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Abstract 
 

Project Code: RSA5180005 

Project Title: Development of Sequential Injection Capillary Immunoassay System for  

                 Detection of multi-analyte 

Investigators: Associate Professor Dr. Supaporn Kradtap, Department of Chemistry,   

Faculty of Science, Chiang Mai University, Chiang Mai 50200 Thailand   and 

team members 

Email address: kradtas@yahoo.com 

Project Period: 2 years 11 months (May 1, 2008 - March 31, 2011) 

 

 Sequential injection-immunoassay system was developed using glass capillary as 

solid phase for immobilization of biomolecules.  This study employed biomarkers namely 

hyarolunan (HA), sialoglycoconjugates (SC) and chondroitin sulfate (CS) as model analytes.  

It was found that HA and SC could be immobilizeded onto glass capillary with physical 

adsorption, while CS could not.  Glass capillary needed to be chemically modified to 

covalently bond with CS effectively.  Performance of the system for measurement of these 

biomarkers was valuated by construction of dose response curves and by the recovering 

studies of these biomarkers in spiked human sera.  The proposed system helped to reduce 

back pressure in the flow system which normally occurred when using beads as solid 

surface for immobilization of biomolecules.  In addition, analysis time per sample was 

shorter than conventional micro-plate immunoassay format.  Moreover, lower amount of 

sample and reagents were used.  Apart from this development, study on the possibility of 

using natural extract from local plants including pigments and enzymes were attempted.  It 

may be possible to incorporate these natural extract as labels in bioassay in the future 

which should help to reduce analysis cost. 
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1.3 �	������ 
1.3.1 �������
������������
��� 
��!��	�� �������"	#����	�������� hyarolunan,  

sialoglycoconjugates 
�� chondroitin sulfate 
 1.3.1.1 ����  �������%� 
 �������������������	��
�)�,/�-/������	
���3 �
$����0/����)�, 1 ������$-��  

syringe pump (CAVRO) +��$ 2.5 mL 

selection valve 10 ports (Valco) 

spectronic 21 (Spectronic Instrument) 

FIA Lab software 

PTFE tubings 1/16” ID  (Up Church) 

Haematocrit glass capillary  7.5 cm length  1.15 mm ID (Vitrex) 

 

 

 
 
 
 
 
 
 

�&���' 1 �������������������	��
����� ��������������
�
�� 

Detector
Anti - biotin - HRP 

Waste

Syringe Pump 

Air

Syringe Pump 

Waste
Capillary coated with BS

12
3

4
5

10

6 7
8

9

Detector

Substrate

- 

Waste
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Std or serum sampleBlocking reagent

Specific 
reagent

Antibody-HRP 



1.3.1.2 �	������� 
�!��	�� �(� 
  �"	#����	�������� sialoglycoconjugates 
�� hyarolunan 
  Sialoglycoconjugate ��� hyaluronan 
����9	
��
�5����-�$-�����)�����(�� 	:�6�0
#-��)!��������,������5����-� ������!����� �������-����#��
��)�,	�/�-#�:�	��#2� �$�/�-���   
���� ������0��  	���
3�� $)
3�
������$-������@ ���  )�3�6�-)�,�'�"(���#0��8 $-�������0�����
#0��8 �
� ��<,�"�
(���)�,�"���
�
!�"�
����#�:�
���#0��#
� )!����� $5����-�
0��)�,�0��$-�� 
blocker )�,�"���
� ��<,��$���	
����6�0	!�����	��
���<,�8 
  

 �"	#����	�������� chondroitin sulfate 

Chondroitin sulfate 6�0	
��
�5����-�$-�����)�����(�� 	:�#-��)!��������,������5��
��-� ���,�	������#����5����-��$������0���� �����/� 6.5% v/v HNO3 /� sonic bath 70°C 10 

��)� ��-��-������ �����$-���3!� DI ����!��+-��#���/"-�"-�)�, 100°C 2 �
,����   	���
3�)!���� 
silanize 5����-�$-��
������� 10% 3-aminopropyltrimethoxysilane (APTES) /� dry toluene 

�$�/�-�'�"(��� 80°C 30 ��)� ��-��-������ �����$-�� dry toluene #��$-�� 95% EtOH ����3!� 
DI  ��<,�/"-5��"�-�+����-���4�"��0 -OH ��� ����,��"��0@?����
�/"-��4� aldehyde $-������#�� 
2.5% v/v glutaraldehyde /�
�������@�
�@#�
@�@��� 0.1 M pH 7.0 )�3�6�-)�,�'�"(���"-�� 30 

��)� �0���-��$-���3!� DI �����2�6�-/�-���#0�6� �:,�#����3���� �����	�
����9���$�
�;�����
���)��
�"��0 amine �� CS 6$- ��0��$����
����)!����� $5����-�
0��)�,�0��$-�� blocker )�,
�"���
� ��<,��$���	
����6�0	!�����	��
���<,�8 

���� �������-�)�,�#����6$-	��
(���)�,��<����-� 	�9���-�����
��
0��������� �0��)�,	�
�!�6�#0��+-��
�)0��!�
��)�, multi-port selection valve �
�<����4�
0��"�:,�+��)0�)�,/�-/�����
���6"�)
,�6� 
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���3��%
�"�
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��+
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$�����
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�
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�$-��������
	!��
$ "����
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�/	/�
�������#
���0����� �2	���
����������'�������	!��
$$
���0�� �"�<�
6�	
��
�
0��)�,9��#�:�6$-�-�� /�)��#���
�+-�� 9-�
��#
���0����������
��)�,
�/	�-�� �2	���

����������'�	!������
3�6�	
��
�
0��)�,9��#�:�6$-���+:3�  

**��+�����)!����������
�
��
����+0�+
�	:����5�5
��
������+-�+-�+��
��)�,
�/	/�
�������#
� ��0�� 
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����������'����


(���#0��8)�,6�0�"�<���
� �#0/�+
3�#�����#��	�
$ /�-���#���$�)�,	!������
� biotin �������
�����4����6��� horseradish peroxidase ���/�- TMB substrate �"�<��8�
�  ��<,�/"-��
(���/�
���#��	�
$ ��0� ���������<,��
�
!�"�
��
$�0����$�$��<��
� "�<� %
���6@@A�/�����9-�/�-
�)����6@@A����� �2	�
����9/�-
(������#��	�
$�$����
�6$-$-�����<,��#��	�
$���<,���$����
�  


�,�)�,#-��)!����%:�=�
!�"�
�
��#
���0���#0�����$ �<� /�
0��)�,#0�� 6$-��0 �����+-�+-�
+��
����������'�)�,/�-#�:� �����+-�+-�+��
��)�,)!�/"-���$����+0�+
� ��������0�����/��#0��
+
3�#�� �'�"(���)�,�"���
� 
��)�,/�- block 5����-���<,��$���	
�)�,6�0	!����� ��4�#-� �:,���;����
)$���
!�"�
��#0��
��)�,
(���)�,�"���
� 
�'�������6�-$
��
$�/�"
�+-�9
$6� 

 
 1.3.1.4 ,�-�����	������ ���.	����'�#�	��� 
 �"	#����	�������� sialoglycoconjugates 
 
��#
���0��: sialoglycoconjugates /�
�������#
���0�� 
 
��)�,/�-#�:���5����-�: Bovine Submaxillary Mucin (BSM) �:,���"��0 sialic acid  

 
��)�,��������	!��
$
!�"�
�����+0�+
�: biotinylated lectin 

 
��
!�"�
����#��	�
$: anti-biotin-HRP ��� TMB 

Wash 
away 

Wash 
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TMB 
substrate Blue color 

product 
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Coated capillary 

Analyte in solution 

Antibody-HRP 

add  
blocker 



Bovine Submaxillary Mucin (BSM) �:,���"��0 sialic acid )�,#�:���5����-�	�)!�"�-�)�,
�+0�+
��
� sialic acid ("�<� sialoglycoconjugates) /�
�������#
���0�� ��<,�	
��
� b-lectin )�,
�#����6���-���
�)�,������	!��
$ ��<,���
0��)�,6�09��	
���5����-���� ��-��#�����#���$�)�,
	!������
� biotin ������������4����6��� horseradish peroxidase )�,)!��B��������
� substrate 

TMB �2	�6$-5��#(
�C���
� )�,�������+-����5
�#���
����������#���$�)�,�����6�������� "�<�
����
�"�:,��<����5
�#���
������� sialic acid �� BSM "�<����5�5
��
������� 
sialoglycoconjugates /�
��������
,����  #����)�, 1 
�'�
(���#0��8 )�,/�-/����)!���
�
�� 
���#����)�, 2 �
$�+
3�#�����
(������)!����+���������������������	��
� 
 

�	�	���' 1 
(���#0��8 )�,/�-/����)!���
�
��
!�"�
����#��	�
$ sialoglycoconjugates 
)	�	������� �.	����'��/�� 

�����+-�+-�+�� BSM )�,/�-#�:� 100 �g ml-1 


(������#�:�
�� 8°C ��4����� 5-24 �
,���� 
"�<�)�,�'�"(���"-�� ��4����� 1�
,���� 

�����+-�+-�+�� b-lectin 1:50 dilution 

�0�������+-�+-�+��
��#
���0����#�D��

!�"�
�
�-�����@��#�D�� 

1-10,000 ng ml-1  BSM in 6% BSA 
(working range 50-5,000 ng ml-1 BSM) 

�����0�����
!�"�
�����+0� 10 ��)� 
Washing buffer 0.01 M PBS pH 7.4 

Blocking solution 0.1% Tween 20 

�����0�����
!�"�
���� block 30 ��)� 
�����+-�+-�+�� anti-biotin-HRP 1:1000 dilution 

�����0�����
!�"�
����	
���������#���$� 10 ���� 
Substrate  Ready to use TMB 

�����0�����
!�"�
����#��	�
$ 2 ��)� 
Carrier solution Citric phosphate buffer pH 5.0 

 

 

 

 

 

 

 



�������� 2 +
3�#�����
(������)!����+���������������������	��
�
!�"�
����#��	�
$ 
sialoglycoconjugates 

 

Step no.                                   Operation                                                   Volume (�l)
1          Washing capillary with PBS                            1500  
2 Aspiration of air to the holding coil                            20  
3 Aspiration of 0.1%Tween in PBS solution                           80  

to the holding coil  
4 Aspiration of air to the holding coil                            20  
5 Sending 0.1%Tween in PBS solution  to capillary                          80  
 and incubate for 3 min 

 6 Removing unbound species by washing                           1000  
capillary with PBS  

7 Aspiration of air to the holding coil                             20  
8 Aspiration of standard BSM solution or                            10  
 serum sample to the holding coil 
9 Aspiration of biotinylated lectin to the holding coil                           60  
10 Aspiration of standard BSM solution or                            10  
 serum sample to the holding coil 

 11 Aspiration of air to the holding coil                              20  
 12 Mixing standard BSM solution and biotinylated lectin                          -   
 by moving solution back and forth three times 
13 Sending mixture to BSM coated capillary and                           80              

incubate for 10 min   
 14 Removing unbound species by washing                             2000  

capillary with PBS  
15 Aspiration of air to the holding coil                              20  

 16 Aspiration of anti-biotin HRP to the holding coil                            80  
 17 Aspiration of air to the holding coil                              20  
 18 Sending anti-biotin HRP to the capillary                            80              
 and incubate for 10 min 
19 Removing unbound species by washing                             2000  
 capillary with PBS 

 20 Washing with citric phosphate buffer                              1000  
 21 Aspiration of air to the holding coil                              20  
 22 Aspiration of substrate TMB to the holding coil                            80  
23 Aspiration of air to the holding coil                              20  
24 Sending substrate TMB to capillary and                              80  

and incubate with  anti-biotin HRP for 2 min                
25 Discarding air                                  -   
26 Sending the solution product to the detector                             50 
 

 
 
   

 



 �"	#����	�������� hyarolunan 
 
��#
���0��: hyaluronan /�
�������#
���0�� 
 
��)�,/�-#�:���5����-�: hyaluronan ��#�D��  

 
��)�,��������	!��
$
!�"�
�����+0�+
�: biotinylated HA bining proteins 

 
��
!�"�
����#��	�
$: anti-biotin-HRP ��� TMB 

�
����
� b-HABP #�J$	�$�
/�
�$>%���*�
�������[	�� �
����
� HA ��K��
�
/��/��

7>
�[  %�� HA ��K��$>'��
����
�#�%/>�	��	�� HA ��KJ$	7�9���,"�%	��
��K�#��	�� HABP ��K��

#�
���#�
	��  
��K�!�
�
�
����
���	�� 	6#�
���� b-HABP ��KJ$	#����� HA ��K7�9���,"�%	��


�>
��?�  	
�7��#�����
������	
�
7"�%��7"������K#�

�
�	�� biotin �9K���
�
��
�+�
�����& 

hoseradish peroxidase #
	��?�
7"� TMB %��'��
��
�>�
�
�#�
	"�,�"7D�Q\&���� )�,�������+-�
���5
�#���
����������#���$�)�,�����6�������� "�<�����
�"�:,��<����5
�#���
������� HA 

standard ��5����-� "�<����5�5
��
������� HA /�
�������#
���0���
,���� #����)�, 3 
�'�

(���#0��8 )�,/�-/����)$��� ���#����)�, 4 �
$�+
3�#�����)!����+��������������������
�	��
� 

 
�	�	���' 3 
(���#0��8 )�,/�-/����)!���
�
��
!�"�
����#��	�
$ hyarolunan 

)	�	������� �.	����'��/�� 
�����+-�+-�+�� std HA )�,/�-#�:� 100 �g ml

-1
 


(������#�:�
�� 8°C ��4����� 24 �
,���� 
"�<� 37°C ��4����� 5 �
,���� 

�����+-�+-�+�� b-HABPs 1:100 dilution 

�0�������+-�+-�+��
��#
���0����#�D��

!�"�
�
�-�����@��#�D�� 

1-3,000 ng ml
-1
HA in 6% BSA 

(working range 25-500 ng ml
-1
HA) 

�����0�����
!�"�
�����+0� 5 ��)� 
Washing buffer 0.1 M PBS pH 7.4 

Blocking solution 1% w/v BSA 

�����0�����
!�"�
���� block 30 ��)� 
�����+-�+-�+�� anti-biotin-HRP 1:1000 dilution 

�����0�����
!�"�
����	
���������#���$� 5 ���� 
Substrate  Ready to use TMB 

�����0�����
!�"�
����#��	�
$ 7 ��)� 
Carrier solution Citric phosphate buffer pH 5.0 

 

 



�������� 4 ����	
���
����
����������
��
�������������
������������������	������ 
hyarolunan 

 
Step
No.

Operation Volume 
(�l)

1 
2 
3 
 

4 
5 
 

6 
7 
 

8 
9 

10 
11 
12 
13 
14 

 
     15 

16 
17 
18 

 
19 
20 

Washing capillary with PBS 
Aspiration of air to the holding coil 
Aspiration of standard HA solution or serum sample to the 
holding  coil 
Aspiration of b-HABPs to the holding coil 
Aspiration of standard HA solution or serum sample to the 
holding coil 
Aspiration of air to the holding coil 
Mixing standard HA solution and b-HABPs by moving solution 
back and forth twice 
Sending mixture to HA coated capillary and incubate for 5 min 
Removing unbound species by washing capillary with PBS  
Aspiration of air to the holding coil  
Aspiration of anti-b-HRP to the holding coil 
Aspiration of air to the holding coil 
Sending anti-b-HRP to the capillary and incubate for 5 min 
Removing unbound species by washing capillary with PBS 
followed by citric phosphate buffer  
Aspiration of air to the holding coil 
Aspiration of substrate TMB to the holding coil 
Aspiration of air to the holding coil 
Sending substrate TMB to capillary and incubate with  
anti-b-HRP for 7 min 
Discarding air* 
Sending the solution product to the detector 

1500 
20 
10 
 

60 
10 

           
       20 

- 
 

80 
2000 
20 
80 
20 
80 

2000 
(each) 

20 
80 
20 
80 
 

40 
50 

 
 

 
 

 

 

 

 

 

 

 

 

 



 �"	#����	�������� chondroitin sulfate 

��#
���0��: chondroitin sulfate /�
�������#
���0�� 

 
��)�,/�-#�:���5����-�: chondroitin sulfate ��#�D�� "�<� shark A1 


��)�,��������	!��
$
!�"�
�����+0�+
�: WF6 �:,���4� monoclonal antibody
!�"�
� CS-C 

 
��
!�"�
����#��	�
$: anti-IgM-HRP ��� TMB 

 

��)�,/�-#�:���5����-���	��4� CS ��#�D�� "�<� Shark A-1 )�,��"��0@?����
���-���
� CS 

�:,�	��+0��
� CS /�
�������#
���0����<,�	
��
��������������#���$�
!�"�
� CS-C ("�<� 
WF6 �:,���4� IgM) )�,9���#���+-�6�/�������	!��
$ ��<,����-��
0���������6� ��-��#�� anti-IgM-

HRP ��� TMB %��'��
��
�>�
�
�#�
	"�,�"7D�Q\&���� )�,�������+-����5
�#���
�������
���#���$�)�,�����6�������� "�<�����
�"�:,��<����5
�#���
������� CS "�<� shark A1 

standard ��5����-� "�<����5�5
��
������� CS /�
�������#
���0���
,���� #����)�, 5 
�'�

(���#0��8 )�,/�-/����)$��� ���#����)�, 6 �
$�+
3�#�����)!����+��������������������
�	��
� 

 

�	�	���' 5 
(���#0��8 )�,/�-/����)!���
�
��
!�"�
����#��	�
$ chondroitin sulfate 
)	�	������� �.	����'��/�� 

�����+-�+-�+�� CS "�<� shark A-1 )�,/�-#�:� 10 �g ml
-1
 


(������#�:�
�� 8°C +-���<� "�<� 

25°C ��4����� 5 ��)�- 24 �
,���� 
�����+-�+-�+�� WF6 1:1000 dilution 

�0�������+-�+-�+��
��#
���0����#�D��

!�"�
�
�-�����@��#�D�� 

10-100,000 ng ml
-1
 shA-1 in 6% BSA 

(working range 100-100,000 ng ml
-1
 shA-1) 

�����0�����
!�"�
�����+0� 1 ��)� 
Washing buffer 20 mM carbonate buffer pH 9.6 

Blocking solution 1% w/v gelatin 

�����0�����
!�"�
���� block 30 ��)� 
�����+-�+-�+�� anti-IgM-HRP 1:2000 dilution 

�����0�����
!�"�
����	
���������#���$� 3 ���� 
Substrate  Ready to use TMB 

�����0�����
!�"�
����#��	�
$ 7 ��)� 
Carrier solution Citric phosphate buffer pH 5.0 

 



�������� 6 ����	
���
����
����������
��
�������������
������������������	������ 
chondroitin sulfate 

Step
no. Operation Volume

(µL)
1 Washing coated capillary with incubation buffer 2000 

2 Aspiration of air to the holding coil 20 

3 Aspiration of standard Sh-A1 solution or serum sample to the holding coil 20 

4 Aspiration of antibody (WF6) to the holding coil 40 

5 Aspiration of standard Sh-A1 solution or serum sample to the holding coil 20 

6 Aspiration of air to the holding coil 20 

7 Mixing standard Sh-A1 solution and WF6 by moving solution back and forth 

twice 

- 

8 Sending mixture to Sh-A1 coated capillary and incubate for 1 min 80 

9 Removing unbound species by washing capillary with incubation buffer 1500 

10 Aspiration of air to the holding coil 20 

11 Aspiration of anti-IgM-HRP to the holding coil 80 

12 Aspiration of air to the holding coil 20 

13 Sending anti-IgM-HRP to CS/Sh-A1 coated capillary and incubate for 3 min 80 

14 Removing unbound species by washing capillary with incubation buffer 1500 

15 Aspiration of air to the holding coil 20 

16 Aspiration of substrate TMB to the holding coil 80 

17 Aspiration of air to the holding coil 20 

18 Sending substrate TMB to CS/Sh-A1 coated capillary and incubate for 7 min 80 

19 Discarding air 30 

20 Aspiration of product solution to the holding coil 50 

21 Sending the product solution to the detector by using citric phosphate buffer 

as a carrier  

1000 

 
 

��
�����
���K
	�K��	�� chondroitin sulfate ��? ���7>����'!�	������	
���� macro-chip ��K

��
/9?���>
��>
�#
		
�
#
��>�'�%,>���
�7"	 %����������'!�	��	
��
��"�
Q chondroitin 

sulfate '�7����>
��
 ���'!� methylene blue 
�+��
����	����
'��
�6�	
�
���K��%�����
�


/�����?�

�"���K����
��K� CS %��>�
��
�L"	"�"�
	�� methylene blue ���%���'��$���K 3  

 

 

 

 

 



 

  
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 

�+�
�� 3 Macro-chip ��>
��>
���
����	
�7��#�����"�
Q CS '��
 
 
1.3.1.5  �����!�������������(,�$��������%��!$�����,$'����""8�!��,!(�����, 
             !��(�,
���9��������+�,
��!��� 

 '���K��?����������
%���*��
�� 3 %���*�
����K7�9������
�!����
�	;�%7>��!�"� ��� BSM, 

HA %�� Sh-A1 �
7>�
/�
	���
�&�'��$���K 1 ���'!��>���
�
�%�		�����	
�7>��>���
�7"	%�	

	
����'��
�+� 3 �"<�
�
/�
��'�%7>��%���*�
�� �9K���
��
	
��>�
�
�%��	�����	
��"
��
��&

��K7>
�	����
����%7>���
� #9������>
#���
�
�#
	%���*�
����K'!�
��
��?���K�;�
/�
�$>
���K��7��#���

	>�� 7
�����%���*�
����K'!�
��
�>�
�
�%��	�����	
��
		�>
 7
���
���   

 ��	#
	��?�����
	
��������	%����9K������
�
���?� 3 !�"��
���	��
��K�7�9���%���*� 

�
��
����	���������[	�� ���'!�
��
'�	
�7�9�7
��
���K7���'!�
��
�
���K�;� %�����
�
7��#���

�����
����
���K����
�
#�7&��K'!�   

 

 

 

Methylene Blue 

Chondoritin
Sulfate

V4 V3

V1

V2

waste

waste 

A
B

Detection
point



1.4 *����
$���
�������<� 
 �$���K 4-6 %���	�
N�
7�|
���
����	
�7��#����
��>�!�?����
�!��D
�  3 !�"� ��� 

sialoglycoconjugates, hyarulonan %�� chondroitin sulfate ��K���#
	������
���
!����"�
#�!��

%���*��
���"��$��%��
��& (SI-CI) 

�	
��� 4 ����!�	�"������������	������#��!�$ sialoglycoconjugates (BSM equivalent) �%��
�
�� SI-CI  

1 10 100 1000

16

18

20

22

24

26

28
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pe
ak

 a
re

a 
(v

.s
ec

.)

HA ng/mL

 

�	
��� 5  ����!�	�"������������	������#��!�$ hyarulonan �%���
�� SI-CI 
 

Pe
ak

 a
re

a 
(a

rb
itr

ar
y 

un
it)

 

Concentration of HA  (ng/mL) 

1 1 0 1 0 0 1 0 0 0 1 0 0 0 0

1 2

1 4

1 6

1 8

2 0

2 2

2 4

2 6

2 8

3 0

3 2

Pe
ak

 a
re

a 
(a

rb
itr

ar
y

Time (s) 
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�	
��� 6 ����!�	�"������������	������#��!�$ chondroitin sulfate (Sh-A1 equivalent) �%��
�
�� SI-CI  

 
�"	#����	�������� sialoglycoconjugates 

���&'�(����!�!)�����
��
��*�%����	�! BSM ��+�������!��%!�%���)�
���*�����!��
#�	� ��
���������
� 10 �����*������������ ,�%�)����!�������-+
���!.��/0 (%RSD) �#1� 2.3-

2.8%  �)�����!�!)�����
��)����� .����$��������!�	�"����+��%���'��*����	)����� �-
�)����� 1, 

4, 10, 20 ��
 33 ��� .��)� %RSDs ��+���!��%!�%�	)��2 �#1� 0.7 (1 ng ml-1), 0.7 (100 ng ml-1),  

1.1 (250 ng ml-1), 2.2 (500 ng ml-1)  ��
 2.8 (1000 ng ml-1)  

,�%������&'�(��������!	��
�)����#�	� 33 	��
�)�� (34%��� 12 	��
�)�� 
��5 23-41 #6 ��
 
34%�7��  14 	��
�)�� 
��5 22-74 #6 ��
 
�� 7 	��
�)��,!)����
��5��
�.&)  ��
	��
�)������!���#1�
9��!
��:� 17 	��
�)�� (34%��� 11 	��
�)�� 
��5 32-78 #6 ��
 34%�7��  6 	��
�)�� 
��5 41-82 #6)  
#��!�$ sialoglycoconjugates 
)���������!�	�"��������#1����!��%!�%��
� BSM ( BSM 

equivalent) �'+���5)!��#�	� �����5)!���#1�9��!
��:�!�#��!�$ sialoglycoconjugates 	)��������
����*��4#��+ 7  �)��;��+��#1� 22 ��
 356 ng ml

-1 *���5)!��#�	� ��
���#1�!
��:� 	�!������ 9��
	��
�)����#�	�!��
��� sialoglycoconjugates 	+����)� 110 ng ml

-1
  BSM equivalent  �	)������

	��
�)��*����&'�(��������)
��%���%
� �)� cut off �'�
���������-+
�,#,�%  
�)��,��:	�! ���!
�	�	)���
�#��!�$ sialoglycoconjugates �;��+���+.�*��
���5)!	��
�)�� �:,�%����<'����!��!��<
�
��
����
���
!����"�
#�!��%���*��
���"��$��%��
��& *���������
	��
�)������!�����
���5)!  

 

 



 

 

 

 

 

 

 

 

 

 

 

�	
��� 7 �#���������#��!�$ sialoglycoconjugates (�������#1� BSM equivalent) ��+	���.�*�
	��
�)������!��#�	� 33 	��
�)�� ��
���#1�9��!
��:� 17 	��
�)��  
 

 

�"	#����	�������� hayarolunan 
���&'�(����!�!)�����
��
��*�%����	�! HA ��+�������!��%!�%���)�
���*�����!��

#�	� ��
���������
� 10 �����*������������ ,�%�)����!�������-+
���!.��/0 (%RSD) �#1� 3.1%  

�)�����!�!)�����
��)�����*�%	��
�)������!������	)���������
�*����	)��2��� 10 ���
.��)�  %RSD �#1� 5.5.   

,�%������&'�(��������!	��
�)����#�	� 15 	��
�)�� ��
	��
�)������!���#1�9��	�� 15 

	��
�)�� 9�����������
�����������/�!�	�"������.����5! .��)������
�������������
��������  
��##=�����
�!!49��
����0��
�
���.����5!#�	� ��!��<�����
��5)!��#�	������5)!��9��	��
,�% �4#��+ 8 ����#��!�$ HA ��+	������,�%���	��
�)����������9��*�% 2 ��/� �)��;��+���5)!��#�	��-
 36 

��
 50 ng ml
-1
 ��
 �)��;��+���5)!���#1�9�� �-
  320 ��
 264 ng ml

-1
 ������	�������%����/�

�.����5! ��
�
�� SI-CI 	�!������ �����������$����<�	� (t-test) .��)�	��
�)���	)�
��5)!��+���
���	������9���
���/�!�#��!�$ HA ,!)	)�����
�)��!���������7 �����)��
����+.�>���'��*�%3�
	��������+��-+
<-
,�%,!)	)�������/�!�	�"����+*�%
�4)��+�,#  

1

10

100

1000

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54

Sample No.

C
on

ce
nt

ra
tio

n 
of

 B
SM

 e
q.

 (n
g/

m
L

Normal 33 samples
Abnormal 17 samples

Normal group 33 samples 
Mean     = 22 
Median   = 17 
SD     = 21 

Cancer group  17 samples 
Mean     = 356 
Median  = 237 
SD   = 232 

Sample No. 

