
S
o

K
a

b

c

a

A
R
R
1
A
A

K
B
S
a
n
D

1

o
h
t
a
w
1
(
s
a
u
d
c
d
s
t
d
a
d
t
b

0
d

Talanta 87 (2011) 113– 117

Contents lists available at SciVerse ScienceDirect

Talanta

j ourna l ho me  page: www.elsev ier .com/ locate / ta lanta

imultaneous  injection  effective  mixing  analysis  system  for  the  determination
f  direct  bilirubin  in  urinary  samples

raingkrai  Ponhonga,b,  Norio  Teshimaa,  Kate  Grudpanb, Shoji  Motomizuc,  Tadao  Sakaia,∗

Department of Applied Chemistry, Aichi Institute of Technology, 1247 Yachigusa, Yakusa-cho, Toyota 470-0392, Japan
Department of Chemistry, Faculty of Science and Center of Excellence for Innovation in Analytical Science and Technology, Chiang Mai  University, Chiang Mai  50200, Thailand
Graduate School of Natural Science and Technology, Okayama University, 3-1-1 Tsushimanaka, Okayama 700-8530, Japan

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 13 July 2011
eceived  in revised form
9 September 2011
ccepted  19 September 2011
vailable online 12 October 2011

a  b  s  t  r  a  c  t

A  novel  simultaneous  injection  effective  mixing  analysis  system  (SIEMA)  for  determination  of  direct
bilirubin  in  urine  sample  was  developed.  Bilirubin  reacts  with  diazotized  sulfanilic  acid  in  the presence  of
n-octyl-�-d-thioglucoside  (OTG)  as  a solubilizing  agent  to  form  OTG-azobilirubin.  The flow  and  chemical
variables  were  investigated.  A linear  calibration  graph  for direct  bilirubin  was  obtained  over  the  range  of
0–1.0  mg  L−1 (r2 =  0.994)  with  the  limit  of  detection  (3�)  of 4.7 �g L−1, and  the  relative  standard  deviation
(RSD)  being  1.9%  (n =  11, 0.5  mg  L−1 of  direct  bilirubin).  The  results  in  healthy  adult  urine obtained  by the
eywords:
ilirubin
imultaneous injection effective mixing
nalysis
-Octyl-�-d-thioglucoside

proposed  approach  were  found  in  good  agreement  with  those  obtained  by  the  batch-wise  diazo  method.

© 2011 Elsevier B.V. All rights reserved.
iazotized sulfanilic acid

. Introduction

Bilirubin is the yellow breakdown product of the haem moiety
f haemoglobin and other haemoproteins [1]. Bilirubin in serum
as at least 4 distinct forms. �-Bilirubin called indirect fraction is
he un-conjugated form (26% of total bilirubin), and it is soluble in
lcohols. �- and �-bilirubin fractions are mono- and di-conjugated
ith glucuronic acid, respectively (24% for mono-conjugated and

3% for di-conjugated). �-Bilirubin is irreversibly bound to protein
37%). �-, �- and �-fractions are soluble in water, and they corre-
pond to the direct bilirubin [2]. As bilirubin is excreted in serum
nd bile through the liver, bilirubin is usually not excreted into the
rine, and higher levels of bilirubin in serum may  indicate certain
iseases, especially liver diseases [1]. It is responsible for the yellow
olor of bruises [3,4], urine and the yellow discoloration in jaun-
ice [5,6]. Under the physiological condition, bilirubin is present in
mall amount in blood and urine. However, the bilirubin concen-
ration in the blood increases when haemoglobin in the red blood is
estroyed with liver disease and liver function disorder (hepatitis
nd blocked bile duct). Consequently, only conjugated form and/or

irect bilirubin is filtered by the kidneys and is also excreted into
he urine (called urine bilirubin). On the other hand, indirect biliru-
in is not soluble in water. Therefore, it is also very important to

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

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.09.048
evaluate the urine bilirubin in order to grasp the condition of the
liver function [7].

