as great care was
taken to experimentally ensure equal flow rates (i.e., residence
times from the chip to the two detectors) in both streams to pre-
serve the original analyte peak profile. In principle, one could
also image the absorbance on-chip in order to obtain the dif-
fusion coefficient information, thus circumventing the issue of
requiring equal flow paths following the chip to both detectors.
Application of GRAM for this data returns the individual pure
analyte chromatographic concentration profiles in time, their
absorbance spectra, and the Ratio of each analyte between the
standard and unknown chromatograms (thus diffusion coeffi-
cient information as well). Generally, the success of applying
GRAM to chromatographic data is typically determined by the
amount of retention time shifting between the two separately
injected chromatograms. The difficulty of averting or correcting
the retention time shifting problems before performing GRAM
has been the subject of previous study [15,16]. However, in
principle, retention time reproducibility is averted with the H-
Sensor, as a chromatographic detector, since all of the necessary
data for a successful GRAM deconvolution is provided with
one injection. This is a result of the H-Sensor producing both a
sample stream and a receiving stream chromatogram upon each
injection. The two chromatograms can serve as the ‘standard’
and ‘unknown’ chromatogram as long as the chromatographi-
cally overlapped components have sufficiently unique diffusion
coefficients. Unique diffusion coefficients ensure that the receiv-
ing stream chromatogram’s composition is not co-linear to the
sample stream chromatogram for the overlapped components.
If the chromatographic separation were based on size or dif-
fusion coefficient, co-eluting analytes would have very similar
diffusion coefficients, thus, adversely effecting GRAM decon-
volution.

Demonstration of this concept is shown in Fig. 7. The sample
and receiving stream chromatograms with a resolution of 0.3 are
presented in Fig. 7A and B, respectively. The chromatograms are
shown as a contour plot to allow for easier visualization of the
change in relative signal intensity between the two. If the two
analytes’ diffusion coefficients were similar the receiving stream
signal would look like a less intense sample stream signal, and
GRAM would be less successful. GRAM was run on each of
the simulated chromatograms, the pure component peaks were
shown in time, the pure component spectra were provided, and
a Ratio for each analyte in the simulated chromatographic peak
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Fig. 7. (A) Contour plot of the simulated sample stream chromatogram used for GRAM. Experimental FIA sample stream peaks for 3000 ppm peptide 848 and
1000 ppm benzoic acid were offset 150 data points (90 s), giving a resolution of 0.3. The data files were then summed to yield simulated chromatograms. (B) The
contour plot of the simulated receiving stream chromatogram used for GRAM. Note the different relative intensities of benzoic acid and peptide 848 in (A) and
(B). (C) The GRAM provided chromatographic concentration traces of each deconvolved analyte in the mixture. (D) The spectroscopic deconvolution results of
GRAM for the 0.3 resolution chromatogram for both 3000 ppm peptide 848 and 1000 ppm benzoic acid. (E) The difference between FIA obtained pure spectra for
1000 ppm benzoic acid and 3000 ppm peptide 848 spectra and the deconvolved spectra provided by GRAM. The differences are very small. Absorbance units in (E)
are quantitatively relative to (D). The peptide 848 plot is offset by +0.003 for clarity.
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was determined. Fig. 7C and D, shows the GRAM results for
the simulated chromatogram with a resolution of 0.3. Fig. 7C
shows the deconvolved concentration traces for each compo-
nent in the mixture. Fig. 7D shows the deconvolved absorbance
spectra for each component. Fig. 7E presents one method for
evaluating the success of the GRAM deconvolution. Fig. 7E
shows the two difference plots between each of the deconvolved
component absorbance spectra (provided by GRAM) and the
pure spectra. The peptide 848 difference plot has been offset
+0.003 units for clarity. Note that the intensity of the difference
plots is approximately two orders of magnitude smaller than that
of the absorbance spectra provided by GRAM (Fig. 7D), indicat-
ing successful deconvolution. The results of GRAM were also
evaluated by determining the percent error in the GRAM Ratio
of benzoic acid and peptide 848 as resolution varies. The GRAM
Ratio at a resolution of 1.0 was used as the known value. The
percent error was therefore the GRAM Ratio at each resolution
divided by the GRAM Ratio at a resolution of 1.0 multiplied by
100%. At all resolutions above approximately 0.25, the percent
error for both analytes was less than 10%, which is consistent
with previously published work [17,18]. In a worst-case sce-
nario the flow rates between streams would not be the same and
the resulting receiving and sample stream data would need to
be aligned before application of GRAM. Fig. 7D and the low
percent error in the GRAM Ratio provide evidence that the flow
rates are very similar. However, that is not to say that flow rate
fluctuations are completely unavoidable. Flow rate fluctuations
could result from pump malfunction, unequal backpressure on
the exit streams, or large changes in relative stream viscosity.
Current and future work will entail new H-Sensor experimental
designs to dampen the effect of flow rate fluctuations. However,
the initial proof-of-principle GRAM results are very promis-
ing. Assuming the overlapped analytes have distinct diffusion
coefficients the results show that the H-Sensor does provide
all of the information for successful application of GRAM to
HPLC/multi-wavelength absorbance data without the need for
a second injection, or, in principle, retention time alignment.

5. Conclusions

The absorbance based H-Sensor has been introduced as a
novel FIA detector. An H-Sensor model has been developed
that relates an experimentally determined Ratio value to analyte
diffusion coefficient and therefore molar mass. The theory ade-

quately describes the experimental Ratio molar mass trend. The
multi-dimensionality of H-Sensor data allows successful imple-
mentation of CLS methods of FIA data. CLS deconvolution of
benzoic acid and peptide 848 mixtures are reported. When com-
bined with a simulated chromatographic time axis, H-Sensor
data can be analyzed with GRAM, thus providing the Ratio of
each deconvoluted analyte. The H-Sensor produces two non-co-
linear chromatograms with each analysis. These chromatograms
can serve as both the standard and the unknown in GRAM. The
GRAM results show great promise in deconvolving overlapping
analytes in future studies with actual chromatographic separa-
tions.
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Abstract

Derivative techniques for analytical signal processing are useful for solving some noise and signal resolution problems in various fields of
study such as titrimetry, spectrophotometry, chromatography and electrochemistry. The broad use of these techniques, however, is often limited by
costly inflexible built-in software packages in commercial analytical instruments. We propose here the application of commercial simple software
packages such as Microsoft® Excel and Microcal Origin for signal smoothing and fitting, and for obtaining derivative analytical signals in batch
and flow-based analyses, including potentiometric titration, spectrophotometry, chromatography, voltammetry and sequential injection analysis
(SIA). The worldwide (especially Excel) software packages are easy-to-use for less experienced users and have also capabilities for advanced
users, and therefore employing such packages can result in expansion of useful derivative techniques. We demonstrate application of the available
package-aided derivative capabilities for enhancing some chemical analyses, including potentiometric acid–base titration, Bradford assay of
protein, chromatographic separation of ajmaline and reserpine and anodic stripping voltammetry of copper. The derivative signals from smoothed
and fitted curves offer better accuracy and precision, even for non-resolving peaks and tailing peaks. In some cases, the optimization of
experimental conditions is not further required, which can lead to fast method development.
© 2007 Published by Elsevier B.V.

Keywords: Signal derivatization; Microsoft Excel; Microcal Origin; Enhancement of chemical analyses

1. Introduction

Derivative spectrophotometry was introduced in the early
stage by Giese and French [1] to identify low intensity bands
overlapped by bands of higher intensity. Afterwards, with the
rapid development of data processing techniques, a great number
ofworks onmathematical derivatization of analytical signals have
been reported in many fields of study, e.g. spectrophotometry [2],
atomic absorption spectrometry [3], voltammetry [4], and

chromatography [5,6] to overcome the signal overlapping of
analyte with matrices and to improve the S/N ratio. Some
applications have been reported, such as, illicit drugs [7],
biomedical [8], pharmaceutical, clinical and environmental
analyses [9].
Derivative signals can be obtained by using hardware [5,6]

and software [10–13]. Hardware derivatization has been carried
out with laboratory-made electronic circuits or a derivatization
unit which accompanies an analytical instrument, so that the
derivative signal(s) are automatically obtained. However, the
typical drawback is that the shape of the derivative signal
strongly depends on the resistor–capacitor (RC) time constant
of the circuit. Software derivatization may be accomplished by
built-in software or by a derivatization algorithm written using
the software package. Modern and costly instruments may
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possess a derivative function provided by built-in controlled-
software for performing derivatization of signals. However, the
function is usually inflexible and limited. Most general-purpose
instruments or measuring devices, e.g. ultraviolet-visible
spectrometers, fluorescent spectrometers, etc., usually do not
possess a derivative function. In addition, to write software for
calculating derivatives requires user's skill in programming and
mathematics, which is difficult for many users.
Usually in chemometrics, one uses complicated software, but

we are interested in using simple software packages as deriva-
tization tools. They include Microsoft® Excel [14] and Microcal
Origin [15]. Excel is very familiar to almost all computer users
and does not require skill of programming.Hence, inmanyworks,
Excel (usually with Visual Basic) has been exploited for non-
linear curve fitting [16–18], for calculating equilibrium gas
speciation [19] and for estimation of pharmacokinetic parameters
[20]. Origin is a very useful software package for scientific
graphing and data analysiswithC programming capabilities. Both
software packages can be used, not only for computing
derivatives of signals, but also for other data evaluation.
The aim of this work is to use such readily available software

packages for derivatization of analytical signals to solve some
analytical problems, so that cost-effective batch and/or flow-
based chemical analyses [21] can be achieved. The application
of signal derivatization for solving analytical problems such as
titrimetric end point detection, separation of overlapping
signals, and peak tailing is discussed.

2. Experimental

In order to perform derivatization of analytical signals with
the software packages of Excel and Origin, it is necessary to
obtain a digital file of the X–Y data set. The file extensions
should be available for the two packages before data processing
of derivatization.
Continuous flow acid–base potentiometric titration (titrant

was continuously added to titrand in a vessel at a constant flow
rate of 2 ml/min) was performed with a home-made flow
system. The potential during the titration was recorded by a
lab-made electronic unit and the data was saved as Excel files
(xls).
The batchwise and SIA methods for determination of protein

content by the Bradford assay [22,23] were performed using a
fiber optic based spectrophotometer for detection (Ocean
Optics, Inc.). The analytical signals were recorded via FIALab
software [24] and were saved as DAT files (dat).
Chromatographic determination of ajmaline and reserpine

was performed with an Agilent HPLC-UV model 100 at
280 nm. The absorbance–time data was recorded and saved as
CSV file (csv).
To determine Cu by anodic stripping voltammetry, a 757 VA

Computrace voltammetric system (Metrohm, Switzerland) was
used. The voltammetric measurement was performed by using a
glassy carbon-disc working electrode, a carbon auxiliary
electrode and an Ag/AgCl reference electrode. The 757 PC

Fig. 1. Working windows of Origin.
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Fig. 2. Titration curve of 25.0 ml of 0.10MHCl–0.15MCH3COOHmixture with 0.19MNaOH (only the first potential break for HCl is shown here). (a), raw titration
curve and its first derivative; (b), 5 data points Fast Fourier Transform (FFT) smoothing curve and its first and second derivatives; (c), 15 data points FFT smoothing
curve and its first and second derivatives; (d), 25 data points FFT smoothing curve and its first and second derivatives; (e) sigmoidal-fitting curve and its first and
second derivatives.
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software version 2.0 with 757 VA Computrace was used to
control the system. The resulting measurements were exported
as TEXT files (txt).
These obtained DAT, CSV, TEXT files were able to be

opened with both Excel and Origin for derivatization of signals
and other data processing as well. The first derivative of analy-
tical signals was computed by using the following equation:

dy=dx ¼ 0:5⁎V yiþ1 � yið Þ= xiþ1 � xið Þ½ �
þ yiþ2 � yiþ1ð Þ= xiþ2 � xiþ1ð Þ½ �t ð1Þ

where dy / dx is the first derivative data, and xi and yi are the ith
data point. The first derivative graph was the plot of dy / dx
against x. The second derivative and other derivative orders
were computed by successive derivatization from the first
derivative data.
Once a set of data is imported to Origin worksheet as shown

in Fig. 1, we can easily plot the graph of the raw data, and also
can simply click for signal derivatization to obtain simulta-
neously the derivative data and its graph by the built-in
derivative software. Origin could perform successive signal
derivatization up to the second derivative in an active working
window.
Calculation of derivative data set in Excel could be also

simply performed by using equation (1) in an Excel worksheet
window. In this work, Excel was used for calculation of
derivatization rather than using Origin because in the case of
Excel, just by copying a raw data set to the pre-loaded derivative
function’s worksheet, the derivative data was readily obtained.
These can be done several worksheets simultaneously. There-
fore, it was very fast and simple to obtain derivative data if there
were many raw data sets to deal with.
Excel, to our knowledge, can not be used for peak area

integration and peak height measurement whereas Origin can do
so simply. Hence, Origin was used for such data processing
throughout this work.

3. Results and discussion

3.1. General discussion

3.1.1. Smoothing of signal: The importance of number of data
points
A sigmoid titration curve is often differentiated to detect the

end point. However, a noisy sigmoid titration curve obtained by
titration of a HCl–CH3COOH mixture with NaOH could not
define its end point because of the noisy first derivative curve as
shown in Fig. 2(a) (in Fig. 2, the second potential breaks for
CH3COOH are not shown). Therefore, signal de-noising of the
original titration curves must be considered before derivatiza-
tion. We have used two approaches to signal de-noising, i.e.,
smoothing and fitting. There are several smoothing algorithms
in Origin, i.e., Fast Fourier Transform (FFT), Savitsky–Golay,
Moving average, etc. Among them, FFT was used for
smoothing of the signal depicted in Fig. 2(a) before derivati-
zation. For smoothing, the number of data points to be
considered in the calculation is important. Generally, the larger

the number of data points, the smoother the signal obtained, as
depicted in Fig. 2(b)–(d). As a result, the clearer derivative
signals were obtained, so that the end point detection was
improved. However, too large a number of data points for the
calculation resulted in distortion of the shape of titration curve
from the original one (Fig. 2(a)). This led to an error in the end
point detection, i.e., the end points obtained from the second
derivative signal with 15-points (Fig. 2(c)), 25-points (Fig. 2(d))
and 45-points (not shown) are 14.0, 13.8 and 13.3 ml,
respectively. The variation in the end points (ca 0.7 ml) was
caused by the distortion of the shape of titration curve.
However, it was found that the use of sigmoidal-fitting could

perform de-noising more simply and conveniently than the use
of smoothing. The resulting smoothed curve and its first and
second derivative curves are shown in Fig. 2(e). A very clear
derivative signal was obtained, and the end point of 13.7 ml was
well-defined. As advantages, Origin, allows simple “click” to
adjust and change smoothing parameters, compared with the
tedious manual adjustment in conventional smoothing methods.
And the resulting smoothed signals are simultaneous and
graphically shown. However, it should be noted that this
sigmoidal-fitting algorithm should be suitable for only sigmoid-
shape signals (unsuitable for non-sigmoid-shape signals).

3.1.2. Derivatization of signal: spacing of derivative
It is known that the spacing between data points used for

calculation of derivatives is also important to consider since it
affects the shape of the derivative signal. Large spacing causes
distortion of the derivative signal. We used the pre-smoothed
signal with 15 data points FFT (Fig. 2(c)) as a model of signal to
be differentiated. The effect of spacing of dx is shown in Fig. 3.
When the space of dx increased, the shape of the second
derivative signal became broader and its amplitude decreased as
well. Although the end point tended to decrease with increasing
the space of dx in the range from 1 to 30, the variation of end
point was not significantly large. Since the data was originally

Fig. 3. Effect of spacing of dx for derivatization. The original data to be
differentiated is the pre-smoothed signal with 15 data points FFTshown in Fig. 2(c).
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smoothed or in some cases was de-noised, dx of 1 was used
throughout for the application of derivatization.
One can set various dx values easily and simultaneously

according to one's desire by using Excel, and therefore the
calculation of derivatization could be performed more simply
and quickly. Unlike Excel, the spacing of dx for signal
derivatization calculation in Origin was fixed at 1 and could
not be changed. The details for using the software packages may
be obtained via their website homepages [14,15].

3.2. Detection of end point for titration

A titration curve of HCl with NaOH was performed by
batchwise titration, and the first and second derivative titration
curves were obtained by means of the derivative calculation
mentioned above. The well-defined end point was given from
the second derivative signal where it was located at the point of
intersection between the second derivative signal and X-axis
(became zero). The utilization of Excel for such data processing
has been reported and discussed in the literature [25–27].
In the continuous flow potentiometric titration of mixture of

HCl and CH3COOH with NaOH, the titration curve is shown in
Fig. 4(a) (the first potential break is shown in Fig. 2(a)).
However, the titration curve was noisy, and hence the

application of differentiation calculation to this signal was not
feasible for obtaining the correct end points, as shown in Fig 4
(b), especially the first end point for HCl could never be found.
As discussed in Section 3.1, the sigmoidal-fitting was therefore
applied for de-noising. However, a limitation was encountered
with performing sigmoidal-fitting over the whole curve by
Origin. So, the titration curve was divided into two parts
indicated by 1 and 2 in Fig. 4 before performing fitting, so that
the two parts of curve could be subjected to de-noising by using
Origin. The fitted curves are shown in Fig. 4(c) and (d), where
their first and second derivative curves are also shown. It can be
seen that the first and second derivative signals were clarified,
which resulted in the easy detection of two end points. The end
points for HCl and CH3COOH were located at 13.7 ml and
33.4 ml, respectively, and those values were in good agreement
with equivalence points.