C
on

ce
nt

ra
tio

n 
of

 si
ao

gl
yc

oc
on

ju
ga

te
s 

as
 B

SM
 e

qu
iv

al
en

t (
ng

 m
l-1

)



 

 

�	
��� 8  #��!�$ HA ��+	������,�%���	��
�)����������9��*�%��/��.����5! ��
�
�� SI-CI 
(     = normal serum samples and       = liver patient serum samples obtained from conventional 
micro-plate assay,      = normal serum samples and × = liver patient serum samples obtained from 
SI-CI) 
 

 

�"	#����	�������� chondroitin sulfate 
���&'�(����!�!)�����
��
�� .����$��������!�	�"����+��%���'��*� 4 ��� 	)����� 
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S1  -  82  -  

S1 + 100 ng ml
-1 182 185 103 

S1 + 1,000 ng ml
-1 1082 968 89 

S2  -  5652  -  
S2 + 500 ng ml

-1 6152 6255 120 
S3  -  4244  -  
S3 + 5,000 ng ml

-1 9244 10043 116 
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I (Japan) 260 255 98 % 

II (Germany) 300 318 106 % 
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No. Form of iron 
Label amount   

AOAC 
method 

 

The proposed 
FI –green tea 

extract 

% Deviation 
from AOAC 

1 
2 
3 
4 
5 
6 

Fumarate 
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94 

116 
244 

184 ± 4 
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201 ± 16 
100 ± 3 
107 ± 4 
246 ± 5 
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 6.4 
-7.8 
-0.8 
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Samples %w/v H2O2 found with 
SI-LAV radish extract 

% label 

1 2.8±0.0 3 
2 2.6±0.1 3 
3 5.4±0.1 6 
4 5.8±0.1 6 
5 5.3±0.1 6 
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Abstract 
       Telehealth and telemedicine are the approach to provide health care coverage to people in rural areas or patients who cannot 
conveniently travel to meet with doctors at a hospital.  The telehealth system requires a multidisciplinary collaboration involving 
various sectors such as telecommunications, information technology, medical experts, hospitals, equipment suppliers and social 
workers.  The advantages of automatic flow based systems in reducing the volume of sample, the analysis cost, the analysis time and 
the need of having highly trained personnel, make them suitable for use where the healthcare facility budget is inadequate.  Therefore, 
flow based techniques have potential for applications in clinical analysis as part of the telehealth system in the developing countries.   
 
Keywords  telehealth, flow based techniques, clinical analysis, flow injection analysis, sequential injection analysis 
________________________________________________________________________________________
 
1.   Introduction 
 
Telehealth 

Definition of telehealth and telemedicine is a delivery of  
health-related services and medical information via 
telecommunication technologies for the purpose of consulting, 
examinations and remote medical processes. [1] This idea 
was introduced several years ago as a new approach to 
provide health care coverage for people who cannot visit 
doctors in person.  It began to take place in the USA in the 
mid-90’s. [2] Some activities that can be adapted for use in 
telehealth/telemedicine include health advisory by phone in 
emergency cases, live video conferencing, and transmission 
of medical images.  

The possibility of having health service without actually 
seeing doctors will especially benefit people who are facing a 
natural disaster,  soldiers that are patrolling in the remote 
areas and people who live far away from any hospital. Even 
people who live in urban areas but whose busy life style 
results in an unmatched schedule with their doctors will  
benefit from a telehealth system. 

Although, the idea of telehealth has been around for a 
long time, the development of an effective telehealth system 
has not yet been reported.  This might be due to the need of 
collaboration between various sectors such as doctors, social 
services, telecommunication technologies experts, health 
insurance companies and government. 
 
Why do we need a telehealth system? 
     In highly advanced countries such as the USA and some 
European countries, although there is no limitation on 
technologies, people may still want to have a telehealth 
system for better choices of doctors that may not live in close 
by areas.  It has also been proven that in many psychology  
_________________________________________________
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treatment cases, telephone consulting is better than 
confrontation between patient and doctor. [3-4]  People who  
live far from a hospital may also prefer not to travel such a 
great distance to the nearest city for a health check up. 

The need of telehealth systems in Thailand and other 
developing countries may arise from different concerns. The 
lack of technologies, inadequate number of hospital facilities 
and medical personnel, and the lack of safe and effective 
transportation from rural area to the urban hospital are the 
main limitations in the health service system.  Some statistics 
on the number of facilities and doctors in Thailand are shown 
in Table 1.  Comparison of the number of doctors per 1000 
people in different countries around the globe, reported by 
WHO, is also shown in Table 2.  It is alarming that in most 
developing countries including Thailand, this number is less 
than 0.5 doctor per 1000 people. [5,6]  

Thailand actually has become known for world class 
medical services.  A recent report showed that each year 
there are as many as 1.2 million tourists from Japan, Europe 
and the Middle East have come to Thailand and scheduled to 
have their health checked while on vacation. [7] These 
services are conducted by highly skilled doctors and with 
advanced machineries located in hospitals in big cities.  
These services are available for people who have adequate 
financial support and accessibility. However, for people in 
the rural areas and low income group, the problem of 
ineffective healthcare coverage exists.  An effective 
telehealth system should help to shrink down this gap and 
make healthcare available to more people. 
  
Telehealth in Thailand 

In Thailand some attempts have been made to support 
the development of telehealth. Some software companies 
have promoted specialized software for long distance data 
transfer.[8] Some scientific research works that gear toward 
development of instrumentation, robots and other devices for 
the purpose of medical care have been proposed. [9,10]  In 
the southern area where there are situations that make 
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traveling to the hospital unsafe, telephone consulting services 
have been set up for medical and health treatment.[11]  The 
main project involves the set up of a satellite communication 
link for the remote villages near the Myanmar border to serve 
the telehealth program.[12]  However, there has not been any 
concrete national telehealth project going on.  They are in the 
trial period and it is still  not clear how much it costs or who 
should pay for it. In the developing countries like Thailand, 
apart from collaboration of different sectors and people as 

previously mentioned, the effective telehealth system should 
be composed of simple and cost effective screening/diagnosis 
systems. If these systems are set up and operated at health 
centers near where people live, they will help cut down the 
analysis and transportation costs and make traveling to 
crowded urban hospitals unnecessary.  Results can be 
transferred via telecommunication technologies and the 
decisions on further treatment can be  made by doctors in 
town. 

 
Table 1 Statistics on medical facilities in Thailand (Reported by Thailand Ministry of Public Health in 2004) [5] 

 

Region No. of hospital with 
overnight beds 

No. of bed Bed:Patients No. of 
doctors 

Doctor:Population

Bangkok 111 25,596 1:4 6,526 1:879 

Central 360 38,211 1:8 4,752 1:3,134 

Northeast 345 28,736 1:10 2,875 1:7,466 

North 259 23,807 1:9 2,639 1:4,534 

South 203 16,895 1:8 2,126 1:3,982 

TOTAL 1,278 133,245 1:7 18,918 1:3,305 
 
 
Table 2 Number of doctors per 1000 people in different 
selected countries (Reported by WHO) [6] 

Countries No. of 
doctors 

No. of doctors : 
1000 people 

Europe 
     Belgium 
     Denmark 
     France 
     Germany 
     Spain 
     Sweden 
     UK 

 
46,268 
15,653 
203,487 
277,885 
135,300 
29,122 
133,641 

 
4.49 
2.93 
3.37 
3.37 
3.30 
3.28 
2.30 

North America 
     Canada  
     USA 

 
66,583 
730,801 

 
2.14 
2.56 

Asia/ 
Oceania-Asia Pacific 
     Australia 
     Cambodia 
     China 
     Indonesia 
     Japan 
     Malaysia 
     Singapore 
     South Korea 
     Thailand 
     Vietnam 

 
 

47,875 
2,047 

1,364,000 
29,499 
251,889 
16,146 
5,747 

75,045 
22,435 
42,327 

 
 

2.47 
0.16 
1.06 
0.13 
1.98 
0.7 
1.4 
1.57 
0.37 
0.53 

Africa 
     Uganda 
     Zambia 

 
2,209 
1,264 

 
0.08 
0.12 

 
2. Possibilities of flow based techniques for 

telehealth in Thailand  
 

Flow based techniques have many features that are 
suitable for bioassay in clinical samples.  Being closed 
systems helps to reduce the chance of sample contamination 
as well as decrease the risk of the operator having direct 
contact with body fluid samples.  Reactions are at a small 
scale which require only a minute amount of sample and 
produce little waste.  Capability of detection for chemical 
product at non-equilibrium state helps to shorten the analysis 
time.  The whole analysis process can be made automatic 
which can reduce personal error and has less requirement for 
well trained medical personnel to operate the test.  Parts of 
flow based systems can be built and adapted separately as 
needed, resulting in lower cost systems as compared to most 
instrumental based chemical analysis techniques.  Data are 
normally collected by a computer which enables them to be 
easily transferred online.  All these benefits make flow based 
systems have high potential to be put to use in a telehealth 
system. 

Many groups around the world have reported flow based 
analysis systems for various biochemical substances in 
clinical samples.  In Thailand, the Flow Based Analysis 
(FBA) Group at Chiang Mai University has pioneered the 
flow based screening/diagnosis system for some diseases 
based on different biomarkers.  These systems are developed 
based on the interest of medical doctors in Thailand which 
can also be adapted for the international use.  The following 
are examples of flow based disease screening systems that 
have been developed by the FBA Group with the aim of 
improving the performance of the existing batch technologies 
in terms of automation, analysis time, sample volume and 
cost.  The comparison of features and performances of the 
flow based systems and batch systems are summarized in 
Table 3. All these systems were evaluated with real blood 
samples which indicates their potential for the future use in a 
telehealth system. 
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Table 3  Comparison of features and performances of some flow based systems and batch systems for disease 
screening/diagnosis 
 

Flow based systems Conventional 
techniques 

 

Disease  
(Analyte/Sample) 

Comparison of performances 
Flow based system vs Batch 

Ref. 
No.

FI-reduced volume anion 
exchange chromatography  
 

Batch 
 micro-column 

 

�-thalassemia 
(HbE/packed red cells) 

35 min /run vs 4 h 
80 �L of 50 fold dilution packed 
red cells (1.6 �L of undiluted 
sample) vs 2 mL undiluted sample 

 
13 

FI-immunoaffinity micro- 
chromatographic column  

Well plate 
ELISA 

Ovarian cancer 
(chondroitin-6-sulphate/serum)

 

30 min/run vs 5-8 h 
200 �L of 2 fold dilution serum vs 
300-400 �L 
Reusability of column for 90 runs 

 
14 

FI-bead injection   
 

Well plate 
ELISA 

Osteoporosis 
(Bone ALP/serum) 

30 min/run vs 4 h 
200 �L vs 300-400 �L 
Better differentiation of bone 
diseases from healthy cases as 
compared to commercial ELISA kit

 
18 

SI-bead based immunoassay  Well plate 
ELISA 

Cancer, Liver and Bone 
diseases (hyaluronan/serum) 

30 min/run vs 5-8 h 
30 �L vs 300-400 �L 

 
19 

 
2.1   Flow injection (FI) based system 
 
       Some simple first generation flow injection systems 
have been coupled with various standard analytical 
techniques to scale down the amount of time and reagents 
while improving precision, the ease of operation and 
interpretation of results. 
 
FI- reduced volume anion exchange chromatographic 
system for hemoglobin typing 
       One of the screening techniques for HbE thalassemia 
commonly used in Thai hospitals is micro-column anion 
exchange chromatography.  A plastic syringe with the 
plunger removed is used as a column for packing DEAE 
sephadex resin.  Packed red cells are passed through the 
column and each type of hemoglobin, with different degree 
of net negative charge, can be eluted by pH gradient 
buffers. Fractions of eluate are collected to measure for 
absorbances with a spectrophotometer. When plotting 
absorbances with elution time or volume, a chromatogram 
of peak separation can be obtained. Order of hemoglobin 
eluted are in the order of HbA2, followed by HbA and HbF.  
HbE will co-elute with HbA2, causing an abnormally large 
HbA2 peak as compared to a normal blood sample. By 
coupling a smaller plastic column of  3 mm i.d. x 2 cm 
length with the flow injection-spectrophotometric detection 
system, this hemoglobin typing technique can be done 
more automatically with much smaller blood sample 
volume and much less analysis time. [13]  
 
FI-immunoaffinity micro-chromatographic column 
system for chondroitin sulphate proteoglycans (CSPGs) 

The flow injection system was also successfully 
coupled to a mini-immunoaffinity column made of a 3 mm 
i.d x 5 cm length persplex glass packed with WF6 coupled 
beads.  WF6 is specific antibody against chondroitin 6 
sulphate.  This separation technique can be used as an 
alternative method for determination of CSPGs by ELISA.  
The system is based on selective retention of CSPGs 

before elution with different buffers. Quantitative analysis 
was done indirectly from the assay of protein contents of 
proteoglycans by Bradford reagent. Relative amount of 
CSPGs in total amount of proteoglycans was compared for 
serum samples of patients with various cancers.  The 
results show the same trends as the previous preliminary 
study using ELISA which is that CSPGs seem to more 
specifically indicate ovarian cancers.  This flow based 
immunoaffinity chromatographic system involves easier 
operational steps as compared to standard (well) ELISA 
and it is more economical because of the reusability of the 
column. [14] 
 
FI-bead injection (FI-BI) system for bone alkaline 
phosphatase (BALP) 

Bead injection (BI) technique utilizes beads as solid 
surfaces to selectively retain analyte of interest and 
accommodate chemical reaction.  The first generation flow 
injection system is successfully coupled to the bead 
injection technique for various uses.[15] The early reported 
FI-BI systems used Fe as a model analyte.[16,17] The flow 
injection-bead injection system was developed for the 
assay of bone specific alkaline phosphatase as an 
alternative to other more complicated techniques such as 
HPLC and ELISA.  The system utilized wheat germ coated 
beads to specifically capture BALP.  The subsequent 
introduction of substrate PNPP into the bead retention cell 
yielded yellow product PNP that flowed into and was 
detected by a spectrophotometer.  The used beads were 
discarded to eliminate the memory effect. Interpretation of 
the results is based on peak height or peak area which is 
more precise and easier as compared to observation of the 
degree of precipitation which is normally observed with 
bare eyes in the conventional wheat germ agglutination 
technique.  The system is also superior to a commercial 
ELISA kit in that it can better differentiate bone 
osteoporosis patients from healthy people which is 
probably due to the higher surface area of beads as 
compared to a micro-well.[18] 
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2.2   Sequential injection (SI) based system 
 
Sequential injection system with advanced small 

volume manipulation capability and precise timing is very 
suitable for automation of an analytical technique with 
multi-steps operation such as immunoassay. An example is 
described here. 
 
SI-bead based immunoassay for hyaluronic acid (HA) 
      An automatic immunoassay system was developed to 
determine the amount of HA in serum of patients with 
cancer and liver diseases. The system was designed to 1) 
reduce back pressure from beads that act as solid surfaces 
for immobilization of the target substance by using opened 
end cell, 2) reduce dispersion and dilution of the reagent 
during incubation by separation the reagents zone with air 
segment, and 3) maximize signal while minimizing 
incubation time by employing a sensitive detector.  
Competitive ELISA was performed with HA coupled bead, 
biotinylated HABPs and anti-biotin-HRP.  Product from 
substrate TMB was electrochemically detected with an 
amperometer. Sample volume and analysis time per sample 
were dramatically reduced as compared to the standard 
well ELISA. The automatic immunoassay system clearly 
demonstrates the benefit of SI system on reducing the need 
of having highly experienced personnel to operate a 
complicated multi-steps analytical technique. [19] 
  
3. Conclusion remarks 

 
Having presented some examples, there are many steps 

yet to be done on further development of the flow based 
clinical analysis systems to enable them to be put to use for 
telehealth system.  These steps include miniaturization and 
standardization of equipment parts, stabilization of 
reagents for long storage duration, and collaboration of 
doctors for study and evaluation of the system in real 
medical situation. However, we hope that our on going 
attempts on the development of simple and cost effective 
flow based clinical analysis systems will help in 
completing the picture of an effective telehealth system in 
Thailand and elsewhere in the future. 
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a b s t r a c t

An automatic immunoassay system for an assay of sialoglycoconjugates was developed based on the

sequential injection technique. A cost effective plain glass capillary tube was used as a solid surface for

immobilization of biomolecules via a simple physical adsorption which is adequate to tolerate the force

of solution flowing through the capillary during the multi-steps immunoassay process. Immunoassay

could be performed with many improvements—rapidity per sample as compared to the conventional

micro-plate format (40 min vs. 5–8 h); lower cost and simpler as compared to fused silica capillary with

covalent immobilization; and without problem of back pressure as compared to flow injection-bead

based immunoassay. Performance of the sequential injection-capillary immunoassay was demonstrated

by assay of sialoglycoconjugates level in human serum to differentiate cancer patients from healthy

people.

© 2009 Published by Elsevier B.V.

1. Introduction

Sialic acid in human body is presented in the form of N-

acetylneuramic acid, a nine carbon sugar, as a component of

glycoproteins, glycolipids and polysaccharides found in the outer

cell membrane [1,2]. Here the term “sialoglycoconjugates” is used

rather than “sialic acid” because most of the sialic acid binds to gly-

coprotein and glycolipid and free sialic acid is normally only found

in very small concentration. It has been reported that cancer cells

are composed of sialic acid rich glycoproteins and it might con-

tribute to the ability of cancer cells to adhere to various organs and

decrease the ability of host defense mechanisms to destroy can-

cer cells. It was found that cancer patients, especially ones with

tumor growth status, have an elevated level of sialoglycoconjugates

in their serum. Thus, sialoglycoconjugates are thought to be a poten-

tial biomarker for various cancers, though other conditions such as

heart disease, inflammation and pulmonary disease have also been

reported to have some relationship with this biomarker [3,4].

A variety of techniques including colorimetry [5,6], fluorimetry

[7], enzymetry [8], HPLC [9], CE-MS [10] and immunochemi-

cal methods [11,12] have been used for quantitative analysis of

sialic acid and sialoglycoconjugates. Among all these techniques,

immunoassay is superior to other techniques in terms of high speci-

ficity and requirement of small amount of sample and reagents.

∗ Corresponding author. Tel.: +66 53 941910; fax: +66 53 941910.

E-mail address: kradtas@yahoo.com (S.K. Hartwell).

In conventional 96-well micro-plate immunoassay, operation still

involves many steps including incubation and washing which are

time consuming and subjected to human errors.

Sequential injection analysis (SIA) is the second generation of

flow injection analysis (FIA) technique where chemical reaction

takes place in small tubing using a bi-directional pump to control

the order of reagent aspiration. A computer program is used to man-

age the various operational steps with high precision in timing and

small volume manipulation. SIA has been applied for various bioas-

says, especially with a special unit integrated to a multi-selection

valve called a “lab-on-valve” (LOV) [13,14]. Solid phase for immo-

bilization of antibody or ligands has evolved from micro-well into

forms that are more suitable to operate with the flow system. Beads

are the most popular new immobilization surfaces due to their

mobility in solution and their retainability to facilitate the sepa-

ration process of bound and unbound components. Beads may be

packed into the channel of the LOV which acts as a bioassay reactor.

However, using beads in a flow system may cause a back pressure

problem which would alter flow rate and precision of the analy-

sis. An open tubular surface such as fused silica capillary has been

reported as successfully used in immunoassay [15,16]. While the

use of high cost fused silica material is essential for immobilization

processes that require high heat activation, a plain glass capillary

may be adequate for some biomolecules with high physical affinity

to glass surface.

In this study, a low cost plain glass capillary tube was intro-

duced as an alternative solid surface for the immobilization of

the specific receptor used in the competitive immunoassay of

0039-9140/$ – see front matter © 2009 Published by Elsevier B.V.

doi:10.1016/j.talanta.2009.04.020
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sialoglycoconjugates. A capillary tube is well suited for use in the

flow system because it acts as part of the tubing where the solution

flows through. This helps to eliminate the back pressure prob-

lem and reduce cost of analysis. Bovine submaxillary mucin (BSM)

which has sialic acid as the main acidic carbohydrate constituent

was chosen for immobilization onto the inner wall of a glass cap-

illary tube and also for the competition standard to construct a

calibration curve. Sialic acid in BSM and sialoglycoconjugates in

serum sample competed to bind with a limited amount of lectin

conjugated to biotin (b-lectin). Anti-biotin conjugated with enzyme

horseradish peroxidase (anti-b-HRP) and substrate TMB were used

for detection of bound b-lectin which in turn inversely relates to

the amount of sialoglycoconjugates in the sample. This SIA system

which was developed for better flow using a capillary tube as reac-

tor, instead of a bead reactor, also provides automatic operation

of the immunoassay steps. The system was applied to deter-

mine the amount of sialoglycoconjugates in healthy and cancer

subjects.

2. Experimental

2.1. Materials and apparatus

Normal glass capillaries used as a solid phase for immobi-

lization of mucin were commercial plain haematocrit tubes with

the dimension of 75 (±0.5) mm in length and 1.15 (±0.05) mm

i.d. (Vitrex). Stock solution of mucin from bovine submaxillary

glands, Type I-S (BSM) was prepared at the concentration of

0.0100 g ml−1 in 0.02 M carbonate buffer pH 9.6. Working solu-

tion used for coating the capillary was diluted to 100 �g ml−1,

except for the study on suitable blocking reagent to reduce non-

specific binding, 10 �g ml−1 BSM solution was used. BSM was

immobilized onto the inner wall of glass capillary by physical

adsorption, followed by incubation of a suitable blocking reagent.

These two steps were done off-line in order to prepare many cap-

illaries in one batch. Various blocking solutions (0.1% Tween20,

1% gelatin, 5% non-fat milk, 5% skim milk, and 1% BSA) prepared

in 0.01 M phosphate buffer, pH 7.4 (PB) were tested. Biotinylated

Maackia amurensis Lectin II (MAL II, Vector Laboratories) was

diluted to 1:50 ratio with PBS (0.01 M PB with 0.15 M NaCl, pH

7.5). Mouse anti-biotin conjugated with horseradish peroxidase

(Zymed) was diluted to 1:1000 ratio with PB. Ready to use sub-

strate, 3,3′,5,5′-tetramethylbenzidine (TMB, KLP) was employed.

Standard calibration curve was constructed from a series of BSM

standard solutions prepared in 6% BSA (Sigma) to compensate for

the protein matrices of real serum samples. Carrier solution in the

flow system was citric phosphate buffer pH 5.0, prepared by mix-

ing 0.05 M citric acid with 0.10 M di-sodium hydrogen phosphate

dehydrate.

Serum samples were prepared by centrifugation of fasting

bloods, collected in the Vacutainer tube without EDTA (BD), to sep-

arate out the blood cells. They were kept at −20 ◦C and were used

without further dilution. Serum samples of patients with cancer

were obtained from the Thailand Excellence Center for Tissue Engi-

neering, Department of Biochemistry, Faculty of Science, Chiang

Mai University Hospital. Serum samples of healthy people were

from volunteers.

The SI system was set up using a syringe pump (XL 3000,

CAVRO Scientific Instrument) with 1 ml barrel. A 10 ports selection

valve (C25-3180 EMH, Valco Instrument) was used to accom-

modate all the reagents, air, detector and waste connections.

All tubings were PTFE tubings. Spectronic 21 (Spectronic Instru-

ment) with a flow through cell of 8 �l (Pye Unicam) was set at

650 nm. SIA control software (FIA Lab3000, FIA Instrument) is used

for controlling the flow rate, volume of reagents and incubation

time.

3. Results and discussion

3.1. Manifold and operation steps

The manifold design is shown in Fig. 1. To perform the com-

petitive immunoassay illustrated step by step as in Fig. 2, the

operational steps controlled by a computer software program are

summarized in Table 1. Volume, flow rate and time for each step

were obtained from optimization as described in more detail in the

section “optimization”.

3.2. Blocking solution

High non-specific binding of either b-lectin and/or anti-b-HRP

onto the uncoated-capillary (capillary without immobilized BSM)

was observed. This could cause high background signal and error in

the use of a coated capillary if there was empty space where BSM

was not bound. To reduce this problem, various blocking reagents

were tried. The detergent based blockers such as Tween20 are

believed to prevent hydrophobic adsorption of the other proteins

that may cause non-specific binding to the solid surface. The small

protein based blockers such as BSA, milk protein, and gelatin are

believed to fill in the empty solid surface not occupied by the immo-

bilized receptor [17].

The results compared between uncoated capillary (blank) and

BSM-coated capillary (analytical signal) were used to identify the

best blocking reagent. Fig. 3(a) shows the differences between the

assay systems that gave blank and analytical signals. Fig. 3(b) clearly

indicates that 0.1% Tween20 was the most suitable blocking solu-

tion because the analytical signal is much higher than blank which

means that Tween20 did not interfere with the assay. This also

implied that the non-specific binding in this assay system may be

due mainly to hydrophobic binding of non-specific components

to the glass surface which could be reduced by detergent based

blocker.

Fig. 1. Sequential injection-capillary immunoassay (SI-CI) system.
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Fig. 2. Diagram illustrating the competitive immunoassay process of BSM.

Table 1
Summarization of operational steps.

Step no. Operation Volume (�l) Flowrate (�l s−1)

1 Washing capillary with PBS 1500 50

2 Aspiration of air to the holding coil 20 10

3 Aspiration of 0.1%Tween in PBS solution to the holding coil 80 10

4 Aspiration of air to the holding coil 20 10

5 Sending 0.1%Tween in PBS solution to capillary and incubate for 3 min 80 10

6 Removing unbound species by washing capillary with PBS 1000 50

7 Aspiration of air to the holding coil 20 10

8 Aspiration of standard BSM solution or serum sample to the holding coil 10 10

9 Aspiration of biotinylated lectin to the holding coil 60 10

10 Aspiration of standard BSM solution or serum sample to the holding coil 10 10

11 Aspiration of air to the holding coil 20 10

12 Mixing standard BSM solution and biotinylated lectin by moving solution back and forth three times – –

13 Sending mixture to BSM coated capillary and incubate for 10 min 80 10

14 Removing unbound species by washing capillary with PBS 2000 50

15 Aspiration of air to the holding coil 20 10

16 Aspiration of anti-biotin HRP to the holding coil 80 10

17 Aspiration of air to the holding coil 20 10

18 Sending anti-biotin HRP to the capillary and incubate for 10 min 80 10

19 Removing unbound species by washing capillary with PBS 2000 50

20 Washing with citric phosphate buffer 1000 50

21 Aspiration of air to the holding coil 20 10

22 Aspiration of substrate TMB to the holding coil 80 10

23 Aspiration of air to the holding coil 20 10

24 Sending substrate TMB to capillary and incubate with anti-biotin HRP for 2 min 80 10

25a Discarding air 30

26a Sending the solution product to the detector 50 10

a To completely prevent an air bubble from entering the detection flow cell, the air bubble was discarded before sending the product zone into the flow cell. The discarded

volume (30 �l) needs to be higher than its aspiration volume (20 �l). Therefore, the volume (50 �l) of the product zone left to be sent to the detector was lower than the

aspirated solution volume (80 �l).

Note that the signal profiles were peak down due to the elec-

tronic data acquisition system used in this work that gave the signal

in voltage which relates to transmittance.

3.3. Optimization

3.3.1. Concentrations of BSM, b-lectin, and enzyme conjugates

The suitable concentration of BSM for coating the capillary was

obtained from the previous independent studies of coating BSM on

the surface of the conventional micro-well plate. The surface area of

a micro-well is approximately the same as that of the glass capillary

used in this study (2.7 cm2) [18]. Therefore, the same optimum con-

centration of BSM at 100 �g ml−1 was used in the immobilization

step to ensure an excess amount of BSM. Amounts of other reagents

and the incubation time for each step were optimized as follows.

The amount of biotinylated lectin (b-lectin) is an important

parameter. An inadequate amount would be used up when bind-

ing with a small amount of sialoglycoconjugates in serum and

therefore, would not be able to differentiate various higher sialogly-

coconjugates concentrations. In contrast, having too much excess

b-lectin would lead to unnecessary expense and increase in analysis

cost. It was found that the signals were increased with the increased

amount of b-lectin. However, in this study, the highest concentra-

tion used was limited at 1:50 dilution ratio to save reagent.
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Fig. 3. Study on suitable blocking reagent to reduce nonspecific binding in the BSM coated glass capillaries using the SI-CI system. (a) Diagram illustrating the process of

obtaining blank signal and analytical signal. (b) Comparing blank and analytical signal profiles when using (A) 1% gelatin in PBS, (B) 5% non-fat milk in PBS, (C) 5% skim milk

in PBS, (D) 1% BSA in PBS and (E) 0.1% Tween20 in PBS, as blocking reagents. The first peak and the second peak of each signal set are blank and analytical signals, respectively.

Each capillary was coated off-line with 10 �g ml−1 BSM at 8 ◦C for 24 h, followed by addition of 1:200 dilution b-lectin and 1:2000 anti-b-HRP and TMB. Product was detected

with the SI system.

The optimum amount of anti-biotin conjugated with HRP (anti-

b-HRP) was determined by varying the dilution ratio in the range of

1:5000, 1:2000 and 1:1000. Anti-b-HRP should be present in suf-

ficient amount to bind to all bound b-lectin. However, too much

excess anti-b-HRP would require extensive washing and unneces-

sary waste of time and reagents. The signals were found to increase

with the increase of the amount of anti-b-HRP and leveled off

at the concentration between 1:2000 and 1:1000 dilution ratios.