Spectrophotometric methods with diazotized sulfanilic acid
[8], 2,5-dichlorobenzene diazonium [9] and 3-nitroaniline [10]
have been used for quantification of bilirubin in serum. Diazo-
tized sulfanilic acid instantaneously reacts with direct (conjugated)
bilirubin. However, it more slowly reacts with indirect (unconju-
gated) bilirubin. When alcohols such as ethanol [11] and/or mixed
solution with caffeine/benzoate/acetate/EDTA [12] are added as
accelerators, all bilirubin promptly react to produce azobilirubin.
These methods give advantages of high precision, rapid color devel-
opment and larger molar absorptivity by the azo compounds, and
these methods are reliable for determination of total and direct
bilirubin. However, they have disadvantage on interferences by
other coexistent serum substances.

p-Dimethylaminobenzaldehyde (p-DMABA) dissolved in strong
hydrochloric acid, so-called Ehrlich’s aldehyde reagent, has been
developed to detect bilirubin in urine and serum [7,13]. p-DMABA
can directly react with bilirubin to form a green color product hav-
ing an absorption maximum at 640 nm.  Even though p-DMABA can
react with the other coexisting constituents in urine such as urea
and indican, the absorption of the colored products formed by the
various substances is very small at 640 nm.  The molar absorptivity

of the p-DMABA–bilirubin complex is 28,000 L mol−1 cm−1 [7], and
it is less than that of azobilirubin (74,400 L mol−1 cm−1) [12]

An  enzymatic assay utilizing bilirubin oxidase [14–19] is an
alternative to detect total and direct bilirubin in serum and
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Fig. 1. The schematic diagram of the SIEMA system to determine bilirubin: AC, aux-
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lasma. Bilirubin oxidase can selectively oxidize bilirubin to
iliverdin under conditions such as pH and temperature. Decrease

n absorbance at 450 nm is proportional to bilirubin concentration
n serum and plasma. This assay is satisfactory for the wide dynamic
ange and the excellent reproducibility. However, this method
as disadvantages such as unsatisfactory stability of reagent after
reparation, gives strong interference with coexisting substances

n serum, and also is time consuming (incubation time up to 5 min)
n the oxidizing of bilirubin. Moreover, the decrease in yellow color
f bilirubin cannot be used for direct quantitative determination in
rine because of the presence of other yellow substances.

Chemical oxidation methods for measuring bilirubin using acid
erric chloride reagent [20] and/or vanadic acid [21] were utilized to
xidize bilirubin to biliverdin as well as bilirubin oxidase. Vanadate
xidation method offers appropriate dynamic range of calibration
ith a high reproducibility, and good correlation. Furthermore, this
ethod practically gives no interference by coexistent serum sub-

tances. In addition, this reagent is more stable, leading to no need
or fresh preparation in the every determination. However, all of
he diazo methods, enzymatic assay and chemical oxidation meth-
ds are batch-wise procedures. And also, these methods require a
arge amount consumption of reagent and sample and long time
nalysis per assay. In addition, these are low sample throughput
nd tiresome steps.

Flow  injection analysis (FIA) with chemiluminescences (CL)
22–24] and/or spectrophotometric method [25] have been uti-
ized for the automatic determination of total and direct bilirubin
n serum with high sample throughput. Nevertheless, continu-
us baseline was basically necessary in a FI system which utilizes
ontinuous reagent consumption with a large amount of waste
eneration.

The novel simultaneous injection effective mixing analysis
SIEMA) system has been reported in 2010 to demonstrate the pal-
adium determination [26]. In the system, small amounts of sample
nd reagent were successively aspirated and simultaneously dis-
ensed by means of a bidirectional syringe pump. As a result, waste
eneration can be reduced, and an effective mixing, rapid analysis
nd full automation can be established.

Matsudo et al. have developed micelle-mediate extraction for
irect bilirubin in urine samples. The direct bilirubin in urine
as concentrated into a small volume of surfactant-rich phase of

-octyl-�-d-thioglucoside (OTG), while the other coexisting con-
tituents including urinary protein, ascorbic acid and saccharides
ere remained in the aqueous phase. The bilirubin in the micelle

eacts with diazotized sulfanilic acid to form azobilirubin prod-
ct, and the product shows an absorption maximum at 560 nm
27]. The method with pre-treatment is sensitive. However, an
xtraction method is based on the phase separation and the utiliza-
ion of a well-micro-plate reader absorption spectrophotometer. In
his study, a new and fully automated SIEMA system with three-
hannels and OTG is proposed for trace determination of direct
ilirubin in urine.

.  Experimental

.1. Reagents and chemicals

All  chemicals and reagents in this study were analytical grade
nd were used without further purification. The water was purified
y an Advantec GSH-210 apparatus and was throughout utilized the
xperiments.
A stock standard solution of direct bilirubin (50 mg  L−1) was
repared by dissolving 1.0 mg  of ditaurate bilirubin (Promega,
adison, WI,  USA) in water to make up a volume of 20 mL.  After

hat, the solution was kept in an amber glass bottle for protection
iliary coil (100 cm,  1.5 mm i.d.); 4C1 and 4C2, 4-way cross-connectors; HC1, HC2,
and HC3, holding coils (100 cm, 0.8 mm i.d.); 3V1, 3V2, 3V3, and 3V4, 3-way solenoid
valves;  MC,  mixing coil (50 cm,  0.8 mm i.d.).

of photo-oxidation process of bilirubin and stored in −80 ◦C refrig-
erator.

