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��� � ����� � �� ��� �� ��� ���� ��� ��

����� ����� ��� � �� ������� ���� �� � 

���� ��� ��� ��� ��� ��	�� ����� ���� 

��� ���� ����� �� ��	� �
���. �� ���� �

�� 305 nm� ����� ��� horseradish peroxidase(HRP)� ��� 

poly(ethylene glycol)(PEG) ��� ��	�� �	����, ���� �

� 	���� ��� �� � �	��� HRP� H2O2� ����� �

� Amplex Red� ��
�� �	� ��� �
���. �	� HRP� 

��� PEG ��� 	�� Amplex Red� ���� H2O2� ��� 0�� 

11 nM� �� ���� ��� ����� � 300% ���� �� ��

�. ��� ��� ��� ��� PEG ��� ��	�� �	�� � �

�� �� ��� ���� ��� ��� ������� ��� � �

� ����� ������� ����� �� � � �� ��	� �

���. 
 
Abstract:�In this work, as the first step to develop optical biosensors for 
a single cell level analysis, the preparation method of nano-scale polymer 
hydrogel spheres containing an enzyme was set up and the feasibility of 
the spheres as optical biosensors was investigated. The horseradish peroxidase 
(HRP) was encapsulated in the PEG hydrogel spheres by suspension 
photopolymerization, yielding spheres of the average size of 305 nm. After 
the polymerization, the incorporation and activity of HRP within the 
spheres were determined by the production of fluorescence resulted from 
the enzymatic reaction between HRP and H2O2. The fluorescence 
emission response of the HRP-loaded PEG hydrogel spheres increased by 
nearly 300% as hydrogen peroxide concentration was changed from 0 to 
11 nM in the presence of Amplex Red. The results suggest that the method 
to prepare the PEG hydrogel nanospheres containing an enzyme could be 
used for developing optical biosensors to measure various analytes in the 
very small samples like a single cell. 
 
Keywords: enzyme encapsulation, optical biosensor, PEG hydrogel, na-
nosphere, hydrogen peroxide. 

 
1.����

 
������ ���(transducer)� ���� ��� �	�� ��	

�(sensing element)� � ���� ��
��. � � ��� ��	

�� ��� ����� ��� ����	, ���	 � ��� 

����	 �� ��� ���� ��� ��	� ��� ��� 

�� ���� ����� 	��� ��� �� ���
�� �

�.1,2 ������ ���� ��� ��, ������, ��� � 

�� ��� ����� ����
 ������(analyte)� ��

��� ���� ��� �����, ���
 ����� �� �� 

�� �� �� ���. ����� ��� �� ���� ����

� ��� ���� ����� ���
 ������ �� ���� 

�� ���
�� ��. ��� ����� ��� �(cell)� �� 

��� ���� � �� ������� ����� � ��, �

�� �� ����� ��� ��� �� � �� ��� �� ��

� �����	 �� �	
� ��� ��.3,4 

������ �� �� ��� ���� ������� ���

� 1000 nm ��� ��� �� ����, Sasaki �� �� ���

���,5 Sasaki� ��� ������ ����� ��� polyacryl-

amide ��	�� pH ��� ���� �� ����. 1998�� �

� Kopelman �� �� PEBBLE(Probes Encapsulated By Biological 

Embedding) ��� ��� �����.6 PEBBLE ��� ��� �

� �� ��� ������� ���� �� �������, �

���	� ��� ����(matrix) ��� ���� � ����

� ���� ���. PEBBLE ��� �
� � ��(����) 

��� ��� ���� ����� �	�� � ��, ��� �	

�� ����� ����� ���� ����� ���� �� 

��� �� � �� �� ��� ��� �� ��� ����� 

����� 	���� ���� � ��.7-9 


�� �� ������ ���� �	
�� ��	� ��� 

�� ��� �	 �	��
 ��, ��� � 	
� ���� �

�� 
�� ��� ���	 �� �	�
 
�� ��� ��� 

������ ��� ��� �� �� 
� �	��� ���� 

�
� ��. ����� �	�� ���
 �	
��� O2
-, H2O2, 

OH⋅� ��� ��� �� � ������� 	���� �� �

��� ����� �� �	��.10,11 ��� 
�� �� ��� �

	
�� �� � ��� ���� �� �	
�� �� ���� 

�� �� ��� ���� ��� �� ���� �� �	� �

��. 

� ����� 
�� �	
�� ��� � �� ������ 

���� �� � ���� H2O2� ��� � �� ��
 horsera-

dish peroxidase(HRP)�12-15 ��� poly(ethylene glycol)(PEG) ��� �

�� ��	�� ���� ��� �	��� ��. ����� ��

�
�� PEG ���� ���� ��� ����� ��� ���

�	� ��� �� ��� 
	��, ����� �� ���
�

�� �� ���� ����� ���
�� �� ����.16-19 

�	� ��� 	�� �� � ����, ��� �	 ���� �

�� �	 �� ��, ��� H2O2� ����� �� HRP� ��

� PEG ��� 	�� ���	� ��� �����. 