Although dilution of 1:2000 seemed to be adequate, dilution ratio

of 1:1000 was chosen for further experiments to compensate for

the loss of enzyme activity which might occur due to unfavorable

storage conditions. (i.e. storage temperature not maintained).

3.3.2. Incubation time

There were four different steps in which incubation time should

be optimized; immobilization of BSM onto the glass capillary, incu-

bation of the mixture of b-lectin and BSM in serum/standard to

the immobilized BSM, incubation of anti-b-HRP to the bound b-

lectin, and incubation of the bound anti-b-HRP with substrate TMB.

The longer incubation time yielded better sensitivity but reduced

sample throughput. Incubation times of each step were chosen to

compromise sensitivity and analysis time. Immobilization of BSM

onto the glass capillary was done off-line for the convenience in

preparation of many capillaries at once and to reduce overall anal-

ysis time in the flow system.

Efficiency of immobilization of BSM onto the glass capillary

depended on both time and temperature. Three sets of conditions

were studied; in the refrigerator (8 ◦C) for 1, 5 and 24 h; at room

temperature (25 ◦C) for 1, 5 and 8 h; and in the incubator (37 ◦C)

for 1, 3 and 5 h. The results are shown in Fig. 4. Immobilization was

best at 8 ◦C for 5–24 h or, alternatively, at room temperature for 1 h.

The higher temperature of 37 ◦C was not suitable, possibly owing to

Fig. 4. Effect of temperature on efficiency of immobilization of BSM onto glass

capillary. Each capillary was coated with 100 �g ml−1 BSM at various times and

temperatures, followed by addition of 1:100 dilution b-lectin in 6% BSA and 1:1000

dilution anti-b-HRP and TMB.
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degradation or conformational change of BSM. Here immobilization

of BSM at 8 ◦C between 5 and 24 h was chosen for the convenience

of preparation of many capillaries. However, if online immobiliza-

tion is to be done one at a time, the performance of immobilization

of BSM at 25 ◦C for less than 1 h should be explored.

The b-lectin was introduced into the sequential injection-

capillary immunoassay (SI-CI) system and mixed with standard

BSM prior to being sent to stop in the capillary. Immobilized BSM

and BSM in serum/standard competed for a limited amount of b-

lectin. The degree of binding depends on incubation time. Longer

incubation time allows for higher interaction and better analytical

sensitivity. Incubation times of 1, 5, 10, 20 and 40 min were studied.

Signals increased from 1 to 10 min, after that the signals remained

unchanged. This indicated that the interaction between b-lectin and

BSM was completed in 10 min and therefore this incubation time

of 10 min was chosen for further experiments.

Similarly, the longer incubation time between bound b-lectin

and anti-b-HRP led to higher sensitivity. The increasing of sensi-

tivity was observed from 1 to 10 min. After that (10–40 min), the

signal was stable. This implied that the binding between b-lectin

and anti-b-HRP reached equilibrium at 10 min, so this was selected

for further experiments.

The longer incubation time between anti-b-HRP and excess

amount of TMB yielded more enzyme-substrate product which

resulted in higher analytical signal. However, to avoid auto-

oxidation of TMB and to shorten up the analysis time, incubation

time of 2 min was chosen for this step as it gave sufficient sensitivity.

It should be noted that the fused silica capillary with small diam-

eter (e.g. 0.53 mm [16]) has advantages in high ratio of the surface

area to the volume and flexible length of choice. The plain glass cap-

illary used in this work is relatively larger in diameter (∼1.15 mm)

with length limited in commercial availability. Therefore, this glass

capillary may provide lower sensitivity and require longer reac-

tion time as compared to fused silica capillary. However, the much

cheaper plain glass haematocrit capillary makes its usability worth

the investigation. In addition, the bigger diameter of the glass cap-

illary would actually facilitate the flow of solution and reduce back

pressure in the system.

3.4. Performances

3.4.1. Precision

Within-run precision or repeatability was determined by ana-

lyzing a normal serum sample spiked with a 50 �l of 100 ng ml−1

BSM standard. Analysis was done repeatedly 10 times within a day.

This study was carried out using 2 different samples. The relative

standard deviations (RSDs) were practically the same in both sam-

ples (2.8% and 2.3%).

Between-run precision or reproducibility was determined by

considering the calibration curve of standard BSM equivalent con-

structed in 5 different days (1, 4, 10, 20 and 33 days apart). The

investigated concentrations were in the range of 1–1000 ng ml−1.

The percentages of relative standard deviation (%RSDs) were 0.7

for 1 ng ml−1, 0.7 for 100 ng ml−1, 1.1 for 250 ng ml−1, 2.2 for

500 ng ml−1 and 2.8 for 1000 ng ml−1.

The precision of system decreased as the concentrations of BSM

increased. This may be due to the fact that in this competitive

immunoassay, when the concentration of analyte increased, less

b-lectin was bound to BSM on the capillary wall, leading to lower

signal (peak area). The precision of measurement was therefore

decreased. However, all were in an acceptable range.

3.4.2. Stability of the coated capillary

The aim of this study was to estimate the stability or shelf life of

BSM coated glass capillary tubes kept in different conditions. This

was done by incubating BSM solution with glass capillaries 24 h and

Table 2
Efficiency of BSM coated capillaries kept in various conditions.

Day Efficiency relative to freshly prepared capillaries

PB pH 7.4 PB with 0.05% Tween20 Carbonate buffer pH 9.6 Dry

1 100 99 84 99

3 97 94 76 82

5 92 89 65 70

7 82 79 62 59

15 72 70 41 33

Percentages of signal were compared to those obtained from freshly prepared cap-

illaries. Results from freshly prepared capillaries are set as 100%.

dividing them into four groups; the first group was kept in phos-

phate buffer (PB) pH 7.4, the second group was kept in PB containing

0.05% Tween20 pH 7.4, the third group was kept in carbonate buffer

pH 9.6, and the last group was kept dry. All capillaries were sealed

with parafilm on both ends. The capillaries were refrigerated at 8 ◦C
for future use. The stability of capillary was investigated in 1, 3, 5, 7

and 15 days as compared to freshly prepared coated capillary. The

peak areas obtained from capillaries kept at various conditions were

calculated against the peak areas obtained from freshly prepared

capillaries which were set at 100%.

Table 2 shows that the signals obtained from the capillaries kept

in PB pH 7.4 for 1 and 3 days were not significantly changed as

compared to the freshly prepared capillaries. Capillaries kept in PB

longer than 3 days tended to be degraded. This might be because

the immobilization of BSM with glass capillary was not through

covalent bonding. Passive adsorption may be too weak of a force

to hold the BSM on the capillary surface for a long time. It also

Fig. 5. (a) Analytical signal profiles of standard BSM of various concentrations: 1,

10, 50, 100, 250, 500, 1000, 2500, 5000 and 10,000 ng ml−1, obtained from the SI-CI

system (peaks were rotated for easier viewing) and (b) the corresponding calibration

curve for determination of sialoglycoconjugates (BSM equivalent) using SI-CI system.



Author's personal copy

1214 S.K. Hartwell et al. / Talanta 79 (2009) 1209–1215

Fig. 6. Comparison of the concentrations of sialoglycoconjugates as BSM equivalent obtained from 33 healthy and 17 cancer diseases samples. All normal subjects have

sialoglycoconjugates lower than 110 ng ml−1 BSM equivalent determined using the proposed SI-CI system. Note that Y-axis is in log scale.

showed that Tween20 was not necessary for keeping capillaries.

The capillaries that were kept dry showed the decrease in signal

after 1 day. This might be because the BSM was degraded and lost

the specific binding abilities when the capillaries were kept dry.

The BSM coated onto glass capillary could not be kept in carbonate

buffer pH 9.6 because the conformation of BSM might be altered

and could no longer bind to the b-lectin.

Since the binding of BSM on the glass capillary is through phys-

ical adsorption, the ability to recycle of BSM coated capillary is

not expected to be effective. However, reusing of the plain capil-

lary after removing all reagents may be possible and this will be

investigated further.

3.4.3. Calibration curve

Calibration curve of BSM standard (sialoglycoconjugates

equivalent) was investigated in the concentration range of

1–10,000 ng ml−1 to cover the amount of sialoglycoconjugates nor-

mally found in a normal person and various types of cancer patients.

The profiles of analytical signals and the corresponding calibration

curve are as shown in Fig. 5(a) and (b), respectively. Here, the sig-

nals were turned up side down as compared to those shown in Fig. 3

for easier viewing and relating the concentration of product to the

absorbance.

Calibration curve is the sigmoidal (logistic) fit obtained from

the computer software (Origin version 7.0). The calibration curve is

expressed in sigmoid equation as follows:

Y = [(A1 − A2)/(1+ (X/Xp
0

))]+ A2 (R2 = 0.9967),

where Y is analytical signal as peak area, X is concentration of BSM

equivalent in ng ml−1, A1 is initial Y value (30.12), A2 is final Y value

(12.37), X0 is X value at Y equal to half of the limit A1 and A2 (424.48),

and P is power (0.77).

From this calibration curve, the working range was found to

be 50–5000 ng ml−1. The lowest detectable concentration of BSM

equivalent was 10 ng ml−1, determined as the lowest distinguish-

able analytical signal±2S.D. with 95% confidence from blank signal

while the highest detectable concentration of BSM equivalent was

5000 ng ml−1, determined similarly on another end of the calibra-

tion curve. This range very well covers the sialoglycoconjugates

level found in normal human and at various elevated levels in

patients with cancer diseases.

3.4.4. Real samples

The SI-CI system was developed for determination of sialoglyco-

conjugates in serum samples. Normal human serum samples (no.

1–33) were from 12 male (age 23–41 years old), 14 female (age

22–74 years old) and 7 subjects with unknown gender and age. Can-

cer serum samples (no. 34-50) were from 11 male (age 32–78 years

old) and 6 female (age 41–82 years old) subjects. The concentra-

tions read from the calibration graph are not true concentrations

of sialoglycoconjugates because the calibration graph was con-

structed from BSM standard. Therefore, the sialoglycoconjugates

concentration is reported as BSM equivalent. The concentrations of

BSM equivalent obtained from healthy people and cancer patients

using the proposed SI-CI system are shown in Fig. 6. The over all

trends showed that the concentrations of sialoglycoconjugates as

BSM equivalent in normal samples are much lower than that found

in cancer subjects (average 22 vs. 356 ng ml−1). All normal subjects

have sialoglycoconjugates lower than 110 ng ml−1 BSM equivalent.

However, with the limited number of samples, it is not possible

to pinpoint the cut-off value. The use of a higher number of sam-

ples and chemometrics may help in better categorization of the two

groups with the suitable cut-off value. Nevertheless, the distinc-

tive difference between the average levels of sialoglycoconjugates

found in the two groups demonstrated the performance of the SI-CI

system for automatic quantification of sialoglycoconjugates in real

clinical matrices.

4. Conclusion

The SI-CI system for determination of sialoglycoconjugates in

human serum samples was developed. The ordinary commercially

available glass capillary which is cost-effective can be used as a solid

surface to immobilize BSM. The opened tubular glass capillary can

eliminate the backpressure which is a drawback of packed bead

column. In addition, the glass capillary is much cheaper than other

solid surfaces such as fused silica capillary and bead. BSM could be

adsorbed directly onto the glass surface without the need of modi-

fication, but careful selection of blocking reagents is necessary. The

small size of the capillary can reduce the diffusion time for lectin to

reach the immobilized BSM on the surface, resulting in a shorter

assay time per sample as compared to the conventional micro-

plate assay. Therefore, the glass capillary is suitable to be coupled to

the sequential injection system to make the immunoassay process

more automated. The results obtained from the SI-CI system can

differentiate cancer disease serums from normal healthy serums

based on the amount of sialoglycoconjugates, though the cut-off

value should be further investigated with a larger number of sam-

ples and the aid of chemometrics. The system may be used as an

alternative analysis system for sialic acid and the authors hope that

the results from this work would benefit the researchers that are

evaluating the use of this biomarker.



Author's personal copy

S.K. Hartwell et al. / Talanta 79 (2009) 1209–1215 1215

Acknowledgements

Support from the Thailand Research Fund (TRF) to SKH is

acknowledged. Additional support from the Center of Excellence

for Tissue Engineering at CMU (To PK), the Commission on Higher

Education (CHE) through Research Group (RG) grant, and the Center

for Innovation in Chemistry (PERCH-CIC) are also appreciated.

References

[1] C.J. Shaw, H. Chao, B. Xiao, J. Chromatogr. A 913 (2001) 365.
[2] A. Laganà, A. Marino, G. Fago, B.P. Martinez, Anal. Chim. Acta 306 (1995) 65.
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Abstract The term immuno/bioassay refers to analytical
techniques that utilize the specific molecular recognition
between antibodies and antigens or between biomolecules
and specific receptors. Features such as high selectivity and
low sample consumption make them very useful for
analysis of samples with complex matrices. However,
immuno/bioassays involve time-consuming (multi-step)
operations which usually consist of steps of multiple
incubation and washing. These are tedious and may result
in large errors. Automatted immuno/bioassay systems can
ease and shorten these processes and thus are highly
beneficial. The hyphenation of flow-based techniques (i.e.
flow injection related techniques and micro-fluidic systems)
with immuno/bioassay protocols paves a new way for
performing such assays. Compared to conventional micro-
plate formats, flow-based immuno/bioassays can reduce the
time needed for analysis, the volumes of samples and
reagents consumed, and the need for trained personnel. In
order to transform immuno/bioassays from conventional to
flow-based formats, the solid surfaces used for the
immobilization step has to be changed in order to meet
the specific requirements of flow systems. To further
develop the on-site analytical systems in micro-fluidic
platforms, improvements in detection methods are neces-
sary for high-sensitivity and rapid measurement. This
review overviews the advantages and disadvantages of
flow-based immuno/bioassay formats, the various types of

solid surfaces for immobilization, and the methods of
detection. Trends to improve sensitivity, speed and robust-
ness are emphasized.

Keywords Flow injection . Immunoassay . Bioassay .

Sensors

Introduction and practical integration of flow based
techniques to immunoassay

Immunoassay is known as a highly specific analytical
technique. The basic principle of the technique involves the
molecular recognition between an antibody and a specific
antigen, similar to the immune system, and this makes it
naturally very useful for clinical analysis. The capability of
modern laboratories in raising antibodies for various types
of antigen including enantiomers [1], compounds contain-
ing metal ions [2], or other haptens, has extended its
application to many areas of studies such as food
technology [3–5], agricultural products [6, 7], and environ-
mental studies [8, 9]. The typical immunoassay process,
especially heterogeneous or label immunoassay, involves
many steps. These normally include incubation (among
antibody, antigen and relevant reagents) followed by
washing/separation to remove excess reagents. Precise
timing and precise volume or amount of reagents used for
each assay replication are critical for good precision and
accuracy. Therefore, it requires a certain level of training to
operate these tedious steps. Attempts in automating the
immunoassay process have resulted in the development of
commercial immunoassay machinery based on robotics or
mechanical movable parts that can introduce and remove
reagents into or from the standard micro-well plate [10, 11].
These machines are useful for massive sample assays.
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However, they are at high price and do not give any benefit
in shortening up the analysis time or simplifying the
operational steps. Most laboratories own only a plate reader
for the automatic spectrometric detection step rather than
the automatic immunoassay machinery. In many situations,
analysis involves low to medium numbers of samples of
which results are preferred within a short time to better
serve the clients and analysis purposes. Simplifying and
shortening of immunoassay procedures would become
important.

Strip tests such as those for pregnancy and glucose
testing have gained popularity for home healthcare. Its
rapidity and self testing serves the privacy needed by
clients. These strips are based on immunoassay with pre-
immobilization of antibody and relevant reagents onto the
specially designed membrane. Results can be visualized
with the easy to understand format as one/two lines or
positive/negative signs. Similarly, immunoassay in the form
of a disposable dipstick for environmental and food testing
has also been introduced. They are very convenient, easy to
use, rapid and reasonably priced. However, most test strips
normally give just a yes/no answer or semi-quantification
which is only adequate for the detection of substances that
have significant effect or information when they are either
present in high amount or absent [12–14]. This is not
suitable for the analysis of substances where detailed
quantities are necessary. Examples are biomarkers of many
diseases. These biomarkers are present in the body fluids
but the levels are normally different in healthy people as
compared to patients with diseases. Therefore, it is
important to know how much they are present [15–17].

Various flow based techniques (i.e. flow injection (FI),
sequential injection (SI) and micro-fluidic systems) can be
incorporated with immunoassay to automate the process
[18, 19]. Since the year 2000, miniaturized bio-analysis
systems such as micro-total analysis system (μ-TAS) [20],
and micro-fluidic sensors have emerged as new state of the
art developments in chemical/biochemical assays [21, 22].
Numerous developments in micro-fluidic immunoassay
chip including unique formats such as credit card, digital
style flow lateral unit and compact disc have been reported
[23–25]. However, the meso- and micro- systems such as FI
and SI are still used routinely in many laboratories while
the cutting edge technologies of micro-fluidics systems are
on-going. Therefore, this review on flow based immunoas-
say will include flow injection and sequential injection
based immunoassays as well as micro-fluidics immuno-
assays, but with different categorization and emphasis as
compared to the previously published reviews [18, 19, 23,
24].

Flow injection technique, where reagents are mixed in
small tubings while traveling into the detector, has brought
about a new way of performing rapid chemical analysis.

Numerous FI applications have been presented through a
large number of research articles and commercially avail-
able instrumentations that have been accepted in many
modern laboratories. Later generations of flow injection
technique including stopped-flow injection [26], bead
injection [27], sequential injection (SI) with lab-on-valve
(LOV) [28, 29] and lab-at-valve (LAV) [30] have expanded
the testing possibilities with many unique analysis systems.
Most of these systems share a common feature of detection
of products or signal changes at non-equilibrium state
which is different from the way in which batch-wise
process is conducted. Even though at non-equilibrium state,
where the degree of reaction is not yet maximized, it is
possible to detect the changes using commonly available
detectors which now are capable of adequate sensitivity.
Without the waiting period for equilibrium to occur,
analysis time can be dramatically shortened. SI offers better
repeatability with a computer program for system control
[1]. Automatic operation of the pump and valve at precise
volume and time eliminates the imprecision that may occur
when detection is done at non-equilibrium state. When
coupling flow based techniques with immunoassay, more
detailed quantification of substance can be performed more
rapidly with better precision. Automation also helps to
minimize the need of having well trained personnel to
operate the immunoassay test. FI/SI based immunoassay is
therefore a very useful integration.

In this review, various flow based immunoassay formats
utilizing different immobilization surfaces and unique ways
of sample introduction/detection will be discussed. This
will also include bioassays that utilize specific interaction
between bio-molecules other than antibody-antigen, but
with the same principal operations. Future trends toward
miniaturization/micro-fluidics and unique developments
including those reported for off-line operation (batchwise,
non-flow system), but possible to be adapted for using with
on-line (flow based) systems, are emphasized.

Various flow based immuno/bioassay formats

Immunoassays may be categorized in many different ways.
Those that are based on the requirement for separation of
the free and bound antigen/antibody are classified as either
homogeneous or heterogeneous immunoassays. Also, they
can be considered according to the order in which the
reagents are added. This affects the order of interaction
between the reagents and therefore the method can be
considered as either a competitive or non-competitive
immunoassay. Immunoassays can also be categorized based
on the different types of labeling and detection system used.
For example, they may be classified as radio isotope
immunoassay (RIA), enzyme linked sorbent immunoassay
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(ELISA), or as chemiluminescence immunoassay. Another
way to classify immunoassay techniques is based on the
format of the stationary phase, such as micro-plate, bead,
membrane and capillary immunoassays. Differences in
these solid substrate formats will be discussed and
emphasized in this review. It is the transformation of the
solid substrate from a conventional micro-plate to various
other formats that has made possible automatic flow based
immunoassays, while types of labeling and detection unit
may remain the same as in the conventional immunoassays.
Comparison of various flow based immunoassay formats is
summarized in Table 1.

Bead based immuno/bioassay

Micro-particles are probably the most popular solid surface
alternative to the micro-well plate for immobilization of
antibody, antigen or relevant reagents. One of the benefits is
the high surface area per volume of the micro-particles and
the possibility to increase the immobilized surface area as
compared to the restricted area of the fixed size micro-well.
The ability to accommodate higher numbers of immobilized
molecules helps to improve sensitivity and detection limit
of the assay. A common way of using micro-particles is in
the form of packed column as in chromatography [31–36].

This format is also known as immunoaffinity extraction,
used mostly to extract the analyte from impurities by
immuno-capturing which does not involve as many
operational steps as in a normal immunoassay process. A
more advanced system was reported using a multi-
immunoaffinity column array [37], in which each column
was packed with different specific antibodies. With a single
flow of sample solution through this array of columns,
detection of multi-analytes in the sample can be done
simultaneously.

Other formats of bead-based immunoassay take advan-
tages of short diffusion distance between molecules in bulk
solution (i.e. antigen) and the immobilized ones on the bead
surface (i.e. antibody) suspended in the solution, see Fig. 1a
and b for comparison with the conventional micro-well
plate. At the early stage of development, the bead-based
immunoassay format was operated off-line (non-flow based
system). Magnetic beads were used to facilitate the
separation step by accumulating the beads at one spot with
a magnet while the liquid phase was removed for detection
[38–41]. The flow injection system could be employed to
automate bead separation and improve precision [42].

The need for rapid analysis has led to a replaceable bead-
based immunoassay with on-line operation. This can be
done successfully with bead-injection technique. It is useful

Table 1 Comparison of advantages of various immunoassay formats.
The relative amount of advantage of each format per feature is
indicated by positive (+) symbol, where relatively more advantageous
format is represented by a higher number of (+) symbols. Sensitivity

depends mainly on types of label. However, enlargement of surface
area and reduction of dilution by performing on-surface detection also
affect the amount of detectable product

Advantages/
Various
immunoassay
formats

Adjustable surface area Ease of
replacement

Commercial availability/
Ease of modification

Rapidity of process/detection

Bead + + + + + + + + + + + + + + + + + + + +

By increasing number of beads By flushing
out with
flow

Various modified beads
commercially available

Detection can be done directly on
transparent beads

Capillary + + + + + + + + +

By increasing length or diameter of
capillary but may be limited in
availability

Need
mechanical
movement

Various modification
methods but not
commercially available

Detection can be done directly on
transparent capillaries

Membrane + + + + + + + + +

By choosing higher porosity
membrane

Need
mechanical
movement

Several types
commercially available

Requires extensive washing

Electrode + + + + + + + + +

By increasing size or surface area Need
mechanical
movement

Restriction is on the need
of facilitating electron
transfer

Detection is done directly on
surface

Conventional
micro-plate

+ N/A + + + + + + + +

By selecting bigger size well Widely available Excellent for parallel massive
sampling but highly time
consuming per sample
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for cases where regeneration of bead surfaces is impossible
or difficult to be performed on-line. The first generation
flow injection system can be coupled with bead injection
technique to carry out bioassay with simple operational
steps [16]. However, sequential injection is more suitable
for immunoassay where many reagents and operational
steps are required. Reaction cells, where beads are trapped
while solution flows in and out during incubation and
washing steps, can be designed in many different ways.

The jet ring cell concept [43], also known as “leaky
tolerance cell” [44], was introduced to trap rather big size
particles in the flow line while solution is passed through
the small gap, as shown in Fig. 2a. For small size beads i.e.
<10 μm that may escape through the small gap, the
additional use of larger sized particles to be mixed with
the small working beads to create void volume for trapping
of the small beads, as illustrated in Fig. 2b, has been
reported [44]. A unique micro-fluidic piece, called Lab-on-
valve (LOV) [45], that can be integrated onto a sequential
injection (SI) valve to accommodate both chemical reaction
and detection process is now commercially available. The
LOV can also be adapted to trap beads. Direct on-bead
measurement could be done with a fiber optic detection
unit. This helps to increase sensitivity because of less
dilution effect, as compared to downstream solution
detection. However, some limitations of bead based
immunoassay, especially in the form of packed column
and direct on-bead detection, may be encountered. The
main problems of beads are irreproducibility of bead
packing and light scattering from beads which interferes
with the spectrometric based detection [46]. Bead size and
uniformity are important factors for reproducible packing.
Beads that are too small may clog the valve while beads
that are too large would increase void volume, and reduce
uniformity of packing.

If the bead size is not suitable for operation in a micro-
channel or if the LOV piece is not available, a micro-
reservoir can be used. The open end of the reservoir
eliminates the back pressure which can easily occur in
the flow injection-bead based immunoassay system [47].
The micro-reservoir can be attached directly onto one of the
ports of the normal multi-port selection valve. The name
Lab-at-Valve (LAV) [30] was later introduced for this kind
of direct arrangement as an alternative to a LOV.

Beads made of various materials are commercially
available. Magnetic beads have gained much popularity
because of their ease in being retained in the flow system
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Fig. 1 Comparison of diffusion distances (d1, d2 and d3) between
antigen (◇) in solution and the immobilized antibody (Y) on a the wall
of the conventional micro-well plate, b the bead suspended in
solution, and c the wall of the narrow capillary

(a) beads and solution 
flow in 

insert plug to close cell  
only solution flows (leaks) out 

through the gap 

remove plug to open cell 
and let beads out 

mixed small and large sized 
beads and solution flow in 

insert plug to close cell  
only solution flows (leaks) out 
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remove plug to open cell 
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Fig. 2 Diagrams showing the concept of a jet ring cell or leaky
tolerance cell and b the use of large size beads to help trap small
working beads
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during washing and incubation steps as compared to non-
magnetic beads [48]. The works on magnetic bead based
immunoassays, including the pioneering works of the use
of magnetic beads with rotating disk electrode (RDE) [38–
41, 49–52] have been reviewed [53]. The effectiveness of
online magnetic trapping systems in some applications of
flow injection bead based immunoassay using chemilumi-
nescence and electrochemical detections has been demon-
strated [54, 55]. A multi-channel flow injection system
combined with magnetic collection enables multiple immu-
noassays [56]. The combination of electrochemical detec-
tion with bead-based immunoassay has been increased. The
interdigitated electrode array (comb electrodes) enabled
redox cycling of the product from enzyme labeled on
magnetic beads that were trapped on the array electrodes by
a magnet [57]. Although this latter work was performed
batch-wise with a drop of the solution, it appears that this
method could also be adapted for use within the flow
system.

The main point that should be considered for further
improvement of flow bead based immunoassays may be
how to keep bead suspension from settling down over time.
Homogeneity of the bead suspension affects the precision
of the number of bead being introduced into the system for
each assay.

Capillary based immuno/bioassay

Another solid substrate format that is very useful for flow
based technique is capillary. Antigen or antibody can be
immobilized onto the inner wall of the capillary. The use of
the antibody pre-coated capillary for capturing analyte, by
employing capillary force, prior to redissolving and
collecting antibody-antigen complex for detection was
reported for clinical application [58]. Flow injection
capillary immunoassay was started with off-line incubation
of reagents in the capillary reactor and followed by
injection of product, collected from the capillary, into the
flow system for detection [59–62]. Another approach is
based on incubation of reagents in a test tube or micro-plate
and passing the mixture into the flow system (FI or SI)
equipped with the protein A coated capillary. Antibody-
antigen complex can bind to Protein A on the capillary
surface, while antigen alone cannot. After separation of
bound and unbound species, the amount of antigen can be
estimated [60]. Connecting capillary to the FI system, as
part of the tubing flow line, offers the benefit of eliminating
back pressure that may occur with bead-based packed
column immunoassay [63]. The fused silica capillary, as
that used for gas chromatography, and specially treated
glass capillary were reported as suitable substrates for
covalent binding with biomolecules through chemical
reactions that need heat activation [59, 60, 64]. When

dealing with chemical reaction without heating process or
when physical adsorption is adequate, a lower cost
uniformly sized glass capillary such as that used for
hematocrit [65, 66] or a plastic/polymer capillary [67, 68]
can be employed. Glass capillary is more popular because
on-capillary optical detection and extended application such
as waveguide immunosensor [69], can be accomplished
more easily at lower cost as compared to the more opaque
plastic capillary [64, 70].

As compared to beads, capillary has not been used as
much. This is probably because capillary does not provide
as high of a surface area. In addition, there is no modified
surface capillary commercially available to facilitate the
immobilization of biomolecules as there is in bead format.
Modification and immobilization of biomolecules on the
capillary surface normally involve multi-steps and many
reagents [64]. Furthermore, removing/replacing the used
capillary is not as easy and automatic as removing beads.
However, shorter distance between immobilized molecules
on the capillary inner wall and the molecules in solution in
the narrow capillary, as shown in Fig. 1c, yields better mass
transportation efficiency as compared to that of a conven-
tional micro-plate. Capillary also allows for lower volume
consumption of solution (i.e. 20 μL vs 300–400 μL) [65,
66]. Antibody immobilized monolithic capillary has also
been demonstrated to improve rapidity and reduce flow
resistance [71]. In addition, glass capillary is also much
lower cost than beads.