3.3. Not well-resolved peaks

3.3.1. Batchwise Bradford assay for protein
Protein content was assayed by the Bradford method. The

method involved the association of dye (Coomassie Brilliant
Blue G-250) with protein, giving an absorption maximum at
595 nm. Under set conditions, the absorption spectra are shown

Fig. 4. Continuous flow potentiometric titration of HCl–CH3COOH mixture with NaOH (concentration and volume as stated in Fig. 2). 1 and 2 denote the end points
for HCl and CH3COOH, respectively. Concentrations and volumes as in Fig. 2. (a), raw data of titration curve; (b) the first derivative signal; (c) sigmoidal-fitting of the
first potential break and its first and second derivatives; (d), sigmoidal-fitting of the second potential break and its first and second derivatives.
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in Fig. 5(a). The absorption maximum for reagent blank was
646 nm, and that for the protein-dye ion association was
595 nm. By plotting the absorbance at 595 nm versus protein
concentration, the calibration graph equation in the range of 0–

0.4 mg/ml protein was Y=1.10X+0.84 (r2 =0.9999), where Y
and X are absorbance and protein concentration (mg/ml),
respectively. However, the dynamic range was quite short,
because the analyte peak was interfered from the blank
absorbance. Therefore the signal derivatization was attempted
to reduce or eliminate the blank problem.
Fig. 5(b) depicts the first derivative signals. We exploited

the conventional zero-crossing method which used the point

Fig. 5. Batchwise spectrophotometric determination of protein. (a), absorbance
spectra; (b), the first derivative spectra; (c), the second derivative spectra.
Bradford reagent: 5 ml of 0.1 g/l. Concentrations of bovine serum albumin as
protein standard (mg/ml), (1), 0; (2), 0.2; (3), 0.4; (4), 0.6.

Fig. 6. Chromatographic separation of ajmaline (peak 1) and reserpine (peak 2).
(a), original chromatograms; (b) the first derivatives; (c) the second derivatives.
Analytical column, Luna C18 column (150×4.6 mm, 5 μm); mobile phase,
0.1% TFA and acetonitrile (gradient elution); flow rate, 1.0 ml/min; detection
wavelength, 280 nm.

200 K. Jitmanee et al. / Microchemical Journal 86 (2007) 195–203



where blank signal becomes zero. In this case, the wavelength
was at 522 nm. The calibration graph for 0–0.4 mg/ml
protein was plotted by using the amplitude at this wavelength:
Y=0.0187X−8.97×10−5 (r2 =0.9994), where Y and X are the
first derivative amplitude and protein concentration (mg/ml),
respectively. The dynamic range was not improved by using the
first derivative signal. We tried to exploit the second derivative
signal as another approach (Fig. 5(c)). The second derivative
amplitude at 523 nm was plotted against protein concentration,
and the calibration equation was Y=0.000686X−0.000243
(r2 =0.9992), where Y and X are amplitude and protein
concentration (mg/ml), respectively. The dynamic range was
improved to be in the range of 0–0.6 mg/ml.

3.3.2. Chromatographic separation of ajmaline and reserpine
The application of derivatives to chromatographic analysis of

multicomponents was reported in the literature [28], but without
any detailed information.We demonstrate here the application of
a simple signal derivative procedure for chromatographic
analysis of ajmaline and reserpine. These two compounds
(peaks 1 and 2 in Fig. 6) were not well-resolved under the set of

conditions. Quantitative analysis optimally requires good
separation of the two chromatographic curves. However,
optimization procedures are usually time consuming and waste
many chemicals. The derivatization of the chromatogram was
attempted for resolving both peaks. The relative standard
deviations of peak area and peak height of derivative signals
for the first and second derivatives were comparable. However,
the calibration graph from the second derivative signals was
more sensitive than that from the first derivative by about 50
fold. The calibration equations using the second derivative peak
area and height were Y=−21.7X+ 61.2 (r2 =0.9999) and Y=
−720X+2.00×103 (r2 =0.9999) for ajmaline and Y=−37.0X+
88.3 ( r2 = 0.9999) and Y = − 1.35 × 103X + 3.13 × 103

(r2 =0.9999) for reserpine, where Y is the peak area or height
and X is the analyte concentration (ppm), respectively. The
relative standard deviations of peak areas were 1.4% and 1.9%
for analyzing 20 ppm (n=3) of ajmaline and reserpine,
respectively.
Quantification of both species was feasible without further

optimization of experimental conditions for resolving both
species. This is very useful for fast method development. Also

Fig. 7. Anodic stripping voltammograms for determination of Cu. (a), original; (b), the first derivatives; (c) the second derivatives; (d) the shade area denotes the peak
integration area from the first derivative. Supporting electrolyte, 0.6 M acetate buffer pH 4.6; deposition potential/time, −0.8 V/87 s; scan potential, −0.9 to 0.15 V;
sweep mode, square wave; step, 0.01 V; amplitude, 0.04 V; frequency, 50 Hz; sweep rate, 0.5 V/s; cleaning potential/time, 0.2 V/20 s. Cu amount (μg/ml), 0; 0.05;
0.10; 0.12.
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by applying the signal derivatization procedure, the analysis
time under conditions for unwell-resolved peaks can be
shortened compared with those for well-resolved peak profiles.

3.4. Unprecise peak area due to peak tailing

3.4.1. Anodic stripping voltammetric determination of Cu
The voltammogram obtained by analyzing Cu under a set of

conditions is depicted in Fig. 7(a). One encounters difficulty in

the selection of integration window for such a tailing peak. In
this work, the voltammograms were computed to their first and
second derivative signals (Fig. 7(b) and (c)). The integration
window was simply defined by selecting the two outermost data
points of the interested peak where the derivative signals was
close to zero. An example of integration area is depicted in
Fig. 7(d). The relative standard deviations of peak area and
height for the first and second derivatives were comparable.
However, the calibration graphs using the first derivative were
better in linearity than those using the second derivative. The
calibration equations from the first derivative were Y=
(8.49×10−5)X+4.13×10−6(r2 =0.9971) for peak area and Y=
(1.21×10−3)X+6.54×10−5 (r2 = 0.9972) for peak height. The
relative standard deviations for sample analyses were 1.6% and
4.5% for peak area and peak height, respectively.

3.4.2. Sequential injection analysis of protein content by
Bradford assay
A flow injection method using Bradford assay was

proposed for the determination of protein in spiked human
urine and rat liver microsome samples [29]. The recovery
ranged from 89.3 to 91.9%. The results were not satisfactory
for precise analysis, and Bradford assay has not been
introduced to the SIA method so far. Fig. 8(a) shows the
SIA-grams obtained by triplicate analysis of a standard BSA
solution under a set of conditions. It can be seen that the three
SIA-grams exhibit peak tailing which was caused by possibly
refractive index effects. The relative standard deviation (n=3)
in peak area was as high as ca 50%. Generally, this situation
requires optimization of experimental conditions to reduce or
eliminated the tailing of peaks. However, we adopted signal
derivatization for solving such a problem. The first derivative
SIA-grams are shown in Fig. 8(b). The peak area was
integrated as in the shade area in Fig. 8(c). The relative
standard deviation (n=3) of peak areas was greatly improved
to as low as 3.4%. In addition, the application of
derivatization to such SIA-grams was very useful because
the optimization of experimental conditions for solving the
problem was unnecessary, which led to fast method
development similar to the discussion in Section 3.3.2.

4. Conclusion

The derivatization of signals using two commercial
software packages, namely Excel and Origin, has been
successfully applied to the solving of analytical problems in
batch and flow-based methods such as titrimetry, spectropho-
tometry, chromatography, voltammetry and sequential injec-
tion spectrophotometry. Resulting derivative analytical signals
by using such simple and flexible packages resulted in easy
and accurate end point detection for noisy sigmoid titration
curves, well-resolved absorbance spectra and chromatograms
and no tailing effect in voltammograms and SIA-grams. Such
signal derivatization should be attractive for not only
enhancement of many chemical analyses, but also fast method
development since the optimization of experimental conditions
could be minimized.

Fig. 8. SIA-grams of Bradford assay for protein (triplicate analysis).
(a), original; (b), the first derivative; (c), the shade area denotes the peak
integration area. Bradford reagent, 100 μl of 0.25 g/l; BSA, 100 μl (0.4 mg/ml);
Carrier, 10 % (v/v) H3PO4/5 % (v/v) ethanol.
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Abstract

In-capillary derivatization and field-amplified sample injection (FASI) coupled to capillary zone electrophoresis (CZE) was evaluated for the
analysis of metals (Co(II), Cu(II), Ni(II), and Fe(II)) using 2-(5-Nitro-2-Pyridylazo)-5-(N-Propyl-N-Sulfopropylamino)Phenol (Nitro-PAPS) as the
derivatizing agent. For FASI, the optimum conditions were water as sample solvent, 1 s hydrodynamic injection (0.1 psi) of a water plug, 5 s of
electrokinetic introduction (10 kV) of the sample. The in-capillary derivatization was successfully achieved with zone-passing strategy in order
tandem injection of Nitro-PAPS reagent (0.5 psi, 7 s), a small water plug (0.1 psi, 1 s), and metal ion introduction (10 kV, 5 s). The solution of
45 mmol L−1 borate pH 9.7 and 1.0×10−5 mol L−1 Nitro-PAPS containing 20% acetonitrile was used as the running buffer. The limit of detection
obtained by the proposed method was lower than those from pre-capillary derivatization about 3–28 times. The recovery of the method was
comparable to pre-capillary derivatization method. In-capillary derivatization-FASI-CZE was applied to analysis of metals in wine samples. The
results were compared with those obtained by CZE with pre-capillary derivatization method and atomic absorption spectrometry (AAS).
© 2007 Elsevier B.V. All rights reserved.

Keywords: Capillary zone electrophoresis; Field-amplified sample injection; In-capillary derivatization; Metal ions; Nitro-PAPS; Wines

1. Introduction

The analysis of heavy metals in a range of substances is of
considerable interest due to potential human toxicities. There is
increasing demand for simple and reliable methods for the
simultaneous detection of several metal ions with low detection
limits and low sample/reagent consumption. Atomic absorption
spectrometry (AAS) is the most widely used method for metal
analysis but simultaneous multi-element analysis is not pos-
sible. Inductively coupled plasma atomic emission spectrometry
(ICP-AES) is capable of multi-element analysis, but the instru-
mentation is relatively expensive. The simultaneous determi-
nation of metal ions with conventional high performance liquid
chromatography (HPLC) and ion chromatography (IC) have
several disadvantages, such as long analysis times and con-
sumption of large volumes of reagents. Recently, capillary

electrophoresis (CE) has been shown to be a powerful sep-
aration technique for the analysis of metals in a wide variety of
sample matrices [1–8] because of the significant advantages of
resolution, speed, simplicity and lower sample/reagent con-
sumption. The electrophoretic determination of metals can be
easily achieved by indirect detection through the addition of
appropriate species to the background electrolyte to produce
UV-absorbing species [9,10], but the number of appropriate
compounds for this environment is limited. The pyridylazo
reagent, 2-(5-Nitro-2-Pyridylazo)-5-(N-Propyl-N-Sulfopropyla-
mino) Phenol (Nitro-PAPS) is a synthesized chromogenic
reagent which forms water-soluble chelates with giving high
molar absorptivities of ca. 104–105 L mol−1 cm−1 [11–13].
Nitro-PAPS has been used as a chromogenic reagent in various
analytical techniques for the determination of various metal
ions. Flow-injection spectrophotometry for the determination
of Fe(II) in purified salts [13] and the trace analysis of V(V)
in river water [14] using Nitro-PAPS have been demon-
strated. The HPLC-based determination of Cu(II), Co(II), Ni
(II) and Fe(II) in rain and river waters using Nitro-PAPS has
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been reported [11]. The use of Nitro-PAPS chelates incorporat-
ing pre-capillary derivatization in CE for the determination
of trace metal impurities in nickel and iron salts has been
described [15].
In CE, derivatization has been accomplished by either pre-

capillary [16,17], post-capillary [18] and in-capillary [1,2,19–
21] methods. Pre-capillary derivatization requires large amounts
of derivatization ligand, whereas post-capillary derivatization
requires significant post-capillary hardware modification, and
loss of efficiency during separation and peak broadening has
been noted [18,22,23]. The increased popularity of in-capillary
derivatization takes advantage of the fact that there is minimal
sample dilution compared to pre-capillary and post-capillary
derivatization. In-capillary derivatization can be performed by
three modes: zone-passing, at-inlet and throughout-capillary
[24–26]. Among these strategies, zone-passing is appropriate
for the Nitro-PAPS derivatization since the formation of the
metal complex occurs within seconds.
In order to increase the sensitivity of detection in CE, the on-

line preconcentration methods have been developed with dif-
ferent strategies, such as large volume sample stacking [27],
sweeping [28], dynamic pH junction-sweeping [29], and field-
amplified sample injection (FASI) [8,30–35]. FASI is very
popular since it is quite simple, requiring only the electrokinetic
injection of the sample after the introduction of a small plug of
high-resistivity solvent (mainly water). In FASI, samples are
normally prepared in a low conductivity buffer and injected
electrokinetically into a capillary containing a high-conductivity
running buffer.
In this work, the feasibility of combining FASI with in-

capillary derivatization of metal ions (Co(II), Cu(II), Ni(II), and
Fe(II)) with Nitro-PAPS before their analysis by capillary zone
electrophoresis (CZE) is demonstrated. The combination of
electrokinetic injection and water or organic solvent field-am-
plified sample stacking is investigated. Studies of effects of
diluents (aqueous versus organic) on the stacking by the
electroinjection under FASI are performed. Finally, in-capillary
derivatization-FASI-CZE is applied to the analysis of these
metal ions in local wine samples.

2. Materials and methods

2.1. Chemicals and reagents

All the reagents used in this work were of analytical reagent
grade. Nitro-PAPS was obtained from Dojindo (Japan). A
1×10−3 mol L−1 stock solution of Nitro-PAPS was prepared in
deionized water. The 1000 mg L−1 stock atomic absorption
standard solutions of metal ions including Co(II), Cu(II), Ni(II)
and Fe(II), was purchased from Ajax Finechem (Australia). The
working solutions of each metal were daily prepared in de-
ionized water except for Fe(II) was prepared in acidic medium
of HCl (1% v/v). Sodium tetraborate was purchased from
Univar-Ajak (Australia). Water for preparation of samples and
buffer solution was the deionized water obtained from a RiOs™
Type I Simplicity 185 (Millipore-Waters, U.S.A.) with the re-
sistivity of 18.2 MΩ cm.

2.2. Instrumentation

Experiments were performed on a Beckman P/ACE MDQ
capillary electrophoresis instrument (Fullerton, CA, U.S.A.)
equipped with a photodiode array detection system. The 32
Karat software version 5.0 (Beckman) was used for instrument
control, data acquisition and data analyses. Electrophoretic
separations were carried out using uncoated fused-silica capil-
laries (Beckman) with a total length of 60.2 cm (50.0 cm
effective length) and 75 μm I.D. On-capillary detections were
performed at either selected wavelengths (200, 214, 250 and
570 nm) or in the scanning mode (190–600 nm). All CZE
experiments were thermostated at 25 °C.
A Perkin-Elmer Instruments AAnalyst 100 atomic absorp-

tion spectrometer (U.S.A.) equipped with Perkin-Elmer single
element hollow cathode lamps and an air–acetylene flame with
air and acetylene flow rates of 10 and 3 mL min−1 was used for
the determination of metals. The wavelengths (nm) selected for
the determination of the analytes were as follows: Co 240.7, Cu
324.8, Ni 232.0, and Fe 248.3.

2.3. Pre-capillary derivatization (as a reference method)

The working solutions of metal ions were mixed with Nitro-
PAPS solution (1×10−3 mol L−1) in the mole ratio of ligand:
metal of 2:1 at pH 6.0 at room temperature. The sample solution
was introduced into the electrophoretic system by hydrody-
namic injection at 0.5 psi (1 psi=6895 Pa) for 5 s before
separation. The absorbance was detected at 250 nm.

2.4. In-capillary derivatization and FASI

In-capillary derivatization of metals and Nitro-PAPS was
performed by zone-passing option in the tandem mode. Briefly,
the capillary was first filled with the carrier electrolyte and then
a plug of Nitro-PAPS solution was introduced at 0.5 psi for 7 s.
After that, FASI was performed by an introduction of a small
water plug (0.5 psi, 1 s) and then the sample was introduced into
the capillary with electrokinetic injection at 10 kV for 5 s.
Subsequently, the separation voltage of 20 kV was applied
through the capillary and the on-line reaction occurred inside
the capillary when the metals mixed with the Nitro-PAPS. The
complexing reaction occurs during the separation to obtain the
corresponding metal-Nitro-PAPS chelates and subjected to
spectrometric detection.

2.5. Electrophoretic separation

Prior to use, all new capillaries were initially pretreated
with the following cycles: methanol, 0.1 mol L−1 HCl and
0.1 mol L−1 NaOH for 10 min each and deionized water for
5 min between each rinse and finally equilibrated with the
buffer solution for 10 min before applying voltage of 10 kV
across the capillary for 5 min. To maintain reproducible
migration times, the capillary was pre-conditioned with the
running buffer for 3 min before each run. After completing the
separation session, the capillary was flushed with 0.1 mol L−1
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NaOH for 5 min and then washed with deionized water for
3 min. The running buffer used throughout the separation was
45 mmol L−1 borate buffer pH 9.7 and 1.0×10−5 mol L−1

Nitro-PAPS containing 20% acetonitrile. All running buffers
were filtered through a 0.45 μmmembrane filter (Nylon, Chrom
Tech) and degassed by sonication before use.

2.6. Wine samples

The wine samples studied included a variety of homemade
red and white wines from a variety different fruits. The samples
were purchased from the local supermarkets in Khon Kaen
Province in Northeastern Thailand. The wines were filtered
through a 0.45 μm membrane filter and were appropriately
diluted about 10 times with water before derivatization and
analysis. All analyses were performed in triplicate.
The AAS determinations of metals in wines were

performed on standard calibration curves. The calibration
curves were constructed in range 0–5 mg L−1 with obtained
correlation coefficients higher than 0.999 for all studied met-
als. To obtain the results in line with the calibration curves,
wine samples were appropriately diluted with water before
directly analyses.