 

2. �� 
 

2.1 �� 

�	� ��� silicone oil, sorbitan monolaurate, ��� HRP� Sigma-
�
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Aldrich����, poly(ethylene glycol) (n)-monomethacrylate (n�400, 

PEGMA)� tetra(ethylene glycol) dimethacrylate(TEGDMA)� Polysciences

����, N-hydroxysuccinimide-PEG-acrylate(PEG-NHS, MW 3400)� 

Nektar Therapeutics����, 2-hydroxy-2-methyl-1-phenyl-1-propanone 

(Darocur 1173)� Ciba Specialty Chemicals����, hydrogen peroxide

� VWR����, Amplex Red(10-acetyl-3,7-dihydroxyphenoxazine)� 

Molecular Probes���� �	�� �����. �	� ��� phos-

phate buffered saline(PBS, 0.1 M, pH 7.4)� 1.1 mM potassium phosphate 

monobasic, 3 mM sodium phosphate dibasic heptahydrate, ��� 0.15 M 

NaCl� �	���. �� �	� ��� ���� Millipore�� 

Milli-Q Ultrapure��� �
� deionized water(18 MΩ.cm)� ��� 

	����. 

2.2 ����������������������

HRP� �� �� ���� �� PEG ��� 	�� ��� �

��� ��� ���� �
�� � UV� ���� �� ���

(suspension photopolymerization)� ���� �	���. ���� ��

� 5 mg� HRP� 1 mL� PBS� ���� ��� 5 mg� PEG-NHS� 

���� ���� 1�� �	 
��� ���. � ��� HRP� 

������ ���� �	�� �� ���, PEG-NHS� ���

� HRP �� ��� �� ���(lysine)� ���� HRP� ���

��� ���� �	��,20,21 ������ ���� ������ 

HRP� PEG ���� ����� ����� ��
 ��. ��� 


��� 	��� ��� PEGMA 1.0 g, �
	
 TEGDMA 35 

µL, acrylated HRP 0.2 mg, deionized water 500 µL, ��� UV �

�	
 Darocur 1173 50 µL� 
�� �, 10� �	 �� ��� �	

���. ��� ��� 
��� 0.01 g� sorbitan monolaurate� �

�� 100 mL� ��� ��� ���� ������� ���� 2

� �	 10000 rpm�� 
��� ���� �	���. ��� �	

� ��� �, 30� �	 UV� ���� ��� ���� �	� �

�� 	�� deionized water� ���� �� �� ����� sonica-

tion� ��� ���
 ��� ��� ����� �����. 

2.3 ��������������������� 

�	� ��� 	�� ��� ����� Zeta Sizer Nano ZS(Malvern 

Instruments)� SEM� ���� �����. ��� 	�� ��� �

�� �	� �������� ����	� ���� ��� HRP� 

H2O2� ��� �� Amplex Red� ��
�� �	� QM-2000 SE 

spectrofluorometer(Photon Technologies)� Zeiss Axiovert 200M in-

verted fluorescence microscope(Carl Zeiss)� ���� �����. 

 

3. �� � �� 
 

���� 	��� �� ����� ��	�� �	�� ��

�
 ��
 ����, ����, �
��, ����� �� ��� 

��� �� ��� ���� ��� ��
 ���,22-25 ��� 

��� �� ����� ��� ��� 	�� 	��� �� ��

� ��	�� �	�� ����� �� ��� ��� �� ��


�� �� ��.7,26 � ��� ������ ����� �	� �

���, ��� ���� �� ����� �� ����� ��� 

�
� ��� ����� �� ���
 �� ���� �� �� 

�	� �� ����. � ����� �� ���� ���� ��

�� ���� ��� �	 ���� �� ��� ��� ��	�

� �	���. ���� ���� ���, ���� ��� �

��� ��� ���� � �� ��� ����� �	� ��� 

�� ������ ����� ��� � �� ��� ��� ��. 

������� ��� 
����� �	� ��� 
��� ��

	�� UV��� �� ���	� �� ���� �	�� ��� 

��� ��� ��� ��	�� �	��. ������ HRP� 

�	� ������ ���� HRP� ��� ����� ����

� ����� ��.  

Figure 1� ����� �� ����� ��� PEG ���� 

SEM ����. �� ���� �� �	� PEG ��� 	�� ��

��� �� � 	�� ��	�� �	�� �� ��� � ��

�, 	��� ��, Figure 2�� �� �� �� ��
	� ��� 

�� 	��� � 305 nm� 	�� �	� �� � � ���. 