A stock solution of sulfanilic acid (80 mM)  was prepared by dis-
solving 0.6962 g of sulfanilic acid (Wako Pure Chemical Co., Japan)
in 0.3 M sulfuric acid to have a volume of 50 mL.

Sodium nitrite stock solution (200 mM)  was prepared by dis-
solving 0.2774 g of sodium nitrite (Wako Pure Chemical Co., Japan)
in water to be 20 mL.

The working solutions of diazotized sulfanilic acid were pre-
pared by mixing appropriate volumes of 80 mM of sulfanilic acid
solution and of 200 mM sodium nitrite solution, and then diluting
to 10 mL  with water. This reagent was prepared fresh daily.

A stock solution of OTG (1.0%, w/v) was  prepared by dissolving
n-octyl-�-d-thioglucoside (Dojindo, Japan) in water.

2.2. SIEMA system

A  SIEMA system for direct bilirubin determination was fabri-
cated as shown in Fig. 1. A bidirectional syringe pump (5000 �L,
CAVRO, USA) and solenoid valves (Takasogo Electric, Japan) were
used to control carrier and reagents in the system. The flow lines
were of Teflon tubing (0.8 mm  i.d.). A visible spectrophotometer
(Soma Optics, S-3250, Japan) was  utilized for monitoring OTG-
azobilirubin at 560 nm.  The SIEMA-MPV ver. 1.4 (M&G Chematechs,
Okayama, Japan) and Chromato-PRO (Runtime Instruments, Japan)
were employed for automatic control and data acquisition.

2.3.  Operational steps

The  operational steps for standard direct bilirubin solution
and/or urinary samples are listed in Table 1. All flow lines were
filled with water as carrier. Diazotized sulfanilic acid, OTG and
standard direct bilirubin or sample via 3V1, 3V2, and 3V3 were
simultaneously aspirated to each holding coil (HC1, HC2, and HC3)
using a syringe pump. The total volume of these three solutions
was 750 �L, and the volume of each reagent was approximately
250 �L. After that, the syringe pump was switched to valve in for
aspiration of 4250 �L water. Then all aspirated zones were concur-
rently dispensed toward the detector for monitoring absorbance of
azobilirubin at 560 nm.

3. Results and discussion

3.1.  Detection reaction
The  detection principle for direct bilirubin determination is
based on the formation of direct bilirubin coupled with diazo-
tized sulfanilic acid which is produced from sulfanilic acid with
sodium nitrite [28]. Fig. 2 shows absorption spectra for diazotized
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Table 1
Operational steps for determination of direct bilirubin in urinary samples.

Steps Valve of syringe pump V1 V2 V3 V4 Flow rate
(�L  s−1)

Volume  (�L) Operations

1 Out On On On Off 100 750a Simultaneous aspiration diazotized sulfanilic acid, OTG
and  std. bilirubin or sample to HC1, HC2 and HC3

2 In Off Off Off Off 500 4250 Aspiration carrier solution to syringe
5000 Dispensing all aspirated zones to detector simultaneously

(total volume was exactly 750 �L).
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a Aspiration volume of each reagent into holding coil was approximately 250 �L 

ulfanilic acid, direct bilirubin (5 mg  L−1) and azobilirubin product.
bsorption maximum wavelength for direct bilirubin was  pre-
ented at 450 nm and that for azobilirubin appeared at 560 nm and
o absorbance from others was observed at the wavelength. The
bsorbance due to azobilirubin is proportional to the concentration
f direct bilirubin.

.2.  Effect of diazotized sulfanilic acid concentration

The effect of concentration of diazotized sulfanilic acid solution
n the sensitivity was investigated in the range of 0.1–3.0 mM.  It
as found that the absorbance was practically constant when the

oncentration of diazotized sulfanilic acid was over 1.0 mM.  There-
ore, 1.0 mM of diazotized sulfanilic acid was selected for further
tudy.