Capillary immuno/bioassay is the most convenient
format to be transformed into micro-fluidic format. The
electrophoresis technique, normally carried out on capillary,
can easily be coupled with immunoassay to perform
immuno-electrophoresis [72, 73]. Capillary force itself can
be utilized for sample/reagents introduction without other
sample introduction unit [74, 75].

The main limitation of flow based-capillary immunoas-
say probably lies on the inconvenience in changing the
capillary. A suitable mechanical approach is still needed.
Some unique developments for multi-analytes detection
were reported and would help to decrease the frequency of
capillary changing. A common approach is to fabricate a
micro-fluidic platform with embedded multi-capillaries,
each of which accommodates different immobilized anti-
bodies [70, 76]. Specific site multi-antibody immobilization
is also possible that enables detection of multi-analytes in
one capillary [64, 77]. Other convenient alternative ways
for rapid changing of capillaries would be helpful.

Membrane based immuno/bioassay

The use of membrane has become popular in immuno/
bioassay applications since it mimics the cell membrane,
which offers some advantages over other formats of solid
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phases. The porous nature of a membrane makes available a
surface area greater than that of a nonporous plastic surface.
Several manufacturers offer micro-well plates with nitro-
cellulose bottoms and some have assemblies for clamping
membranes into micro-plate [78, 79]. The porous character-
istics also enable a membrane to adapt well within flow
based techniques as it will not cause high back pressure.

Various types of membrane are available. Most unmod-
ified membranes are hydrophobic. Choices should be
selected based on suitability with solvent and flow rate
required. Nylon and polysulfone work well with aqueous
based biological samples while polyvinylidene fluoride
(PVDF) is resistant to most solvents [78]. Other membrane
materials such as lipid membrane [80] and membranes
produced from easy to find raw materials such as shrimp,
crab shells (i.e. chitosan) [81] and egg shell [82] are
interesting low cost products. Nano-structured membranes
have been reported that help to lower detection limit. Some
nano-fibrous polymer membranes such as PVDF and
PDMS with dendrimer PMMA could be prepared using a
low cost electrospinning technique [83, 84]. When nano-
materials such as gold are incorporated onto the nano-pored
membrane, antibody could be easily immobilized through
disulfide bond [85]. Development of membranes that are
stable and more tolerant to the environmental and opera-
tional conditions, e.g. air and shear flow, aiming to extend
the shelf life and ease the storage, is also an interesting
research trend [86]. Silicon membrane with arrays of
micropores is one example recently reported [87].

Utilization of membrane in flow injection immunoassay
is possible in different ways. Membrane can be used to
support immobilization of antibody or bio-receptor to retain
analyte of interest, a method known as immuno-filtration
[88]. Immobilization can be done in small spots to create a
microarray for multiplex assays [89]. Membrane may be
placed on the electrode and the change in electrical signal
due to antibody-antigen interaction can be measured
directly at the electrode surface [90, 91]. Membrane can
also be used as part of an extraction unit, similar to liquid–
liquid extraction technique. The technique is also known as
immuno-supported liquid membrane extraction (ISLM) [92,
93]. The principle is as shown in Fig. 3. Analyte (antigen)
in the flowing aqueous stream (donor) is extracted into an

organic phase immobilized on the membrane by adjusting
of pH. Then, owing to concentration gradient, the analyte is
further extracted into another aqueous phase on the other
side of the membrane (acceptor) containing a specific bio-
ligand such as antibody. The antibody-antigen complex
formed will be trapped and accumulated in the acceptor due
to its low solubility in organic phase. In a flow injection
system, an acceptor can also be conveniently used as an
injection loop. The simultaneous enrichment and clean up
of analyte from this pre-concentration/extraction process
helps to improve sensitivity of the analysis as compared to
the FIA system alone.

Unique applications would depend on the selection of
suitable membrane properties. A successful work on the
immunoassay of protein isoforms, using a membrane with
ion exchange and affinity that is specific for a certain
isoform, was reported as membrane assisted isoform
immunoassay [94]. Searching for other new membrane
with specific properties is still an interesting trend of
research.

The porous nature of the membrane offers continuous
flow which enables continuous extraction. However, this
characteristic may also cause some drawbacks. Large
surface area has a higher possibility of nonspecific binding
toward proteins. Therefore, when using a membrane in
immunoassays, extensive washing steps and blocking
agents are essential. The research on minimizing these
drawbacks would be very useful.

Label free immuno/bioassay

Label free immuno/bioassay is useful in shortening analysis
time by eliminating some incubation steps such as
incubations for binding of secondary antibody, label, and
substrate. Some problems on alteration of affinity of the
biomolecules by the label, may also be reduced. When
labels are not used, quantitative analysis must be done
through the changes that relate to physical properties such
as mass, refractive index, electrical parameters, etc. using
various methods of detection (plasmonic, photonic, elec-
tronic and mechanic) [95–97]. Some new developments
with surface plasmon resonance (SPR) technique, the
optical detection method commonly used in label free
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immunoassay, are still on going to improve its optical
sensitivity [98], reduce interference signals [99], and to
make it suitable for multiplex immunoassay [100, 101].
Other novel developments in optical detections [97, 102]
have been reported but not as many as in electrochemical
detection. Here, the authors would like to emphasize the
aspects of materials and solid surfaces used for immobili-
zation that enhance the performance of the label free
immunoassays.

Quantitative binding of analyte onto piezoelectric sur-
face can be measured based on the degree of the resonant
frequency shifting due to mass changing. Selectivity of the
quantitative analysis is possible by immobilization of
specific molecules such as antibody on the surface of the
piezoelectric material while sensitivity depends upon
viscosity of the solution medium and the immersion angle
in the solution [103, 104]. When incorporating immunoas-
say with the FI technique, a stronger link between the
receptor molecules (e.g. antibody) and any solid surface is
preferred to prevent the loss of the receptor within the
flowing stream of solution. Reported works on piezoelectric
detection based immunoassays have placed emphasis on
this issue. Various covalent binding procedures such as
glass silanization, thiol-gold bonding and bifunctional
cross-linking have been reported [105, 106]. However, the
processes involve complicated multi-steps and many
chemicals. Therefore, trends of research in this area consist
of attempts on simplifying the immobilization process
while maximizing reusability, by searching for new
processes or materials. Examples of reusable piezoelectric
immunosensor are amine terminated plasma-polymerized
film (PPF) with alginate [107] and conductive polymer
entrapment (CPE) [108].

Porous aluminum oxide films can be used as immobiliza-
tion surface in the interferometric immunosensor [109]. White
light reflection from the film gives a spectral pattern that is
changed when there are changes due to refractive index or
thickness of the film i.e. from binding of the biomolecules on
the immobilized receptor on the Al film. It was also found
that some aluminium nano-structure when placed close to
tryptophan containing proteins can help to enhance fluores-
cence from proteins without using additional labels [110].

Electrodes may be modified in various ways to have
specific binding with the analyte of interest. Extended
applications on study of interaction between protein and
small molecules [111] and identification of specific protein
in a so called “biobarcode” technique [112] were reported
with DNA modified electrode. Direct measurements of the
change in conductivity, capacity, and impedance upon
binding have been reported successfully in both FI and
micro-fluidics formats [113–118]. Although the background
signal from ions in real sample matrices can present major
interferences for the conductivity measurement, this prob-

lem could be solved by designing the system in such a way
so that the difference between signal from the sample and
from the background matrices can be compared in one run
[113]. The capability of the newly introduced immuno-
transister to detect low molecular weight antigen has been
demonstrated [119]. The new label-free immunoassay
systems that involve simple preparation are still most
wanted.

Electrochemical based immuno/bioassay

Generally, this type of immunoassay refers to the assay that
can be detected using electrochemical techniques. An
overview on electrochemical immunoassay was presented
in 2000. [120] Electrochemical detection can be applied to
any of the formats of immunoassay previously mentioned.
However, here we will concentrate on the unique modified
electrode and the immunoassay where the electrode itself is
a support material for immobilization of reagents as part of
an immuno-reactor. The label free aspect of the electro-
chemical based immunoassay was already mentioned in the
previous section and will be excluded from this section.

Miniaturization or down scaling of the system is the trend
in developing an analysis system. Electrochemical techniques
play an important role since the parts needed for the system,
such as the conductor, electrode and wire, can all be made
very small and the techniques are conveniently adaptable for
multiplex immunoassay [121–124]. By applying an electrical
field during the incubation process, the immuno-binding
could also be done in a shorter time [125].

Various types of electrodes have been proposed that can
be employed directly as a support element for bioassay. The
most popular type is screen printed electrode due to
simplicity of preparation, low cost and suitability for mass
production [126]. Most works have suggested disposable
sensors [123, 127–129] while some preffered the renewal of
the surface for reusable purposes [130]. The latter comes
with the drawback of having a long renewal time which
adds to the overall analysis time. If materials used are at
low cost, disposable immunosensors such as those made of
chitosan membrane [131] can be developed and used
without the need of regeneration/reuse which would
indirectly help to cut down analysis time.

Nano-materials (such as nano-gold [132, 133] and
hydroxyapatite nanopowder [134]), polymer film [135],
and membrane with ion-exchange sites [136] can be used to
modify the electrode and make it ready for reagentless
immobilization. The combination of nano-metal particles
such as nano-gold with mediated charge transport reagent
helps to catalyze the electrochemical process [137]. The
unique 3D nanogold hollow microspheres on chitosan
membrane glassy carbon electrode helped to increase
immobilization surface area to improve sensitivity [138].
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There has been an increased interest of nanotechnology to
produce nano-sized electrodes in the forms such as nano-
wire [139], nano-tube [140, 141], and nano-pipette [142].
This enables multiplex immunoassay in a reduced size
device. Immobilization of bio-molecules onto magnetic
material prior to attaching them onto the electrode surface
via an external magnet [143] eases the electrode regener-
ation process, which can be accomplished just by removing
the magnet. Overview on the use of metal and semicon-
ductor nanoparticles in electrochemical sensors can be
found in the recent review [144].

Chemiluminescence is a detection technique that is very
popular for immunoassay because it offers high sensitivity. Its
combination with the electrochemical technique to yield
electrochemiluminescence was reported to extend its applica-
tions. For example, an uncommon enzyme label, i.e. glucose
oxidase with low turnover number as compared to peroxidase
and alkaline phosphatase, could be utilized as an enzyme label
in immunoassay when being used with electrochemilumines-
cence [145]. Addition of long chain molecules such as
dextran [146, 147] or nano-particle such as gold [148]
between the electrode surface and the molecules to be
immobilized further enhances the performance of immuno/
bioassay by increasing flexibility and reducing sterric
hindrance in the later steps of immunoassay binding.

Elimination of some steps would help to simplify and
shorten analysis time. Examples are the attempts to modify
electrode surfaces with materials that undergo redox-
cycling i.e. electroactive polymer [127] or substances that
act as electron transfer mediator [149] to eliminate addition/
incubation of substrate or other electron transfer mediators
in the detection process. The ease of the process in which
biomolecules are immobilized onto the electrode surface is
also in demand. A one-step cross linking reaction was
reported for the immobilization of antibody onto electrodes
at room temperature, using the mixture of antibody with
BSA and glutaraldehyde [126, 138].

Research trends in this area deal with investigations into
the seemingly endless alternative possibilitites for immobili-
zation of biomolecules onto the electrode surface with the aim
of offering robustness, reusability, and a fast response. The
monolayer immobilization is highly desired [150] for im-
proving analysis time and efficiency of analyte transportation
to accommodate micro-/nano- technologies. If these electrode
modification/immobilization process were used in conjunc-
tion with automatic operation of flow based technique, the
whole immunoassay process could be much more rapid.

Trends in micro-immuno/biosensors

Similar to chemical analysis, immunoassay is developing
toward 1) miniaturization for portable and personal/on-site

analysis, 2) multi-analytes detection capability for better
information, 3) rapid analysis, 4) regeneratable/reusable
device, or 5) disposable device. However, in immunoassay
as compared to normal chemical analysis, there are some
additional points to be considered due to non-specific
binding commonly found with protein based analysis. In
many cases, the blocking reagents may not be sufficient due
to the pronounced effect of nonspecific binding in a micro-
system and the non-permanent nature of a blocking reagent
which may be washed off with the flow of reagents. To
overcome the nonspecific binding, surface modification and
improved detection sensitivity are very important. There-
fore, new trends of immunoassay involve not only
development of small hardware, but also new chemicals,
materials, and techniques that will enhance sensitivity of
detection.

Novel sample introduction and flow control systems

A simple flow manipulation system with controllable flow
rate but without external power supply is of high demand
for use with miniaturized chemical/biochemical analysis
systems. Since it is important that sample introduction and
flow control systems can be integrated into the same unit
with the reaction chamber/reactor and detection unit,
having small sized parts is therefore beneficial [151].
Various types of micro-pump and valves for flow injection
analysis in micro-fluidic flow injection system, including
gravity driven, acoustic wave, ultrasonic and electroacti-
vated pumps, have been reported [152–156]. To construct
an analysis system that can be used as a stand alone device,
pumps that do not require external power supply are of
particular interest.

Utilization of the natural vibration of piezoelectric
material is an example way to create a miniaturized
peristaltic/diaphragm pump [157–160]. In the micro-
channel, the unique laminar flow characteristics of the
liquid and the capillary force enable the transportation of
reagents without an external pump or injection system [161,
162]. In the early development of a micro-fluidic system for
chemical analysis, H and I shaped systems, example shown
in Fig. 4, were introduced for chemical extraction of
biomolecules from one liquid stream into another liquid
stream that was flowing into the same micro-channel, based
on different diffusion rates of small and large sized
molecules [163]. Later developments, involving the unique
characteristics of fluids interfaces and a modified micro-
channel solid surface with immobilized ligands, enabled
additional steps such as capturing, washing and detecting in
heterogeneous immunoassay [164].

High solubility and rapid diffusion of air in polydime-
thylsiloxane (PDMS), normally considered as a drawback
in preparation of PDMS film, was reported to be useful for
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pumping of solution in a PDMS-glass based micro-channel
[165, 166] when moving it in and out of a vacuum
desicator. The related work also demonstrated that the
diffusion at the boundary of the two streams of laminar
flow is sufficient to provide the mixing and capturing
process involved in immunoassay [167].

One limitation of pumping systems which are based
solely on laminar flow and capillary action is their inability
to change flow rate due to the fixed size of the channels.
Electro-osmotic flow is a more well known approach for
reagent introduction with variable flow rate within the same
size channel and this may be a required feature in some
cases [168]. However, the limitation of the electro-osmotic
flow system lies in the requirement of having an electrical
power source and that the liquids being transported as well
as the surface of the channel must be charged to some
extent to allow the attraction with the oppositely charged
electrode to pull the solution in the desired direction.
Recently, a time controllable flow in a microchannel using
an electrowetting technique was introduced [169]. By
embedding working and reference electrodes at 2 sites
across the micro-channel and enlarging the glass channel at
the specific site designated as a valve, the liquid reagents
can travel forward with capillary action and can be stopped
at the electrode because of the wider dimension of the
channel and hydrophobic nature of the electrode. When the
suitable potential was applied to the electrodes, making
them to be more hydrophilic, liquid continued to flow past
over the electrode surface, and after that the capillary force
was resumed, leading the solution to flow into the reactor.
As an alternative to electrical power pumps, the magnet can
activate the suspension plug of ferromagnetic particles in
the channel to create the ferrofluid pump [170].

The search for micro-pumps without the need of
electrical supply that offers pulse free, controllable flow
rate and flow time with no restriction of types of solution is
still on-going.

Rapid/specific immunoassay with immobilization/
conjugation through flexible long chain and highly
branched molecules

The addition of a chemical chain to extend the immobilized
antigen or antibody from the solid surface has increasingly
been applied. Extension of the antibody from the surface is
thought to provide more freedom of movement and less
chance of losing its activity. It is expected that the long
flexible structure (spacer arm) can extend the antigen or
antibody out into the solution, decreasing the diffusion time
for the component in the solution to reach and be captured
by the immobilized ones. Another main function of the
linker is to orient the antigen or antibody and maximize the
accessibility of the binding sites or epitopes. For example,
if immobilization of antibody was done through the
fragment crystallizable (Fc) region, then the antibody
should be oriented in a way that allows binding sites to
be available for the next binding steps, as compared to
random immobilization which may orient the antibody in
such a way that the binding sites cannot be accessed.

There are many linkers, especially with biotin conjugate,
commercially available that can be used as spacer arms to
link molecules of different functional groups [171]. Other
linkers reported for their use in the immobilization step are
dextran [146, 147] and polyethylene glycol (PEG) [60, 70,
71]. It has also been reported that PEG added in the label
conjugation step, between the thiol-specific quantum dot
and the secondary antibody, can also help to increase
sensitivity and specificity [172, 173].

Dendrimer or dendron, a highly branched synthetic
macromolecule as shown in Fig. 5a, is another interesting
tool that can be used to create a high capacity immobili-
zation surface [174, 175] or to accommodate high capacity
labels [176, 177]. In combination with some conductive
materials such as nano-gold, a dendrimer electrode can be
constructed [90, 178]. Dendrimer is different from poly-
mers because it does not have molar mass distribution
owing to its symmetrical structure and monodispersion
characteristics. Dendrimer is synthesized to have tree-like
branches. Each branching point is called a generation (G).
More numbers of branches are created when more
generations are added. The ability of dendrimer to bind to
high numbers of ligand or antibody was reported to be
useful as an effective blocking reagent [179]. This should
also be useful in increasing sensitivity and rapidity of the
assay. The important property of the dendrimer depends on
the functional groups at the end of the branches which can
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Fig. 4 Example of an H shaped microfluidic system for extraction of
small molecules from the mixture of large and small molecules based
on the different diffusion rates
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be engineered as required. This should make it possible to
couple the dendrimer with various ligands or antibodies to
enhance immunoassay performance. However, reports on
immunoassay using the dendrimer molecule in this way are
still rare. Even though the actual dendrimer molecule is not
used, its branched structure is usually mimicked to improve
sensitivity of the assay as will be described next.

Highly sensitive immunoassay and possibility
of multi-analytes analysis with unique detection systems

Building dendrite structure to accommodate a higher
number of labels

Another approach for better detection performance is signal
amplification using modified assay procedure. Dendrite
structure, not a dendrimer molecule, is used for amplifica-
tion of signal by accommodating a higher number of
labeled molecules. By employing two multi-valent mole-
cules or particles, antibody labeled with dendrite structure

could be constructed on the bound antibody-antigen
complex. The difference between the dendritic structure
Fig. 5b and a dendrimer molecule Fig. 5a is compared.
Examples of multi-valent combinations are streptavidin
conjugated fluorescence label with biotinylated anti-
streptavidin [167], biotinylated liposome with avidin
[180], DNA or antibody-modified gold particles [181,
182], and biotinylated protein with streptavidin [183,
184]. The limitation of additional tedious multi-incubation
steps during dendrite structure formation has been
addressed. Utilization of the unique laminar flow charac-
teristic of liquids in a micro-channel to reduce incubation
steps during dendrite construction has been demonstrated
[167] by using two continuous laminar streams to mix the
reagents and allow the bonding to take place while flowing.

Multi-enzymes or substrates

For the assay with enzyme label, multi-enzymes or multi-
substrates can be used to amplify the detection signal.
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These appear to be used in static formats such as in micro-
plate immunoassay format offline or in a specially made
reactor, however, online use should also be possible. Some
unique examples are described next.

The employments of two substrates or enzymes,
named as bienzyme-substrate-recycle, were reported
[185–187]. This helped to increase the detection signal
by producing an intermediate product that reacts with the
2nd enzyme and can re-start the production of the final
product again and again. The detection could be done
when more enzyme-substrate product had accumulated in
order to obtain a better sensitivity. By adding enzyme as
part of the electrode, a unique way to integrate enzyme
amplification with electrochemical detection was achieved
[188]. This approach is different from the bienzyme-
substrate-recycle in that amplification is due to the direct
electron transfer process occurring at the electrode surface
with the embedded enzyme rather than by enzyme-
substrate-recycling.

Encapsulated labels

Another way to amplify the detection signal is by
encapsulating the vast amount of detectable molecules
(such as fluorophores) and release them at the detection
step. Liposome and Nano-encapsulated organic micro/
nanocrystalline particle labels are described here.

Liposome is a highly complex, microscopic lipid sphere
with a membrane, composed of phospholipids and a
cholesterol bilayer, and core that usually contains aqueous
solution. It has been applied as a technology for drug
delivery. The use of liposomes in immunoassay was
reviewed in 1997 [189]. Since that time, work on liposomal
immunoassay has progressed.

Liposome can be formed naturally or artificially. It can
bind specifically to antibodies, specific antigen or vitamin
by insertion of biomolecules with specific interaction to
those targets into the phospholipids bilayer during liposome
synthesis. Alternatively, conjugation of liposome label with
antibody could also be done via non-covalent binding
between streptavidin and biotin. Matrix for detection is
encapsulated inside the cavity core. This requires the
liposome disruption, normally by adding detergent, in the
detection step. In the past, liposome-released peroxidase
was reported with potentiometric detection [190]. Currently,
liposomes filled with dye or chemiluminescent/biolumines-
cent solution are mainly used for better sensitivity. Because
a liposome vesicle contains a large number of molecules, it
can be detected with very high sensitivity as compared to a
conventional fluorophor label [191], see Fig. 6. The
exceptional performances of liposome immunoassays with
some that offer detection limit as low as zeptomole (10−21)
level have been demonstrated [192–194].

Nano-encapsulated organic microcrystalline particle la-
bel is based on the similar idea as the liposome label where
a large amount of fluorescent molecules are released from
the label in the detection step, except that the materials used
for encapsulation are not the same. For example, instead of
a phospholipids layer, ultra-thin poly-electrolyte layers such
as poly(allylamine hydrochloride) and poly(sodium 4-
styrenesulfonate) are used to trap the fluorescein molecules,
using a layer-by-layer technique [195]. These layers can be
covalently bound to antibodies that are needed to be
labeled. By adding DMSO and NaOH, trapped particles
can be released for detection. The attempts to simplify the
encapsulating process have been reported using amphiphilic
polymers such as distearoylphosphatidyl- ethanolamine
modified with amino(polyethylene glycol), and alkylated
poly(ethylene imine) to coat the nanocrystalline fluores-
cence particles [196, 197]. The technique can replace the
layer-by-layer technique but with the lower sensitivity due
to smaller overall size and therefore, lower numbers of
trapped fluorescein molecules. The interaction of the nano-
encapsulated nanocrystalline label and the antibodies was
also through adsorption which is less specific as compared
to the covalent bonding when using the layer-by-layer
coating. However, the incorporation of non-covalent yet
strong and specific bonding between Avidin/Streptavidin/
Neutravidin and biotinylated biomolecules can overcome
this problem [198, 199].

One limitation of using a large amount of fluorescence
particles or aggregates is known as the self quenching
effect. A new class of photoluminescence particulate label
called nanocrystalline siole such as hexaphenylsiole has
been introduced to be used as an alternative to fluorescein
molecules [200]. Siole has an increased luminescence
intensity when presented in aggregate form while has no
emission when dissolved in organic solvent at room
temperature. Therefore, it can be used as nanocrystalline
labels without quenching effect. Sensitivity of up to 40–
140 folds as compared to the direct FITC-label was
reported. DNA prime probe encapsulating liposome has
recently been reported with some unique detection
methods such as rolling circle amplification (RCA) where
repeated sequence of DNA helps to improve sensitivity
and “biobarcode” where unique sequences of DNA can be
used to label each particular analyte [201]. The research
trends in liposome FI-immunoassays still focus on
searching for compounds to be entrapped inside the
liposome for the best detection power. Enzyme label can
be a good candidate due to its amplification power but it is
important to stabilize its native structure for the best
efficiency. A cross-linked 3D hydrogel network was
claimed to be suitable for entrapping enzyme label
because it helps to reserve the micro-environment for
immobilization of enzyme [202].
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Quantum dot labels

Semiconductor nano-particles known as quantum dots
(QDs) have gained popularity for sensitive labels. They
are composed of atoms from groups II–VI or groups III–V
of which CdSe, CdTe and ZnS are commonly used [203,
204]. QDs have unique properties of size dependent
fluorescence which means a single excitation wavelength
can excite the same type of QD of various sizes and yield
different emission wavelengths. QDs have been used as
alternatives to organic fluorophores for molecular and
cellular labeling in biological imaging, in studying of virus
localization in living cells and immunoassay [205]. Strong
fluorescent emission enhances sensitivity of the assay while
multiple emission wavelengths enable multiplex immuno-
assay in various types of sample [206–212]. QDs are also
more tolerant to harsh conditions such as heat [213].
However, the limitation and poor performance of QDs as
compared to the organic fluorophores were also reported
when using QDs with a normal flow cytometry on an
environmental sample. This might be due to interference
from other fluorescence species in the matrices, irreversible
aggregation and reduction in stability of QDs in aqueous
environments [214, 215]. The trends of research in
immunoassay with QD labeling include attempts to
overcome the difficulties involving the simultaneous detec-
tion of fluorescent signals, to improve solubility of QD in
aqueous solution by using proper coated (capped) material,
and to explore alternative detection enhancement methods.

Normally, QDs are capped with carboxylic functional
groups such as mercapto acetic acid, mercaptosuccinic acid
or dihydrolipoic acid to provide negative charges on the
QDs surfaces for bio-conjugation with the positive charges
of the protein. To make QDs safer to handle and to make
them water soluble for easier conjugation with protein,
amphiphilic polymers such as poly(maleic anhydride) were
used for coating instead [203, 216]. Bio-conjugation, which
can be achieved via the carboxylic group of the polymer
coated onto QDs and the amino group of protein, is more
stable than electrostatic bonding. Apart from polymers,
silica has also been used as an interesting capping material
to prevent the oxygen accelerated photobleaching process
and to prevent the loss of fluorescent properties in common

buffer solutions, which are normally encountered with
semiconductor based QDs [204, 217]. The transparent
nature of SiO2 enhances and stabilizes fluorescence. Other
materials such as gold particles [218] and InP/ZnS [219]
have also been proposed to be used as QDs as alternatives
to potentially toxic semiconductive materials.

The most popular detection method for QDs labeling is
fluorescence spectrometry. Improving optical resolution of
the fluorescent detection is desired, especially for the
research trends in simultaneous detection of multiplexes
[220]. Coupling of QDs onto micro-particles such as latex
beads, referred to as “nano-on-micro” (NOM) was sug-
gested [221]. This work utilized the improved light
scattering intensity of the NOM for additional immuno-
reaction detection along with identification of multi-
analytes from fluorescent emission signals.

Alternative ways of detection other than fluorescence
spectrometry is also of interest. Electrochemical immuno-
assay such as ones that detected electrical signal changes
due to the releasing of Cd from the Cd semiconductor based
QDs, [222–224], or one with the combined electrochemis-
try with chemiluminescent spectroscopy (electrochemilu-
minescent) [225] have been reported. Instead of using them
as conjugated labels, QDs can also be used to modify the
electrode surface leading to the development of label-free
immunoassay for the measurement of the change in signal
due to sterric hindrance of binding [226]. Other less
common ways of detection for QDs labels such as acoustic
optic-tunable filter [215] and atomic force microscopy
[227] are also possible.

Robust and longer shelf life solid substrate using molecular
imprinting

The objective of molecular imprinting is to create a mold of
a specific antigen onto a substrate that will act as an
artificial antibody or enzyme. With this manipulation as an
alternative way to produce specific binding for an analyte,
the ethical and time consuming issues involved in raising
antibodies in living animals can be avoided. The longer
shelf life, the high tolerance to matrix effects, the easy
storage condition and the robustness of the artificial
antibodies are also important benefits.
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As illustrated in Fig. 7, by adding the molecules of a
target analyte (template) into the polymer during its
production process and then extracting those molecules
out, the polymer that is formed will have cavities to bind
with the target molecules through electrostatic attractions
and/or complimentary physical shape. Successful imprint-
ing of variously sized molecules has been reported and
some are commercially available [228]. Most of the
developed molecular imprinting polymers are in the form
of microbeads which are used as packing materials in a
micro-column for the separation of analyte.

Now that the development of biosensors are increasingly
of interest, the recent trends of research in molecular
imprinting have been focused on improving the production
of protein imprints, especially in the thin film and nanotube
formats that can be easily adapted with the sensor device.
This will also enable the imprinted molecules to be used
more conveniently with the flow based system. So far
molecular imprinting based immunoassays incorporated
with the flow based system are still rare. One report [229]
indicated the benefits of reducing non-specific binding by
utilizing epitope imprinting rather than protein- engaged

imprinting. The work was applied with quartz crystal
microbalance (QCM) for detection of Dengue virus.
Another work [230] reported the polymerization of acrylic
based imprinting onto the inner wall of glass capillary. The
advantage of reuseability of the capillary was demonstrated.
This resulted in a low cost and automatic system with long
term stability that is suitable for unattended monitoring
[228, 230].