�	� PEG ��� ��	� ��� HRP ��� ������

� HRP� �	�� ��� ���� ��� HRP� H2O2� ���

�� ����� ����� ���� ��� Amplex Red� ��

���. Amplex Red� H2O2� peroxidase� ����� ��� � �

� ����� ����� ���
 ��.27,28 HRP� ���� Am-

plex Red� H2O2� 1:1� ���� resorufin��� 	� �� 

��
��� �	��. ��� resorufin� 563 nm� 585 nm�� 



 ����� ����� ���.29 Figure 3� H2O2� Amplex Red

� HRP� ��� PEG ��� 	�� ��� � ������� 

 

Figure 1. SEM image of the HRP-loaded PEG hydrogel spheres produced 
via suspension photopolymerization. 
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Figure 2. Particle size distribution of the HRP-loaded PEG hydrogel 
spheres produced via suspension photopolymerization. 
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��� 	�� ����. Amplex Red� ���� H2O2� HRP� �

���� �� �	�� 	� �� resorufin� ��� � ��, ��

	� ��� ���	 	� �� �� ����� HRP� 	� �

�� ���	 ���� � � ���. 

HRP� ��� PEG ��� ��	� ���� HRP� H2O2� �

� ������ �	�� resorufin� ����� ������ ��

�� ����� �����. Resorufin� ����� ����(λex) 

565 nm ��� resorufin� �� ����(λem)
 585 nm�� ��


��. Figure 4� Amplex Red� ��� ��� 	�� �
��

� H2O2� ��� ��� ���� �� ��� ������� �

���. H2O2� ���� �� �
����� HRP� ���

�� �� resorufin� �	� �� ��� 585 nm�� ���� 


�� 
 � ���. ��� H2O2� ��� �
����� 585 nm

�� ���� ��� 
�� 
 � ���. �� ��� 	�� �

�� �
����� ����� HRP� �� ��� �
�� �

�� HRP� ��� ��� 	�� HRP� ���� �� ��� 

	�� �	� � Amplex Red� H2O2� ���� ������ �

��� ����� �����. � �� Figure 5�� �� �� �

� HRP� ���� �� 	�� �
����� ����� ��

� �� �� �� HRP� ��� 	�� �
����� �� 

����� ��� 
 � ���. ��� HRP� ���� �� 	

�� �
����� H2O2 ���� Amplex Red �� ��� ��

�� �� ����	 585 nm��� ����� ���� �� 
 

� ����, ��� �
��� ��� PBS� ���
 �� ��

�� O2� �	
�� �
� ��� 
 � ��. 

	��� � ���� �	�
� HRP� ��� PEG ��� 

��	�� H2O2 ��� ��� ��� � ���� ��	� �


�� ��� ��� H2O2� �� ��� �� ����� ��

� �����. Figure 6� 10 mM ��� Amplex Red 1 ��� 

 

Figure 3. Fluorescence micrograph of the HRP-loaded PEG hydrogel 
sphere suspension after H2O2 and Amplex Red were introduced to the 
suspension. 
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Figure 4. Fluorescence spectra of the HRP-loaded PEG hydrogel 
sphere suspension in various conditions; sphere suspension after 
adding only Amplex Red (…) and sphere suspension after adding 
H2O2 and Amplex Red (). 
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Figure 5. Fluorescence intensity at 585 nm of the spheres synthesized with 
HRP and without HRP; (a) sphere suspension, (b) sphere suspension after 
addition of 1 µL of 10 mM Amplex Red, and (c) sphere suspension after 
addition of 1 µL of 10 mM Amplex Red and 90 nM of H2O2. 
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Figure 6. Change of fluorescence intensity of the HRP-loaded spheres as a 
��������	��	
������	�������	������������	��	�
�	�������	��	�	��	��	��

mM Amplex Red. Error bars represent standard deviation. 
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��� ��� 	�� �
��� �� �� ��� H2O2� ��

� � ��� ��������. ���� 
 � �� �� �� 

H2O2� ��� 0�� 11 nM� �� ���� ��� ����� 

��� � 300%� ��� �� � � ��. �� �� ��� � 

���� �	� HRP� ��� PEG ��� ��	�� ��

� H2O2 ����� ��� � �� ������� ��� � �

�� ����. 
 

4. �� 
 

� ����� � �� ��� �� ��� ���� �� �� 

�� ������� ����� ��� � �� ������� 

���� �� � ���� ��� ��� ��� ��	�� �� 

��� ���� ��� ���� ����� �� ��	� �


���. �� ���� ��� 305 nm� ��� ��� HRP� �

�� PEG ��� ��	�� �	����, ���� �� 	��

�� ��� �� � �	��� HRP� H2O2� ����� �� 

Amplex Red� ��
�� �	� ��� �
���. ��� �	

� HRP� ��� PEG ��� 	�� Amplex Red� ���� H2O2

� ��� 0�� 11 nM� �� ���� ��� ����� � 

300% ���� �����. ��� ��� ��� ��� PEG �

�� ��	�� �	�� � ��� �� ��� ���� ��

� ��� ������� ��� � �� ������ ����

� ���
� � �� ��	� �����.  
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