3. Results and discussion

3.1. Spectrometric properties

Although the metal ion-Nitro-PAPS complexes are normally
detected at visible wavelengths, higher sensitivity and good
signal-to-noise ratios were achieved with detection at 250 nm.
Using Job's method, the ligand-to-metal ratio of 2:1 was found
for the Co(II), Ni(II) and Fe(II) complexes, and 1:1 for the Cu
(II) complex.

3.2. In-capillary derivatization and FASI

In-capillary derivatization can be achieved by successive
introductions of a sample solution and the reagent solution
followed by application of the specified voltages. Reaction
occurs while both zones are overlapping each other in the
capillary. In the present study, in-capillary derivatization of
metal ions and Nitro-PAPS reagent was performed based on the
zone-passing strategy. The Nitro-PAPS reagent was first
introduced into the capillary by the hydrodynamic injection
mode, followed by hydrodynamic injection of a small water
plug and then the metal ions were injected using the elec-
trokinetic mode. All solutions were successively introduced at
the anodic end of the capillary. After the specified voltage was
applied, the metal ions as positively charged species zones
migrated faster than the Nitro-PAPS reagent zone toward the
cathode, whereas the negatively charged Nitro-PAPS species
migrated to the anode. Thus, the metal ions moved into the
reagent zone and reacted to form the metal-Nitro-PAPS che-
lates. The mixing scheme is illustrated in Fig. 1. The parameters
affecting FASI such as injection voltage and sample matrix were
investigated and optimized. Preliminary studies involving metal

Fig. 1. The schematic reaction of metal ions and Nitro-PAPS based on in-
capillary derivatization. (a) Hydrodynamic introduction of buffer, Nitro-PAPS
and water plug, (b) electrokinetic injection of the sample, (c) mixing and
reaction of metals with Nitro-PAPS, and (d) separation of the metal-Nitro-PAPS
chelates.

Fig. 2. Comparison of introduction order for in-capillary derivatization based on
zone-passing. Conditions: metal ion standards=3.0 mg L−1 each, reagent solu-
tion=1.0×10−3 mol L−1, reagent injection time=7 s at 0.5 psi; sample intro-
duction=10 kV for 5 s; water injection time=1 s at 0.1 psi; running
buffer=45 mmol L−1 borate pH 9.7 and 1.0×10−5 mol L−1 Nitro-PAPS con-
taining 20% acetonitrile, potential=20 kV. Segment assignment: S, Sample;
R, reagent; W, water.
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ions dissolved in different solvents such as 10% acetonitrile,
water, and 0.4 mol L−1 sodium chloride showed that metal ions
prepared in water gave the highest peaks for all the chelates.
Although metal ions in acetonitrile provided good peak shape,
the migration times of the analytes were shifted to longer times.
Thus, aqueous solutions of metal ions were used for further
studies.
The effect of injection voltage was studied by introducing metal

ions dissolved in water at different applied voltages (7–15 kV)
with a constant time interval (5 s). The peak areas increased up to
10 kVand remained nearly constant thereafter, possibly due to the
competing migration directions and rates that affect local
concentrations. Thus, an injection voltage of 10 kV for 5 s was
chosen. Fig. 2 summarizes the results corresponding to each
derivatization strategy; R, S, and W refer to the reagent, sample,
and water, respectively. Among the various zone-passing
introduction modes, the R-S-R configuration gave the lowest
responses, except for Co(II). The R-S tandem mode gave higher
sensitivities for all metal ions, compared to RSR. If the R-S
tandem mode was carried out by introduction of a small water
plug (at 0.1 psi for 1 s) before electrokinetic metal introduction,
RW(1)S, increasing responses were observed.While a time of 2 s,
designated RW(2)S, produced an increase for Co(II), the
responses for other metals decreased significantly, possibly due
to dilution in the reaction zone. The optimum condition is,
therefore, represented by RW(1)S.

3.3. The optimization of CZE conditions

In order to achieve complete separation of metal-Nitro-PAPS
chelates, the crucial parameters affecting the separation were:
buffer pH, concentration of buffers, organic modifier, and
separation voltage. Preliminary experiments with three common
buffers, acetate (near pH 5.0), phosphate (near pH 7.0), and
borate (near pH 9.0) buffers showed that acetate and phosphate
did not lead to complete separation due to overlap of peaks from
some metals and Nitro-PAPS, whereas borate buffer provided
successful separation. Borate buffer was then investigated at the
pH ranges of 9.0–10.5. Co(II), Cu(II) and excess Nitro-PAPS
were well separated, but by increasing of pH, increased the
resolution of Ni(II)- and Fe(II)-Nitro-PAPS could be achieved.
At pH values higher than pH 10.5, excess Nitro-PAPS and Cu
(II)-Nitro-PAPS peaks co-eluted. The best separation was
obtained at pH 9.7.
The effect of borate concentration was then evaluated

ranging from 35 to 55 mmol L−1. Increasing the borate con-
centration resulted in decreased mobility and better resolution.
However, high current in the capillary system was observed at
high concentrations, so 45 mmol L−1 was chosen as the op-
timum value.
The type and concentration of organic modifier are other

parameters that can improve resolution and selectivity in sepa-
rations [17,20]. For the present study, acetonitrile was selected
and varied over the range of 10–25% (v/v). The chelates ofmetals
were completely separated with the running buffer containing
20% acetonitrile, so this was selected for subsequent runs.
In this study, voltages over the range of 15–22 kV showed

little effect on separation. However, a poor baseline was observed
when the separation was performed at the highest applied volt-
ages, so the optimum of 20 kV was used throughout.
In all the studies, Nitro-PAPS (1.0×10−5 mol L−1) was

added into the running buffer in order to prevent the dissociation
of metal-Nitro-PAPS chelates during the separation and
provided good baselines [36]. No effects of Nitro-PAPS
concentration changes were observed other than some baseline
drift at higher values.
In summary, the optimum running buffer was 45 mmol L−1

borate pH 9.7 and 20% acetonitrile containing 1.0×10−5 mol L−1

Nitro-PAPS. The separation voltage was 20 kV and on-capillary
detection was carried out at 250 nm. Under the optimum CZE
conditions, the four metal ions was completely separated within
20 min (Fig. 3) with the migration order of Co(II)-, unreacted
Nitro-PAPS, Cu(II)-, Ni(II)- and Fe(II)-Nitro-PAPS, respectively.

Fig. 3. Electropherogram of metal ion standards (3.0 mg L−1 each) obtained
from in-capillary derivatization and FASI under the optimum condition as
followed: 45 mmol L−1 borate pH 9.7 and 1.0×10−5 mol L−1 Nitro-PAPS
containing 20% acetonitrile, applied voltage of 20 kV, temperature of 25 °C and
on-capillary detection at 250 nm.

Table 1
The analytical characteristics of the proposed method

Complex Linear equation, y=ax+b Linearity
(mg L−1)

R2 Intra-day precision,
RSD(%), n=6

Inter-day precision,
RSD(%), n=4×3

a b tM Peak area tM Peak area

Co(II)-Nitro-PAPS 27032.0 –87.0 0.05–3.00 0.9982 0.28 2.00 0.35 4.00
Cu(II)-Nitro-PAPS 1476.7 472.5 0.10–3.00 0.9989 0.38 2.43 0.51 4.20
Ni(II)-Nitro-PAPS 1769.1 537.4 0.05–5.00 0.9953 0.42 2.75 0.67 3.85
Fe(II)-Nitro-PAPS 4384.0 −524.6 0.20–5.00 0.9996 0.25 2.55 0.32 4.36
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The peak of excessNitro-PAPS (migration time 15min)was close
to the Cu(II) peak (16.0 min).

3.4. Analytical validations

To validate the quantitative aspects of the proposed method
using FASI combined with in-capillary derivatization method,
quality and quantity parameters using the optimized CZE
method were evaluated and the results are shown in Table 1.
Calibration curves based on the peak area at concentrations
between 0.05 mg L−1 and 5.00 mg L−1 exhibited good linearity
was obtained with R2 values higher than 0.995. The reproduc-
ibility of the method was reported in terms of relative standard
deviation (RSD) using six repeat determinations for intra-day
precision and four replicate injections for inter-day compar-
isons. The RSD obtained from both of intra-day and inter-day
precisions were lower than 0.5% and 0.7%, respectively, for
migration time (tM) whereas 3.0% and 4.5% for peak area. Limit
of detection (LOD) was estimated based on signal-to-noise ratio
(S/N) of 3:1 for both pre-capillary and in-capillary methods. The
results are shown in Table 2. Co(II)-Nitro-PAPS has larger molar
absorptivity (ε) than the other studied metal ions about 1 order of
magnitude (i.e. 105 L mol−1 cm−1 for Co(II)-Nitro-PAPS
whereas the other metal ions have ε about 104 L mol−1 cm−1).
Thus, a larger signal of Co(II)-Nitro-PAPS as well as its low
LOD is obtained. Similar result was observed [11]. The in-
capillary method with the electrokinetic injection (10 kV, 5 s)
gives lower concentration detection than pre-capillary ap-
proach by a factor of 3–28. Whereas the in-capillary method
with the electrokinetic injection produced lower LODs in the
range of 5–40 times when compared to pressure injection
(0.5 psi, 5 s). The results obtained by the proposed method
can be used for the analysis of metals in sub-ppm level as
lower or similar to those obtained by others [9,10,19]. To
ensure that the present method can be used for the analysis
of metals in real samples, the recovery was studied by
spiking the metal ion standard solutions at 2.0 mg L−1 each
into all samples and analyzed in triplicate. As shown in Table
2, the recovery obtained from in-capillary method was
comparable to the pre-capillary method. The recovery ranges
showed dependence on the origin of the sample and the
sample matrix.

3.5. Application

The analysis of 12 wine samples was performed following
the procedure described in Section 2.6. Fig. 4 shows the typical
electropherograms obtained by the proposed method of Emblic
fruit wine and white grape wine samples, respectively. The
identification of peaks was carried out by comparing the
migration time of known metal ions in a standard containing
only a single metal ion with those in a metal mixture and by
spiking with known metals and looking for increases in peak
height. The contents of metals present in all studied wines are

Table 2
The limit of detection (LOD) and recovery for in-capillary and pre-capillary methods

Complex LOD (mg L−1) LOD factor Recovery b (%), n=3

Pre-capillary a In-capillary

Electrokinetic injection c Pressure injection d Pre-capillary/electrokinetic Pressure/electrokinetic Pre-capillary In-capillary

Co(II)-Nitro-PAPS 0.20 0.025 0.30 8.0 12.0 80–102 80–95
Cu(II)-Nitro-PAPS 0.20 0.080 0.50 2.5 6.2 83–104 85–102
Ni(II)-Nitro-PAPS 0.70 0.025 1.00 28.0 40.0 80–103 82–97
Fe(II)-Nitro-PAPS 0.70 0.100 0.50 7.0 5.0 82–94 87–103

a Injection of complexes at 0.5 psi for 5 s.
b Reported as mean values for the twelve studied wine samples.
c Metal ion injection at 10 kV for 5 s.
d Metal ion injection at 0.5 psi for 5 s.

Fig. 4. Electropherograms of wine samples under the optimum conditions:
(a) Emblic fruit wine and (b) white grape wine. Remarkable with asterisks (⁎)
are unknown peaks.
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listed in Table 3. Only Cu(II) and Fe(II) were found in the
studied wine samples whereas Co(II) and Ni(II) were not
detected. Cu(II) was found in Emblic fruit and Black Galingale
wines with a high level about 20 mg L−1 for the first sample.
The levels of copper in various beverages (e.g. wines, tea, fruit
juices, etc.) from some other countries have been reviewed [37].
In wines, the copper concentration was found to be less than
2 mg L−1. Although copper was classified as an essential metal,
excessive levels in wines are potentially toxic. The maximum
acceptable level of copper in wine as established by the Office
International de la Vigne et du Vin (OIV) is 1 mg L−1 [38]. Iron
is usually present in musts and wines at a concentration range
varying from 0.5 up to 20 mg L−1 [39]. The highest permissible
concentration of iron in table wines set by the official national
legislation has been determined to be 10 mg L−1. Iron contents
higher than 8–10 mg L−1 may result in turbidity and color
changes [40]. In the present study, Fe(II) was found at different
amounts in all wine samples. The highest value (∼51mg L−1) of
Fe(II) was found in Emblic fruit wine which also has the highest
content of Cu(II). The Longan wine contained Fe(II) at a level of
34 mg L−1 and Fe(II) in Roselle wine at 19 mg L−1. Fe(II) was
also detected in other wine samples at levels of 16 mg L−1 or
lower. The presence of copper and iron at these levels suggest
that all winesmay be at risk of cloudiness and lack of stability. To
establish the reliability of the proposed method for analysis of
metals in wine samples, the results obtained using the CZE
method with in-capillary derivatization and FASI method have
been compared to those using pre-capillary derivatization
method and AAS (Table 3). The statistical significant as
determined by the t-test at 95% confidence level showed no
significant difference in the results obtained by the three
methods. Comparisons presented here suggest that rapid and
reliable results can be obtained in a highly automated process to
establish the quality of wines. Iron contamination in homemade
preparations is of particular interest.

4. Conclusion

The method and results described here demonstrate that
FASI in combination with in-capillary derivatization is a useful

technique for CZE determination of cobalt(II), copper(II),
nickel(II), and iron(II) using Nitro-PAPS as the complexing
agent. FASI of metal ions and in-capillary mixing with Nitro-
PAPS were successfully obtained with zone-passing strategies
using tandem injection order of Nitro-PAPS, a small water plug,
and metal ions. Under the optimum condition, the separation of
four metals can be achieved within 20 min. Limit of detections
obtained from in-capillary derivatization with electrokinetic
injection were 3–28 folds higher than those obtained from the
pre-capillary method. The successful application of this method
for the determination of metals in wines has been demonstrated.
Only copper and iron were found at high levels in wine samples
and these may influence on color and stability of the homemade
wines. In-capillary derivatization and FASI were superior in
terms of simplicity and ease of automation when compared to
pre-capillary derivatization. Moreover, small quantities (∼nL
level) of reagent and sample were required. Thus, the method
can be considered to be an alternative to other more complicated
methods for analysis of metals in wines.
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a b s t r a c t

Alkaline phosphatase (ALP) has been used as one of the biomarkers for bone resorption and

liver diseases. Normally, total alkaline phosphatase is quantified along with other symp-

toms to determine the releasing source of the alkaline phosphatase. A semi-automated

flow injection-bead injection system was proposed to conveniently and selectively assay

bone alkaline phosphatase (BALP) based on its specific binding to wheat germ coated beads.

Amount of BALP in serum was determined from the intensity of the yellow product pro-

duced from bound BALP on the retained beads and its substrate pNPP. The used beads were

discarded and the fresh ones were introduced for the next analysis. The reaction cell was

designed to be opened and closed using a computer controlled solenoid valve for a precise

incubation time. The performance of the proposed system was evaluated by using it to assay

BALP in human serum. The results were compared to those obtained by using a commercial

ELISA kit. The system is proposed to be an easy and cost effective system for quantification

of BALP as an alternative to batch wise wheat germ specific binding technique.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

Alkaline phosphatase (ALP) is an enzyme primarily produced
in liver and bone. It is also produced in lesser amount by the
placenta, intestines and kidneys. Some conditions such as
bone disease, liver damage and bile duct blockage can cause
the release of high amount of ALP into the bloodstream [1–3].
The chemical structures of ALP from different sources are
slightly different. Therefore, the isoenzyme test of ALP can
reveal its origin which relates to the malfunctioning organ.
The assay of ALP in serum is normally part of a routine blood

� Presented in the Flow Analysis X.
∗ Corresponding authors. Tel.: +66 53 941910; fax: +66 53 941910.

E-mail addresses: kradtas@yahoo.com (S.K. Hartwell), kate@chiangmai.ac.th (K. Grudpan).

test used mainly for the diagnosis of liver and bone disorders
[4]. However, the primary screening value of blood ALP is the
total ALP which cannot differentiate between each isoenzyme.
To make a full use of any ALP isoenzyme as a marker of a par-
ticular disease, the assay technique has to be specific for that
isoenzyme. Bone alkaline phosphatase (BALP) would be a very
useful biomarker because the diagnosis of most bone diseases
needs a long term monitoring of bone mass which may be too
late for the effective treatment.

There are a few techniques that have been used to dif-
ferentiate the two main isoenzymes, bone and liver ALPs,

0003-2670/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2006.12.056
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from each other and from other isoenzymes. Some conven-
tional techniques such as heat activation [5–7] and chemical
inhibition [5,6] are simple but the assay of enzyme activ-
ity after heat and chemical exposure would not be practical
for quantitative analysis for diagnosis of disease. Some other
techniques require either high performance instrumentation
(such as HPLC and electrophoresis) [8–11] or skilled person-
nel (such as immunoassay) [12,13], both of which are not
always available in the regions where funding are limited and
standard facilities are non-existant. Another interesting tech-
nique is called wheat germ lectin precipitation. The lectin
isolated from Triticum vulgaris (wheat germ) is known to selec-
tively bind to N-acetylglucosamine and N-acetylneuraminic
acid residues of BALP [14–16]. This precipitation technique
involves few chemicals and simple apparatus. However, BALP
activity has to be measured from the precipitate which is not
so convenient. Well trained personnel are still needed to per-
form the experiment and analyze the results. Incorporation of
this specific interaction between wheat germ lectin and BALP
into a more automated yet simple and cost effective system
should be useful in providing health care to people living in
areas located far from a modern hospital.

Flow injection-bead injection (FI-BI) is a combination of
online chemical mixing and product detecting process with
the use of reactive solid bead surfaces that can be introduced
into and removed from the system with a flowing stream of
solution. The injected beads are retained in the cell that can
be designed and adapted as needed. FI-BI has been reported
as an alternative to a more sophisticated sequential injection-
bead injection (SI-BI). FI-BI offers some degrees of automation
and improvement of precision as compared to batch wise pro-
cess while minimizing the operation expense. Moreover, the
closed system of FI helps to reduce the risk of direct contact
between an operator and blood samples [17–19].