New materials other than polymer that are compatible
with the easier imprinting process are also in demand. Sol-
gel material has been reported as successfully used to create
imprints [231–233]. Generally, sol-gel is a wet chemical
process used for fabrication of metal oxide materials. Meso-
porous sol-gel glass could be used for immobilization of
biomolecules [231]. Sol-gel bioglass can be produced in
various forms such as monoliths, thin film, powder and
fiber. The advantages of using sol-gel are owing to the
ability to create the imprint at ambient conditions and in
aqueous solution. This greatly helps to eliminate the
problems of losing biological activity of the protein being
imprinted which results when using high temperature and
harsh organic media.

template molecule functionalized 
monomers 

pre-polymerization 
complex 

polymerization 

extraction 

re-binding 

molecular imprint 

template molecule 

analyte molecule 

Fig. 7 Diagram showing mo-
lecular imprinting production
process and its use for binding
the target analyte
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Conclusion

The combination of various flow based systems with
immunoassay has led to improved performances as com-
pared to the conventional batch-wise immunoassays. This
integration requires major changes on the format of the
solid surface for immobilization of bio-reagents. Rapidity
and precision are the major benefits gained, making the
highly selective immunoassay technique even more supe-
rior. However, the ability of the conventional micro-plate
immunoassay to perform massive samples in parallel still
remains the great benefit of the conventional batch-wise
system [234]. The FI/SI based immunoassays are suitable
for small to medium number of samples where the results
are required in a short time. Research trends in flow based
chemical analysis have led to Lab-on-Chip and down
scaling micro-fluidics devices, many of which can be
applied to perform immuno/bioassays. Attempts in devel-
oping small sized liquid introduction, flow control and
detection systems as well as high sensitivity detection
systems have been continuously progressing to the same
goal of making a cost effective and easy to operate single
unit immuno/bioassay based micro-total analysis device.
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Flow and Sequential Injection—General Approaches

FLOW INJECTION AND RELATED TECHNIQUES IN
BLOOD STUDIES FOR CLINICAL SCREENING AND
ANALYSIS: A REVIEW

Supaporn Kradtap Hartwell and Kate Grudpan
Faculty of Science, Department of Chemistry and Center for Innovation in
Chemistry, Chiang Mai University, Chiang Mai, Thailand

Blood studies for clinical screening/analysis are geared toward point of care testing. Flow

based techniques have expanded their applications with unique approaches that may be

adaptable for use as alternative disease screening/diagnosis. Many newly developed systems

for solution based chemical analysis can be easily adapted for use with plasma and serum.

However, cell and intracellular analyses are different. Blood cell analyses require a parti-

cular way of sample introduction and detection. This review emphasizes the applications

of flow based techniques, especially those that were coupled with FI/SI, in clinical studies

through analysis of red blood cells and their intracellular substances.

Keywords: Blood studies; Flow injection; Intracellular substances; Microfluidics; Red blood cell; Review;

Sequential injection

FLOW INJECTION AND RELATED TECHNIQUES

Flow based techniques may refer to a group of techniques that carry out
analytical chemistry processes in the flowing stream of solutions, normally accom-
modated in small tubing or channels. Analytical processes (i.e., sample introduction,
sample pretreatment, chemical reaction=analysis process, and detection) done in this
dynamic manner while flowing into the detector, can decrease the analysis time.
Flow based techniques include a wide variety of techniques such as flow cytometry
(FC), field flow fractionation (FFF), electrophoresis, chromatography, flow injection
(FI) analysis, and micro-fluidics sensors. Some techniques (e.g., FC, FFF, electro-
phoresis, and chromatography) normally do not involve chemical reaction between
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sample and reagents. They are useful for separation and=or biophysical analysis of
samples. In clinical analysis, FC and FFF may particularly be used for particles in
suspension, whereas electrophoresis and chromatography are used mainly with
sample in liquid form. These techniques are different from flow injection analysis
based techniques that normally involve on-line chemical reactions between sample
and reagents.

Flow injection based techniques, referring to various formats of flow injection
(FI) and sequential injection (SI) analysis techniques (including stopped flow injection
(Grudpan et al. 2002; Hodder, Blankenstein, and Ruzicka 1997), segmented flow
(Buch-Rasmussen 1990), bead injection (Hartwell et al. 2007), and hydrodynamic
injection (Somnam et al. 2008)), have been established as tools for automatic oper-
ation of chemical=biochemical analysis. The wet chemistry procedures can be carried
out without glassware. A cost effective FI system may be composed of a peristaltic
pump for introduction of carrier solution, tubing for mixing and transporting sample
and reagent, an injection valve for introduction of precise volume of sample or
reagent, and a detector with a recorder, as shown in Figure 1(a). Later generations
of flow injection systems aim for multi-commutate and multi-sample approaches
(Llorent-Martinez et al. 2010), which are composed of multi-pumps (Santos et al.
2007; Fajardo et al. 2008), multi-valves (Lavorante, Pires, and Reis 2006), and
multi-tubing channels (Oliveira et al. 2007) to accommodate more reagents=samples
and complicated reactions. A newer generation and more sophisticated SI system is

Figure 1. Schematic diagram of (a) a simple flow injection (FI) system and (b) a sequential injection (SI)

system. R1, R2, R3¼ reagents; HC¼ holding coil; C¼ carrier; T¼ 3-way valve; PP¼ peristaltic pump;

SP¼ syringe pump; V¼ 6-port injection valve; MV¼multi-ports selection valve; X¼ extra ports for

more samples or columns; S¼ sample; MC¼mixing coil; W¼waste.
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composed of a bi-directional syringe pump, a holding coil, a multi-selection valve,
and a detector with a recorder, as shown in Figure 1(b). Various manifolds could
be created for different applications (Economou, Tzanavaras, and Themelis 2007).
The operation of the SI system is controlled by computer and the system requires
much lower volume of solutions as compared to a FI system. In both FI and SI sys-
tems, reagents and sample are transported by pump and are mixed in small tubing
while flowing into the detector. In the flow injection based techniques, the measure-
ment of the changes related to chemical=biochemical reaction may be done simul-
taneously and normally at non-equilibrium state. Even though the analytical signal
measured at the nonequilibrium state may not be at its maximum, the constant flow
rate ensures the precise timing for each measurement. Therefore, signals obtained still
relate to concentrations of the analyte. This helps to greatly reduce the total analysis
time as compared to the conventional non-flow based method where reactions often
need to be observed at equilibrium for the best precision and sensitivity. In the case of
slow kinetic reaction, the flow can be stopped (known as ‘‘stopped flow’’ technique) or
a mixing coil=chamber can be added to promote mixing and extend the reaction time.
With these extra components=operations, the flow based processes are still much
more rapid and more precise than the conventional batch wise processes. The theories
on the dilution and flow characteristics have been well studied and documented
(McKelvie 2008). The FI=SI system is not limited to liquid phase study, it can also
be applied for the study of suspensions of particles and live cells (Ruzicka 1994;
Hartwell et al. 2007).

Now that materials science and fabrication technology have grown, various
flow based techniques can be put into a micro-fluidics format. Work on the develop-
ment of sample introduction and detection units that can be applied with micro-
fluidic systems has been on-going. The aim is to develop a portable device for on-site
analysis at low cost.

BLOOD STUDIES FOR CLINICAL SCREENING/ANALYSIS

One of the main objectives of clinical screening is for prediction of diseases or
to reveal certain body conditions. Clinical screening is normally performed on
unclear or asymptomatic subjects. Screening is done to cut down on the number
of samples that are unnecessarily tested using the high cost or highly time consuming
extensive diagnostic methods. Screening processes are very important for early detec-
tion of some diseases, for indication of the stage of diseases, decision on further
treatment, and for monitoring the effectiveness of the treatment. Clinical screenings
of various substances, microbes, and characteristics of certain cells are carried out
routinely. Drug abuse (Weinmann and Svoboda 1998) is commonly tested for in
forensic science and regulated sports. Contamination of individuals with heavy
metals (Yantasee et al. 2007; Gotoh et al. 2003; Jimenez de Blas et al. 1994;
Hernandez, Hernandez, and Losada 1986) may be related to environmental and food
safety problems. Chemicals secreted into body fluids such as creatinine (Carducci
et al. 2006), prostate specific antigen (PSA) (Lankford, Pollack, and Zagars 1997),
carcinoembryonic antigen (CEA), or a-fetoprotein (AFP) (Bekci, Senol, and Maden
2009) may be used as early indicators for some diseases such as cancer. Some illness
can be indicated from an antibody being produced (Kadival, Kameswaran, and

FI TECHNIQUES FOR CLINICAL BLOOD STUDIES 485

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
H
a
r
t
w
e
l
l
,
 
S
u
p
a
p
o
r
n
 
K
r
a
d
t
a
p
]
 
A
t
:
 
0
4
:
2
3
 
2
1
 
F
e
b
r
u
a
r
y
 
2
0
1
1



Ray 2000) or abnormal blood conditions such as bile acidity (Oda et al. 1989).
Effectiveness or progress of the treatment may need to be evaluated through blood
testing during the treatment process or when a new treatment and new drug are
being studied (Boscaro et al. 2002).

Testing of body secreted substances can be carried out using either body fluids
(e.g., blood serum, saliva) or cells (e.g., hair, oral epithelial tissue). The most com-
monly used sample for clinical testing is blood because it contains so much of the
body’s chemical information, and it is easier to obtain as compared to other types
of samples such as body tissues and cartilage liquid. Various substances in blood,
e.g., glucose, uric acid, and cholesterol, are widely acceptable as biomarkers for some
diseases such as diabetes, gout, and heart problems, respectively. Numerous other
substances in blood and conditions of blood components (i.e., white blood cells,
red blood cells, and platelets) are being studied and evaluated to be used as new diag-
nostic tools for some diseases that are difficult to be diagnosed at an early stage such
as cancer (Hartwell, Wannaprom, et al. 2009), liver (Hartwell, Boonmalai, et al.
2010), heart (Chugh et al. 2009; Schwartzenberg et al. 2007), and Alzheimer’s diseases
(Holland et al. 2009; Verwey et al. 2009; de Barry, Liegeois, and Janoshazi 2010).

Most blood tests deal with plasma and serum (blood fluids after removing cells
and fibrin clot). However, much information can be gained from the study of blood
cells and their intracellular substances. Many newly developed technologies and
methods of solution-based chemical analysis can be adapted for use with plasma
and serum analysis. On the other hand, cell and intracellular analyses are different.
In some studies, cells need to be kept intact; whereas, in some studies, cells need to be
broken but with certain time=controlled conditions. Systems used for cell analysis
should be adaptable for these different study purposes.

FLOW INJECTION AND RELATED TECHNIQUES FOR BLOOD STUDIES

Regardless of the objectives, clinical screening=analyses usually all have some
desired features in common, including the need for rapidity, the use of only a small
amount of sample per test, ease of operation, and low cost. Rapidity is important
because the appropriate further extensive test or treatment may need to be done
urgently to stop the progress of disease. Many screening tests may need to be carried
out at the same time; therefore, the requirement of using a low amount of sample is
essential in order to have adequate sample left for other tests. This is especially criti-
cal for the cases where patients have no sample to spare, such as under-weight and
premature babies. The cost may not be the most important issue in certain places,
but many areas of the world where economic and limited budget problems are the
healthcare barrier, it would be most beneficial to have low cost screening tests for
the purpose of disease control and prevention.

The disadvantages of most existing screening methods are due to the over-
simplified processes that provide only crude yes=no answer. Most are not automatic
operations, and they have room for human errors and low precision. Most screening
processes, even though they are easy to perform, require well trained personnel to
translate the results. For example, the observation of abnormal cells under a
micro-scope or distinguishing results based on a particular shade of colors requires
a well trained eye.
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Owing to the automatic chemical process and closed system features of the flow
based techniques, these drawbacks can be minimized with the improvement of the
analysis time, precision, volume of sample=reagents used, and safety in sample hand-
ling. The FI=SI systems have another useful feature in that they have the ability to be
coupled with various detection techniques. In particular, SI, which is capable of hand-
ling small volumes of various reagents has been addressed as a very useful tool for
performing clinical and biochemical analysis (Economou et al. 2007). The use of
FI=SI enables the screening=analysis to be enhanced with the various newly developed
detection methods. Most of the existing detectors now offer very satisfactory sensi-
tivity, and they help to reduce the consumption of reagents and sample, which, in turn,
also reduces the production of bio-hazardous wastes. In addition, the results obtained
from the flow based system are normally in the form of peak signal, which can be
translated into graph or number values for easy understanding and comparison.

The FI=SI applications for analysis of serum and plasma are numerous because
they can be adapted from newly developed solution based chemical analyses. These
will not be included in this review. The applications of FI=SI for analysis of whole
blood are described briefly in the next section. This is to indicate the feasibility of flow
injection with various sample pretreatment and detection systems, especially those
that were applied for blood analysis. However, as mentioned earlier, blood cell analy-
ses involve various aspects that are not always the same as solution based analyses of
plasma and serum. Blood cell analyses require a particular way of sample introduc-
tion and detection. The rest of this review emphasizes the application of flow based
techniques, especially those that were coupled with FI=SI, in clinical studies through
analysis of red blood cell (RBC) and substances inside RBC.

APPLICATIONS OF FLOW INJECTION AND RELATED TECHNIQUES
FOR ANALYSIS OF WHOLE BLOOD

Whole blood contains both liquid and cell=particulate components. Analyses of
whole blood normally aim for quantitation of total amount=concentration of analyte
in blood, regardless of whether the chemical sources are plasma or cell. Whole blood
is different from solution based samples like plasma and serum in that it contains par-
ticulates. Therefore, the analysis system must be capable of suppressing or removing
the interference effect from particulate suspended in the samples. Examples of FI=SI
analysis systems for various analytes in whole blood are presented in Table 1. The role
of flow based system for whole blood analysis is to integrate online sample pretreat-
ment, such as digestion, dialysis, and extraction, with the detection process. This helps
to automate the whole analysis process with much more convenient operation as
compared to carrying out each individual step batch-wise.

APPLICATIONS OF FLOW INJECTION AND RELATED TECHNIQUES
FOR ANALYSIS OF HEMOLYSATE

To study the substances inside the RBC, the destruction of cells is required to
release the substances of interest prior to detection. The process, called hemolysis,
usually employs chemical reagents, or mechanical force from sonication and centri-
fugation. Some basic applications of FI in hemolysate analysis for automation of

FI TECHNIQUES FOR CLINICAL BLOOD STUDIES 487

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
H
a
r
t
w
e
l
l
,
 
S
u
p
a
p
o
r
n
 
K
r
a
d
t
a
p
]
 
A
t
:
 
0
4
:
2
3
 
2
1
 
F
e
b
r
u
a
r
y
 
2
0
1
1



T
a
b
le

1
.
E
xa
m
p
le
s
o
f
F
I
a
n
d
re
la
te
d
te
ch
n
iq
u
es

re
p
o
rt
ed

fo
r
a
n
al
y
si
s
o
f
w
h
o
le

b
lo
o
d

A
n
a
ly
te

F
lo
w

sy
st
em

S
p
ec
ia
l
ro
le

o
f
fl
o
w

sy
st
em

D
et
ec
ti
o
n
m
et
h
o
d

R
ef
er
en
ce
s

M
et
a
ls

H
g

F
I

–
o
n
li
n
e
d
ig
es
ti
o
n

–
C
o
ld

v
a
p
o
r
A
A
S

B
a
rb
o
sa

et
a
l.
2
0
0
4
;
B
u
rg
u
er
a
,
B
u
rg
u
er
a
a
n
d
G
a
ll
ig
n
a
n
i

1
9
9
2;

G
u
o
a
n
d
B
aa
sn
er

1
9
9
3

–
A
A
S
(c
o
m
m
er
ci
a
l

sy
st
em

)

A
lb
a
la
k
et

a
l.
2
0
0
5;

C
h
en

et
a
l.
1
9
9
8

C
a
,
M
g
,
C
u
,
Z
n

F
I

–
o
n
li
n
e
ch
em

ic
a
l
tr
ea
tm

en
t
a
n
d

u
lt
ra
so
n
ic

a
g
it
a
ti
o
n

–
F
A
A
S

R
o
n
d
o
n
et

a
l.
1
9
9
5

Z
n
,
C
u
,
F
e

F
I

–
o
n
li
n
e
d
ig
es
ti
o
n

–
A
A
S

B
u
rg
u
er
a
,
B
u
rg
u
er
a
a
n
d
B
ru
n
et
to

1
9
9
3
;
B
u
rg
u
er
a
a
n
d

B
u
rg
u
er
a
1
9
9
1
;
B
u
rg
u
er
a,

B
u
rg
u
er
a
a
n
d
A
la
rc
o
n
1
9
8
6

M
o

F
I

–
o
n
li
n
e
d
ig
es
ti
o
n
=
p
re
ci
p
it
a
ti
o
n

–
E
T
A
A
S

B
u
rg
u
er
a
,
B
u
rg
u
er
a
a
n
d
R
o
n
d
o
n
2
0
0
2

S
b

F
I

–
o
n
li
n
e
ex
tr
a
ct
io
n

–
H
y
d
ri
d
e
g
en
er
a
ti
o
n
A
A
S

P
et
it
d
e
P
en
a
et

a
l.
2
0
0
1

P
b

F
I

–
–
S
tr
ip
p
in
g
p
o
te
n
ti
o
m
et
ry

A
lm

es
tr
a
n
d
et

a
l.
1
9
8
8

C
o

F
I

–
o
n
li
n
e
d
ig
es
ti
o
n

–
E
T
A
A
S

B
u
rg
u
er
a
et

a
l.
1
9
9
5

S
e

F
I

–
o
n
li
n
e
d
ig
es
ti
o
n

–
H
y
d
ri
d
e
g
en
er
a
ti
o
n
A
A
S

A
le
g
ri
a
et

a
l.
1
9
9
8

G
lu
co
se

S
to
p
p
ed

F
I

–
o
n
li
n
e
en
zy
m
a
ti
c
re
a
ct
io
n

–
C
h
em

il
u
m
in
es
ce
n
ce

L
ee

a
n
d
C
h
o
i
2
0
0
1

F
I

–
o
n
li
n
e
d
ia
ly
si
s

–
C
h
em

il
u
m
in
es
ce
n
ce

P
et
er
ss
o
n
1
9
8
9

F
I

–
–
A
m
p
er
o
m
et
ry

Jo
h
n
so
n
a
n
d
K
ri
z
1
9
9
8;

B
u
ch
-R

a
sm

u
ss
en

1
9
9
0;

G
u
n
a
si
n
gh

a
m
,
T
an

a
n
d
A
w

1
9
9
0
;
G
u
n
as
in
g
h
am

a
n
d
T
an

1
9
9
0

F
I

–
o
n
li
n
e
en
zy
m
a
ti
c
re
a
ct
io
n

–
T
h
er
m
a
l
b
io
se
n
so
r

H
a
rb
o
rn

et
a
l.
1
9
9
7

F
I

–
–
A
b
so
rb
a
n
ce

A
y
u
p
e
d
e
O
li
v
ei
ra

et
a
l.
2
0
0
5

488

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
H
a
r
t
w
e
l
l
,
 
S
u
p
a
p
o
r
n
 
K
r
a
d
t
a
p
]
 
A
t
:
 
0
4
:
2
3
 
2
1
 
F
e
b
r
u
a
r
y
 
2
0
1
1



N
A
D
H
,
g
lu
co
se

F
I

–
o
n
li
n
e
en
zy
m
a
ti
c
re
a
ct
io
n

–
A
m
p
er
o
m
et
ry

Y
a
o
et

a
l.
1
9
9
5

U
re
a

F
I

–
–
S
el
ec
ti
v
e
el
ec
tr
o
d
e

P
et
er
ss
o
n
1
9
8
8

F
I

–
o
n
li
n
e
g
a
s
d
if
fu
si
o
n

–
O
p
to
se
n
si
n
g

P
et
er
ss
o
n
,
A
n
d
er
so
n
a
n
d
H
a
n
se
n
1
9
8
7

A
m
m
o
n
ia

F
I

–
o
n
li
n
e
d
if
fu
si
o
n

–
P
h
o
to
m
et
ry

S
v
en
ss
o
n
a
n
d
A
n
fa
el
t
1
9
8
2

E
tO

H
S
to
p
p
ed

F
I

–
o
n
li
n
e
en
zy
m
a
ti
c
re
a
ct
io
n

–
F
lu
o
ro
m
et
ry

R
u
z,

L
u
q
u
e
d
e
C
a
st
ro

a
n
d
V
a
lc
a
rc
el

1
9
8
7

F
I

–
V
o
lt
a
m
m
et
ry

F
er
n
a
n
d
ez
,
L
u
q
u
e
d
e
C
a
st
ro

a
n
d
V
a
lc
a
rc
el

1
9
8
7

C
y
a
n
id
e

F
I

–
o
n
li
n
e
ex
tr
ac
ti
o
n

–
C
h
em

il
u
m
in
es
ce
n
ce

L
u
et

a
l.
2
0
0
5

E
le
ct
ro
ly
te
s
(H

,
K
,
C
u
)

F
I

–
–
io
n
se
le
ct
iv
e
m
em

b
ra
n
e

o
n
fi
el
d
ef
fe
ct

tr
a
n
si
st
o
r

H
a
rr
o
w

et
a
l.
1
9
8
0

M
a
lo
n
d
ia
ld
eh
y
d
e
a
n
d

o
fl
o
x
a
ci
n

F
I

–
m
ic
ro
-d
ia
ly
si
s

–
H
P
L
C

C
h
en
,
W
u
a
n
d
H
u
a
n
g
2
0
0
9

P
ro
te
in

a
n
d
H
b

m
ic
ro
-

fl
u
id
ic
s

–
o
n
li
n
e
ca
p
tu
ri
n
g
o
f
p
ro
te
in

–
W
en

et
a
l.
2
0
0
7

S
I

–
o
n
li
n
e
so
li
d
p
h
a
se

ex
tr
ac
ti
o
n
w
it
h

m
u
lt
i-
w
a
ll
ed

ca
rb
o
n
n
a
n
o
tu
b
es

–
D
u
et

a
l.
2
0
0
7

G
u
a
n
id
in
o
a
ce
ta
te
,

C
re
a
ti
n
e
(i
n
d
ri
ed

b
lo
o
d

sp
o
t)

F
I

–
–
el
ec
tr
o
sp
ra
y
ta
n
d
em

m
a
ss

sp
ec
tr
o
m
et
ry

C
a
rd
u
cc
i
et

a
l.
2
0
0
6

489

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
H
a
r
t
w
e
l
l
,
 
S
u
p
a
p
o
r
n
 
K
r
a
d
t
a
p
]
 
A
t
:
 
0
4
:
2
3
 
2
1
 
F
e
b
r
u
a
r
y
 
2
0
1
1



sample=reagents introduction and manipulation are presented in Table 2. A few
novel developments and applications of flow based systems are described in more
detail in the following sub-sections.

Cost Effective Hemoglobin (Hb) Typing System

The Hb typing system is the separation of Hbs to investigate for the presence of
any abnormal Hb type or abnormal amount of certain Hb in the sample. It is com-
monly done by HPLC analyzer. The main disadvantage of HPLC is its relatively
higher instrumentation cost. Some HPLC analyzers are made specifically for
thalassemia (Tosoh Biosciences 2010), but the buffer ingredients are normally unre-
vealed and need to be ordered from the manufacturer at a high price. Examples of
FI=SI system combined with small sized ion-exchange columns (2 cm length, 3mm
i.d.) were demonstrated for Hb typing. A simple FI system could operate Hbs sep-
aration with buffer gradient created by mixing of buffers of different pHs using
low cost 3-way valves (Srisawang et al. 2003). More automatic control for buffer
gradient could be achieved using a more sophisticated SI system (Hartwell, Sripaor-
aya, et al. 2010). The possibility of parallel sampling can also be done with an SI sys-
tem, employing a multi-selection valve. Either anion or cation exchanger could be
used successfully for separation of human adults’ hemoglobin (i.e., HbF, HbA,
and HbA2). Abnormally high amounts of HbA2 indicate the presence of HbE (which
is co-eluted with HbA2). Even though the separation time obtained from the FI=SI
systems is not as good as HPLC due to the slower operational characteristics of the
pump, the main benefits of the FI=SI systems are the lower instrumentation cost, and

Table 2. Examples of FI systems reported for analysis of hemolysate

Analyte

Flow

system Detection method Special features Ref. No.

Glutathione FI Chemiluminescence Use glutathione to enhance

chemiluminescence of luminal

and sodiumperiodate reaction

Ensafi, Khayamian,

and Hasanpour 2008

Hb FI Chemiluminescence facilitate the study on

enhancement of

chemiluminescence intensity

of the reaction between Hb

and H2O2 by addition of

b-cyclodextrin

Zhang and Ju 2003

Hb FI Electrochemistry with modified electrode using

organic substance and dyes

(i.e., lipoic acid, thionin,

toluidine blue, methylene blue)

to promote redox reaction

of Hb)

Zhang et al. 1998; Zhou

and Wang 1992; Zhou

and Wang 1991; Ye

and Baldwin 1988

Hb FI Electrochemistry with modified electrode using

nanomaterials (i.e., CdS

quantum dots and cobalt

hexacyanoferrate (CoHCF)

nanoparticle)

Liu et al. 2006; Liu

et al. 2005
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having a simpler known buffer ingredient. The search for suitable ingredients of the
mobile phase buffer solution to better separate Hbs of various types should be very
useful.

Rapid Low Volume Multi-Parameters/Multi-Samples
Analysis Systems

In flow based systems, performing a sequence of multi-reaction=detection is
possible. An example of this research, dealing with red blood cell (RBC), is the sim-
ultaneous quantitation of total Hb and glycol-Hb (Nanjo, Hayashi, and Yao 2007).
By placing two detectors, one at the entrance to the sample loop and another at the
exit port of a normal six port injection valve, sample was detected by one detector
during the normal sample loading mode and then was detected by another detector
when switching to the injection mode, see Figure 2. Total Hb was detected spectro-
photometrically followed by the detection of glycol-Hb electrochemically. Sample
throughput of 40 samples=h was achieved.

An example of a down scaling device for analysis of multi-RBC samples is a
simple polydimethyl siloxane (PDMS)=glass microfluidic chip with parallel channels
platforms, fabricated for the assay of glutathione in normal and type 2 diabetes
RBCs (Oblak, Meyer, and Spence 2009). A number of samples could be analyzed
at the same time. The microfluidic multi-analyses systems decrease the analysis time

Figure 2. Arrangement of dual detectors for multi-parametric detection using a normal FI system (a)

detection using the first detector while loading sample and (b) detection using the second detector in

the injection mode. P1, P2¼pumps; D1, D2¼detectors.
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and sample=reagent consumption. However, the technology involved is rather new
and at high expense. The low cost disposable chip and the ease of fabrication process
are in demand.

APPLICATIONS OF FLOW INJECTION AND RELATED TECHNIQUES FOR
ANALYSIS OF RED BLOOD CELL (RBC) THAT REQUIRES RUPTURING IN
CONTROLLED TIME/CONDITIONS

In some studies, RBC is required to be hemolyzed but at controlled times and
conditions. The analysis system must be able to delay or prevent the hemolysis, until
needed. Some unique flow based systems developed for this purpose are described in
this report.

Stopped Flow Hydrodynamic Injection for Automatic Screening of
Abnormal Red Blood Cell (RBC)

Abnormality of RBC shape and cell wall can be detected indirectly from their
osmotic pressure resistance as compared to the normal RBC with the screening
method called osmotic fragility test (OFT). Some hemoglobinopathies involving
unstable Hb with exposed chemical groups can be detected from the precipitation
reaction at high temperature with dichlorophenol indophenol (DCIP). Figure 3
shows the diagram of the processes of these screening tests. The results of both
OFT and DCIP screening tests can be observed from turbidity by naked eyes but
with the limitation that the detection must be done in the restricted time. If the test
tubes were left too long, both normal and abnormal subjects would show no differ-
ences. In OFT, normal red cells will eventually rupture and turn clear if they stay in a
hypotonic salt medium for a long time. In DCIP, normal Hb might also expose
chemical groups that can be precipitated and cause turbidity when they were heated
too long. In addition, since the results are observed by the naked eye, there is no
evidence or record for second opinion. There is a greater chance of human errors
when carrying out many tests.