.3. Effect of OTG concentration

Matsudo  et al. added OTG to extract and separate bilirubin into
urfactant-rich phase. In this study, the effect of OTG was  also inves-
igated. The OTG concentration was varied in the range of 0–0.7%
w/v). As shown in Fig. 3, the absorbance without OTG was  around
.006 and it increased with increase of OTG concentration, and OTG
t 0.2% (w/v) gave the larger absorbance. However, its concentra-
ion is lower than that of the critical micelle concentration (CMC:
.5 mM at 30 ◦C, approximately 0.231%, w/v). It seems that OTG
ight slightly serve as a solubilizing agent for azobilirubin although

he occurred chemical interaction is not obvious.

.4. Effect of concurrent aspirate volume of reagents and
tandard/sample
To  minimize the consumption of the reagent, OTG and stan-
ard/sample volumes that concurrently aspirated into each holding
oil while maintaining the highest sensitivity (absorbance) were
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ig. 2. Absorption spectra of diazotized sulfanilic acid, 5 mg  L−1 direct bilirubin, and
zobilirubin product by batch-wise method.
Fig. 3. Effect of OTG concentration on the 1.0 mg L−1 bilirubin determination; 1 mM
diazotized sulfanilic acid, 750 �L aspirate volume, 50 cm mixing coil, dispensing
flow  rate 100 �L s−1, blank signal (�), net signal (�), and 1.0 mg  L−1 bilirubin (�).

optimized. The influences of contemporary aspirate volumes of
diazotized sulfanilic acid, OTG and standard/sample were studied
between 300 and 900 �L of total volume. It is assumed that the
solution of each line would be drawn equally (i.e. between 100 �L
and 300 �L). The result is given in Fig. 4. It can be observed that
the sensitivity increased with increasing aspirate volume. How-
ever, the sensitivity at aspirate volume of 750 �L (including 250 �L
of 1.0 mM diazotized sulfanilic acid, 250 �L of 0.2% (w/v) OTG and
250 �L of standard/sample) was  sufficient for direct bilirubin deter-
mination. Moreover, this volume provided a smooth baseline and
yielded high reproducibility. Then, 750 �L of concurrent aspirate
volume was  chosen for the proposed method.
3.5. Effect of mixing coil length

The  mixing of the reagent and analyte within the SIEMA system
is very important to produce azobilirubin. The effect of mixing coil
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Fig. 4. Effect of simultaneous aspirate volume; 1.0 mg  L−1 direct bilirubin, 1 mM
diazotized  sulfanilic acid, 0.2%(w/v) OTG, 50 cm mixing coil, dispensing flow rate
100 �L s−1, blank signal (�), net signal (�), and 1.0 mg  L−1 bilirubin (�).
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Table  2
Tolerance limits to foreign substances for 1.0 mg  L−1 direct bilirubin determination.

Substances Tolerance limit (mg  L−1) (maximum
concentration causes a deviation of ±5%)

Sodium chloride 500
Potassium chloride 1000
Ammonium chloride 1000
Magnesium chloride 2000
Calcium chloride 1000
Sodium sulfate 500
Albumin 100
Ascorbic acid 100
Glucose  2000
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Table 3
The  concentrations of direct bilirubin in 10 healthy adults urine determined by the
developed method and the batch-wise diazo method.

Samples Batch-wise (mg L−1, n = 2) SIEMA (mg  L−1, n = 3)

1 0.3 0.39 ± 0.01
2 0.3  0.40 ± 0.01
3  2.8 2.68 ± 0.03
4  0.9 1.29 ± 0.04
5  0.7 0.81 ± 0.02
6  1.5 1.70 ± 0.06
7 3.8  3.81 ±  0.10
8 1.5  1.11 ± 0.04
9  1.2 1.27 ± 0.08
Urea 2000
Creatinine 1000

ength was also investigated at 30–150 cm.  It was found that the
ensitivity was increased with the mixing coil increasing until to
0 cm.  After that, the sensitivity remained constant. Therefore, a
ixing coil length of 50 cm was selected for rapid direct bilirubin

etection.

.6. Effect of dispensing flow rate

The dispensing flow rate concerning the sensitivity and sample
hroughput for bilirubin analysis was studied from 50 to 150 �L s−1.
he net signals were not significantly different. So, the dispensing
peed at 100 �L s−1 was selected.