By employing the wheat germ coated beads with a FI-BI
system, an online highly specific assay of BALP can be done
easily. Reactive beads are injected into the system and trapped
in place. Sample containing BALP is then passed through the
bead retention cell. BALP that is captured by wheat germ
on the beads can be detected with a suitable substrate. A
computer controlled system for bead injection and incuba-
tion timing should help to improve the precision and reduce
personal errors as compared to the batch wise wheat germ
specific binding process.

As in the use of any biomarkers, an elevated BALP almost
always requires other complementary testing for the decision
of treatment. Therefore, the assay of BALP itself is just one of
the aids in the diagnosis of bone disease or the elimination of
other ALPs-related disorders. The first generation FI system is
simple to set up and is cost effective. It is suitable for such tasks
as the quantitative screening of BALP to aid in the prediction of
bone disease or to monitor the progress of treatment. A simple
spectrophotometer can be used as a detector to quantify the
amount of enzyme–substrate product. The performance of the
proposed system was evaluated by using it to assay BALP in
human serum.

2. Experimental

2.1. Apparatus

The FI-BI system design is as shown in Fig. 1. It is composed
of two peristaltic pumps (FIA Lab, USA); one for introduction
of beads and carrier solution and another one for controlling
the flow of buffer, sample and substrate solutions via 3-way
switching valves. BALP standards or serum samples and sub-
strate solution were injected into the system by means of

Fig. 1 – The FI-BI system for the assay of BALP. V1, V2, V3 and V4 are 3-way switching valves, S1 and S2 are 6-port injection
valves, P1 and P2 are peristaltic pumps, D is a Spectronic 21, carrier is DI water and substrate is pNPP.
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six-port injection valves (Pittman, USA and Metrohm, Ger-
many). A Spectronic 21 (Spectronic Instrument, USA) with a
flow through cell 1 cm, 80 �L (HELLMA, Germany) is for the
detection. Two designs of bead retention cells, one based on
a two-way pinch valve (Cole-Parmer, USA) and another of Per-
spex glass cell with solenoid valve (Guardian Electric, USA),
were investigated. The pump, valves and the data were con-
trolled and recorded via a computer with an in-house written
software using LabVIEW® and Origin (Northampton, USA). The
results obtained from the assay of serum samples using the
FI-BI system were compared to those obtained by using the
commercial 96 well BALP ELISA kit (Metra BAP EIA kit, Cat. No.
8012, Quidel, USA) [20].

2.2. Reagents and samples

Wheat germ lectin beads (size 200–300 �m diameter) were
purchased from Sigma (Product No. L1394). Acetate buffer
solution pH 4.5, 50 mM was used for bead conditioning.
Tris–HCl buffer pH 9.5, 100 mM was used to create an alkaline
working condition for enzyme–substrate reaction. As sug-
gested by the manufacturer, triethanolamine pH 7.6, 0.1 M
was used as a solvent for preparation of standard BALP
solution from solid BALP. BALP stock standard solution was
prepared at the concentration of 20,000 U L−1. A liver ALP
(LALP) stock standard solution of the same concentration was
prepared and stored similarly to the BALP standard solution. p-
nitrophenol phosphate (pNPP) working solution of 5 mM was
prepared in Tris–HCl buffer solution. Bovine serum albumin
(BSA, Sigma) was used to dilute the human serum samples
that were obtained from the hospital to the required dilu-
tion factor. Fetal bovine serum (Lot. No. CN J0094, HyClone
Laboratories, Inc.) was used for optimization study of the FI-
BI system. Blood samples were collected at the Orthopedics
Surgery Department, Maharaj Nakorn Chiang Mai Hospital,
Chiang Mai University, Thailand. Details of preparation of each
reagent, serum samples and dilution of serum are available in
ESI.

3. Results and discussion

3.1. Bead retention cell

Two main purposes of the bead retention cells are the accom-
modation of the chemical reaction and retention of the
analyte.

The first design based on a two-way pinch valve, see ESI,
has limited use because of tubing deformation due to pinching
pressure.

For the second bead retention cell design, the straight chan-
nel of 1/16 in. diameter was created in a Perspex glass piece.
Another channel was created at 45◦ to the straight channel
as shown in Fig. 2 to perfectly fit the solid rod (PEEK tubing)
which is attached to the metal rod of a solenoid valve. When
the valve was switched on, the solid rod was inserted into the
flow path of beads in the straight channel, leaving the chan-
nel length of 3 cm for bead retention space. The positions of
the cell and the valve were adjusted in the way that the tiny
space between the cell surface and the solid rod was suitable to
retain beads while the solution could flow through. By mount-
ing the cell and the solenoid valve in place, the small space
between the cell surface and solid rod can be kept unchanged.
After analysis, the solid rod was pulled back and beads were
pushed out with a flowing stream of solution. The movement
of solid rod was controlled electronically using the LabVIEW®

software for applying the voltage to the solenoid valve. There
was no problem of back pressure using this cell and therefore,
it was chosen for further experiments.

3.2. The FI-BI operation

Operation steps of the FI-BI system (Fig. 1) with the Perspex-
solenoid valve bead retention cell were as follows. First, wheat
germ lectin coated beads were loaded into the flow cell with a
peristaltic pump P2 through valves V2, V3 and V4 out to waste.
Then deionized (DI) water was pumped into the system to
pack beads in the bead retention cell by switching valve V2

to the carrier line. After that, the pump P2 was stopped and by
switching the valves V3 and V4, the acetate buffer pH 4.5 was
allowed to flow into the system by the peristaltic pump P1.

A BALP standard or serum sample was injected into the
acetate buffer stream via the injection valve S1 and passed
into the bead retention cell. Then the pump P1 was stopped to
allow incubation of BALP with wheat germ lectin coated beads
for a desired period of time. Specific lectin on the bead surfaces
interacted and separated BALP isoform from human serum
sample. After that, the Tris–HCl buffer pH 9.5 was pumped
through the system via an operation of the valve V1 to remove
unbound species and to adjust the condition to be alkaline.
pNPP was injected into the buffer stream by means of the
injection valve S2. It passed through the bead retention cell
and out through the flow cell. The baseline signal of pNPP
solution was recorded. Then the pump was stopped for incu-

Fig. 2 – The bead retention cell based on a solenoid valve.
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Table 1 – The operational conditions of the flow
injection-bead injection system for the assay of BALP in
human serum samples

Parameters Selected conditions

Bead suspension 0.25 mL beads in 4 mL acetate
buffer pH 4.5

Flow rate (P2) 3.0 mL min−1

Bead loading time 10 s (Approximately 30 �L of
bead volume)

Bead packing DI water 2 min
Flow rate (P1) 1.8 mL min−1

Bead conditioning Acetate buffer 2 min
Sample volume 200 �L
Sample-bead incubation 5 min
Washing step Tris–HCl buffer 3 min
Substrate volume 100 �L 5 mM pNPP
Enzyme-substrate incubation 5 min
Detection wavelength 405 nm

bation. The sample (200 �L) and a substrate (100 �L) would be
stopped at the bead retention cell adequately, which could be
controlled by the flow rate of carrier solution and the time
when the pump stopped. Finally, the enzyme–substrate prod-
uct, p-nitrophenol (pNP) was pushed into the flow through
cell and was detected at 405 nm by pumping the buffer solu-
tion through detection unit. Used beads were discarded and
replaced by fresh ones. This helps to reduce the risk of bead
contamination, bead surface deterioration and to cut down
the analysis time by eliminating the bead regeneration step.

3.3. Operational conditions

Various parameters such as sample volume, flow rate, incu-
bation time and concentration of substrate were optimized to
obtain the most suitable operational conditions. Since human
serum samples were limited, all experiments in this section
employed fetal bovine serum as a source of BALP to mimic
matrices of real serum samples which will be used in the
future.

The summarization of the selected operational conditions
of the FI-BI system is shown in Table 1. It should be noted
that after incubation of BALP with pNPP, enzyme–substrate
product pNP was pushed into the detector. Two repeated
enzyme–substrate incubation and detection steps were able
to be performed for each sample on the same injected beads.
Therefore, the total analytical time for the assay of BALP was
approximately 30 min for 2 replicated enzyme–substrate prod-
uct measurements.

A 5 min incubation time was chosen to shorten the assay
process. Although it may not reach equilibrium, the advantage
of the FI enables the reproduced timing for the measurement.
Sample throughput may be improved by flowing the solution
through the reactor slowly rather than stopping it during incu-
bation steps. A more sensitive detector such as fiber optic may
be needed to improve performance.

3.4. Calibration curve

The selected operational conditions of the FI-BI system were
employed to obtain a calibration graph. The BALP activities

Fig. 3 – (a) The profile of the analytical signals of standard
BALP at various concentrations and blank. Peak heights are
increased in order with the increase of the BALP activities
that are varied from 1 to 10, 20, 50, 100, 200, 500, 1000, 2000
and 10,000 U L−1. (b) Calibration curve of the BALP activities.

were investigated in the range of 1–10,000 U L−1 to cover the
amount of BALP usually found both in healthy people and bone
disease patients. The profile of the analytical signals of BALP
activities is shown in Fig. 3(a). The blank signal was found to
be the same as and superimposed with the signal obtained
from BALP of 1 U L−1. The corresponding calibration curve,
plotted between the differences of analytical signals from the
background signal and concentrations of BALP, is presented in
Fig. 3(b). The calibration curve is the sigmoidal (logistic) fit, see
ESI. From this calibration curve, the working range was esti-
mated to be 10–1000 U L−1. This can cover the range of BALP
levels reported to be found in healthy people (35–95 U L−1) [16]
and at various elevated levels in patients with bone diseases
such as osteoporosis.

3.5. Precision and accuracy

Within-run precision or repeatability [21] was determined by
repeated assaying BALP in a single fetal bovine serum 10 times
within one day. The percentage of relative standard deviation



192 a n a l y t i c a c h i m i c a a c t a 6 0 0 ( 2 0 0 7 ) 188–193

Table 2 – Percent differences of spiked BALP in normal serum samples

Sample Found BALP (U L−1) Expected BALP (U L−1) %Differencea

Normal serum 16 – –
Normal serum + 20 U L−1 std. BALP 43±5 36 19 ± 16
Normal serum + 100 U L−1 std. BALP 94±7 116 19 ± 6
Normal serum + 500 U L−1 std. BALP 379±16 516 27 ± 3
Normal Serum + 1000 U L−1 std. BALP 687±79 1016 32 ± 8

a Accuracy was expressed as the percentage of difference between the calculated activities of spiked BALP (expected value) and the measured
amount of BALP found by using the FI-BI system: %Difference = [(found value−expected value)/(expected value)]×100.

(%R.S.D.) was 6. Between-run precision or reproducibility [21]
was determined by 10 assays of BALP of a single fetal bovine
serum on different days (1 run per day) and the R.S.D. was
found to be 5%.

Accuracy of the method and working range of the calibra-
tion curve were investigated by spiking various BALP activities
(100, 500 and 1000 U L−1) into a normal serum sample. The
results in Table 2 indicate that accuracy of working range
(10–1000 U L−1) of the calibration curve is decreased when
BALP activity is higher than 100 U L−1 (more than 20% differ-
ence). This may be due to limited bead surfaces available for
accommodation of high amount of BALP. The practical work-
ing range should actually be in the range of 10–100 U L−1 (less
than 20% difference). Therefore, dilution of serum sample is
necessary for the serum sample with BALP activity near or
higher than 100 U L−1.

3.6. Cross reaction

Because both BALP and LALP exist in the tissue-nonspecific
ALP gene locus, they have similar structures. Even though
wheat germ lectin has been reported to be 90% specific toward
BALP [22], the LALP which is an abundant isoenzyme of ALP
in human serum may have cross-reactivity with the wheat
germ lectin. From the experiment, see ESI, it was found that
low amount of LALP (50–100 U L−1) does not have detectable
cross reactivity with the wheat germ lectin. LALP at 200 U L−1

showed 3% cross reactivity while 500 and 1000 U L−1 showed
the same level of cross reactivity of 7%. These results are sim-
ilar to those reported by the commercial BALP ELISA kit (5–8%
cross reactivity with LALP). This low cross activity of LALP
should not interfere with the assay of BALP.

3.7. Estimation of the amount of BALP in human
serum

The FI-BI technique was used to estimate BALP in human
serum samples. The results obtained from the proposed FI-BI
system were compared to those obtained from a commercial
ELISA kit based on monoclonal antibody against BALP. The two
methods gave a regression equation of y = 1.76x−3.83 with a
correlation coefficient (r) of 0.74 at the significance level of
0.001 (p = 0.001), when plotting the results obtained by the FI-BI
system as y-axis and that of the commercial ELISA kit as x-
axis. By average, BALP activities obtained from the FI-BI assay
are almost twice higher than those found when using a com-
mercial ELISA kit. This could be due to higher area of solid
surfaces of beads as compared to the surface of the wall of

micro-well. The actual cause of unequal analytical signals of
the two methods is still unknown and further studies will be
useful. Nevertheless, higher sensitivity obtained from the FI-BI
system should be a great benefit.

In this study, comparison of average BALP activities in the
normal group and the osteoporosis group from the FI-BI assay
indicates that the levels of BALP in these two sample groups
are significantly different. The trends were with that by the
commercial ELISA kit. The FI-BI system showed average BALP
of 46 and 18 U L−1 for osteoporosis and normal serum samples,
respectively while the ELISA kit showed average BALP of 24 and
15 U L−1 for the same osteoporosis and normal serum samples,
respectively. The significance of the difference of the average
BALP activities in normal and osteoporosis groups were calcu-
lated in terms of p-value. The p-value of 1.0×10−4 (significance
level of 0.0001, 99.99% confidence level) was found with the
FI-BI assay and p-value of 6.4×10−3 (significance level of 0.01,
99% confidence level) was found with ELISA kit. The differ-
ence in BALP levels of the two sample groups found when
using the FI-BI system is higher than that found when using
the ELISA kit which is the consequence of the higher sensitiv-
ity of the FI-BI system, as mentioned earlier. The FI-BI assay
should provide better differentiation of normal from patient
groups.

4. Conclusions

A cost effective FI-BI system for the assay of bone alkaline
phosphatase (BALP) in human serum samples was developed.
Wheat germ coated beads were employed to isolate BALP
form human serum, followed by the enzyme–substrate reac-
tion for detection. The simple FI-BI system can be used to
perform online assay of BALP. As compared to the ELISA kit,
the proposed system offers an assay run with good analyt-
ical characteristics, comparable precision and cross activity,
simpler operation with less requirement for a highly trained
personnel, less direct contact by the operator to blood sample,
and lower cost. Referring to a sample throughput, it should
also be noted that although the ELISA 96 well procedure can
assay 96 samples in 4 h of one run but the proposed FI-BI sys-
tem provides much shorter analysis time per run (30 min as
compared to 4 h). Therefore, this FI-BI system is useful for a
small to medium number of samples. Another advantage of
the FI-BI system includes its tendency to better differentiate
between groups of people with and without bone disease as
compared to the ELISA kit. Therefore, this developed system
would have a high potential of being used as an alternative
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method to screen and monitor for bone disorders. Further
investigation for a higher degree of automation and studies
to determine a more precise cut-off value using more samples
would be useful.
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Abstract 

A sensitive, rapid and accurate determination of protein in patient urine was carried out by flow injection analysis (FIA) using 
tetrabromophenolphthalein ethyl ester (TBPE·H) and Triton X-100 at pH 3.0. The detection system was based on the ion association 
formation between human serum albumin (HSA) and TBPE·H in the micelle formed by Triton X-100. The calibration graph was 
linear in the range of 0.15 – 12 mg/dL HSA with R2 = 0.998. The 3� limit of detection of the proposed FIA method was 0.05 mg/dL 
at 610 nm. The relative standard deviation (n = 10) of 3.0 mg/dL HSA was 1.2% and the sample throughput was 30 h–1. 
 
Keywords Protein determination, Urine, Tetrabromophenolphthalein ethyl ester, Flow injection analysis; Ion association formation 

 
1. Introduction 
 

Of proteins, albumin is very important as an active substance 
in our body and is synthesized in the liver. In the liver disease, 
the amount of albumin in the blood decreases. And also, protein 
is excluded as a renal proteinuria in nephropathy and diabetic 
nephropathy. Especially, the measurement of protein amount 
excluded in the urine is an important indicator to the diabetes 
diagnosis. In the clinical laboratory, the test paper impregnating 
the dyestuff is commonly used for the rapid examination of renal 
disease. The visible detecting technique using the test paper is 
simple and easy to deal with, however, the detection of protein is 
semi-quantitative and the measurable concentrations are 
classified as follows; (–) < 15 mg/dL, (±) 15 – 30 mg/dL, (+) > 
30 mg/dL, (++) > 100 mg/dL, (+++) > 300 mg/dL. 

Accordingly, simple and accurate spectrophotometric 
determinations of urinary albumin and micro-albuminuria assay 
using bromophenol blue [1,2] have been reported. And, Fujita et 
al. have reported highly sensitive spectrophotometric methods 
for urinary protein with dye-metal complexes and micelle media 
[3–7]. Huang et al. have reported the determination of albumin 
and globulin with �-, �-, �-, �-tetrakis(4-sulfophenyl)porphine 
[8]. Bromocresol green and bromocresol purple were used for 
the serum albumin determination [9] and bromothymol blue has 
been proposed the determination of serum albumin [10]. And 
also, the chemical equilibrium of protein-dye binding for protein 
error was studied [11,12] and the interactions of dye and/or 
complexes with protein were reported [13,14]. On the other hand, 
Yoshimoto et al. have proposed the visual, simple and sensitive 
analytical method for the protein detection [15,16]. Recently, 
simultaneous determination of human albumin, globulin and 
glucose by near-infrared spectroscopy [17] and fluorescence 
quenching method [18] of bovine serum albumin by CdS 
nanoparticles have been reported. And, Hashimoto et al. reported 
the protein assay with tetrabromophenol blue [19]. However, 
these methods mentioned above have been performed by the 
batchwise technique and the procedure needs much time and 
large reagent consumption. 