By incorporating a stopped flow injection system with OFT and DCIP
(Khonyoung et al. 2009; Hartwell, Kochasit, et al. 2009), more precise detection time
for each test can be controlled. The most important point of OFT is that RBC must
only be broken because of osmotic pressure caused by the medium. Likewise, in
DCIP, precipitation of Hbs should only occur due to naturally exposed precipitable
chemical groups. To ensure this condition, the sample introduction unit has to be
developed to avoid cell rupturing and Hb deformation due to the switching of a nor-
mal sample injection valve as used in the FI system. Here, a hydrodynamic injection
system was employed in place of a normal six-port switching valve. Dispersion and
dilution effect must be brought into account when studying for the suitable hypotonic
salt concentration and its pH for OFT, and the suitable recipe for DCIP reagents.

A spectrometer, which is more sensitive than human eyes, showed the differ-
ences in turbidity between positive and negative cases in a shorter time as compared
to naked eyes observation (i.e., 15 s vs. 2min for OFT and 3min vs. 25min for
DCIP at higher temperature). The analytical signals obtained from the stopped flow
hydrodynamic injection based OFT and DCIP were shown as slopes and peaks,
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respectively. These results could be recorded for further reference. The need for
further developments in this area should aim for multisamples analysis to accommo-
date massive screening in parallel.

Flow Based System for Analysis of Single Cell Lysate

Cell studies are often carried out with a group of cells or cell cultures. Novel
designs of cell trapping devices to be coupled with FI=SI systems are useful. Some
could be used for the study in the genetic transcription levels of cells (Hillard and
Stewart 1998). Currently, the need for analysis of single cell has become a challenge
for many study purposes. An example of a successful integration of a flow based
system for injection of intact RBCs into a capillary electrophoresis system was
reported (S. Chen and Lillard 2001). An electroosmotic flow pump introduced cells
into an interface capillary that provided mechanical force and caused an individual
cell to be lysed on-column without the need of chemical reagents. Major proteins in
hemolysate were migrated and separated by capillary electrophoresis simultaneously
after online hemolysis.

Figure 3. Diagram illustrating the screening processes for (a) osmotic fragility test (OFT) and (b)

dichlorophenol indophenol precipitation test (DCIP).
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APPLICATIONS OF FLOW INJECTION AND RELATED TECHNIQUES FOR
ANALYSIS OF WHOLE INTACT/NON-RUPTURED RED BLOOD CELL (RBC)

Studies on the characteristics and chemistry of intact cells are also very impor-
tant. The FI=SI manifolds can be designed in various ways to manipulate the order
and direction of flow. Various aspects of flow based techniques for the applications
on cell studies are presented.

FI-Flow Cytometry for Single Cell Study

One main use of flow cytometry (FC) is for detection of cancerous cells which
are labeled by a specific dye (Goodale et al. 2009). Thousands of cells can be analyzed
in a short time. The unique combination of FC with field flow fractionation (FFF)
technique has been reported for additional information on cell study (Cardot et al.
2002).

The multiparametric FC, by itself, may already be capable of qualitative and
quantitative single cell analysis. However, if it is connected to the FI system, the
analysis performance can be improved. The flow based nature of FI and FC
techniques enable them to be easily combined with the capability of online sample
pretreatment (e.g., online dilution, online reagent addition, mixing, cell fixation,
staining, washing, and temperature controlling for cell suspensions) and improved
kinetic measurement (Zhao, Natarajan, and Srienc 1999; Ruzicka and Lindberg
1992; Lindberg et al. 1994; Blankenstein et al. 1996; Lindberg, Ruzicka, and Christian
1993). It should also be worthwhile to mention that, on another aspect, the cytometry
sheath flow system helped to enhance the performance of the stopped flow injection
technique (Hodder et al. 1997).

So far, most works reported the FI system as a sample pretreatment unit for
flow cytometry (FC) and it would be of interest to couple SI with FC. Using FI
or SI for post-separation chemical analysis=biochemical assay should also be poss-
ible. Confirmation or supporting information may be gained with these integrations.

FI-Field Flow Fractionation (FFF) Blood Cells Separation Systems

The chromatography-like field flow fractionation (FFF) technique is a size
based particle separation technique, which may be operated using either gravimetri-
cal, electrical, or magnetic forces that are applied perpendicularly to the direction of
the flow of the particle suspension stream. Its theory and development of various
formats of instrumentation set ups has been on going. The basic set up for sample
introduction for FFF is similar to that of the FI system which consists of a pump
and an injection valve. The parabolic flow profile of the particulate suspension
sample stream in a small channel is also the same as what occurs in the flow of
the liquid sample zone in the small tubing of the FI system (Chianéa, Assidjo, and
Cardot 2000). Now the applications of FFF have been extended for the possibility
of differentiation of normal cells from abnormal ones, such as hemolytic anemia cells
(Andreux et al. 1993), cancerous cells (Yang et al. 1999), and cells of different ages
(Cardot, Launay, and Martin 1997), which usually have deformed shape, density
and rigidity (Cardot et al. 1994).
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Only a few works reported the coupling of FI technique in conjunction with
FFF, as an interface for chemical analysis after cell separation. Examples found
are for elemental analysis with ICP-MS (Cizdziel et al. 2008) and for chemilumi-
nescence reaction of heme (Melucci et al. 2004). Actually, the combination of FI with
FFF seems to have more room to grow, both for sample pretreatment and for
post-separation analysis.

Flow Based Magnetophoresis for Cell Sorting

Magnetophoresis is the particle separation technique based on differences in
their movement or migration in the magnetic field due to the magnetic properties
of the particles. In many aspects, this technique is very similar to FFF performed
under magnetic force, but it has been reported under its own name, possibly owing
to differences in the detailed instrumentation set up.

Sorting of cells with different magnetic properties such as deoxy=
methemoglobin (found in blood poisoning) with paramagnetic property and
oxyhemoglobin with diamagnetic property could be done. Iron and hemoglobin con-
tents could also be quantitated in this process (Winoto-Morbach, Tchikov, and
Müller-Ruchholtz 1995). The ability of cells to bind with a certain antibody can also
be studied through magnetically labeled antibodies (McCloskey et al. 2003; Hartig
et al. 1992). The FI technique should be able to facilitate sample handling and detec-
tion for the magnetophoresis system. Trends in analysis of this field aim to enhance
the magnetic field gradient, reduce the size into capillary format (Watarai and
Namba 2002), and to develop reproducible instrumentation for a more detailed
separation of a wider range of magnetic moments for extended applications (Espy
et al. 2006).

FI Immunosensor for Red Blood Cell (RBC) of Specific Antigen

Noncompetitive immunoassay of specific antigen (Ag) on RBC was demon-
strated with the immunosensor composed of dual glassy carbon electrodes (B. Lu
et al. 1997). One was employed as a solid surface for immobilization of antibody
against the Ag of interest. Another one was for study of non-specific binding. The
captured blood cells were sandwiched by the enzyme labeled secondary antibody
for amperometric detection. Although the work only demonstrated the assay of
RBC with Ag A, it shows the possibility of further applications for automatic immu-
noassay of other blood groups and other substances on a cell surface.

APPLICATIONS OF FLOW INJECTION AND RELATED TECHNIQUES
FOR BLOOD SAMPLE PREPARATION AND AS MODEL SYSTEMS
FOR STUDIES RELATED TO BLOOD FLOW

Microfluidics Systems for Separation of Plasma from Blood Cells

Microfluidic devices were reported for separation of plasma from blood cells.
In the cross-flow system, blood cells, and plasma were separated by size exclusion
(VanDelinder and Groisman 2006). Plasma could be delivered to the device outlet
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at the rate of 0.65 mL=min after 30 s of blood introduction. It was also claimed that
the flow in the device caused very little hemolysis. Another microfluidic system
utilized hydrodynamic forces for the separation of plasma from blood cells with
the emphasis on flow rate and temperature studies (Rodriguez-Villarreal et al.
2009). A wide range of operational conditions (i.e., 23–50�C, 50–200 mL=min) was
possible for various capabilities of cells removal. These microfluidic devices have
potential for possible integration with an on-chip assay for point of care diagnosis.

FI System as a Model of Blood Flow for Evaluation of
Potential New Drug

In the process of developing an intravenous drug, it is important to evaluate its
hemolytic influence (Dal Negro and Cristofori 1996; Obeng and Cadwallader 1989).
A flow based system can be used as a simulation model for blood stream flowing in
the vein at the injection site. The suitable size tubing can be selected as an artificial
capillary vessel. Controllable flow rates of the blood stream in the tubing and of the
injected solution can mimic the flow rate of blood flowing in the vessel and of drug
injection flow rate. The flow based system could give primary information on the
degree of hemolysis, which would be very useful for development of suitable formu-
lations of the new injected drugs.

CONCLUSION AND REMARKS ON ANALYSIS TRENDS

Flow injection based systems with more automatic operation in a closed system
help to facilitate sample handling, reduce the consumption of sample=reagents,
decrease analysis time, and increase safety for the operator by minimizing the direct
contact with hazardous samples=reagents. This is especially useful for clinical analy-
sis where rapid results, good accuracy and precision are required. The low cost
instrumentation set up of an FI system may be a suitable alternative for some screen-
ing tests in a small hospital with low budget. However, these flow injection based
system may not be able to replace some existing analysis systems that are capable
of parallel massive analyses. Down scaling and microfluidic devices are the trends
of analytical device development. These trends are very attractive for blood analysis
in order to reduce blood sample consumption and enable point of care analysis.
Similar to the development of microfluidic systems for other chemical analyses,
the aims of development of blood analysis devices should not only place emphasis
on down scaling of the reaction unit, but also on the sample introduction and detec-
tion units, in order to create a true micro-total analysis device. In addition, for blood
cell and intracellular analyses, the influence of sample flow in the micro-channel
should be thoroughly evaluated since this can cause false results. Studies using blood
samples for the purpose of clinical screening=diagnosis must pay special attention to
the possible source of any false results due to the newly developed methods because
they may adversely affect the decision for further treatment. A few studies of blood
cells deformation in the micro-channel under gravity (Yamada et al. 2008; Hardy
et al. 2009) and under pressure driven flow (Hardy et al. 2009) have already been
reported, but studies of more aspects concerning blood samples used in these
methods should be carried out.
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1 In a previous work [1], we introduced a simple lab�
on�chip with channels easily fabricated within a piece
of acrylic plastic. The system is manually operated
without the requirement of any complicated devices.
Detection was done by observing migration of the
reaction zone by the unaided eye and the migration
time was recorded with a stop�watch. This work shows
an extended application of this simple lab�on�chip
approach for nutritional supplements.

Chondroitin sulfate (CS) is a member of the gly�
cosaminoglycan polysaccharides which is composed
of repeating disaccharide (β�glucuronic acid and
N�acetyl�β�D�galactosamine sulfate) units [2]. It has
been reported as a potential biomarker for some dis�
eases such as bone and ovarian cancer [3, 4] due to
secretion of CS at elevated level into body fluids of
patients. In addition, CS has been used for treatment
of bone disorders such as rheumatism, arthritis and
lumbago. Consumption of CS helps to improve and
restore bone condition of the patients [5].

A simple way to quantitate CS is by monitoring its
reaction with some dyes such as Azure B, methylene
blue (MB), dimethylmethylene blue (DMMB), and
brilliant cresol blue (BCS) [2, 6–8]. Among these
dyes, MB is the reagent most commonly found in lab�
oratories. Therefore, it was chosen to demonstrate the
proposed system. CS and MB form a complex that
causes the reduction of absorbance of MB at wave�
lengths 640 and 614 nm while producing blue shifted
band with increasing absorbance at 570 nm [6].
Detection of CS can be normally done with a spectro�
photometer at any of these three wavelengths. How�
ever, for this simple lab�on�chip with bare eye detec�

1 The article is published in the original.

tion of the reaction zone, it is possible to observe the
reduction of the intensity of dark blue MB solution as
the reaction progresses. When the concentration of
MB and the parameters such as angle of the chip are
fixed, the rate of migration of the faded color reaction
zone depends directly on the concentration of the CS
that reacts with MB. Although these dye binding reac�
tions are not specific for CS and cannot discriminate
different glycosaminoglycan sulfates, they are widely
used due to rapidity and simplicity. When used in com�
bination with other techniques such as ELISA, quan�
titative determination of various sulfated glycosami�
noglycans such as chondroitin sulfate, hyaluronan and
keratin sulfate could be done [9, 10]. In this case, the
simple system was demonstrated with two supple�
ments which contain CS as the main ingredient with
different matrices.

EXPERIMENTAL

Reagents. Stock solutions of chondroitin sulfate
(Sigma) and methylene blue (Fluka) were prepared at
1000 mg/L and 5 × 10–3 M (1780 mg/L), respectively.
Working solutions were prepared fresh daily by dilut�
ing the stock solutions to appropriate concentrations
with deionized (DI) water. Calibration graphs were
constructed from both chondroitin sulfate 6 and chon�
droitin sulfate 4.

The time based calibration graph was constructed
from chondroitin sulfate standard solutions of 200,
250, 300, 350, and 400 mg/L. Supplementary pill
sample solutions were prepared by dissolving sample
powder with a representative weight of 1 tablet (aver�
aged from 20 tablets) in DI water to the concentration
of approximately 300 mg/L (determined from product
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label) to ensure that the concentration falls in the cal�
ibration working range. Two samples were used here
for demonstration of the concept.

Apparatus. A macro�channel chip was made by
drilling channels through the side of an acrylic piece
2.5 cm × 5.0 cm × 1.2 cm (width × length × thickness)
with a 1 mm drillbit, as described in the previous work
[1]. The format of the channels indicating the crossing
point of the vertical and horizontal channels is shown

in Fig. 1a. Total internal volume of the channels is
approximately 55 μL.

The injection and exit ports at the end of the chan�
nels were made to fit normal nuts used in flow injec�
tion assemblies. Three way valves (MEDITOP) were
connected to each nut (Upchurch) with a piece of
0.03" i.d. PTFE tubing (Upchurch). Syringes were
connected to 2 out of the 4 ports, one to a horizontal
channel and another to a vertical channel, for injecting
sample and reagent solutions into the channels. The
tubings connected to the other 2 ports led to waste
containers.

Operational step. The chip was tilted as shown in
Fig. 1b. When MB was injected into the vertical chan�
nel and CS into the horizontal channel, migration of
the reaction zone could be observed from the crossing
point B to the detection mark point. The reaction
between CS and MB causes the change in color of MB
from dark to light blue. The operational steps are as
follows;

Step 1: MB solution was injected into the vertical
channel through valves V1 and V2 while valves V3 and
V4 were closed.

Step 2: Then valves V1 and V2 were closed and
valves V3 and V4 were opened for introduction of CS
solution.

Step 3: Valves V3 and V4 were closed (now all the
valves were closed) Stop watch was started immedi�
ately.

Step 4: Once the reaction zone reached the detec�
tion mark point, the stop watch was stopped. Migra�
tion time (i.e. the period since CS and MB first con�
tact (point B) till the decolorized zone arrival at the
detection point) was recorded for each CS concentra�
tion.

RESULTS AND DISCUSSION

Optimum angle of the chip. Migration of reaction
zone was in vertical downward direction. However,
many forces including convection, gravity, capillary
force, and diffusion are expected to have roles in
migration. The explanation of this relationship may be
complicated and need further investigation. In this
work, the effect of the angle of tilting the chip (as
shown in Fig. 1b) was investigated and selected based
on analysis time and sensitivity. Figure 2 shows the
time�based calibration graphs obtained from various
angles of the chip position. It was found that tilting the
chip at too high an angle (i.e. 80°) slowed down the
migration. A tilt of 40° offered the shortest migration
time with acceptable sensitivity. Therefore, it was cho�
sen for further studies.

Optimum concentration of methylene blue. Con�
centration of the MB solution is expected to affect the
detection process. If it is too concentrated, it would be
difficult to observe the reaction zone that should have
lighter color. This actually causes the analysis time to

Methylene Blue

V1

V3V4

V2

Chondoritin

Sulfate

Detection

point
waste

waste

A

B

V1

V2
40°

(а)

(b)

Fig. 1. Diagram of a simple chip (a) showing ports and
direction of each solution (V: 3�way valve; A and B: cross�
ing points of the horizontal and vertical channels) and
(b) showing how the chip is tilted with respect to the hori�
zontal plane.
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be longer. As shown in Fig. 3, higher concentrations of
MB at 21.5 and 32.0 mg/L (or 60 and 90 μM) pro�
longed the detection time. At a lower concentration of
MB, reaction zone could be observed easier and faster.
However, if MB is too dilute, working range may be
too narrow and sensitivity would decline. Therefore,
concentration of MB at 10.7 mg/L (or 30 μM) was
chosen for further studies.

Comparison of CS6 and CS4 calibration graphs.
The two major types of chondroitin sulfate are CS4 (or
CS�A) and CS6 (or CS�C), depending on the position
of sulfonate group on N�acetyl�galactosamine [2].
However, in nutritional supplement products, there is
no label of specific type of chondroitin sulfate. There�
fore, calibration graphs of both CS6 and CS4 were
constructed and compared. Linear calibration graphs
were obtained in both cases as Y = –871 X + 2524, R2 =
0.9953 and Y = –873 X + 2533, R2 = 0.9936, for CS6
and CS4, respectively (Y: migration time; X: log con�

centration of CS). Their slope, intercept and R2 values
indicate that calibration graphs obtained from CS6
and CS4 are not significantly different. We selected
CS6 as a standard CS in further studies due to its avail�
ability in our laboratory.

Precision. Within a day precision was found to be
3.4% RSD from 10 replicate runs of 300 mg/L CS
standard solution. Precision of the system for the
determination of CS at 200, 250, 300, 350, and
400 mg/L prepared from the same stock solution on
3 different days (10 and 30 days apart) was also inves�
tigated. Calibration graphs obtained on those days are
compared in Table 1. Relative standard deviation
(RSD) of the slope was 2%.

Determination of chondroitin sulfate in nutritional
supplement samples. Although there was no significant
deviation of calibration graphs obtained on different
days, the time based calibration graph was always con�
structed on the same day as the sample analysis to
ensure the best accuracy.

Two brands of nutritional supplement tablets were
used to evaluate the proposed simple assay system.
The ingredients in each supplement are as follows;
Sample I: chondroitin sulfate 260 mg/tablet without
other ingredients reported; and Sample II: chon�
droitin sulfate 300 mg/tablet with 400 mg glucosamin
sulfate, 400 mg gelatine hydrolysate, 10 mg vitamin E,
5 mg zinc, and 0.02 mg selenium.

This simple time�based detection system could
estimate the amount of chondroitin sulfate at 98 and
106% label, respectively (Table 2).

In conclusion, the proposed simple Lab�on�Chip
with easily available reagent could correctly estimate
the important ingredient of bone supplementary tab�
lets (chondroitin sulfate) without the need of any
complicated or expensive instrumentation. Assay of
chondroitin sulfate in biological samples such as
serum and urine is possible by appropriate pre�treat�
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ment of samples [9, 11]. This application may be
extended further for screening of some diseases or fol�
lowing up the treatment. The system has a potential to
be developed for on�site analysis. Migration time�
based detection in a simple Lab�on�Chip should be
applicable for the assay of various substances, although
the detail of parameters that affect the migration may
be different.
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Table 1. Comparison of time�based calibration graphs ob�
tained on different days using the same conditions (Y is migra�
tion time and X is log concentration of CS)

Days Calibration graph R2 Avg slope
%RSD 
of slope

1 Y = –871 X + 2524 0.9953 

10 Y = –874 X + 2523 0.9872 –882 2

30 Y = –901 X + 2610 0.9900

Table 2. Assay of CS in supplement tablets using the simple
lab�on�chip with time�based detection

Sample
Labeled 

amount of 
CS, mg/tablet

Found 
amount of 

CS, mg/tablet

% of labeled 
amount

I (Japan) 260 255 98%

II (Germany) 300 318 106%



Recent developments in automatic
solid-phase extraction with
renewable surfaces exploiting
flow-based approaches
Manuel Miró, Supaporn Kradtap Hartwell, Jaroon Jakmunee, Kate Grudpan,

Elo Harald Hansen

Solid-phase extraction (SPE) is the most versatile sample-processing method

for removal of interfering species and/or analyte enrichment. Although sig-

nificant advances have been made over the past two decades in automating

the entire analytical protocol involving SPE via flow-injection approaches,

on-line SPE assays performed in permanent mode lack sufficient reliability as

a consequence of progressively tighter packing of the bead reactor, conta-

mination of the solid surfaces and potential leakage of functional moieties.

This article overviews the current state-of-the-art of an appealing tool for

overcoming the above shortcomings, so-called bead-injection (BI) analysis,

based on automated renewal of the sorbent material per assay exploiting the

various generations of flow-injection analysis. It addresses novel instrumen-

tal developments for implementing BI and a number of alternatives for on-

line chemical-derivatization reactions, and it pinpoints the most common

instrumental detection techniques utilized. We present and discuss in detail

relevant environmental and bioanalytical applications reported in the past

few years.

ª 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

The complexity of the matrices of samples
in environmental, biological, industrial
and biotechnological fields along with the
low concentration levels of target species
that might be encountered pose severe
dilemmas for their direct analysis, even
when exploiting modern analytical
instrumentation. This is a result of the
dependence of the analytical read-outs
upon concomitant matrix components,
and the fact that the concentration of
analytes is often below the dynamic linear
range of the detection device. Hence, there
is a need, prior to the quantification step,
for the development of simple, robust and
reliable sample-pretreatment procedures,
which are aimed at removing interfering
matrix constituents and at the same time
improving analyte detectability by
preconcentration. When performed in a
manual fashion, these preliminary opera-
tions are labor intensive and time con-
suming, difficult to control systematically,
and a source of major bias and accidental
errors (e.g., sample contamination) that
might have a decisive impact on the
accuracy and the precision of the analyt-
ical results.
The advent of the various generations of

flow injection (FI) (i.e. FI, sequential
injection (SI), lab-on-valve (LOV)) and
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hybrid techniques for on-line or in-line sample process-
ing has opened new perspectives as regards automation
and miniaturization of sample handling with the extra
advantage of saving sample and reagent consumption
and reducing waste generation [1,2].
This review illustrates the current state-of-the-art of

the so-called bead-injection (BI) technique, which per-
forms the entire solid-phase extraction (SPE) procedure
in a renewable fashion in flowing systems. In contrast
with earlier reviews dealing with BI [3–6], this article
critically discusses the overall platforms described in the
literature for BI-based SPE analysis and illustrates
alternative approaches for uptake and detection of target
species. We also describe in detail pros and cons of BI
assays, compared with conventional particle-packed
microcolumns, for flow-based SPE, via selection of rep-
resentative examples in the environmental and bioana-
lytical fields, as reported within the past decade.

2. On-line solid-phase extraction

Sorptive extraction is the predominant sample-process-
ing method to be automated by resorting to flow systems
as a consequence of its straightforward operation, high
separation and preconcentration capabilities and mini-
mum consumption of organic solvents. Most often, it is
employed by using packed-bed or disk-phase-based
microcolumns, which are filled with appropriate sorptive
materials and placed within the flow network prior to
the detection device.
The ultimate goal is to improve the sensitivity of the

analytical procedure and/or overcome the inherently
low tolerance of the detection system to sample constit-
uents by preconcentrating the analyte or removing
interfering components from harsh milieus (e.g., high-
salt or protein-content matrices) with no need for sample
dilution. Several solid-phase reactors with different
designs, mainly uniformly-bored or conical microcol-
umns, have been successfully assembled in flow-based
set-ups. The temporary retention of low-level concen-
trations of individual metal ions, nutrients and charged
(bio)molecules by electrostatic interactions onto ion-
exchange microcolumns or chelating reactors has been a
common practice in flow-through SPE methods [7].
Derivatized non-polar metal chelates (e.g., iminodiace-
tates, dithiocarbamates, dithiophosphates or quinoli-
nates) or hydrophobic species (e.g., organic pollutants,
dyes and drugs) have been preconcentrated on reversed-
phase materials (e.g., octadecyl-chemically modified sil-
ica gel, polytetrafluoroethylene (PTFE) beads or turnings,
or multimodal polymeric sorbents) by partitioning,
hydrophobic, or p-p interactions [1,7]. The target com-
pounds are either directly retained on the reactive sur-
faces after appropriate sorbent conditioning or in-line
derivatized into a suitable chemical form. This extraction

mode circumvents interfering effects from alkaline and
alkaline-earth elements when determining hazardous
trace metals via intelligent selection of the chelating
reagent [1].
As detailed above, flow-through SPE procedures have

been implemented using permanent packed-column
reactors. However, these sorptive columns are prone to
problems in long-term operation due to the progressively
tighter packing or clogging of the column material
resulting in increase of back pressure, which might be
alleviated to some extent by back-flushing elution pro-
tocols. Further drawbacks of on-line SPE with reusable
surfaces are analyte carry-over effects, shrinking or
swelling of the sorbent bed, malfunctions of the active
entities including loss of functional moieties (the last of
these being a common problem for reagent-impregnated
bead materials) and, finally, surface deactivation due to
irreversible sorption of interfering species. All these
problems can be eliminated by exploiting the concept of
renewable surfaces, or, as it has been termed, BI, i.e.
where the solid-phase material, if called for, can be
renewed for each analytical cycle.

3. The concept of bead injection

The BI approach originally adapted to optical sensing in
SI analyzers was introduced as a powerful tool for the
automation of immunoassays using diffuse reflectomet-
ric detection [4]. The miniaturized BI chemosensors use
minute amounts of beads carrying the derivatization
reagent or functional moieties, whereby the analyte be-
comes preconcentrated and can be monitored via optical
fibers in custom-built flow-through cells that capture the
active sensing surfaces while allowing the perfused liquid
to flow freely [4]. After each analytical run, the sorbent
particles are disposed by flow reversal and the sensor
surface is renewed by injecting a new plug of a fresh
bead suspension. This concept of optical sensing at solid
surfaces, also termed solid-phase optosensing or BI
spectroscopy, constitutes an attractive alternative to on-
line SPE procedures with eluate detection for preventing
the partial loss of the preconcentration capabilities
gained during the sorption step as a result of dilution of
the eluate plug when delivered to the detector [8].
Moreover, BI fosters real-time monitoring of the sorption
process and thus detection relying on initial rate mea-
surements can be readily accomplished. A further
advantage of BI derived from its characteristic renew-
ability is its inherent flexibility in accommodating re-
agent-based SPE assays with no stringent demands as to
the full reversibility of the sorption or elution procedure.
This is the case in uptake of Fe(II)-1,10-phenanthroline
onto chelating beads because eluents, such as nitric acid
or EDTA, are inefficient for quantitatively stripping out
the chelate from the beads [9].
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Notwithstanding the fact that both optical paths and
reaction times in BI-based schemes are shorter, com-
pared with steady-state liquid-phase spectrophotometry,
no deterioration in sensitivity is observed as a result of
immobilizing the analyte on a small surface area of the
sensor wherein the reaction is driven by an excess of
solid reagent [4].
In order to handle the bead material reproducibly

within the automatic system, it is imperative to ensure
bead-size homogeneity and the spherical shape of the
reagent-supporting entities so as to prevent compact
settlement into the conduits of the flow set-up. Hence,
reversed-phase, chemically-modified, silica-gel lumps are
not really suited for this purpose as a result of their
irregular shape and size distribution [5]. However, bead
material with a backbone of poly(styrene-divinylben-
zene), poly(vinylpirrolidone) or agarose (e.g., Sephadex
or Sepharose-type beads) fulfils the foregoing demands,
inasmuch as they are perfectly spherical and have a
uniform size. The use of either micellar media or ancil-
lary continuous recirculation schemes for the bead sus-
pension [10] might be needed for reliable manipulation
of hydrophobic sensing entities with higher density than
water within the flow manifold.

4. Development of instrumentation

4.1. Jet-ring cell and rotating-rod flow cell
The instrumentation development for BI, initiated by
Ruzicka and co-workers [4], is based on an SI network
furnished with the so-called jet-ring cell. The name ‘‘jet-
ring’’ cell comes from the configuration and operation of
the bead-retention cell made as part of the flow conduit
by inserting a solid rod to block the beads in the assigned
space. As shown in Fig. 1, the channel of the cell has an
inner diameter slightly larger than the outer diameter of
the blocking rod, forming the O-ring gap between the rod
and the wall of the channel all around the rod. Only
solutions are able to flow out while beads whose sizes are

larger than the gap are packed due to the continuous
incoming flow pushing the beads against the blocking
rod. Used beads are discarded by the jet of solution
reversing and rapidly flowing upstream.
For capture and release of beads as small as 5–7 lm in

SI manifolds, a novel bead-trapping strategy, the so-
called rotating-rod flow cell [11], was designed. The
renewable sorbent microcolumn is created by first trap-
ping larger beads (>15 lm) in the flow cell, and then
smaller beads bearing functional moieties are captured
either within or on top of larger beads, thus acting as a
filter layer [12].