.7.  Analytical characteristics

Under  the selected conditions, the calibration graph for direct
ilirubin was obtained in the range 0–1.0 mg  L−1, with linear equa-
ion: [absorbance] = 0.00940[direct bilirubin] − 0.00017; r2 = 0.994.

 typical calibration sequence is shown in Fig. 5. The sample
hroughput of the proposed method was 45 h−1. The relative stan-
ard deviation (RSD) for 0.5 mg  L−1 direct bilirubin with 11 runs
as 1.9%. The detection limit (LOD, 3�) and quantitation limit (10�)
ere 4.7 �g L−1and 15 �g L−1, respectively. The LOD with FIA/CL

oupled with cloud point extraction was 1.2 �g L−1 and sensitiv-
ty was excellent [22], however, the LOD obtained by the proposed

ethod was lower and more sensitive compared with other meth-
ds [23,24].

.8.  Interferences study

The  effects of various foreign substances in urine on the deter-
ination of 1.0 mg  L−1 direct bilirubin by the proposed method

ere investigated. The results are summarized in Table 2. In normal
rine, the major remaining constituents are urea, chloride, sodium,
otassium, and creatinine [29]. It was confirmed that urea up to
000 mg  L−1 did not interfere. Sodium chloride, potassium chloride,

blank
0.1 mg L–1

0.3 mg L–1

0.5 mg L–1

0.7 mg L–1

1.0 mg L–1y = 0.0094 0x-0.00017 , r2 = 0.99 4

A
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Time (min )

blank
0.1 mg L–1

0.3 mg L–1

0.5 mg L–1

0.7 mg L–1

1.0 mg L–1

blank
0.1 mg L–1

0.3 mg L–1

0.5 mg L–1

0.7 mg L–1

1.0 mg L–1y = 0.0094 0x-0.00017 , r2 = 0.99 4

ig. 5. FI response on calibration graph for direct bilirubin in the range of
–1.0  mg  L−1.
10  2.5 2.59 ± 0.07

n, number of experiments.

and creatinine did not interfere up to 500 mg L−1, 1000 mg  L−1,
and 1000 mg  L−1, respectively. Ascorbic acid usually found to be
37 mg  L−1 in healthy subject did not interfere up to 100 mg  L−1.

3.9. Effect of sample dilution

In  order to defeat the possible interferences from coexisting sub-
stances, it is necessary to dilute the real urine before measurement.
Recovery tests of spiked bilirubin (0.5 mg  L−1) from urinary samples
were carried out. The recovery without dilution (actually the dilu-
tion ratio was  1.01 by spiking a standard solution of direct bilirubin)
was 95 ± 1.6% (n = 3). When the dilution ratio was  2, a better recov-
ery of 100 ± 0.2% (n = 3) was obtained. Therefore, 2-fold dilution
before measurement was  adapted for further experiments.

To  confirm the accuracy of the proposed method, other concen-
trations of direct bilirubin standard solutions of 0.3 and 0.7 mg  L−1

were spiked into urine samples with 2-fold dilution. Satisfac-
tory results (n = 3) were obtained with recoveries of 98 ± 1.1% and
100 ± 1.0% for 0.3 and 0.7 mg  L−1 bilirubin.

3.10. Application to real samples

The proposed SIEMA method was applied to the determination
of direct bilirubin in 10 urine samples taken from healthy adults.
The samples were diluted at least 2 folds with water. The results
obtained by the proposed method were compared with the batch-
wise diazo method [8]. The results are summarized in Table 3. The
correlation of direct bilirubin concentrations obtained by the pro-
posed SIEMA method and those obtained by the batch-wise diazo
method was: y = 0.944x + 0.186 with correlation coefficient (r) of
0.986. The experimental t-value between the two methods was
1.09. The t-value was less than the critical t-value (2.26) for 9
degrees of freedom at the 95% confidence level.

The determinable concentration of direct bilirubin in healthy
adult urine by the proposed method and diazo methods [30,31]
and p-DMABA [7] were achieved in good agreement. In a clinical
laboratory, the urinary bilirubin level was  an important marker
for diagnosis on liver damage such as jaundice, hobnailed liver
and hepatitis. Usually it is reported as a negative or positive result
and the upper normal level urine bilirubin may  be set at 1 mg  L−1

[32]. The proposed SIEMA is an alternative and useful method to a
rapid, simple, precise and fully automated determination of direct
bilirubin in urine.

4.  Conclusion
A  simple, fully automated operation, sensitive and accurate
simultaneous injection effective mixing analysis system using
spectrophotometry for direct bilirubin was developed. The reaction
is based on the formation of direct bilirubin coupled with diazotized
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ulfanilic acid in the presence of OTG. The proposed method was
uccessfully applied to determine small amounts of direct biliru-
in in urinary samples. The proposed new SIEMA system would be
seful for liver function test in the clinical laboratory.
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