In the clinical laboratory, the routine and accurate quantifica- 
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tion of albumin in urine is very important for a clinical 
evaluation of patients with renal disease. Flow injection analysis 
(FIA) developed by Ruzicka and Hansen is a versatile and 
practical technique [20]. The technology has been widely used in 
environmental, clinical and pharmaceutical analyses because the 
method permits automatic, rapid and sensitive analysis compared 
with the batchwise method. FIA with Coomassie brilliant blue 
G-250 was used to determine rapidly protein in urine [21] and 
also, high-sensitivity flow method with micro-flow plunger 
pumps [22] and capillary stream sensor [23] were demonstrated 
for the serum albumin determination. However, the sample 
throughput was only 15 h–1. The albumin in biological fluids was 
analyzed using FIA-CL technology, however, the derivatization 
reaction was carried out off-line [24]. 

We found that an insoluble TPBE·H formed around at pH 3.8 
was dissolved in the presence of Triton X-100. In this paper, a 
simple two channel FIA system using TBPE·H with Triton 
X-100 is proposed as a rapid and precious sensor of urinary 
protein. 
 
2. Experimental 
 
2.1. Reagents 
 

All reagents used were of analytical-reagent grade, and 
deionized water purified by an Advantec GSH-210 apparatus 
was used throughout. 

A TBPE stock solution (1.0�10–3 M) was prepared by 
dissolving 0.07 g of tetrabromophenolphthalein ethyl ester 
potassium salt (MW: 700, Tokyo Kasei) in 100 mL of ethanol. 

A Triton X-100 solution (0.5%) was prepared by dissolving 0.5 
g of t-octylphenoxypolyethoxyethanol (Sigma Chemical) in 100 
mL of water. 

A human serum albumin standard (HSA, 100 mg/dL) was 
prepared by 0.1 g of human serum albumin (MW: 66,000, 
Seikagaku Kogyo) in 100 mL of water. 

Working solutions were prepared by suitable dilution of the 
stock solutions with water. 

Buffer solution was prepared by mixing 0.1 M potassium 
hydrogen phthalate and 0.1 M hydrochloric acid. 
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2.2. Apparatus 
 

A JASCO, Model V-550, double beam spectrophotometer with 
10 mm cell and a Horiba, Model F-22, pH meter were used for 
the batchwise method. 

The manifold of the flow injection system is shown in Fig. 1. 
The dual micro-pump (F·I·A Instruments, Model PD-2000) was 
used to deliver carrier (CS) and reagent solution (RS). An LED 
visible spectrophotometer with an interfering filter (610 nm) 
(F·I·A Instruments, Model KCM-0306) equipped with a micro 
flow cell was used for the measurement of protein associate. 
 
2.3. Procedures 
 
2.3.1. Batchwise method 

To the HSA standard solution, 5 mL of 1.0�10–4 M TBPE 
solution, 5 mL of 0.1% Triton X-100 and 2 mL of buffer solution 
(pH 3.1) were added in a 25 mL volumetric flask and the mixture 
was diluted to the mark with water. After mixing, absorbance 
was measured at 610 nm against water. 
 
2.3.2. FIA method 

The two channel flow system as shown in Fig. 1 is assembled. 
CS (water) and RS (a mixture of 1.2�10–5 M TBPE, 0.02% 
TritonX-100 and buffer (pH3.0)) were pumped at the rate of 0.9 
mL/min. An aliquot (200 �l) sample solution is injected into the 
CS stream by a six-way injection valve. After mixing in the 5 m 
reaction tube (inner diameter 0.25 mm), absorbance was 
monitored at 610 nm. 
 
 

3. Results and discussion 
 
3.1. Batchwise study 
 
3.1.1. Effects of TBPE and Triton X-100 concentrations 

TBPE concentration was varied from 1.0�10–5 M to 8.0�10–5 
M and Triton X-100 concentration was varied in the range of 
0.005 – 0.1% in the absence of HSA. TBPE (blue) dissolved in 
ethanol was converted to yellow TBPE�H molecule in an 
aqueous media below pH 3.5 because the dissociation constant, 
pKa,TBPE, was 4.2 [25]. A yellow TBPE�H was insoluble in water, 
however, TBPE�H was soluble in the presence of Triton X-100. 
Absorbance of the reagent blank increased with increase of 
TBPE concentration. This could be due to that TBPE�H in the 
micelle produced a dissociated TBPE ion slightly. In this study, 
0.02% Triton X-100 and 2.0�10–5 M TBPE were chosen. 
 
3.1.2. Effect of pH for ion association formation 

The effect of pH on the formation of TBPE-protein associate 
was investigated. pH was varied from pH 2.9 to 4.2. The 
2.0�10–5 M TBPE and 0.02% Triton X-100 solutions were used 
for 2.4 mg/dL HSA. With increasing pH, absorbance of the 
associate increased, however, absorbance of the reagent blank 
increased gradually. However, the calibration curve at pH 3.4 
gave y = 0.21x + 0.05, R2 = 0.956 (y = absorbance, x = HSA 
concentration in mg/dL, R2 = correlation coefficient) and that at 
pH 3.1 gave y = 0.17x + 0.03, R2 = 0.980 in the range of 0 – 3.0 
mg/dL HSA. Consequently, pH 3.1 was chosen in this study.  

Fig. 2 shows absorption spectra at pH 3.1 and 3.8 for various 
HSA concentrations. At pH 3.1, the reagent blank gave a low 
absorbance at 610 nm and absorbance of the associate increased 
in proportion to the HSA concentration. And also, the isosbestic 
point appeared at 490 nm. The larger absorbance was obtained at 
pH 3.8, however, the absorbance of the reagent blank became 
larger and the absorbance of the associate was not proportional 
to the HSA concentration, because TBPE�H in the micelle 
dissociated into TBPE anion at higher pH, and the ion associate 
formation was not stoichiometric. 
 
3.1.3. Binding ratio of protein-TBPE associate 

The binding ratio of the protein-TBPE associate was 
investigated by the continuous variation plots. The result is 
represented in Fig. 3. According to the continuous variation plots, 
it can be assumed that the binding number of TBPE to HSA is 
over 18. And also, it was simulated to obtain a presumed binding 
number as given below. When 3.6�10–7 M HSA was added, the 
absorbance was 0.417 at 610 nm. Hence, the molar absorptivity 
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Fig. 1 Schematic diagram of the flow system. CS, water; RS, 
TBPE�H (1.2�10–5 M) 	 TritonX-100 (0.02%) 	 buffer 
(potassium hydrogen phthalate-hydrochloric acid, pH 3); P, 
pump (0.9 mL/min); V, valve; S, sample (200 �L); RC, 
reaction coil (
 0.25 mm � 5 m); D, detector (610 nm); Rec, 
recorder; W, waste. 
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Fig. 2 Absorption spectra at different pH by batchwise method. (a), pH 3.1; (b), pH 3.8. HSA concentrations (mg/dL): (1), 0; (2), 
0.8; (3), 1.6; (4), 2.4; (5), 3.2. TBPE·H, 2.0�10–5 M; Triton X-100, 0.02%. 
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for 3.6�10–7 M HSA, �HSA·(TBPE)x (x denotes the binding number 
of TBPE), was 1.2�106 L mol–1 cm–1. In this study, �TBPE in the 
presence of Triton X-100 was 5.7�104 L mol–1 cm–1. The �TBPE 
multiplied by 21 gives the same value of 1.2�106 L mol–1 cm–1 
as the �HSA·(TBPE)x. Consequently, we estimated the binding ratio 
of TBPE to HSA was 21:1. Hence, the chemical equilibrium of 
the association reaction and its micelle extraction constant 
(Kex(m)) can be expressed as: 
 
21(TBPE·H)m 	 HSA21+  (HSA21+·(TBPE�)21)m 	 21H	 

 (1) 
 

 
Kex(m)

m

m

HSA TBPE H
TBPE H HSA
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21
21
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where [ ]m is the concentration of chemical species in the micelle. 
Motomizu et al. have reported micelle extraction constants of ion 
associate formed between quaternary ammonium salts 
(quaternary phosphonium salts) and TBPE�H in the presence of 
Triton X-100 [26,27]. However, in this study, it was difficult to 
determine the micelle extraction constant of TBPE-HSA because 
HSA is a large and hydrophilic molecule. 
 
3.1.4. Calibration graph and interference study 

A calibration graph with a good linear relationship (R2 = 
0.980) was obtained up to 3.0 mg/dL of HSA. The 3� limit of 
detection (LOD) and 10� limit of quantitation (LOQ) were 0.05 
and 0.17 mg/dL, respectively. 

Sodium chloride and creatinine concentrations in normal urine 
are 1000 mg/dL and 100 mg/dL, respectively. The interferences 
on sodium chloride and creatinine were studied. As the results, 
sodium chloride did not interfere up to 30 mg/dL and 18 mg/dL 
creatinine did not give the interference. Accordingly, the 
coexisting sodium chloride and creatinine in urine did not give 
the interference on the determination of HSA in this method 
because the urine sample was diluted with water to 62.5-fold 
before measurements. 
 
3.2. FIA study 
 
3.2.1. Effect of pH 

The effect of pH for 3.0 mg/dL HSA was investigated in the 
range of pH 2.7 – 3.3. With increasing pH, absorbance increased 
gradually. However, over pH 3.1, absorbance of the baseline also 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
increased. In this study, pH 3.0 was selected. 
 
3.2.2. Effects of TBPE and Triton X-100 concentrations 

TBPE�H concentration was varied in the range from 0.6�10–5 
to 2.0�10–5 M (Fig. 4). Over 1.2�10–5 M TBPE�H, absorbance 
increased slightly. However, over 1.4�10–5 M TBPE�H, 
absorbance of the baseline increased drastically. A higher 
TBPE�H concentration gave the large reagent blank in a similar 
manner as mentioned in the batchwise study. In this study, 
1.2�10–5 M TBPE�H was used. 

The effect of Triton X-100 concentration was varied from 0.01 
to 0.03%. At the 0.01% solution, the absorbance of the associate 
was very low because the dissolution of TBPE�H into the micelle 
was not sufficient. Over 0.015%, the largest and constant 
absorbance was obtained as shown in Fig. 5. The 0.02% 
concentration was chosen. 

 
3.2.3. Other variables 

The reaction coil (tubing of 0.25mm ID) length was varied in 
the range of 0.5 to 5 m using 3 mg/dL HSA. The constant and 
largest absorbance was obtained even below 2 m. However, the 
correlation coefficient (R2) of the calibration curve was 0.977 at 
2 m and R2 at 5m was 0.998 in the range of 4–8 mg/dL HSA. As 
a result, a 5-m tubing was chosen. 
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Fig. 3 Continuous variation plot of TBPE-HSA associate. 
CHSA + CTBPE = 4�10–5 M. 
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Fig. 4 Effects of TBPE concentration in FI method. (1) HSA 
(3 mg/dL) and (2) baseline absorbance against water. pH 3.0; 
Triton X-100, 0.02 %; RC: 
 0.25 mm�5 m; flow rate, 0.9 
mL/min; sample loop, 200 �L. Error bar denotes standard 
deviation in tripricate. 
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Fig. 5 Effects of Triton X-100 concentration in FI method. 
(1) HSA (3 mg/dL) against reagent blank and (2) baseline 
absorbance against water. TBPE, 1.2�10–5 M; pH 3.0; RC, 
 
0.25 mm�5 m; flow rate, 0.9 mL min–1; sample loop, 200 
�L. Error bar denotes standard deviation in tripricate. 
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The effect of flow rate was investigated in the range of 0.5 to 
1.3 mL min-1. Over 0.7 mL min-1, the constant and largest 
absorbance was obtained and the baseline became lower. 

The sample volume was varied from 50 �L to 300 �L. With 
increasing the volume, absorbance increased gradually. The 200 
�L sample volume was used. 
 
3.2.4. Calibration graph 

The calibration graph was linear up to 12 mg/dL of HSA with 
R2 = 0.998 and the graph passed through the origin: y = 0.026x (y 
= absorbance, x = HSA concentration in mg/dL). The LOD and 
LOQ of the proposed FIA method were 0.05 and 0.15 mg/dL, 
respectively. The sample throughput was 30 h–1. The relative 
standard deviation (n = 10) was 1.2% for 3 mg/dL. 
 
3.2.5. Interferences 

Interference by sodium chloride and creatinine was studied on 
the determination of 3 mg/dL HSA by the proposed FIA method. 
Over 60 mg/dL sodium chloride, absorbance decreased. 
However, sodium chloride less than 20 mg/dL did not interfere. 
And, 10 mg/dL creatinine did not give any interference. Since 
urine sample was diluted with water to 62.5-fold in this study, 
the influence from sodium chloride and creatinine could be 
negligible. 
 
3.3. Application to urinary protein and serum protein analysis 
 

The urinary protein contents in samples collected from 
nephropathy and diabetic nephropathy patients were determined 
by a paper test kit (commercially available Albustix by Bayer 
Medical), batchwise method and the proposed FIA method. Each 
urine sample was centrifuged at 3000 rpm and the supernatant 
was diluted with water to 62.5-fold. The results obtained by the 
three methods are summarized in Table 1. The concentrations by 
the test paper showed around 100 mg/dL for all samples because 
the judged concentration range was rough and not accurate as 
described above. The correlation coefficient (R2) between 
batchwise method and FIA method was 0.954, and the slope was 
1.03. The experimental t-value was 2.42 and the theoretical 
t-value was 2.447 for n = 7. Accordingly, the proposed FIA using 
TBPE�H and Triton X-100 was useful by offering some 
advantages on low reagent blank, rapidity, simplicity, accuracy 
and less reagent consumption. 

In conclusion, two channel flow injection system using 
TBPE·H dissolved in Triton X-100 was proposed for the 
determination of urinary protein collected from patients. The 
calibration range was 0.15 – 12 mg/dL with RSD of 1.2%. The 
sample throughput was 30 h–1. This could be an alternative 

method in the clinical laboratory. 
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Table 1 Determination of protein in human patient urine 
 
Sample No. Test papera Batchwise FIA 
  method /mg/dLb method /mg/dLb

 
1 ++ 50.1�2.4   43.2�1.3 
2 ++ 82.3�1.9 83.7�4.5 
3 ++ 58.3�2.3 53.2�1.2 
4 ++ 89.7�2.2 88.0�2.2 
5 ++ 70.6�2.0 66.3�1.5 
6 ++ 89.8�3.0 81.8�0.8 
7 ++ 108.8�1.2 109.7�1.0 
 
a. Semi-quantitation by Albustix purchased from Bayer Medical Ltd., The

symbol (++) shows > 100 mg/dL protein 
b. Dilution ratio for sample determined was 62.5. 
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High-performance liquid chromatography with
sequential injection for online precolumn
derivatization of some heavymetals

HPLC was coupled with sequential injection (SI) for simultaneous analyses of some
heavy metals, including Co(II), Ni(II), Cu(II), and Fe(II). 2-(5-Nitro-2-pyridylazo)-5-[N-
propyl-N-(3-sulfopropyl)amino]phenol (nitro-PAPS) was employed as a derivatizing
reagent for sensitive spectrophotometric detection by online precolumn derivatiza-
tion. The SI system offers an automated handling of sample and reagent, online pre-
column derivatization, and propulsion of derivatives to the HPLC injection loop.
The metal–nitro-PAPS complexes were separated on a C18-lBondapak column
(3.96300 mm2). Using the proposed SI-HPLC system, determination of four metal
ions by means of nitro-PAPS complexes was achieved within 13 min in which the
parallel of derivatization and separation were processed at the same time. Linear
calibration graphs were obtained in the ranges of 0.005–0.250 mg/L for Cu(II),
0.007–1.000 mg/L for Co(II), 0.005–0.075 mg/L for Ni(II), and 0.005–0.100 mg/L for
Fe(II). The system provides means for automation with good precision and minimiz-
ing error in solution handling with the RSD of less than 6%. The detection limits
obtained were 2 lg/L for Cu(II) and Co(II), and 1 lg/L for Ni(II) and Fe(II). The method
was successfully applied for the determination of metal ions in various samples,
including milk powder for infant, mineral supplements, local wines, and drinking
water.
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1 Introduction

Metal ion analysis is of great importance in various
fields, including food, pharmaceutical, medical, and
environmental sciences. Numerous analytical tech-
niques have been reported for the determination of
heavy metals. The most widely used instruments, e. g.,
atomic absorption [1–3] and inductively coupled plasma
atomic emission spectrometers [4, 5], used for metal
determination suffer from both spectral and chemical
interferences and involve instrumentation complexity. A
common UV–Vis spectrophotometry [6] is often simpler
and less expensive than atomic spectroscopic methods

but does not allow a multielemental analysis and
requires derivatization process for improving the sensi-
tivity and selectivity. HPLC [7–10] and ion chromatogra-
phy [11] have been widely recognized as versatile meth-
ods for multielement and sensitive analyses of metal
ions using either pre- or postcolumn derivatization. In a
typical postcolumn procedure, a chromogenic reagent is
mixed with column eluent in a postcolumn mixer and
the derivatives formed are detected. To be useful, postcol-
umn reactions must be rapid and generate low back-
ground signals. Dead volume associated with connecting
tubing, detector, and mixing devices must be minimized
to avoid unnecessary peak dispersion. The precolumn
derivatization procedure ensures that the excess of
reagent is completely separated from the chelates and
does not actually contribute to the increase in baseline
signals at the peak positions of the chelates. This fact
indicates that the attainable sensitivity is determined
only by the inherent S/N of the detector. The potential of
this approach is realized in the RP HPLC partition mode,
including the ion-pair type. Ion-pair RP HPLC (IP-RPHPLC)

Correspondence: Dr. Rodjana Burakham, Department of Chem-
istry, Faculty of Science, Khon Kaen University, Khon Kaen
40002, Thailand
E-mail: rburakham@yahoo.com
Fax: +66-43-202373

Abbreviations: IP-RPHPLC, ion-pair RP HPLC; Nitro-PAPS, 2-(5-ni-
tro-2-pyridylazo)-5-[N-propyl-N-(3-sulfopropyl)amino]phenol; SI,
sequential injection
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offers both sensitivity and selectivity owing to the large
degree of flexibility in the separation parameters. Several
chelating agents have been successively used as a deriva-
tizing reagent such as 4-(2-pyridylazo)resorcinol (PAR)
[10], 5-(2-hydroxy-5-nitrophenylazo)thiorhodamine [12],
2,4-dihydroxybenzylidenethiorhodamine [13], 1-(4-ami-
nobenzyl) ethylenediamine-N,N,N9,N(-tetraacetate [14], 2-
(5-bromo-2-pyridylazo)-5-(N-propyl-N-(3-sulfopropylami-
no)aniline (5-Br-PSAA) [15], and 2-(5-nitro-2-pyridylazo)-5-
[N-propyl-N-(3-sulfopropyl)amino]phenol (nitro-PAPS) [16].