4.2. Lab-on-valve
The LOV approach hyphenated to SI set-ups should be
viewed as a judicious advance towards automation and
miniaturization of BI schemes but within integrated
microbore units [13]. The microconduit unit, made ini-
tially of Perspex, but more recently of hard polyvinyl-
chloride, polyetheretherketone (PEEK) or polyetherimide
(ULTEM), is a single monolithic structure mounted atop
the multiposition valve of an SI assembly, as illustrated
in Fig. 2. Designed to incorporate all necessary labora-
tory facilities for a variety of analytical chemical assays,
including in-valve manipulation of sorbent materials,
hence the name lab-on-valve, it is made to contain
microchannels working as the bead-retention cell along
with mixing points for chemical derivatization of the
analyte, if needed, and a multipurpose flow-through cell
for real-time interrogation of analyte-containing beads
[13,14].
In short, packed-column reactors are generated in situ

by aspirating beads from a peripheral port of the valve,
advantage being taken of the fact that the sorbent in the
LOV unit can be manipulated in exactly the same way as
when handling liquids. The solid entities can even be
automatically transported between different column
positions within the micromachined unit, their retention
within the columns being facilitated by fitting the col-
umn positions with appropriate stoppers (see Fig. 2),
namely, up-down movable rods or optical fibers them-
selves, which will keep hold of the beads, yet allow
solutions to flow freely. In-valve detection could be
realized at the eluate in the same way as conventional
SPE or by solid-phase optosensing [15].
As opposed to lab-on-chip (LOC) microdevices, the

open architecture of the SI-LOV approach facilitates
implementation of BI protocols at will with no need for
redesign of the unit. Readers are referred to a recent
comprehensive review by Miró and Hansen [16] for a
critical discussion of the pros and cons of LOV compared
to LOC microsystems for automated SPE.

4.3. FI-BI with home-made and commercial flow cells
BI has also been adapted to FI systems as a cost-effective
alternative to more sophisticated SI set-ups. The

Figure 1. Jet-ring cell and operation of bead injection (packing and
renewal steps) (Reproduced with the author�s permission from
J. Ruzicka, Flow Injection Analysis CD-ROM Tutorial, 3rd Edition,
2004; Published by FIAlab Instruments, Inc.).
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home-made bead-retention cell introduced by Grudpan�s
group [9,17] was modified from the jet-ring cell to suit
the uni-directional flow normally employed in FI sys-
tems. The dedicated cell was furnished with an LED-
based light source and a phototransistor detector at the
opposite ends of the cell windows. Similarly to the jet-
ring cell and LOV unit, the blocking rod leaves a minute
space between the rod and the exit channel to let
solution flow through while beads are retained. A
mechanically movable blocking rod is used to control
bead trapping and discarding instead of flow reversal. A
solenoid actuator connected to the rod controls its
movement. After each analysis, the rod is pulled back far
enough to open the outlet and let the used beads flow
out.
Commercially-available flow-through cells commonly

used in FI liquid-phase spectrophotometric detection
have been adapted to BI spectroscopy by Molina-Dı́az
and co-workers [18–20]. Glass wool is used to plug the
outlet of the flow cell to keep beads inside. Bead dis-
carding is done by backward flushing the beads out with
a high flow-rate solution using an ancillary uni-direc-
tional peristaltic pump. Two Hellma-type flow cells,

namely, 138 OS (1 mm light path, 50 lL inner volume)
and 176 QS (1.5 mm light path, 25 lL inner volume),
were used for spectrophotometric [18,20] and fluoro-
metric [19] optosensing, respectively. The configurations
of both flow cells can be found in Hellma�s cell catalog
and in works published by Molina Dı́az�s group [18–20].
However, according to the current Hellma catalog, the
flow-cell model 138-OS is no longer available. A draw-
back of the commercial flow cells is that the detection
window is smaller than the bead volume, so not all
product sorbed is monitored.

4.4. Magnetic flow-through cell
Ruzicka and co-workers [21] proposed in the 1990s a
tubular BI cell design for magnetic bead-based SI
immunoassays with detection of unbound labeled anti-
bodies in the liquid phase, which was later extended to
solid-phase optosensing by Imato�s group [22,23] using
a dedicated configuration for BI with luminescence
detection. The magnetic beads involving functionalized
agarose-coated iron-oxyhydroxide particles are suitable
for assays (e.g., immunoassays) involving several oper-
ational steps. A neodymium magnet or magnetic wire

Figure 2. An SI-LOV set-up for BI optosensing. The inset shows a magnified close-up of the micromachined LOV unit (Reproduced with the
author�s permission from J. Ruzicka, Flow Injection Analysis CD-ROM Tutorial, 3rd Edition, 2004; Published by FIAlab Instruments, Inc.).

Trends Trends in Analytical Chemistry, Vol. 27, No. 9, 2008

752 http://www.elsevier.com/locate/trac



located under the (immuno)reactor is moved up and
down to trap the magnetic beads in place or let them
flow with carrier solution. Fig. 3 shows the configura-
tions of the magnetic flow cell and SI network for BI-
based chemiluminescence bioassays. In this open tubu-
lar cell design, the continuously flowing stream of solu-
tion is less likely to cause bead packing or clumping
during the multi-steps of washing and incubation re-
quired in immunoassays. The most important limitation
of this flow configuration for BI stems from the metallic
nature of the bead core, which impedes monitoring of
the development of chemical reactions at low pH values.

5. Analytical procedures for bead injection

5.1. Bead modification
Although commercially-available ion exchangers or
(co)polymeric beads can be directly utilized for BI, raw
sorbents might be modified in the batch mode to incor-
porate appropriate moieties by physical or chemical
binding with the bead surface or matrix for selective
sorption or reaction with the analyte. As a consequence

of the renewable nature of beads, BI is well suited to
overcoming the most severe drawback of SPE procedures
involving physical immobilization of reactants, i.e. the
short lifetime of the loaded sorbent because of the
gradual flushing out of the reagent during sample per-
colation.
For bioassays, antibodies or antigens [15,21–25] have

been immobilized on magnetic [21,22] or polysaccha-
ride-based [24,25] beads. The latter have also proved
suitable as substrate for cell cultivation [26,27].
For environmental assays of trace metals, polymeric

beads have been loaded with ligands (e.g., carbazides or
azo compounds) off-line [28–30] because the time frame
for quantitative impregnation of the bead surface can
then be selected at will regardless of ligand-sorption
kinetics. Compared with on-line protocols, higher re-
agent concentration on the sorbent material is then
ensured, which, in turn, should lead to improved
enrichment factors and analyte-breakthrough volumes.
However, optimization of immobilization protocols (pH
and reaction time) by measuring the rate and the yield of
reactions could be performed at-line in SI-LOV by
attaching a stirred bead microreactor to a peripheral port

Figure 3. (A) SI manifold for chemiluminescence immunoassay of vitellogin using magnetic microbeads (B) Dedicated flow-through cell for
retention of antibody bearing magnetic beads. Vg, Vitellogin; HRP, Horseradish peroxidase (Reproduced from [22] by permission of Elsevier
Ltd.).
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of the selection valve and real-time monitoring of ligand
uptake on bead surfaces [31].

5.2. Analyte uptake
Sorption of the analyte itself onto renewable ion-
exchange resins has been common practice for SI-LOV-
BI determination of trace-metal ions [5], although it
could equally be exploited for uptake of charged drugs or
biomolecules followed by UV-Vis or fluorometric mea-
surements [32,33].
Analytes could in principle also be retained on the

sorbent prior to addition of a chromogenic agent for
heterogeneous on-bead derivatization in solid-phase
spectrophotometric measurements. For example, cop-
per [34], iron [9] and mercury [35] were separated
from sample matrices via sorption onto chelating
resins prior to derivatization with ammonium pyrrol-
idine dithiocarbamate, 1,10-phenanthroline and
dithizone, respectively. However, the approach is lim-
ited to those applications where the color-development
reaction proceeds rapidly with no elution of the che-
late formed.
To tackle the above drawback, researchers have

exploited homogeneous phase derivatization, i.e. the
analyte reacts in-line with the ligand before sorption of
the resulted products on beads. This reaction might lead
to improved retention selectivity and increased affinity of
the analyte to the sorptive material. For example, trace
metals after derivatization into a non-charged chelate or
(co)precipitate are selectively sorbed on reversed-phase
(e.g., PTFE or octadecyl-chemically-modified copoly-
meric) packing materials [18,36,37]. Indirect determi-
nation of drugs (e.g., promethazine and trifluoperazine)
could be effected by on-line oxidation with Fe(III) with
subsequent complexation of the resulting Fe(II) with
ferrozine followed by solid-phase spectrophotometric
detection of the chelate onto anion exchangers [18].

5.3. Detection techniques
A notable asset of BI is the inherent capability for
hyphenation to many instrumental devices. Though
most frequently used in combination with spectropho-
tometry [9,15,17,20,25,35], BI spectroscopy also has
applications involving fluorometric [12,19] and chemi-
luminescence [22,23] detection. The most important
requirement for BI spectrophotometry is the optical
transparency of beads to prevent high signal background
and light-scattering effects. It should be noted that not
merely single-parameter but biparametric BI-based
spectrophotometric or spectrofluorometric sensors have
been designed for determination of trace elements (e.g.,
Zn and Cu or Al and Be) using a non-selective chelating
reagent and selective elution or sorption protocols
[19,20]. Unfortunately, sequential assays were required
because of the limited chromatographic resolution of the
BI columns.

Coupling BI to electrothermal atomic absorption
spectrometry (ET-AAS) with direct introduction of metal-
loaded sorbent into the graphite furnace is feasible for
polymeric organic beads (e.g., Sephadex or Sepharose)
because of pyrolysis of the beads prior to metal atom-
ization [5]. Besides the aforementioned detectors, BI has
been coupled to voltammetric [26], inductively coupled
plasma-mass spectrometry (ICP-MS) [5], atomic fluores-
cence spectrometry (AFS) [37,38], MS [39] and radio-
metric [40] instruments, although eluate detection was
called for in all instances.

6. Applications of flow-through bead injection

In this section, we review relevant applications of BI in
both environmental and bioanalytical fields. Table 1
shows the analytical performance of such methods,
including the sorbent material, the flow approach, the
detection technique, the dynamic linear range, the
detection limit, the precision and the sample matrix.

6.1. Environmental assays
Most of the work conducted in this field has focused on
determination of trace-level concentrations of inorganic
elements in harsh environmental matrices containing
high levels of dissolved salts, such as seawater, brines or
soils [29,36,41]. To this end, matrix separation with
concomitant metal/metalloid enrichment has been ef-
fected using SI-LOV-BI preconcentration and eluate
detection by ET-AAS or AFS. SI-BI is also a suitable
platform for accommodation of trace-metal-speciation
assays (e.g., Cr(III) and Cr(VI)) via selective retention of
oxidation states in appropriate sorbent materials (e.g.,
cation and anion exchangers) or via sequential deter-
minations of a single species and total inorganic metal
following in-line homogeneous/heterogeneous redox
reactions and preconcentration in a given sorptive
microcolumn [42]. Readers are referred to a compre-
hensive review article [43] for further details as to the
designs and analytical performance of SI-BI-LOV
methods for trace-metal determinations in environmen-
tal matrices.
Recent trends are devoted to the exploitation of hybrid

flow systems (e.g., multi-syringe flow injection (MSFI)
analysis) in combination with BI-LOV to expand the
scope of the miniaturized systems [38,44]. It should be
borne in mind that SI-BI-LOV manifolds are not well
suited to implementation of post-LOV derivatization
reactions because of the need in SI-LOV to aspirate the
overall solutions in a holding coil. However, interfacing
BI-LOV with MSFI enabled the sorptive preconcentration
and determination of hydride-generating species by on-
line derivatization of eluate with sodium tetrahydrobo-
rate prior to AFS detection [38]. Despite the divergent
kinetics of analyte sorption and hydride generation,
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optimal experimental conditions for both reactions were
affixed in a sole flow network due to the discontinuous
flow nature of the MSFI technique and the flexibility of
the approach for providing variable flow rates at will
[38].
BI in an LOV approach has not been merely applied to

sorptive preconcentration of metal species but organic
pollutants as well prior to reversed-phase liquid chro-
matographic (LC) separations, as demonstrated by
determination of anti-inflammatory drugs in raw
wastewaters using hydrophobic/hydrophilic co-poly-
meric beads with no need for ancillary sample treatment
[44]. The marriage of BI-LOV with MSFI proved suitable
for quantitative elution of sorbed drugs whilst efficient
LC band focusing of eluate was also ensured.

6.2. Cellular assays/activities
Cellular assays are crucial for studies of new pharma-
ceutical candidates and their reaction protocols. These
studies normally involve loading of various doses of a
given drug on cells, monitoring the reaction and
detecting cell responses in batch mode. These procedures
require techniques that can handle living cells reliably
by preventing deterioration of cells, while assuring
reproducible timing and precise injection of minute vol-
umes of reagents. BI has played an outstanding role in
the improvement of cellular assays [45].
In 1999, Hodder and Ruzicka [46] introduced a novel

application of SI-BI by using beads as micro-carriers of
living cells to measure elevation of intracellular calcium.
A high density of cells could be trapped in the small

inner volume of a jet-ring cell, which was placed above a
fluorescence-microscope-objective lens. The beauty of
this approach is that a fresh portion of cells is exposed to
a given concentration of chemical and replaced for each
assay. The investigation of cell response to a given drug
or chemical is thus done more accurately than classical
approaches because of the absence of carry-over effects
and loss of cell activity over time. The continuous
monitoring of signal changes at the beads provided peak
profiles that yielded valuable information on the kinetics
of cellular assays and the concentration threshold of
reagent, agonist in this case, that causes cell response.
Similar uses of beads as micro-carriers for living cells

were extended to LOV [26]. For example, consumption of
glucose and extrusion of lactate could be detected sensi-
tively and rapidly due to the high concentration of
immobilized cells [47]. The exploration of cellular activ-
ities based on the release of protons from cells in LOV was
also reported [27]. Though BIs were done manually here,
two micro-packed bead columns were uniquely created
within one section of the LOV micro-channel, as shown
in Fig. 4A. Beads carrying cells were retained upstream to
the beads with immobilized pH indicator. Protons ex-
truded from cells were accumulated during the stopped
flow and were pushed to react with the immobilized
indicator, causing the color change on the indicator
beads which could be in-valve monitored by solid-phase
spectrophotometry (see Fig. 4D). The flow set-up illus-
trated in Fig. 4B was proposed as an alternative to more
complicated molecular devices and to replace the light-
addressable potentiometric sensor for measurement of

Figure 4. An SI-LOV manifold for measurement of proton extrusion from living cells using two different packed-bed columns. A), C), and D)
Magnified views of bead columns (cell beads and pH indicator beads) implemented within LOV microconduits. B) Detailed diagram of SI com-
ponents for BI spectroscopy of pH indicator beads (Reproduced from [27] by permission of Royal Society of Chemistry).
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extracellular acidification rates, which has been utilized
frequently for evaluation of metabolic functions, but
which is no longer commercially available.

6.3. Kinetic affinity studies and affinity
chromatography
In 2002, Ogata et al. [39] demonstrated that BI-LOV
could be used effectively as an automatic system for
investigation of kinetics of affinity capture and release of
biomolecules. Model studies were conducted with a well-
known non-covalent binding between streptavidin-
coated beads and biotinylated conjugates. This group
devoted further work to develop the beta-galactosidase
assay in human-skin fibroblasts using on-line ion-ex-
change and electrospray ionization-mass spectrometry
(ESI-MS) [39]. This work revealed the flexibility of LOV
as a front end to many analytical instruments besides
optical-fiber spectrophometers.
A similar miniaturized set-up was exploited by Ruzicka

and co-workers for critical comparison of BI spectroscopy
with affinity chromatography (or more precisely ‘‘affinity
extraction’’), which involved eluate detection, in the
course of bioassays [15]. Preliminary studies showed that
results obtained from the two different modes of detection
complemented each other and gave a complete picture of
biomolecular association and dissociation between target
biomolecules and bioligands immobilized onto bead sur-
faces. However, while affinity chromatography offers
improved sensitivity, compared to BI spectroscopy
(detection limits are >10-fold better), BI spectroscopy
offers unique possibilities for monitoring biomolecules
irreversibly bound to the chromatographic column.

6.4. Immunoassays
The precise micro-fluidic manipulation and timing
inherent in SI-LOV, combined with the concept of renew-
able solid surfaces, make it possible to perform multi-step
protocols (e.g., immunoassays) automatically [24,25].
In-valve bead retention was accomplished using jet/noz-
zle plug and fiber optics, as previously designed for other
LOV applications. Both label dilution immunoassay for
determination of goat, anti-mouse IgG [24] and ELISA for
detection of GAD65 antibodies [25] were demonstrated.
Although low sample throughput is a limitation, com-
pared to standard 96-well plate immunoassay, the much
shorter time per assay cycle (less than 30min vs. 5–8 h) is
suitable for immediate clinical feedback and low-to-med-
ium numbers of samples. In addition, the micro-fluidic,
computer-controlled analyzer requires much lower sam-
ple volume (50 lL or less vs. 200–400 lL) and precludes
the need for experienced medical technicians.

6.5. Purification and quantitation of DNA and specific
biomarkers
BI-LOV has recently been proposed as a platform for
determination of nucleic acids. The use of silica gel as a

renewable SPE material for purification of DNA from
whole human blood was demonstrated [48]. Beads were
packed within an LOV cavity to retain DNA, which was
later eluted for PCR amplification and electrophoretic
separation. DNA purification was monitored on-line by
post-column fluorimetry using ethidium bromide as a
derivatization reagent. Other researchers used specially
functionalized beads for elucidation and quantitative
determination of specific DNA sequences [49,50]. The
improved sensitivity gained by BI-spectroscopic detection
allowed determination of DNA at the pmol level [49]. This
systemmight ultimately be applied to any assay involving
identification of life-threatening micro-organisms.
Hartwell et al. [51] incorporated wheat-germ-bearing

beads in an FI-BI assembly for determination of bone-
specific alkaline phosphatase. Detection can be done
easier than with the conventional wheat-germ-aggluti-
nation technique. In addition, the increase in surface
area of micro-beads for immobilization of reagent with
respect to the inner surface of the micro-well used in
ELISA permits better differentiation between the osteo-
porosis-patient group and the normal group.
Readers are encouraged to peruse critical reviews

[32,33] for a comprehensive overview of LOV applica-
tions within the bioanalytical field.

7. Future trends

It is to be expected that BI in the different formats will be
further developed in the years to come for high-
throughput analysis or screening in various analytical
fields. Coupling of LOV with affinity chromatography
with various detection systems, including BI-spectro-
scopy, MS, amperometry or fluorometry, is expected to be
well suited to current demands in bioanalytical sciences,
including natural-product research, drug discovery, and
protein and DNA analyses, as well as in clinical and
medical analyses for rapid screening and diagnostics.
SI-LOV-BI offers significant potential in the environ-

mental field for removal of matrix ingredients in leach-
ates and concomitant analyte enrichment following on-
line leaching tests of environmental solids (e.g., soils or
sediments) packed in microcolumns attached to the
peripheral ports of a multi-position valve [41]. It should
be noted that there has not yet been any report on any
attempt to investigate the sorptive capabilities of mate-
rials (e.g., soil layers for trace elements) by utilizing flow
systems furnished with on-line solid-column reactors.
Leaching or sorption schemes might be extended to
radioisotopes as tracers or essential ingredients of isotope
dilution in geochemical studies or as analytes in nuclear
technological studies involving nuclear waste storage
and management. Applications of BI systems with
radiochemical detection for automation in handling
radioactive materials in a closed system would also be
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very useful practice for nuclear medicine and nuclear
reactor management.
It would be also interesting to explore the combination

of BI with field-flow fractionation as a tool for gaining
knowledge on size and distribution of low-level concen-
trations of macromolecules. This should be useful for
environmental and clinical investigations.
As regards to new sorptive materials, we expect

molecularly-imprinted polymeric spheres, prepared by
suspension polymerization, precipitation polymerization
or multi-step swelling polymerization [52], which fea-
ture improved selectivity for a given target analyte or
group analogous, to be exploited for BI spectroscopy or
BI sorbents prior to LC separations.
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[41] X.-B. Long, M. Miró, E.H. Hansen, Analyst (Cambridge, UK) 131

(2006) 132.
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Sequential injection was introduced to perform a multi-step immunoassay. Modified low

cost hematocrit glass capillary was employed as the immobilization surface for a competi-

tive immunoassay of chondroitin sulfate (CS), a potential biomarker for cancer. Glass

capillary is low cost and adapts well to the flow system without causing back pressure.

The analysis time per sample run with automation of the multi-step immunoassay is

improved as compared to the conventional batch-wise micro-plate format. The performance

of the sequential injection capillary immunoassay (SI-CI) system for CS was evaluated

with spiked human serum samples.
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INTRODUCTION

Despite being a highly specific technique, especially suitable for analysis of
bio-molecules in complex matrices, batch wise immunoassay has the disadvantage
of being a tedious process due to multiple incubation and washing steps. Attempts
to reduce error and tediousness have led to the construction of automatic immunoas-
say machinery (Tosoh Bioscience, Inc. 2009; PerkinElmer 2009). However, even with
automatic operation, the analysis process is still highly time consuming, similar to
that of the conventional batch-wise micro-plate immunoassay format, due to the
waiting period to perform detection at equilibrium.

Sequential injection, which is a computer controlled flow based system
equipped with bi-directional syringe pump and multi-selection valve, has been
employed successfully for various rapid chemical analyses (Llorent-Martı́nez et al.
2008; Anthemidis 2008; Segundo, Lima, and Rangel 2004; Ruzicka and Marshall
1990). Apart from being able to perform analysis at nonequilibrium state, which
helps to reduce total analysis time, its capacity for many reagents at low volume
and capability of precise time control make it suitable to be adapted for rapid immu-
noassay. Various formats of solid substrate for immobilization of biomolecular
receptors have been reported for use in flow based systems (Li, Lan, and Zhang
2008; Yang et al. 2008; Dietrich and Kräme 1995; Zhang et al. 2007; Lin, Qu, and
Zhang 2007). Capillary is a particularly convenient format to use as it can be coupled
with the tubing generally used in a flow injection=sequential injection system. Even
though the surface area of the capillary cannot easily be expanded as compared to
that of beads and membrane, capillary has the benefit of being able to eliminate back
pressure in the flow line owing to its open tubular shape. Sufficient sensitivity can be
obtained from capillary-based immunoassay, as it has been reported for
some analytes (Nistor and Emnéus 2003; Surugiu et al. 2001; Jiang, Halsall, and
Heineman 1995).

Biomarkers are of interest for early prediction of some difficult to diagnose
diseases (Stephan et al. 2007; Anderson et al. 2008; Petri et al. 2009; Terenghi et al.
2009; Heiss et al. 2008). However, none of these biomarkers are completely specific
for a certain disease. For example, the amount of sialic acid was reported to correlate
with various cancers and also with heart disease (Nigam, Narain, and Kumar 2006;
Surapaneni and Vishnu 2009), while elevated levels of hyaluronan and chondroitin
sulfate were found in patients with liver disease, bone disease, inflammation,
and some cancers (Tangkijvanich et al. 2003; Sun et al. 2006; Tammi et al. 2008).
Preliminary studies by our co-workers revealed that considering various biomarkers
(i.e., hyaluronan, sialic acid and chondroitin sulfate) at the same time seemed to be
more effective in predicting the stage of cancer. To reduce total analysis time,
especially for multi-analytes in complex matrices, an immunoassay system that is
more rapid and easier to perform should be useful for this task.

Our group has reported the use of plain glass capillary in place of high cost
fused silica capillary with a sequential injection system. Sialic acid and hyaluronan,
potential biomarkers for cancers and bone diseases, could be immobilized onto the
plain glass surface via a simple physical adsorption and could be used in the system
with flowing reagent (Hartwell et al. 2009, 2010). Another biomarker of interest,
chondroitin sulfate (CS), requires different immuno-biochemistry. Determination
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of CS using a flow injection system with a micro-affinity column has been done
(Hartwell et al. 2007). However, the valve switching and pump were manually
controlled. To reach the final goal of developing a rapid multi-biomarkers analysis
system, use of the same analysis method (sequential injection-capillary immunoassay
(SI-CI), in this case) would be most convenient. Preliminary study showed that,
unlike HA and sialic acid, CS cannot be physically adsorbed onto the plain glass
capillary. Mastichiadis et al. (2008) have summarized strategies for glass capillary
activation for both covalent and non-covalent bonding of various bio-molecules.
Covalent bonding through APTES and glutaraldehyde was selected for use in our
CS study.

EXPERIMENTAL

Reagents and Buffer Solutions

Phosphate buffer of 0.1M, used for the capillary modification process,
was prepared by dissolving 3.39 g Na2HPO4 � 2H2O (Scharlau, Spain) and 4.82 g
NaH2PO4 � 2H2O (Merck, Germany) in 400mL deionized (DI) water and the pH
was adjusted to 7.0 with NaOH (Merck, Germany). Then, the volume was brought
up to 500mL with DI water.

Shark A1 (Sh-A1) prepared from shark cartilage as described elsewhere
(Pothacharoen et al. 2006) and chondroitin sulfate (Sigma) for immobilization onto
the modified glass capillaries were prepared as solutions in a coating buffer [20mM
sodium carbonate buffer composed of 0.33 g Na2CO3 (Carlo Erba) and 1.42 g
NaHCO3 (Merck)]. Their pHs were adjusted to 9.6 by adding a few drops of NaOH
(Sigma) prior to making up volume to 1L with DI water.

Monoclonal antibody (IgM) against chondroitin 6-sulfate (named as WF6),
which was laboratory prepared by The Thailand Excellence Center for Tissue
Engineering, Department of Biochemistry, Faculty of Medicine, Chiang Mai
University, as previously described elsewhere (Pothacharoen et al. 2006) was diluted
to 1:1000 ratio with incubation buffer. It was found experimentally that WF6 has
high specific recognition toward CS and Sh-A1 through two epitopes octasaccharide
sequences which, evidenced by computer modeling, govern similar shape and
distribution of electrostatic potential that are different from other nonbinding
octasaccharide sequences (Pothacharoen et al. 2007).

The m-chain specific goat-antimouse IgM conjugated with horseradish peroxi-
dase (anti-Ig-HRP, Sigma-Aldrich) was diluted to 1:2000 ratio with an incubation
buffer.

The incubation buffer (THST) was 0.01M Tris-HCl saline buffer pH 7.4,
which was composed of Tris-HCl (USB) and NaCl (Carlo Erba), and containing
0.1% Tween 20 (USB). The Sh-A1 and CS standard solutions for competitive bind-
ing with immobilized CS and Sh-A1 were also prepared in this incubation buffer in
the presence of 6% BSA (Sigma) to compensate for protein rich serum matrices.
Substrate for peroxidase was 3,30,5,50tetramethylbenzidine (TMB) ready to use
solution (KLP). Carrier solution was citric phosphate buffer pH 5.0, composed of
0.05M C6H8O7 �H2O (Carlo Erba) and 0.1M Na2HPO4 � 2H2O (Scharlau) and
HCl (Sigma).
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Preparation of Capillary Reactor

Preparation of glass capillaries for immobilization of CS and Sh-A1 through
covalent bonding was conducted using the process modified from Torabi et al.
(2007). The glass capillaries of 7.5 cm in length and 1.15mm i.d (micro- hematocrit
tube, BRIS) were cleaned by submerging them in a small closed glass bottle contain-
ing 6.5% (v=v) HNO3 (Sigma). The bottle was placed in an ultrasonic water bath
(Bandelin electronic) set at 70�C for 10min. Then, the nitric acid solution in the
bottle was discarded and changed to DI water. Capillaries were washed with DI
water four times, by shaking on a Lab-shaker for 5min each time. Finally, capillaries
were dried in an oven (Memmert) at 100�C for 2 h.

Modification of glass capillaries started with silanization. Capillaries were
submerged in the solution of 10% 3-aminopropyltrimethoxysilane (APTES, Sigma-
Aldrich), prepared in dried toluene (Sigma). The bottle containing APTES solution
and capillaries was placed in a water bath set at 80�C and was left for 30min. After
that, capillaries were washed once with dried toluene, followed by ethanol 95%
(Merck), and then three times with DI water. The capillary washing step was done
on a shaker and dried in a heated oven as described previously.

Capillaries were filled with a solution of 2.5% v=v glutaraldehyde (Ajax),
prepared in 0.1M phosphate buffer pH 7.0. Glutaraldehyde was allowed to react
with the silanized surface at 25�C for 30min, and then it was removed by washing
with DI water three times. Capillaries were stored in 0.1M phosphate buffer pH
7.0 at 8�C for further use. These treated capillaries were reported to be able to be
kept for many months (Torabi et al. 2007).