Precolumn derivatization is normally performed off-
line (batch) because of instrumentation simplicity. But
offline manipulation is proved to be laborious, time con-
suming, especially if a number of samples is to be proc-
essed, and may result in low precision. On the other
hand, online derivatization offers automation, ease and
high sampling rate, providing an attractive alternative
[17]. Some developments have involved the coupling of
flow injection (FI) [10, 18–20] or sequential injection (SI)
[17, 21] with HPLC for online precolumn derivatization.
FI involves an inexpensive hardware and a simple opera-
tional basis, while SI offers high potential for higher
degree in laboratory automation with less reagent con-
sumption.

In this work, attempts were made for coupling IP-
RPHPLC with SI for online precolumn derivatization and
determination of some heavy metals, including Co(II),
Cu(II), Ni(II), and Fe(II). Nitro-PAPS was used as the deriva-
tizing reagent for a sensitive spectrophotometric detec-
tion. Application to a variety of samples was investigated.
The method would provide simple, low consumption of
sample and reagent, and easy operation with higher
degree of automation. The chromatographic system
could be an alternative for simultaneous analysis of
some heavymetals.

2 Materials andmethods

2.1 Chemicals and reagents

All the reagents used were of analytical reagent grade.
Deionized water was used throughout the experiments.
The atomic absorption standard solutions (1000 mg/L) of
copper (II) nitrate and nickel (II) nitrate were obtained
from Ajax Chemicals (Australia). Stock standard solution
(1000 mg/L) of cobalt (II) was prepared using cobalt (II)
chloride hexahydrate in water. Stock standard solution
(1000 mg/L) of iron (II) was prepared by dissolving iron
(II) sulfate heptahydrate in 10– 4 mol/L hydrochloric acid.
Working standards were freshly prepared by diluting the
stock solution with water to obtain appropriate concen-
trations. Nitro-PAPS was obtained from Dojindo Labora-
tories (Japan). Tetrabutylammonium bromide (TBABr)
was purchased from Fluka (Switzerland). ACN was of
HPLC grade. All HPLC mobile phases were filtered

through 0.45 lm membrane filters and sonicated prior
to use.

2.2 Instrumentation

The SI-HPLC system used is schematically depicted in
Fig. 1a. The SIA part consists of a 2.5 mL syringe pump
(Cavro, USA), a 10-position selection valve VICI with a
microelectric actuator (Valco Instruments, USA), and a
holding coil (22060.07 cm id PTFE tubing). Instrumenta-
tion control was manipulated via the FIAlab software
(FIAlab Instruments, USA). The HPLC part consists of a
Waters 6000A dual pump, a Rheodyne injector with a
50 lL injection loop, and a Waters 484 absorbance detec-
tor (Waters, USA) operated at the wavelength of 570 nm.
The SI system was connected to the HPLC injection port
by means of the 3760.07 cm id PTFE tubing. Separations
were performed on a 3.96300 mm2 C18-lBondapak col-
umn with 5 lm particle size (Waters). The CSW 32 soft-
ware (Waters) was used for data acquisition.

2.3 Procedure

Effective separation of the studied metal–nitro-PAPS
complexes was achieved through the IP-RPHPLC mode
using the mobile phase containing ACN, buffer and ion
pairing agent. The column was equilibrated with the
mobile phase being used for 25 column-volumes before
start.

The SI-HPLC operation steps were as follows: the mani-
fold lines were washed with water, and all the reagents
were filled into the ports of the selection valve. Then,
suitable volumes of the reagents were sequentially aspi-
rated and stacked as zones in the holding coil. By flow
reversal of the syringe pump, the reaction mixture,
metal–nitro-PAPS complexes in this work, was propelled
to the HPLC injection loop and injected into the HPLC sys-
tem. A mobile phase flow rate of 1.0 mL/min was used
throughout.

3 Results and discussion

3.1 IP-RPHPLC ofmetal–nitro-PAPS chelates

To achieve adequate separation for the studied chelates
within a minimum elution time, optimization of the
HPLC separation was performed by offline derivatization
of metal–nitro-PAPS chelates. Nitro-PAPS chelates of
Co(II), Ni(II), Cu(II), and Fe(II) were formed by mixing
metal ion solutions and the nitro-PAPS solution with the
concentration ratio of 1:2 and was manually injected in
the HPLC system. It has been known that the composi-
tion of mobile phase plays an important role in IP-
RPHPLC. The mobile phase components include concen-
tration of buffer, pH, amount of organic modifier, and
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concentration of ion pairing agent. The selectivity of the
IP-RPHPLC was susceptible to the content of organic
modifier in the mobile phase due to the variation in
polarity and hydrophobicity which lead to different
strengths and selectivity. The role of buffer is to control
the pH of the chromatographic system, while the role of
the ion pairing agent is to provide the exchange sites for
the target analytes. Therefore, some degrees of variation
in the retention behavior and chromatographic selectiv-
ity are expected by addition of ion pairing agent in IP-
RPHPLC. Themobile phase was selected from our prelimi-
nary studies and was found to be 30% ACN in 10.0 mmol/
L acetate buffer of pH 5.0 and 3.5 mmol/L TBABr. Separa-
tion of four metal–nitro-PAPS chelates and removal of
excess nitro-PAPS reagent was achieved within 13 min
with the elution order of Cu(II)-nitro-PAPS, Co(II)-nitro-
PAPS, excess nitro-PAPS reagent, Ni(II)-nitro-PAPS, and
Fe(II)-nitro-PAPS, respectively. The conditions were
adopted for the coupling of SI to HPLC.

3.2 Online coupling of SI to HPLC

Using the SI-HPLC system shown in Fig. 1a, the experi-
mental parameters affecting the sensitivity of the deter-

mination were considered. First, it must be ensured that
the most concentrated part of the reaction mixture will
be injected into the separation column. Therefore, after
forming derivatives by the SI system, the dispensing vol-
umes of the syringe pump ranging from 240 to 380 lL
were optimized and the peak areas were compared. The
dispensing volume (at a constant flow rate) determined
the time interval between the start of dispensing of the
derivative zone by the syringe pump of the SI system and
the actual injection into the HPLC system. Second, the
sequence orders of aspiration together with the volumes
of sample and reagent and the number of flow reversals
were examined. The operational sequence in which the
sample and reagent were aspirated as small segments
gave a higher sensitivity, while the mixing by several
flow reversals was unnecessary. The metal–nitro-PAPS
derivatives could be formed immediately and the sensi-
tivity was enhanced bymixing during the transportation
to the HPLC loop. However, the connection between the
SIA part and the HPLC injection loop should be short-
ened to prevent further dispersion of the product zone. It
has been known theoretically that increase in the sample
and/or reagent volumes results in increase in the sensi-
tivity but it must be compromised between the volumes

i 2007WILEY-VCH Verlag GmbH &Co. KGaA,Weinheim www.jss-journal.com

Figure 1. (a) Schematic diagram of
the SI-HPLC system, (b) diagram of
operational sequence of the SI-
HPLC system.



J. Sep. Sci. 2007, 30, 2614–2619 Liquid Chromatography 2617

of derivative product and the volume of the HPLC injec-
tion loop. The derivative should be formed such that it is
just enough for injecting into the HPLC loop with
adequate sensitivity and precision. In addition, the peak
shape of the obtained chromatogram must be consid-
ered. On increasing the injection volume, a wider peak
will be obtained and leads to overloading of the column.
The selected operational sequences as well as the vol-
umes of sample and reagent are summarized in Table 1
and Fig. 1b. Finally, the chemical parameter, the concen-
tration of nitro-PAPS reagent, was varied to increase the
sensitivity andminimize the excess of reagent concentra-
tion. The optimum results were obtained using a nitro-
PAPS concentration of 1610– 4 mol/L. The sensitivity
determined by the peak areas of all metal complexes
remained constant and the peak of excess nitro-PAPS
reagent was resolved from the derivative peaks. A typical
chromatogram is presented in Fig. 2. Baseline disturb-
ance was observed under an elution time of approxi-
mately 3–5 min from the time when the blank solution
was injected, and this could be due to the excess of the
reagent. Quantification of peak area using peak-to-peak
baseline correction was carefully performed.

3.3 Analytical characteristics

Under the selected SI and HPLC conditions, quantitative
features of the proposed system were evaluated by exam-
ining the linear range, precision, and LOD. Calibration
graphs were constructed by plotting the peak area
against the concentration of each metal ion. The detec-
tion limits were calculated at a signal level of three times

the baseline noise (S/N = 3). The equations of the obtained
calibration graphs, the linear ranges, and the detection
limits are given in Table 2. The RSDs of the peak area and
retention time of each analyte were less than 6%. The
effects of interferences on the SI-HPLC of metal–nitro-
PAPS chelates were studied by adding the metal ions at
different concentrations into a mixture of 0.060 mg/L
Co(II), 0.010 mg/L Cu(II), Fe(II), and Ni(II). No interference,
i. e., no signal change within l5%, was observed from com-
mon ions with the maximum concentrations studied up
to 20 mg/L of Na+, Ca2+, and Cl–; 25 mg/L of CO2�

3 , 30 mg/L
of SO2�

3 , NO�
2 , and NO�

3 ; and 50 mg/L of Cd2+, Pb2+, and
Zn2+.

3.4 Analysis of real samples

The applicability of the SI-HPLC system was investigated
by determining the metal ions in various samples,
including modified milk powder for infants, mineral
supplements, local wines, and drinking water. For milk
powder and supplement samples, fine powder samples
were weighed, dissolved in water, and filtered before
determination. For wines and drinking waters, the sam-

i 2007WILEY-VCH Verlag GmbH &Co. KGaA,Weinheim www.jss-journal.com

Table 1. The operational sequence of the SI-HPLC system for online derivatization of metal–nitro-PAPS complexes

Sequence Port no. Flow rate (lL/s) Volume (lL) Description

1 3–9 50 70 Aspiration of sample into HCa)

2 2 50 25 Aspiration of nitro-PAPS into HC
3 3–9 50 70 Aspiration of sample into HC
4 2 50 25 Aspiration of nitro-PAPS into HC
5 3–9 50 60 Aspiration of sample into HC
6 10 50 300 Propulsion of metal–nitro-PAPS derivatives to HPLC loop
7 10 – – HPLC analysis

a) HC = holding coil.

Table 2. Analytical characteristics of the proposed system

Metal–
nitro-PAPS

Linear range
(mg/L)

Linear equation r2 LODa)

(lg/L)

Cu(II) 0.005–0.250 y = 1652.6x–72.5 0.9928 2
Co(II) 0.007–0.100 y = 2479.5x–3.2 0.9968 2
Ni(II) 0.005–0.075 y = 1607.8x–1.5 0.9945 1
Fe(II) 0.005–0.100 y = 3018.0x–4.9 0.9938 1

a) S/N = 3.

Figure 2. Typical chromatogram of metal–nitro-PAPS com-
plexes: 1, 0.100 mg/L Cu(II); 2, 0.050 mg/L Co(II); 3, excess
nitro-PAPS; 4, 0.075 mg/L Ni(II); 5, 0.075 mg/L Fe(II).
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Figure 3. Chromatograms obtained from sample determination: (a) milk, (b) supplement, (c) wine and (d) drinking water.

Table 3. Analysis of real samples and recovery studies

Sample Cu(II) Co(II) Ni(II) Fe(II)

This worka)

(mg/L)
Labeled
(mg/L)

Recovery
(%)

This
work
(mg/L)

Labeled
(mg/L)

Recovery
(%)

This
work
(mg/L)

Labeled
(mg/L)

Recovery
(%)

This worka)

(mg/L)
Labeled
(mg/L)

Recovery
(%)

Milk 1 273.7 l 2.1 312.0 91 – – 99 – – 99 5.8 l 0.2 7.0 97
Milk 2 314.0 l 3.6 340.0 95 – – 98 – – 96 5.5 l 0.1 6.0 95
Milk 3 552.5 l 1.8 580.0 97 – – 99 – – 99 7.2 l 0.1 7.8 99

Supplement 1 1.6 l 0.4 2.0 93 – – 96 – – 98 8.7 l 0.1 10.0 97
Supplement 2 2.1 l 0.1 2.5 90 – – 99 – – 99 12.9 l 0.1 15.0 94

Wine 1 1.0 l 0.2 1.4 102 – – 94 – – 105 1.5 l 0.1 1.8 98
Wine 2 5.2 l 0.6 6.8 93 – – 97 – – 102 1.8 l 0.1 2.1 93
Wine 3 – – 95 – – 95 – – 98 0.8 l 0.2 1.0 105
Wine 4 – – 106 – – 101 – – 96 0.2 l 0.1 0.4 101
Water 1 – – 93 – – 99 – – 99 – – 98
Water 2 – – 90 – – 99 – – 99 – – 99

– Not detected.
Supplement 1 ingredients (tab – 1): Cu (CuSO4) 2 mg, Fe (FeSO4) 10 mg.
Supplement 2 ingredients (tab – 1): Cu (CuSO4) 2.5 mg, Fe (ferrous gluconate) 15 mg.
a) n = 3.
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ples were analyzed by the system without any further
pretreatment except filtration and dilution. Typical
chromatograms of sample determination are shown in
Fig. 3. The results, as shown in Table 3, were in agree-
ment with the labeled values (for milk powder and min-
eral supplement samples) and those obtained by AAS
methods (for wines and drinking water), evaluated by t-
test at 95% confidence level. It was not surprising that
some metal ions such as Co(II) and Ni(II) were not detect-
able in these samples and all metal ions in drinking
water samples were lower than the LODs. However, the
recoveries, assessed by experiment of known amounts of
metal ions (0.020 mg/L each) spiked in the real samples,
obtained were satisfactory (90–106%).

4 Concluding remarks

Coupling HPLC with SI offers an online precolumn deri-
vatization system for analyses of some heavy metal ions.
The derivatives can be formed online and subsequently
injected and analyzed in the HPLC system. This leads to
possibility in automation. By parallel operation of deriva-
tization and separation, advantages of less consumption
of sample/reagent, as well as better analysis time could
be gained. It has been demonstrated that HPLC hyphen-
ated with SI could be an alternative for simultaneous
analyses of some heavymetal ions in various samples.

We thank the Thailand Research Fund (TRF) and the Commission
on Higher Education (CHE). This work was partly supported by
the Postgraduate Education and Research Program in Chemistry
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Abstract A flow injection (FI) system with a mini-
immunoaffinity chromatographic column was used to
perform on-line assays of specific proteoglycans. The
300-μL mini-column contained beads coupled with mono-
clonal antibodies against the specific sulfation pattern of
chondroitin sulfate proteoglycans, which have been
reported to be a potential biomarker for cancer. The amount
of these proteoglycans present was estimated indirectly
from their protein content using the Bradford assay, which
is an alternative to a direct carbohydrate assay. The system
developed was tested by assaying for chondroitin sulfate
proteoglycans in sera from patients with various cancers
and comparing the results to those obtained for sera from
healthy people. The results indicated that this approach
could be used as a cost-effective alternative system for
determining the amount of these specific biomarker
proteoglycans. The column could be reused at least 90
times, with each run consisting of 200 μL of serum sample
diluted twofold; an analysis rate of 30 min per run was
achieved, as compared to 4 h for a batch procedure.

Keywords Flow injection . Immunoaffinity .

Proteoglycans . Chromatographic column .

Chondroitin sulfate . Cancers

Introduction

Some diseases, such as cancers, can be difficult and
expensive to diagnose at an early stage, which has led to
the study and use of biomarkers by many researchers [1–7].
A good tumor marker should have the following character-
istics: it should be cancer-specific; it should not exhibit
elevated levels in a normal person; it should be easy to
detect during the earliest stages of cancer; the marker signal
should increase in strength as the cancer progresses [8–11].
Even though a cancer marker with all of the above
characteristics is yet to be found, some tumor biomarkers
have still proved useful. Examples of cancer biomarkers
currently in use are carcinoembryonic antigen (CEA) [12,
13], prostate-specific antigen (PSA) [14, 15], and alpha
fetoprotein (AFP) [16]. Many other new biomarkers are
currently being studied [3, 4, 6, 8, 13]. Among them,
certain proteoglycans have been studied as biomarkers of
liver, joint, and cancer diseases in clinical research [17–20].

There are many modern biochemical techniques that
have been used to study such biomarkers; for example,
DNA and gene expression technology [2, 21], PCR [1, 13],
immunoassay [16], as well as chromatography and mass
spectrometry, such as matrix-assisted laser desorption/
ionization (MALDI) and surface-enhanced laser desorp-
tion/ionization (SELDI) [10, 22, 23]. However, these
standard high-performance techniques are simply not
available in many rural areas of developing countries since
they lack adequate facilities and funding. A simple and
low-cost system that minimizes the need for well-trained
operators would be very useful since it could be used to
provide health care to people living in remote places where
poverty and inadequate transportation often prevent access
to a modern hospital.
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Flow injection (FI) is a cost-effective and well-established
technique that utilizes the continuous flow of solutions in a
closed system. The chemical reactions and physical
interactions of reagents and samples take place on-line,
and the resulting product can be monitored simultaneously
when coupled with a suitable detector [24–32]. The FI
technique has been applied in many study areas, including
environmental, food, industrial, and clinical studies
[33–40]. Immunoaffinity chromatography has been used
for the purification of substances from complex biological
matrices [41, 42], and for the removal of small amounts of
biological materials from large amounts of contaminating
substances [43].

The work presented here was conducted to develop a
simple and low-cost system to assay for chondroitin sulfate
proteoglycans (proteoglycans that contain the specific
sulfation pattern of chondroitin sulfate), which have been
reported to be a potential biomarker for ovarian cancer [44–
48]. The FI system allowed on-line isolation of the specific
proteoglycans from nonspecific ones in a mini-immunoaffinity
chromatographic column that was packed with specific
monoclonal-antibody-coupled beads. Quantification of the
specific proteoglycans was done indirectly by determining
the amount of protein in the proteoglycans using a Bradford
protein assay [49, 50], which gave a colored complex that
could be quantified spectrophotometrically. Serum samples
from patients with different types of cancer were studied to
evaluate the potential of the proposed system as an
alternative approach to assaying for the proteoglycans
biomarker of interest. The system may provide an alterna-
tive and inexpensive method of on-line operation. This may
reduce the need for experienced personnel during batchwise
operation or an expensive automated system for the precise
timing of incubation/washing steps and the precise manip-
ulation of small volumes of reagents used in more
complicated techniques such as a batchwise ELISA
procedure.

Materials and methods

Reagents and apparatus

All chemicals used were of analytical grade unless specified
otherwise. Monoclonal antibodies against the specific
sulfation pattern of chondroitin sulfate were prepared in
the laboratory. This is an IgM that can bind to A-1 shark
proteoglycans. Its specificity was checked by ELISA, using
an A-1 shark-coated well plate, peroxidase-conjugated
mouse anti-IgM, and O-phenylenediamine substrate. The
antibodies were coupled onto Sepharose 4B beads (Phar-
macia Biotech, Piscataway, NJ, USA) through cyanogen-
bromine (CNBr) activation. Bovine serum albumin (BSA,

Sigma, St. Louis, MO, USA) was used as a standard
protein.

Instruments used in this work include a B 5050
incubator (Heraeus, Hanau, Germany), an RS-60 tube
rotator (BioSan, Riga, Latvia), a Mettler HK 160 autoba-
lance (Mettler Instruments A.G., Greifensee, Switzerland),
a 5301 concentrator (Eppendorf, Hamburg, Germany), a
FOC-1 lyophilyzer (Martin Christ, Osterode, Germany), a
Gast 0211-V45M-0230CX pump (Benton Harbor, MI,
USA), a Mini-PROTEIN II electrophoresis cell and a
model 200/2.0 Mini Trans-Blot electrophoretic and power
supply (Bio-Rad, Hercules, CA, USA), a Vortex-Genie k-
550-GE (Springfield, MA, USA), a UV-VIS spectropho-
tometer (UV 1200, Shimadzu, Kyoto, Japan), a pH meter
(Beckman Coulter, Fullerton, CA, USA), a model 400
peristaltic pump (Watson–Marlow Alitea Co., Ltd., Stock-
holm, Sweden), a six-port bulkhead-mounted injection
valve and four-way switching valve (Upchurch Scientific,
Oak Harbor, WA, USA), a Spectronic 21 (Milton Roy
Company, Ivyland, PA, USA) with a flow-through cell
(Hellma, Plainview, NY, USA), BDS software for integra-
tion (BarSpec Ltd., Rehovot, Israel), and a Titertek Multi-
scan MCC/340 microplate reader (Labsystems Flow
Laboratories, VA, USA).

Flow injection mini-immunoaffinity chromatographic
column system

The flow manifold used in this work is represented
diagrammatically in Fig. 1. The 0.1 M Tris-HCl buffer
containing 0.15 M NaCl, pH 7.4, was pumped by a
peristaltic pump to equilibrate the column for 2 min. Another
peristaltic pump was used to pump the Bradford dye reagent
(Bio-Rad) diluted in 30% v/v ethanol. Serum sample
solution was injected into the column via a six-port injection
valve with a 200-μL sample loop. 0.1 M acetate buffer with
0.5 M NaCl, pH 2.0, was used as the eluting buffer.

Results and discussion

The reagents and the beads

The monoclonal antibody used in this study is called WF6,
which has been proved, as described in the international
patent No. WO 2005/118645 A1 and previous reports [51,
52], to selectively bind to the specific sulfation pattern of
chondroitin sulfate containing chondroitin-6-sulfate (CS-C).
It was raised in mice and produced from serum-free media
for hybridoma cell cultures.

Purification of monoclonal antibody using a thiophilic-
gel (T-gel) column (Pierce Biotechnology, Rockford, IL,
USA) was carried out according to the manufacturer’s
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instructions [53, 54]. Thiophilic adsorption is based on the
ability of immunoglobulins to bind to an immobilized
ligand that contains a sulfone group. Sodium phosphate
buffer solutions with and without potassium sulfate were
used to elute unbound and bound proteins, respectively. At
a low salt concentration, i.e., without potassium sulfate
added to the buffer, the disulfide bonds were broken and the
bound proteins were released. The molecular weight of the
monoclonal antibody from the bound fraction was identi-
fied using electrophoresis, and its specific activity was
confirmed by ELISA prior to use.

Coupling of antibodies onto the beads was based on the
standard CNBr method, as suggested by the manufacturer
of Sepharose 4B (Phamacia Biotech) [55–58]. Sepharose
4B gel was first activated with cyanogen bromine (CNBr).
At a high pH of 11–12, CNBr reacts with the –OH groups
on the agarose beads to form reactive electrophilic
cyanogen ester groups on the bead surfaces. This cyanogen
ester reacted with the nucleophilic groups, e.g., –NH2, –SH
and –OH of the antibodies in the coupling buffer (0.1 M
NaHCO3, 0.5 M NaCl, pH 8.3). After washing away the
excess antibodies, the remaining reactive cyanogen ester
groups were blocked to prevent nonspecific binding by
incubating beads in 0.2 M glycine, pH 8.0, for 2 h at 25 °C.
Finally the beads were washed in 0.1 M acetate buffer
containing 0.5 M NaCl, pH 4.0, followed by 0.1 M Tris-
HCl buffer containing 0.5 M NaCl, pH 8.0. Antibody-
coupled beads were maintained at 4 °C before use.

Separation of specific proteoglycans in the FI system

The target chondroitin sulfate proteoglycans in serum were
isolated from other nonspecific proteoglycans by means of
the FI system with the mini-immunoaffinity chromato-
graphic column. The affinity column was packed with
beads coupled with monoclonal antibody. When the serum
samples were passed through the affinity column, nonspe-

cific proteoglycans and other serum proteins were not
retained by the antibody-coupled beads and were thus
eluted out first with the equilibrating buffer (0.1 M Tris-
HCl containing 0.15 M NaCl, pH 7.4). They formed a
colored complex when mixed with the Bradford reagent,
and gave a first peak (unbound peak) at 590 nm when
detected with a Spectronic 21. After the baseline became
constant, indicating that the nonspecific proteoglycans and
other serum proteins had been removed, the eluting buffer
(0.1 M acetate buffer containing 0.5 M NaCl, pH 2.0) was
introduced to elute the specific proteoglycans, resulting in a
second peak (the bound peak). The profile of the separation
of proteoglycans into two groups, nonspecific and specific,
is illustrated in Fig. 2, where A is the unbound peak and B is
the bound peak, respectively. The column was cleaned with

Fig. 2 Absorbance profile of the amount of protein in proteoglycans
obtained using a Bradford dye assay after separating the specific
proteoglycans (peak B) from the nonspecific proteoglycans (peak A) in
normal serum sample using the FI system with a mini-immunoaffinity
chromatographic column. Peak areas were integrated and the bound
peak (peak B) percentage was calculated based on the total peak area
(sum of the areas of peaks A and B)

Fig. 1 Diagram of the FI sys-
tem with a mini-immunoaffinity
chromatographic column used to
assay for specific proteoglycans.
P, a peristaltic pump; I, six-port
injection valve; S, sample;
equilibrating buffer: 0.1 M Tris-
HCl containing 0.15 M NaCl;
eluting buffer: 0.1 M acetate
buffer containing 0.5 M NaCl;
dye reagent: Bradford. Pump
tubing was Tygon® tubing with
1/16″ ID; all other tubing was
made of Teflon with 1/32″ ID
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approximately five times the column volume of the equili-
brating buffer before the next sample analysis was started.

Using electrophoresis [59] and Western blotting [60, 61]
techniques, the bound portion that was thought to contain
the proteoglycans of interest was investigated to estimate
the range of molecular weights of these proteoglycans and
to confirm their specific activity, and then compare these
properties to those of the unbound portion. The results
showed that the amount of proteoglycans associated with
the bound peak of cancer serum was greater than that
associated with the bound peak from normal serum (seen at
70 kDa MW protein, results not shown). The unbound peak
also contained specific proteoglycans but the amount
associated with this peak was smaller than the amounts
associated with the bound peaks in both the normal and
cancer sera. The specific proteoglycans detected in the
unbound peak may be proteoglycans that were hindered by
other proteins or proteoglycans in serum and thus did not
bind to the beads. Only the levels of specific proteoglycans
associated with the bound peaks were used when analyzing
serum samples.

Indirect estimation of the amount of specific proteoglycans
from the amount of protein

The proportion of the total proteoglycans that were chon-
droitin sulfate proteoglycans was calculated based on a
comparison of the protein content in the proteoglycans.
Protein content was determined using the peak areas
obtained from the Bradford protein assay, since this assay
is much simpler to perform than a direct carbohydrate assay.

A possible limitation of this indirect protein assay is that
the free chondroitin sulfate chains or fragments might not be
detected. However, these fragments should not be found in
serum in significant quantities due to the covalent nature of
the bond between the protein core and the glycans. Even if
free chondroitin sulfate is produced during the enzyme
reactions and released into the serum, it should be bound to
other serum proteins. In addition, the WF6 antibody exhibits
specificity toward the pattern of chondroitin sulfate [51, 52],
so other serum proteins without chondroitin sulfate should
not interfere with an assay for the specific proteoglycans.

The performance of the proposed system was evaluated
by determining the amount of protein in the specific
proteoglycans in sera from patients with various cancers
as compared to those from healthy people. It was assumed
that the sum of the areas under peaks A and B (see Fig. 2)
corresponds to the total protein. The amount of protein in
the specific proteoglycans was estimated from the ratio of
the area under peak B to the sum of the areas under peaks A
and B. The ratio was converted into milligrams (mg) via a
calibration plot constructed from a series of BSA standards
that formed colored products when they react with Bradford

reagent. BSA was chosen as the standard protein since it is
widely available.

Optimization of the FI mini-immunoaffinity
chromatographic column system

There are a few parameters of the FI mini-immunoaffinity
chromatographic column system that need to be optimized.
These include the concentrations of Bradford reagent and
the solvent, the flow rate, the gel volume, the sample
dilution ratio, the length of the mixing coil, and the pH of
the buffer solutions. Optimization was performed using
pooled serum samples from nine healthy people. This was
to ensure an adequate number of samples for the optimi-
zation process.

It was observed that the Bradford dye could stick to the
flow line and the wall of the flow-through cell when only
water was used as a solvent. This caused the baseline to
drift upwards over time, which made it difficult to integrate
the peak area. Although the Bradford reagent is soluble in
methanol [62], ethanol (which is less toxic) was tried as a
solvent to eliminate the problem of the dye sticking to the
tubing wall. The concentration of aqueous ethanol was
varied from 10 to 40% (v/v), and a concentration of 30%
(v/v) was chosen in order to conserve the reagent as much
as possible while effectively preventing the colored
Bradford reagent from sticking to the tubing wall.

The concentration of the Bradford reagent was also studied
in order to save reagent. Various dilutions of the Bradford
reagent with 30% (v/v) ethanol (1:10, 1:25, 1:50 and 1:100)
were tried, and the 1:25 ratio was ultimately chosen.

The flow rate of the buffer solution greatly affected the
performance of the system. When the flow rate was too
high it led to a high back-pressure that caused leakage.
When the flow rate was too low it increased the analysis
time and lowered the sample throughput. Flow rates of 0.5,
1.0, 2.0, and 3.0 mL/min were investigated. A flow rate for
the buffer and the Bradford reagent solution of 1.0 mL/min
was selected.

The gel volume used also affected the results. Packing
too much gel into the column caused high back-pressure,
while too little gel led to the ineffective isolation of
proteoglycans. The gel volume was varied by repacking
the column with different volumes of gel. The optimum
amount of gel, 300 μL, was chosen after testing the system
with 200, 300, 400, and 500 μL of gel.

The highest concentration of sample that could be
studied was related to the capacity of the column (i.e., the
amount of gel used). However, if the sample concentration
was too high, the specific proteoglycans would pass
through the column without retention and would be
considered to be nonspecific proteoglycans. To prevent
such a false negative result, all samples introduced into the
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column need to be diluted to the same dilution factor. In
this study, dilution factors of 1:8, 1:4, and 1:2 were
investigated and compared to the results obtained using
the undiluted sample. A dilution factor of 1:2 was selected
since it gave the best sensitivity.

The mixing coil is also an important part of this system.
A coil that is too short will not provide enough time for the
reaction to occur, while a coil that is too long will increase
the analysis time and the dispersion of the product. The
effect of varying the length of the mixing coil of 1/32″ ID
(lengths of 25, 50, 100, 150 and 200 cm were studied) was
evaluated, and a length of 150 cm was eventually chosen.

A poor choice of buffer solution pH would cause
ineffective retention and separation of the proteoglycans,
and could also damage the solid matrix. The effects of
varying the pH of the equilibrating buffer (pH values of 6.5,
7.4, and 8.5 were tested) and the pH of the eluting buffer
(2.0, 3.0 and 4.0 were tested) were investigated. pH values
of 7.4 and 2.0, respectively, were selected, since these led to
the best performance during the separation process and
enabled the column to be reused.

These optimized parameters were employed during
assays of chondroitin sulfate proteoglycans in serum
samples taken from healthy people and cancer patients.

Performance of the system

Using the selected set of conditions described above, the
same pooled serum sample from nine healthy people was
analyzed 11 times consecutively. The average level of
protein in the specific proteoglycans calculated from the 11
measurements was 1.87 mg in 100 mg total protein. The
repeatability, expressed as %RSD, was calculated from the
relative peak area of the bound proteoglycans, and was
found to be 2.3. The lifetime of the column was estimated
by performing the analysis with the same column over and
over again until there was a significant reduction in the
signal, as determined by the RSD of the system. Again, the
same pooled serum was used in this study. The same
column could be used more than 90 times without a
significant reduction in signal. This indicates that the
system gives satisfactory reproducibility. Each analytical
run took about 30 min, including the washing time between
each sample run. The sample volume of the twofold-diluted
serum needed for each run was 200 μL.

Application of the system

The applicability of the FI system with the mini-immunoaffinity
chromatographic column developed here to real-world
samples was evaluated by using it to assay for chondroitin
sulfate proteoglycans in serum samples from cancer
patients (provided by hospitals). All serum samples were

diluted twofold with 0.1M Tris-HCl, pH 7.4, prior to
injection into the system.

These serum samples were catagorized into six groups,
namely: 1) normal; 2) CEA or sera that had tested positive
when screened for cervical cancer using the carcinoem-
bryonic antigen tumor marker; 3) PSA or serum that had
tested positive when screened for prostate cancer using the
prostate specific antigen tumor marker; 4) prostate or sera
from patients who were diagnosed of having prostate
cancer; 5) cervix or sera from patients diagnosed with
cervical cancer, and; 6) ovary or sera from patients
diagnosed with ovarian cancer.

The relative amount of protein in the specific proteogly-
cans per 100 mg total protein was plotted for each sample
from each group, as shown in Fig. 3. The average (and the
standard deviation of this value) relative amount of
monoclonal antibody specific proteoglycans was calculated
for each sample group, and the results were compared with
those for the normal samples using the t-test (statistical tests
performed using Origin 7.0). It was found that the levels of
the specific proteoglycans from the normal group were
significantly lower than those of the other groups, with P<
0.05 (P values in all cases were no higher than 0.0005, or a
confidence of level of at least 99.95%).

Various cutoff values were trialed when plotting the
receiver operator characteristic (ROC) curve. The resulting
curve showed that a relative amount of protein in specific
proteoglycans of 2 mg per 100 mg total protein was the
most suitable cutoff value. The numbers of true and false
responses obtained for each cancer group when this cutoff
value was used are summarized in Table 1. Among all

Fig. 3 Comparison of the amount of specific proteoglycans (based on
the protein content) in sera from patients with different types of cancer
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groups, the ovarian cancer group showed the highest
average amount of specific chondroitin sulfate proteogly-
cans. The test showed very good sensitivity and specificity
for the ovarian and cervical cancer groups, while lower
sensitivities were obtained for other groups. The CEA, PSA
and prostate groups showed high percentages of false
negative results, which indicate that assays for this
particular proteoglycan biomarker may not be suited to
these three sample groups. The ROC plot also revealed that
the ovarian group yielded higher sensitivity and specificity
for all cutoff values than the other cancer groups. These
results agree with previously reported studies which found
that an elevated amount of chondroitin sulfate proteoglycans
is associated with the existence of cancer and other
disorders of the ovary [44–48]. The same trends were seen
in a preliminary study performed by our group using
batchwise competitive ELISA with A-1 shark, which
showed that the average amount of chondroitin sulfate
proteoglycans in samples from people with ovarian cancer
was significantly higher than it was in samples from healthy
people. However, the results in Fig. 3 also show that the
levels of these specific proteoglycans obtained for various
cancers overlap. Therefore, it would be necessary to
consider the level of some other complementary biomarker
in addition to the level of these specific proteoglycans in
order to predict the specific type of cancer. In addition, a
larger number of samples would be needed for an in-depth
evaluation of the method and to determine a more precise
cutoff value. A future study with increased numbers of
samples from both the normal and each of the cancer

groups is planned in order to validate the reliability of this
method for routine analysis.