The capillaries were filled with 10 mg=mL (approximately 80 mL) of either
Sh-A1 or CS solution, prepared in 20mM carbonate buffer pH 9.6. One end of each

Figure 1. Diagram of the SI-CI system for chondroitin sulfate.
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capillary was submerged in the Sh-A1 or CS solution at a 45� angle with respect to
the solution surface. The capillaries were filled by using capillary force. Then, both
ends of the capillaries were sealed with Parafilm1 and left for incubation overnight
at 8�C. The capillaries were washed with 2mL incubation buffer prior to use in order
to remove any unbound species.

Blood Samples

With the limited access to blood samples, some studies used pooled blood sam-
ples from many individual subjects to obtain sufficient amount of samples for study.
All blood donors gave their informed consent before participation in this study.

Apparatus and Operational Step

The sequential injection capillary immunoassay system (SI-CI) set-up is similar
to that previously reported for sialoglycoconjugates and hyaluronan (Hartwell et al.
2009, 2010). Figure 1 illustrates the system with the position of each reagent on the

Table 1. Summarization of the operational steps of the SI-CI system for chondroitin sulfate

Step

no. Operation

Volume

(mL)
Flow rate

(mL=s)

1 Washing coated capillary with incubation buffer 2000 100

2 Aspiration of air to the holding coil 20 10

3 Aspiration of standard Sh-A1 solution or serum sample to the holding coil 20 10

4 Aspiration of antibody (WF6) to the holding coil 40 10

5 Aspiration of standard Sh-A1 solution or serum sample to the holding coil 20 10

6 Aspiration of air to the holding coil 20 10

7 Mixing standard Sh-A1 solution and WF6 by moving solution back and

forth twice

– 10

8 Sending mixture to Sh-A1 coated capillary and incubate for 1min 80 10

9 Removing unbound species by washing capillary with incubation buffer 1500 50

10 Aspiration of air to the holding coil 20 10

11 Aspiration of anti-IgM-HRP to the holding coil 80 10

12 Aspiration of air to the holding coil 20 10

13 Sending anti-IgM-HRP to CS=Sh-A1 coated capillary and incubate for

3min

80 10

14 Removing unbound species by washing capillary with incubation buffer 1500 50

15 Aspiration of air to the holding coil 20 10

16 Aspiration of substrate TMB to the holding coil 80 10

17 Aspiration of air to the holding coil 20 10

18 Sending substrate TMB to CS=Sh-A1 coated capillary and incubate for

7min

80 10

19 Discarding air 30 10

20 Aspiration of product solution to the holding coil 50 10

21 Sending the product solution to the detector by using citric phosphate

buffer as a carrier

1000 10

Note: Steps 17–20, the discarded air volume (30mL) needs to be higher than the aspirated air volume

(20 mL) to ensure the prevention of air entering the detection flow cell. Therefore, the volume of the reac-

tion zone left to be sent to the detector (50mL) was lower than the aspirated TMB solution volume (80mL).
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multi-selection valve. The CS or Sh-A1 coated capillary, previously blocked with
gelatin, was incubated with the mixture of CS (standard solution or sample) and
WF6 for a selected period of time. Any unbound species were removed and the capil-
lary was washed with an incubation buffer. Then, the capillary was incubated with
anti-IgM-HRP for a selected period of time before removal of unbound species by
washing with an incubation buffer. After that, the capillary was incubated with sub-
strate TMB and the colored product was sent to the detector. Selected incubation
times for each step were chosen according to experimental results which will be
described in the later sections. Table 1 summarizes the automatic operational steps
by the SI system required to carry out the competitive immunoassay process as
shown in Figure 2. The operation was controlled by the software created using
Visual Basic 6.0, as described in detail elsewhere (Siriangkhawut et al. 2009).

RESULTS AND DISCUSSIONS

Evaluation of Physical Adsorption and Covalent Bonding of Sh-A1
and CS on Glass Capillary

Selection of CS or Sh-A1 coated capillaries and suitable blocking
reagent. Immobilization of CS onto the capillary inner wall would be a more direct
comparison for estimation of the amount of CS in serum samples. However, separate
work on comparison of CS and Sh-A1 coated micro-well immunoassay has found
that Sh-A1 with more of the same epitopes for binding offered better sensitivity.
The same result was found with capillary immunoassay as described in the following
study. Therefore, Sh-A1 was used for immobilization for the rest of the studies.

To reduce nonspecific binding, blocking reagents may be required to block the
empty modified glass surface that may not be covered with immobilized CS=Sh-A1.
Various blocking solutions were tested for their ability to minimize nonspecific
binding by allowing the blocking solutions to incubate with both CS=Sh-A1 coated
capillaries and uncoated capillaries for 30min prior to carrying out the immunoassay
process as shown in Figure 2. These blocking reagents including 1% gelatin (Merck),

Figure 2. Diagram illustrates the competitive immunoassay for CS.
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1% BSA (Sigma), and 5% nonfat milk (convenience store), were prepared in 0.01M
Tris-HCl saline buffer pH 7.4 with and without 0.1% Tween20 (THST and THS,
respectively).

It was found, as shown in Figure 3, that when no blocking reagent was used,
uncoated capillary which should not yield any analytical signal, actually showed very
high signal. Every blocking reagent seemed to be able to reduce this nonspecific
background signal as can be seen from the significantly lower signals obtained from
uncoated capillaries as compared to when no blocking reagent was used. However,
the blocking reagents also caused reduction of analytical signal of the coated capil-
laries. The best distinction between analytical signal and background signal was
obtained with Sh-A1 coated capillary using 1% gelatin in THST as a blocker [See
the comparison of signals of the 2nd and 3rd bars (CS and Sh-A1 coated capillaries)
with the 1st bar (uncoated capillary)].

Selection of concentration of reagents, incubation temperature for
immobilization of Sh-A1 and incubation times. In the conventional microplate
immunoassay, immobilization was done overnight using 10mg=mL Sh-A1. This con-
centration was chosen according to optimization as determined in a separate study.
Higher concentrations (50 and 100mg=mL) of Sh-A1 for immobilization were also
tried with a capillary, but they did not show improvement in sensitivity as compared
to 10mg=mL. This indicated that the capillary surface could accommodate Sh-A1 at
concentrations no higher than 10mg=mL. In addition, the inner surface area of the
hematocrit tube and the working surface of a normal microwell are approximately
the same (2.7 cm2) (Hartwell et al. 2009; Elisa Plate, Product Description in Product

Figure 3. Comparison of analytical and background signals (averaged from 3 replicates) when using no

blocker and various blockers on uncoated, CS coated, and Sh-A1 coated capillaries. THST is Tris-HCl

saline buffer with Tween 20. THS is Tris-HCl saline buffer without Tween 20.
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Directory 2009). Therefore, the same concentration of 10mg=mL Sh-A1 used in micro-
plate method for immobilization was also chosen for capillary, while various concen-
trations of CS (10, 50, 100, 200mg=mL), with less number of epitopes per molecule,
were tried. Temperature may affect the binding of CS=Sh-A1 onto the modified glass
capillary; therefore, immobilizations at 8�C and room temperature were compared.

All of the CS concentrations studied gave lower sensitivity than 10 mg=mL
Sh-A1. Immobilization in the refrigerator (8�C) yielded significant improvement
when increasing immobilization time (24 h was better than 5 h, 1 h, or 5min).
However, at room temperature (25�C), there were no significant differences among
various immobilization times (5min, 1 h, 5 h, and 24 h). This indicated that high
temperature promoted immobilization of Sh-A1 onto the modified glass capillary.
Higher temperature such as 37�C may be able to further decrease immobilization
time. However, for the convenience, immobilization at room temperature without
the use of an incubator is preferred.

Since a capillary and a microwell have approximately equivalent surface areas
and the same concentrations of Sh-A1 were used for immobilization (10 mg=mL), the
concentrations of the other reagents (including Sh-A1 standard solution and
anti-IgM HRP) were also selected based on conventional batch microplate method.
The only exception was the concentration of WF6 used in the SI-CI system (1:1000)
which was higher than the 1:10,000 concentration used in the microplate method.
This is because the much shorter incubation time used in the competitive process
should require higher concentration of target molecules in solution. For the next step
of adding anti-IgM-HRP, the same concentration of anti-IgM-HRP as used in the
micro-plate was selected for the SI-CI system. This is because the degree of binding
would mostly be limited by the amount of captured WF6 on the capillary. Adding
too much excess enzyme conjugated antibody would require unnecessary washing.

The competitive immunoassay of CS involves incubation steps between 1)
immobilized Sh-A1 and the mixture of WF6 and CS sample, 2) captured WF6 on
the capillary and anti IgM-HRP, and 3) HRP label on the capillary and substrate
TMB. Even though the surface area of a capillary is similar to that of a microwell,
the different dimensions of the two solid surface formats cause the differences in
diffusion time=binding time between immobilized=captured molecules and those in
solution. The flow based systems also provide the benefit of effective measurement
of analytical signals at non-equilibrium state. Although the signals, obtained before
binding had reached equilibrium, may not be at their maximum, if the relationship of
the dose response can be established, these signals at non-equilibrium will be
sufficient to construct a useful calibration curve.

The concentration of reagents and incubation times used in each competitive
immunoassay of CS are summarized in Table 2 as compared to those used in the con-
ventional micro-plate technique. The flow based SI-CI system requires shorter total
incubation times. This reduces the analysis time to �50min=run (including washing
times) as compared to more than 3 h used in the conventional micro-plate technique.
However, the micro-plate technique can accommodate a large number of samples in
parallel while the SI-CI can run only a few samples in parallel, depending on ports
available on the selection valve. Therefore, the conventional microplate technique
is more suitable for analysis of a massive number of samples, whereas the SI-CI
system is superior when having a low number of samples that need quick results.
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Calibration Curve and Figure of Merits

The calibration curve was constructed from Sh-A1 and the results were
reported in ng=mL as Sh-A1 equivalence. Figure 4 illustrates a calibration curve with
sigmoidal logistic fit: Y¼ [(A1�A2)=(1þ (X=X0

p)]þA2 (where Y is analytical signal
as peak area; X is concentration of Sh-A1 equivalence in ng=mL; A1 is initial Y value
(64.11), A2 is final Y value (12.93), X0 is X value at Y equal to half of the limit A1

and A2 (6694.63), and P is power (0.70).
The lowest detectable concentration was approximately 50 ng=mL with the

working range of 100–100000 ng=mL Sh-A1 equivalence. Calibration graphs
prepared on different days, using 4 different batches of capillaries (prepared 5, 12,
and 18 days apart) with the same range of Sh-A1 concentrations, were insignificantly
different. Precision of each concentration obtained from 4 different days are in the
range of 3.5–5.0% RSD. This indicated that different batches of capillaries have
adequate reproducibility. In addition, it is not necessary to construct the whole cali-
bration curve for everyday analysis. However, checking of signals of some standard
concentrations daily is advised.

Determination of CS as Sh-A1 Equivalence in Human Serums

Due to the limited access to cancer blood samples, the experiment was conduc-
ted using 3 normal blood samples spiked with various concentrations of standard CS
as a Sh-A1 equivalence to evaluate the potential use of the proposed SI-modified

Table 2. Selected incubation times and concentrations of reagents for each incubation step when using

a conventional micro-plate as compared to SI-CI system. OPD is o-phenylenediamine; TMB is

3,30,5,50,tetramethylbenzidine; A1 is the fraction containing the highest amount of associated

proteoglycans after partial purification process which includes dialysis step; A1D1 is fraction containing

the highest amount of dissociated proteoglycans (monomers) after partial purification process without

dialysis step; RT is room temperature

Micro-plate SI-CI

Incubation step Conc. Time Conc. Time

Immobilization of Sh-A1 on

capillary

10 mg=mL Overnight RT 10 mg=L Overnight 8�C

Blocking 1% BSA 1h 37�C 1% gelatin 30min

Off-line RT

WF6 and Sh-A1 mixture 1:10000 WF6

20–10000 ng=mL

Sh-A1D1 fraction

1 h 37�C 1:1000 WF6

10–100000

Sh-A1ng=mL

1min RT

Anti-IgM-HRP 1:2000 1 h 37�C 1:2000 3min RT

Substrate OPD=H2SO4

492=690 nm

10min 37�C TMB 650nm 7min RT

Estimated total analysis time

and volumes of reagents

(includes washing times

but excludes overnight

coating of plate or capillaries)

�3.5 h

100–250mL=each reagent=well

<1 h

80mL=each reagent=capillary
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glass capillary immunoassay system for determination of CS in human serum
matrices. Percentages of recovery are reported in Table 3. Even though the linear
working range determined from the calibration graph covers 100–100000 ng=mL
CS (as Sh-A1 equivalence), the recovery study showed that the spiked concentrations
of 10000 ng=mL and higher have low accuracy (% recoveries >200). The suitable
working range for application with real serum samples is, therefore, determined to
be 100–10000 ng=mL with recovery in the range of 89–120%.

Low accuracy was observed at high CS concentrations, which may be due to
the nature of the competitive immunoassay that normally yields a lower signal at
high analyte concentration. Therefore, the precision and accuracy are decreased with
the increase of analyte concentration. It is also possible that matrices in blood may
affect the assay and that BSA may not be the most suitable medium for construction
of the calibration graph. Nevertheless, it is also common in analysis of serum

Table 3. Recovery study of CS in the spiked serum samples (S1 is a single serum, S2, and S3 are pooled

samples). Each [CS] reported is averaged from 3 replicates

[CS] as Sh-A1 equivalence

Sample Expected (ng=mL) Found (ng=mL) % Recovery

S1 – 82 –

S1þ 100ng=mL 182 185 103

S1þ 1,000ng=mL 1082 968 89

S2 – 5652 –

S2þ 500ng=mL 6152 6255 120

S3 – 4244 –

S3þ 5,000ng=mL 9244 10043 116

Average % recovery 107

Figure 4. A calibration curve constructed from competitive immunoassay of Sh-A1 with a SI-CI system.

Each data point is an average of 3 replicates.
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samples using a conventional microplate immunoassay to dilute serum that contains
a high amount of analytes to make the concentration fall into the valid working
range. Likewise, in the SI-CI system, serums that have high amounts of CS should
also be diluted and re-analyzed.

CONCLUSION

The sequential injection-capillary immunoassay (SI-CI) system was developed
for automation for the determination of CS by using Sh-A1 as a standard for coating
capillary and to construct a calibration curve. Unlike in the previous studies on
hyaluronan and sialic acid, CS and Sh-A1 do not effectively bind to the glass surface
with physical adsorption. Glass capillary needs to be modified for covalent binding.
The system showed potential use for serum samples within the working range of CS
as 100–10000 ng=mL Sh-A1 equivalence, with precision within 5% RSD. As
compared to batch-wise conventional microplate immunoassay, the automatic fea-
tures of the sequential injection system enabled a shorter immunoassay process
(<1 h vs. 3.5 h) with less reagent and sample consumption (80 mL vs. 250 mL) per
analysis.
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Nistor, C., and J. Emnéus. 2003. A capillary-based amperometric flow immunoassay for
2,4,6-trichlorophenol. Anal. Bioanal. Chem. 375: 125–132.

PerkinElmer. 2009. http://las.perkinelmer.com/Catalog/default.htm?CategoryID=Automa-
tic+immunoassay+for+Adult+Health. Retrieved November 30, 2009.

Petri, A. L., A. H. Simonsen, T. Yip, E. Hogdall, E. T. Fung, L. Lundvall, and C. Hogdall.
2009. Three new potential ovarian cancer biomarkers detected in human urine with equal-
izer bead technology. Acta Obstet. Gyn. Scan. 88: 18–26.

Pothacharoen, P., K. Kalayanamitra, S. S. Deepa, S. Fukui, T. Hattori, N. Fukushima, T.
Hardingham, P. Kongtawelert, and K. Sugahara. 2007. Two relate but distinct chondroitin
sulfate mimetope octasaccharide sequences recognized by monoclonal antibody WF6. J.
Bio. Chem. 282: 35232–35246.

Pothacharoen, P., S. Siriaunkgul, S. Ong-Chai, J. Supabandhu, P. Kumja, C. Wanaphirak, K.
Sugahara, T. Hardingham, and P. Kongtawelert. 2006. Raised serum chondroitin sulfate
epitope level in ovarian epithelial cancer. J. Biochem. 140: 517–524.

Ruzicka, J., and G. D. Marshall. 1990. Sequential injection: A new concept for chemical
sensors, process analysis and laboratory assays. Anal. Chim. Acta 237: 329–343.

Segundo, M. A., J. L. F. C. Lima, and A. O. S. S. Rangel. 2004. Automatic flow systems based
on sequential injection analysis for routine determinations in wines. Anal. Chim. Acta 513:
3–9.

Siriangkhawut, W., S. Pencharee, K. Grudpan, and J. Jakmunee. 2009. Sequential injection
monosegmented flow voltammetric determination of cadmium and lead using bismuth film
working electrode. Talanta 79: 1118–1124.

Stephan, C., H. Cammann, H. Meyer, M. Lein, and K. Jung. 2007. PSA and new biomarkers
within multivariate models to improve early detection of prostate cancer. Cancer Lett. 249:
18–29.

Sun, S., Y. Chou, C. Hsu, C. Hwang, P. Hsu, J. Wang, Y. Hsu, and M. Chou. 2006. Efficacy
of intra-articular hyaluronic acid in patients with osteoarthritis of the ankle: A prospective
study. Osteoarthr. Cartilage. 14: 867–874.

Surapaneni, K. M., P. V. Vishnu. 2009. Altered serum total sialic acid, lipid peroxidation,
ceruloplasmin and glutathione reductase levels in patients with carcinoma of prostate.
J. Clin. Diagn. Res. 3: 1483–1485.

Surugiu, I., J. Svitel, L. Ye, K. Haupt, and B. Danielsson. 2001. Development of a flow injec-
tion capillary chemiluminescent ELISA using an imprinted polymer instead of the antibody.
Anal. Chem. 73: 4388–4392.

Tammi, R. H., A. Kultti, V. Kosma, R. Pirinen, P. Auvinen, and M. I. Tammi. 2008.
Hyaluronan in human tumors: Pathobiological and prognostic messages from cell-
associated and stromal hyaluronan. Semin. Canc. Biol. 18: 288–295.

338 S. KHONYOUNG ET AL.

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
H
a
r
t
w
e
l
l
,
 
S
u
p
a
p
o
r
n
 
K
r
a
d
t
a
p
]
 
A
t
:
 
0
4
:
2
0
 
2
1
 
F
e
b
r
u
a
r
y
 
2
0
1
1



Tangkijvanich, P., P. Kongtawelert, P. Pothacharoen, V. Mahachai, P. Suwangool, and
Y. Poovorawan. 2003. Serum hyaluronan: A marker of liver fibrosis in patients with chronic
liver desease. Asian Pac. J. Allergy Immunol. 21: 115–120.

Terenghi, M., L. Elviri, M. Careri, A. Mangia, and R. Lobinski. 2009. Multiplexed determination
of protein biomarkers using metal-tagged antibodies and size exclusion chromatography-
inductively coupled plasma mass spectrometry. Anal. Chem. 81: 9440–9448.

Torabi, F., H. R. M. Far, B. Danielsson, and M. Khayyami. 2007. Development of a plasma
panel test for detection of human myocardial proteins by capillary immunoassay. Biosens.
Bioelectron. 22: 1218–1223.

Tosoh Bioscience, Inc. 2009. http://www.diagnostics.us.tosohbioscience.com/Products/
AIA-2000/. Retrieved November 30, 2009.

Yang, Z., Z. Fu, F. Yan, H. Liu, and H. Ju. 2008. A chemiluminescent immunosensor based
on antibody immobilized carboxylic resin beads coupled with micro-bubble accelerated
immunoreaction for fast flow-injection immunoassay. Biosens. Bioelectron. 24: 35–40.

Zhang, R., H. Nakajima, N. Soh, K. Nakano, T. Masadome, K. Nagata, K. Sakamoto,
and T. Imato. 2007. Sequential injection chemiluminescence immunoassay for nonionic
surfactants by using magnetic microbeads. Anal. Chim. Acta 600: 105–113.

SI-CAPILLARY IMMUNOASSAY FOR CHONDROITIN SULFATE 339

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
H
a
r
t
w
e
l
l
,
 
S
u
p
a
p
o
r
n
 
K
r
a
d
t
a
p
]
 
A
t
:
 
0
4
:
2
0
 
2
1
 
F
e
b
r
u
a
r
y
 
2
0
1
1



 
 
 
 

����
����������
� 



��������� ������������������!���
�"�� 

#���������� 

������� ��!�������� 

�

*��)���
�
���� 50 #6��+3)��!���� ��������#1����-+
��-+!��+,�%������!���!
�)��!��,#��+�9�� 9��
#�
��&��+���!�-+!����������!�
�)�������� �-
 ��� 7�+#5?� ��

������ 9���5����+!	%��
�������9���������
�����'����+#�
��&��� �%
�,# 3,000 #6��+��%� 9������.����@ Shennong ,�%������������%
���+����
�7!�*���
	���,#*���%������%
� ����-+!���'����+!	%��'�����	����	)����!�  

��������#1���+�4%�������+�9����-+
����#�
9���0�
�!����+!�	)
�5���. 9�������+�#1�
��0#�
�
�����
*���������-
�����5)! Catechin ��-
 Polyphenol �#1������+!�#�
9���0	)
�5���.����
�)�� ��)� �)����
���!���+��*��������9��!
��:� ���������#A�������

�����������
�5!4�
���
 �.�+!�!	��
���'!�
�
�)����� �����!���9���	��
�
����	
�
� 
����������)�������������.�+!�'���
�����	��*���-
�  �)��*�
�
������)
�
������
��!��<B)���-�
9����������������
,����,�%
���%�� �
���������5)!Catechin 
��%�  ����������!����
-+�2��+�%���	)!�#�
9���0	)
�)����� ��)� ��	�!���� ��	�!��
� ���

!�9� Theanine 

��
��%�*�
���� 

������9���������
�)��<4���/��#1���-+
���+�����7 ��-+
��������-+!�������,!)<4�	%
�
�����*�%����3�����
	)
�5���. ,�%������$� ��)� 

� ,!)����-+!����+������,�%�%���-� ��-+
�������	)��2��+#�
9���0*���������
��-+
!����,#��%� 

� ,!)���������%!������,# ��-+
��������+��,�%�
!�#��!�$����
���4� ��

�����*�%�
�,!)����,�% 
� ,!)����-+!���
��)��!-�
 ��-+
������,#������4���-��
��
���)/�	5��
��	�!����+����#1��
��)������'+�

�����*�%�#1�9��,�% 
��
#�
����5��%����+�����7 �-
 ������9���������*�#��!�$��+��!�
�! ��-+
�������!��������)��-+!��
�����!������,# �
���*�%����4���-���)/�	5��+�����7
�)�� /�	5���:� �%
���,#�%��  ���������-+
�������*�
��5)!  Polyphenol ��+!�
�4)!��*�������� !��5$�!��	���!��<���,


��
����:���+,!),�%���
�4)����!:���-
�
��� (non-heme iron) ��
�����#1����#�
�
���+,!)�
������� (�4#��+ 1) ���*�%�)������4���-�/�	5���:�,�%
�%
���

�����*�%�����#1�9�����/�	5���:� ��
���*�%����9��9���	���,�% ����5�����
� �!-+
!
�*���)
�
������!� �����)��������
�����!�*�%#�
9���0*������#��!�$���:�,�% �����5)!����� Flow based 

�&.��.�5����$0 ������.  
���������	�
����
������� 
�.�.#=�
�5� #=E�
�4) 
���������	����������� ���
������� 



analysis ���������!� !.�. �'�,�%���������
��)��2 9������������.����������������� ����� ��
����� 

��
���
�����#��+���#�����
����!-+
�	�!����
������:����!��%!�%�	)��2��,# (�4#��+ 2) 
�

�!-+
���:����#A���������� Polyphenol *��� �:�
����3��	��$F0�#1����#�
�
��
�Polyphenol-

���:��'+�!���!)����
!����!��%!�#��+��,#	�!���!��%!�%��
�����
������:� ��
��!��<�����	��:�,�%
�%��	��#�)� �����5)!������'�,�%������&'�(�
�)���
�
���9��*�%��������'+����-�
,�%�)��*��%
�	���!�*�%*�
�#1������!�
�)���)����+*�%*�������
���
��#��!�$���:�*�	��
�)��������-
��	)��2��+!�/�	5���:��#1�

��0#�
�
� �.-+
�.�+!#�
���/���.���!��:�*����������
�0 �����5)!,�%.�>���
��������
�0��+
�&�����
,�� (Flow Injection Analysis) 9��#GH!*�%������,��!�3�!�������
���	��
�)��*��)
.���	����:�2 
��
3��	��$F0��+�����'��,����%��4)���-+
�!-
	����������'+�����)�����4���-������+���!�����-+� 570 nm

�
�3��	��$F0��!)����+�����'�� ��77�$��+���,�%�
�#�3��	�!#��!�$���:���+!�
�4)*�	��
�)�� ��
�!-+
����)�
��77�$��
���!��%!�%��
����:�!���%������!�	�"�� (�4#��+ 3) �
���*�%��!��<��#��!�$���:�*�
���	��
�)��9�����������)�����4���-�����
�3��	��$F0�������!�	�"��,�% 9��3���+,�%!����!<4�	%
�
�!)���� *��
�����+��!�� 

�
��:�,�%�)������������ �
����-
�
!�#�
9���0	)
�5���.��%�  �5$�!��	������!����#�
����
�
!���:��!��<���!�*�%�#1�������
��'+��#1����/��!��	���+,!)�#1�
��	���	)
��+�����%
!��
�5���. 
��
�������!�����<4��!-+
�������������!���+�,# ���������������*�%��:��)����	)��2��+!�
�4)*�.-�	�!/��!��	���

3��	��$F0��+���*�%*�����	#�
��������!��<���!�*�%*����.�>�����������
�0�����!���+�

��(Green 

chemistry),�% �'+��#1���/���+!�#�
9���0����*���)�
��&�("�����
�)����!�.�(�����+�����%
!�%�� 

���#����������
[1] http://www.greenteas.com (access 31 October 2010) 

[2] http://drinkhealthydrinks.com (access 31 October 2010) 

[3] http://www.amazing-green-tea.com (access 31 October 2010) 

[4] P. Ryan and M. J. Hynes, Journal of Inorganic Biochemistry, 101(2007) 585-593. 

[5] P. Pinyou, S. Kradtap Hartwell, J. Jakmunee, S. Lapanantnoppakhun and K. Grudpan, 

Analytical Sciences, 26 (2010) 619-623. 

 



�

�

OHO

OH

O

OH

OH

OH

B

2Fe3+

Complex
Formation

O

OH

OH

OH

OHO

OH

O

O

O

OH

B

O

O

O

OH

DD

Fe

OHO

OH

O

O

O

OH

B

O

O

O

OH

D

-

Fe

-

+ 2Fe2+

Semiquinone

OHO

OH

O

O

O

OH

B

O

O

O

OH

D

Benzoquinone
Type Product

2Fe3+

2Fe3+

+ 4Fe2+ �

�

�	
��� 1 #A���������!��
��)�����:���
 Polyphenol�*�������� 



�

�	
��� 2 �������#A��������
��)�� Polyphenol *��������������
������:� 

 

�

�	
��� 3 ����!�	�"���
�����
������:���+���!��%!�%�	)��2 



 
 
 

$����%&�����
��'�% 
���
���#
��$$
���
�&� 
(
��

���)�������� 

����$
�
����� 
 











Flow based techniques for cost effective research projects used in 
chemistry teaching

By: Hartwell, Supaporn K.; Khonyoung, Supada; Sripaoraya, Worathip; Pinyou, Piyanuch; Reanpang, 
Preeyaporn; Wongwilai, Wasin; Kongtawelert, Prachya; Sanguansermsri, Torpong; Lapanantnoppakhun, 
Somchai; Jakmunee, Jaroon; Grudpan, Kate; Kerdphon, Sutthichat  

From Abstracts of Papers, 239th ACS National Meeting, San Francisco, CA, United States, March 21-25, 
2010 (2010), CHED-1677. Language: English, Database: CAPLUS

Flow injection (FI) technique is a well established alternative way of performing rapid and low 
vol. wet chem.  Its cost effectiveness and semi-automatic features make it a very useful tool 
for teaching.  The presentation will show some examples of low cost undergraduate student 
research projects that utilize FI technique with natural reagents from local plants.  Examples 
of some graduate student research will also be shown that aim to simplify and automate 
complex biochem. anal. processes, to improve precision and to develop alternative lower cost 
instrumentation as compared to the high cost com. anal. chem. instrumentation.  Despite 
their relatively lower cost and simple set up, these research projects are publishable in the 
international peer review journals.  The examples presented help to fulfill the objectives of an 
undergraduate research project course as well as to meet the goal at the graduate level and 
help to promote thinking towards sustainable development in students.  
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