Nevertheless, this preliminary study illustrates the ability
of the proposed system to assay for the amount of specific
proteoglycans, which is a candidate biomarker for ovarian
cancer. The results obtained here show the same trends as
seen in the results of previous reports [44–48]. The
proposed simple semi-automatic system showed good
performance and yielded results that agree with those
obtained using the more complicated batchwise ELISA
process. The main advantages of this system are its
relatively low cost, its relatively short analysis time per
run, and the reduced need for highly trained personnel to
perform the test in a batchwise procedure. This system
would be beneficial in cases where a batch of a small-to-
medium number of samples need to be tested, as well as in
situations where modern medical facilities are not available.

Conclusion

A FI system with a mini-immunoaffinity chromatographic
column was untilized to assay for chondroitin sulfate
proteoglycans, a candidate biomarker for ovarian cancer.
This approach involves indirectly quantitating the specific
proteoglycans using the Bradford protein assay. The
performance of the system developed here was evaluated
by performing assays of chondroitin sulfate proteoglycans
in human serum samples. The column could be reused over
90 times, even when the assays involved blood matrices.

Table 1 Summary of the numbers of true and false responses and the sensitivity and specificity of the system obtained when 2 mg protein in
specific proteoglycans per 100 mg total protein is chosen as a cutoff value

Sample group No. of samples Avg. % protein in specific proteoglycans* TP* FN* TN* FP* SV* SP* Prob. positive*

Normal 25 1.26±0.64 - - 25 0 - 1.00 -
CEA 27 2.64±1.48 16 11 0.59 1.00
PSA 21 3.18±2.53 13 8 0.62 1.00
Prostate 25 3.01±2.52 13 12 0.56 1.00
Cervix 12 3.03±1.17 12 0 1.00 1.00
Ovarian 14 3.79±0.66 14 0 1.00 1.00

* Avg. % protein in specific proteoglycans is the average relative amount of protein in specific proteoglycans per 100 mg total protein, calculated
based on the area of the bound peak and using BSA as a standard protein

TP is true positive or the number of diseased patients that test positive
FN is false negative or the number of diseased patients that test negative
TN is true negative or the number of nondiseased patients that test negative
FP is false positive or the number of nondiseased patients that test positive
The same TN, FP, and SP were used for all cancer cases because they are based on the same normal group.

SV is sensitivity or number of diseased patients with positive test
number of diseased patients ¼ TP

TPþFN

SP is specificity or number of nondiseased patients with negative test
number of nondiseased patients ¼ TN

TNþFP

Prob: positive is probability of disease if the test is positive ¼ TP
TPþFP

1844 Anal Bioanal Chem (2007) 388:1839–1846



The flow system offers a semi-automated capability in
which the analyte can be isolated and monitored on-line.
This economical system has the potential to be developed
further for use as an alternative routine screening test for
some proteoglycan-based biomarkers.
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A new sequential injection (SI) system with spectrophotometric detections has been devel-

oped for successive determination of protein and glucose. The protein assay is based on

ion-association of protein with tetrabromophenolphthalein ethyl ester (TBPE) in the pres-

ence of Triton X-100 at pH 3.2. The blue product is monitored for absorbance at 607 nm.

For glucose, hydrogen peroxide, generated by the oxidation of glucose in the presence of

glucose oxidase immobilized on glass beads packed in a minicolumn, is monitored using

iron-catalyzed oxidation reaction of p-anisidine to form a red colored product (520 nm). The

SI procedure takes advantage in performing the protein assay during the incubation period

for glucose oxidation. Linear ranges were up to 10 mg dL−1 human serum albumin (HSA)

with a limit of detection (LOD) (3�) of 0.3 mg dL−1, and up to 12.5 mg dL−1 glucose with LOD

of 0.08 mg dL−1. R.S.D.s (n = 11) were 2.7% and 2.5% (for 1 mg dL−1 and 5 mg dL−1 HSA) and 1.4%

(9 mg dL−1 glucose). Sample throughput for the whole assay of both protein and glucose is

6 h−1. The automated system has been demonstrated for the successive assay of protein and

glucose in urine samples taken from diabetic disease patients, with good agreement with

the other methods. This developed SI system is an alternative automation for screening for

diabetic diagnosis.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

Proteins synthesized in the liver are building blocks for all
body parts. Usually, most proteins are too big to pass through
kidneys’ filters into urine unless the kidneys are damaged.
Therefore, appearance of proteins in urine is an important
indicator to proteinuria. Over 30% of patients who started
undergoing artificial dialysis in Japan in 2000 were the result

∗ Corresponding author. Tel.: +81 565 48 8121; fax: +81 565 48 0076.
E-mail address: tadsakai@aitech.ac.jp (T. Sakai).

diabetic nephropathy [1], and diabetes is closely related to kid-
ney failure. Hence, urinary glucose, which also is an important
indicator to diabetes, should be monitored for diagnosis of
renal disease.

For semi-quantitative assay of protein and glucose in the
clinical laboratory [2], a strip of specially treated paper with
dyestuff is commonly used for convenient and rapid examina-
tion. The color appearance on the urine test paper relates to

0003-2670/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2007.10.010
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the amount of abnormal values in urine. However, it does not
offer accurate analytical values and the determinable range
is rough. Therefore, simultaneous and automated protein and
glucose quantification in clinical diagnosis requires a method
that is more accurate for screening.

Protein dye-binding assays are simple, rapid and becom-
ing increasingly popular for the clinical determination
of the total protein. Bromophenol blue was proposed
for a simple spectrophotometric determination of urinary
albumin [3,4]. Fujita et al. reported highly sensitive spec-
trophotometric methods for urinary protein with dye-metal
complexes and micelle media [5–9]. Simple and rapid ana-
lytical methods with bromochlorophenol blue were proposed
for protein detection [10,11]. However, the methods men-
tioned above are manual and consume large amounts of
reagents.

Flow injection analysis proposed by Ruzicka and Hansen is
a versatile and convenient technology for clinical and phar-
maceutical analysis [12]. A highly sensitive flow injection
method was proposed for the determination of proteins using
Coomassie Brilliant Blue G-250 (CBB) [13]. Zaia et al. found that
total protein obtained by using the Bradford method was not
statistically different (p > 0.05) from the results obtained by the
Biuret standard method [14]. However, a short linear range for
the calibration graph was offered by this method.

Sakai et al. have reported that tetrabromophenolphthalein
ethyl ester (TBPE) anion has a larger molar absorptivity
(105 L mol−1 cm−1), comparing with bromophenol blue and
bromocresol green [15]. Fortunately, it was found that TBPEH
dissolved in the micelle formed by adding Triton X-100. Conse-
quently, it is possible to use TBPEH as a chromogenic reagent
for the protein–TBPE associate formation. In a previous paper
[16], TBPEH in the micelle was applied to the FIA procedure for
the protein determination at less than 1 mg dL−1 level.

Glucose can be determined using o-toluidine by batchwise
[17] and/or on-line procedure [18], but it requires heating. Glu-
cose oxidase is widely used for quantitative analysis of glucose
in body fluids [19,20] due to selectivity, but it is a tedious
method.

Flow injection determination of glucose using glucose oxi-
dase (GOD) immobilized on controlled porosity glass (CPG) was
reported [21–23]. Hydrogen peroxide generated by the oxida-
tion of glucose in the presence of GOD was monitored using an
iron-catalyzed oxidative coupling of 4-aminoantipyrine with
N,N-dimethylaniline [23]. While FIA shows some advantages
for practical analyses, because of the continuous flow of the
reagents it still consumes relatively high amounts of reagents,
resulting in higher amount of laboratory waste in comparison
to the second generation, sequential injection analysis (SIA).

We recently found that vanadium acted as a catalyst for
the oxidation of p-anisidine by bromate [24]. Furthermore,
preliminary experiments in this paper reveal that iron has
a catalytic effect on the oxidation of p-anisidine by hydro-
gen peroxide and that this catalytic reaction is useful for an
alternative indicator reaction of glucose. As a result, we pro-
pose here a new automated sequential injection method for
successive determination of protein with TBPE and glucose
based on the new catalytic reaction by iron in urinary sam-
ples. This should be useful to diagnostic screening for diabetic
disease.

2. Experimental

2.1. Reagents

All chemicals used were of analytical-reagent grade and were
used without further purification. The DI water used through-
out the experiments was purified by an Advantec GSH-210
apparatus.

Stock standard solutions were of human serum albumin
(HSA) (100 mg dL−1) using MW: 66,000, Seikagaku Kogyo and
glucose (180 mg dL−1) prepared by dissolving d-(+)-glucose
(Nakarai Chemicals Co., Osaka) in water with standing for
at least 12 h before use, to ensure mutarotation equilibrium.
Working standard solutions were obtained by mixing the HSA
and glucose stock solutions for appropriate concentrations.

Stock solutions of TBPE (1.0×10−3 M) and Triton X-100
(0.5%, w/v) were prepared by dissolving tetrabromophenolph-
thalein ethyl ester potassium salt (MW: 700, Tokyo Kasei,
Tokyo) in ethanol and t-octylphenoxypolyethoxyethanol
(Sigma Chemical) in water, respectively.

A p-anisidine solution (0.1 M) was prepared by dissolving
p-anisidine (Wako Pure Chemical Co., Japan) in water.

An iron(II) stock solution (0.1 M) was obtained by dissolv-
ing iron(II) sulphate (MW: 278.01, Wako Pure Chemical Co.) in
0.005 M sulfuric acid.

Buffer solutions were prepared by adding acetic acid in
0.5 M sodium acetate solution to adjust pH values to be 3.2
and 4.5 for protein and glucose assay, respectively.

Controlled porosity glass beads (200–400 mesh size,
182 Å mean pore size) were obtained from Sigma Chemical
Company. Glucose oxidase (E.C.1.1.3.4) from Aspergillus sp.
(200 U mg−1) was obtained from Roche Diagnostics, USA. A
working solution of glucose oxidase was obtained by dissolv-
ing the enzyme in phosphate buffer (4 ◦C, pH 7.0) and with
suitable dilution. Aqueous aminoalkylating agent (10%) was
prepared by adding 5.2 mL of 3-aminopropyltriethoxysilane
(99%, Acros organics) to 50 mL of water and the pH was care-
fully adjusted to 3.45 with hydrochloric acid. The cross-linking
agent (2.5%) was prepared by adding 2.5 mL of glutaraldehyde
(50%, Kanto Kagaku Co., Japan) to 50 mL of water.

2.2. Apparatus

A schematic diagram of the SI system for successive analy-
sis of protein and glucose in urine samples is shown in Fig. 1.
The flow lines were of Teflon tubings (0.5 mm inner diameter).
Flows of the carrier and reagent were controlled by a syringe
pump (FIAlab instruments, USA) and a 10-port selection valve
(C25-3180EMH, Valco instruments Co. Inc.). The enzymatic col-
umn was immersed in circulating thermostated water bath
at 37 ◦C (Thermo minder SM-05, Taitec, Japan). Absorbance
was monitored at 607 nm for protein determination and at
520 nm for glucose analysis. The detection unit consisted of a
tungsten halogen light source (LS-1, FIAlab Instruments, USA)
and a spectrometer (USB2000, Ocean Optics, USA) and fiber
optic cables (P200-2-UV/Vis, FIAlab instruments, USA) and Z-
cell (home made, path length 10 mm). The FIAlab software was
used to control the system and some signal processing. Peak
evaluation was made by using the Origin software with man-
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Fig. 1 – Manifold of the SI system for successive determination of protein and glucose in urine samples. HD: holding coil,
EC: enzyme column (4.5 cm×2 mm), AC: auxiliary coil, SV: 10-port selection valve, SP: syringe pump, BS1: 0.5 M acetate
buffer pH 3.2, BS2: 0.5 M acetate buffer pH 4.5, TX-100: 0.1% Triton X-100, TBPE: 1×10−4 M tetrabromophenolphthalein ethyl
ester, Fe(II): 5×10−3 M iron(II), p-anisidine: 0.1 M p-anisidine.

ual operation for each peak: peak area for protein while peak
height for glucose.

2.3. Procedure

2.3.1. Immobilization of enzyme on glass beads
The immobilization of enzyme was performed by following
procedures described in previous reports [21–23]. A 5 g amount
of CPG was boiled in 300 mL of 5% nitric acid for 30 min. The
CPG was washed with water and dried in an oven at 95 ◦C for
12 h. After that, 10% of 3-aminopropyltriethoxysilane solution
(pH 3.45) was added to the dried glass beads with a ratio of

20 mL to 1.0 g of the glass. The mixture was left at 75 ◦C in a
water bath for 2.5 h. The chemically modified alkylamino glass
was washed and dried in an oven at 115 ◦C for 8 h. After that,
the alkylamino glass (1 g) was added to 5 mL of an aqueous
glutaraldehyde solution (2.5%) and was kept under reduced
pressure for 30 min and then kept under atmospheric pressure
for 2 h. The activated glass beads were washed with water.
Glucose oxidase (100 mg) was dissolved in a cold phosphate
buffer (0.1 M, pH 7.0, 4 ◦C) and added to the activated glass
beads. The mixture was kept at 4 ◦C for 2.5 h. The immobilized
enzyme derivative was washed with cold phosphate buffer
and cold water to remove unlinked enzymes that remained

Table 1 – Operation sequence of SI system for successive determination of protein and glucose (see full protocol in ESI)

No. Operation sequence of the SI method Remark

1 Aspiration of buffer and glucose solution Incubation of glucose
2 Aspiration of 0.5 M acetate buffer pH 4.5
3 Aspiration of stand/sample solution
4 Aspiration of 0.5 M acetate buffer pH 4.5
5 Dispensation of all reagents to the enzymatic column
6 Aspiration of 0.5 M acetate buffer pH 3.2 Determination of protein
7 Aspiration of 0.1% Triton X-100
8 Aspiration of 1×10−4 M TBPE
9 Aspiration of 0.5 M acetate buffer pH 3.2

10 Flow several process for mixing
11 Aspiration of protein standard/sample
12 Flow reversal process for mixing
13 Monitoring of product
14 Cleaning the holding coil and flow cell Cleaning the system
15 Aspiration of 0.5 M acetate buffer pH 4.5 Determination of glucose
16 Aspiration of 5×10−3 M iron(II)
17 Aspiration of 0.1 M p-anisidine
18 Aspiration of 0.5 M acetate buffer pH 4.5
19 Flow reversal for mixing
20 Aspiration of peroxide solution from the enzymatic column
21 Flow reversal for mixing of reagents
22 Monitoring of product
23 Washing the holding coil, flow cell and enzymatic column Cleaning the system
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Fig. 2 – The sequence of reagents for protein and glucose
determination. The concentrations of all reagents are
defined in Fig. 1. (A) for protein determination, (B) for
glucose determination.

on the glass beads. The immobilized glass beads were packed
into a Teflon tube (4.5 cm×2 mm). The two ends of the column
were plugged with cotton filters and stored at 4 ◦C in water.
The activity of enzyme can be kept for at least 1 month.

2.3.2. Procedure for the successive determination of
protein and glucose
Using the manifold shown in Fig. 1, the system was filled with
water as a carrier. The enzymatic column was controlled at
37 ◦C (temperature in human body). The home made Z-cell
(10 mm path length) was connected to port#10 of a selec-
tion valve with 5 cm tubing to minimize dispersion of product
zone. The auxiliary coils 1 and 2 were set to protect from
waste and air flow to the flow cell and the enzymatic column,
respectively. Sequences for SI operation are summarized and
illustrated in Table 1 and Fig. 2.

To start the glucose determination process, 20 �L of 0.5 M
acetate buffer solution of pH 4.5 (BS2), 280 �L of glucose stan-
dard solution or sample and 50 �L of 0.5 M acetate buffer
solution (pH 4.5) were dispensed to the enzymatic column
through port#2 for incubation during the protein analysis pro-
cess. The protein determination started with aspirating the
following into the holding coil (Fig. 2A): 1000 �L of 0.5 M acetate
buffer solution of pH 3.2, 100 �L of 0.1% Triton X-100, 100 �L
of 1×10−4 M TBPE and 50 �L of 0.5 M acetate buffer solution
of pH 3.2. Flow reversal was made to promote mixing of the
reagents via the flow cell port of the selection valve. Then,

the standard human serum albumin (HSA) or sample solu-
tion was inserted into the micelle mixture solution. The blue
color product zone that occurred after the second-flow rever-
sal process was transferred to detection unit for absorbance
monitoring at 607 nm. At the end of this process, the sys-
tem was washed with water. Then, the glucose determination
step restarted again by aspirating 0.5 M acetate buffer (pH
4.5), 5×10−3 M iron(II) and 0.1 M p-anisidine solutions as the
sequence in Fig. 2B. Flow reversal was made before inserting
the peroxide produced from the enzymatic column into the
center of mixture. The red product formed was then trans-
ported to the detector.

3. Results and discussion

3.1. Detection reactions

For protein, as proposed by Sakai et al. for the micelle extrac-
tion of TBPE-protein into Triton X-100 at pH 3.0 [16], the color
development occurs according to the following Eqs. (1) and (2).

TBPE ·H
Yellow

+ TX-100
colorless

� (TBPE ·H)m
Yellow

(1)

The protein in acid solution (HSAx+) would be associated
into the micelle:

x(TBPE ·H)m
Yellow

+HSAx+ � (HSAx+ · (TBPE−)x)m
Blue

+ xH+ (2)

The maximum absorption wavelength of the TBPE–protein
associate was found to be at 607 nm.

The detection reactions for glucose determination by the
enzymatic method are as follows:

D-glucose+H2O+O2
GOD−→D-glucono-1, 4-lactone+H2O2

(3)

H2O2 + p-anisidine
Fe(II)−→Red color product+H2O (4)

GOD promotes the oxidation of d-glucose by molecular
oxygen to d-glucono-1,4-lactone [25]. Hydrogen peroxide is
produced simultaneously. The hydrogen peroxide obtained
from the oxidation of glucose oxidizes p-anisidine to a red
color compound in the presence of iron(II) used as a catalyst.

Fig. 3 – Peak profiles due to (A) protein, HSA: (a) blank, (b) 0.5 mg dL−1, (c) 1.0 mg dL−1, (d) 2.0 mg dL−1; (B) glucose: (a*) blank,
(b*) 1.8 mg dL−1, (c*) 5.4 mg dL−1, (d*) 12.6 mg dL−1.




