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@��F �F����� 3F 2�� G�= �� H���"@�= I��J7 I�K L��� �� 

3�MN O.N UV� �� ���� ������� @������ ��"���A P������% � 

H����� �� 8 pH 
��R��� .�� S���� H�7�����7�" � H�����  ��� 

���� 3< @������ 2��D��" �� ��TA  
�;�������<� 2=> U=�< � 

��5�4%  > U��C%� .�%�� I�K�L�� P�����V��%  ��� ��� 3< 

 
�;�����7 ���"� P������% 2��D��" �� �� W��K ���7�? H�"���� 

U=�< .�=� E����F @�=��7���� ����7�����7�" �����% X�Y"�  
�;����

3F 2��D��" 3F Z��[ U�<�� F��?3 @��? ��L�� 
�� 3< @�=���� 

H�"�������5� U\� ��[� �� �R�� �7 .��< Z�45�67 ������ ���M� 

������ ��� Z����]" �� ���?�� ��� 2��D��" �� 3F  Z��[U��C%� 

�� @���^7 _����7 �R5> � U=�< @�=���?�� ��F  ��� .��� 345�67 
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�;���� ���<� 2=> 3F 2��D��" `Y�7 
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Abstract 

In this study, the effect of iron oxide nanoparticles 

on the structure, thermal stability and activity of 

bovine pancreatic trypsin was investigated. 

Various spectroscopic techniques including UV 

absorption, circular distortion, thermal stability, 

fluorescence and kinetics at pH 8 were used to 

achieve this goal. Thermodynamic and kinetic 

results showed that trypsin stability decreased in 

the presence of iron oxide nanoparticles and 

increased its activity. Fluorescence spectroscopy 

showed that the nanoparticles can reduce trypsin 

fluorescence through static quenching. Based on 

the thermodynamic parameters, the process of 

binding the nanoparticles to trypsin is performed 

as a spontaneous reaction which the electrostatic 

forces play the main role in. Circular dichroism 

studies showed changes in the secondary structure 

of trypsin as an increase in α-Helix l content and a 

decrease in β-sheets. UV spectroscopy showed that 

iron oxide nanoparticles bind to trypsin and cause 

changes in protein structure. The interaction 

studies of Fe3O4 nanoparticles and trypsin show 

that not only water and solvent molecules can 

affect on 3D structure of trypsin and protein but 

also play an important role in adsorption 

nanoparticles. 

 

Keywords: Iron oxide nanoparticles (Fe3O4), 
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*#+#  

2	4 #�� 5�%1�0��, '�  �-#��#6�7�, 	$89�: 5��;1 � !!9 
	< <0�	�9 �#6�7 �, '� =	$> 2	�)1 .*�4 2	4 #�� 

�#6�7 *#<� @& �(>4 <0A(
/ �#6�7 	< B�@&2�, 
0�C �;�DE *�4 5#40��!� F#46:4 2	4 #�� �#6�7 G , 

 !
�+	4 �� !�& 5�%1�0� �& ��� )Shaw & Bott 

1996(. H�	 2�, �I(8J& 240� F#46:4 2	4 #�� 
�#6�7 <$3� <	4< +4 '(
3 5#4 H�	 �, KL>4 ��#6�7 

�� !�& 5�%1�0� � �� !�& �B�@& ��M14 �NE�O8& 
PQ3 ��A#6�: ��M14 ��$# � �26(: ��M14 4�$9�R�" 

� H�	 �,2 ��Q3 0�S� PQ3 ��TU PQ3 �20D�: 
240� �#6�7   �,2 �$(@&�� � 	< 5�/ ��V 2�,��C 
408T�4 208(�: 240� �#6�7   �,2 �$(@& �& ��� ! 

)Shami, 1989; Kim, 2006(. 	< �� !�& B�@& 
�' 2�3 W7 '9 	�8X�� �#6�7 4	 0��Y1 � !,< �� 0��Y1 

B�@& �G40E4 	�8X�� �#6�7 4	 	4 #�� �& !!9. 	< 5#4 
H�	 �� �<�I8�4 +4 �LV2�, �T7 0�C ��7 � �# �� 0��Y1 

Z�901 �A
� �$(@& ��7 B�@& G40E4 �#6�7 4	 0��Y1 
�<4< � �& W4$1 �#6�7 4	 01	4 #�� <09 )Shami et al., 

1989(. F,�-� W40[ 	< ���2�, 0�X4 '� =4	\$��� 
'� W4$!/ ]^�� �$AT$&�09�&2�, 26#0_�7  !��& 

5�%1�0���, 5"94��, � �(� �, �1$%(9$� '^L/ 2<�#+ 
W��� �<4< �4 )Panyam & Labhasetwar 2003(. 

=4	\$��� '�  W4$!/<4$& ��<�6:4 	< 0�
X �W4 �<  ` 
P�8:7 � a�	 �<�I8�4 �& $� � � '�  ]�T<b�$9 W<$� 

�& �4$1 ! <	4� W �  �$� � F!94� ����8T4 20c& 4	 
	< *:��2�, d�"V <�)#4  !!9 )Momeni, 

Shareghi et al., 2017(. 5#4 =4	\ �& �4$1 ! PQ3 
'T$T H	4$[ � � � +4 e#0E f�0/ '� �8"�� �DM/ 

 !�0� � g/�� d08�4 $�14 �"94 � =40��Y1 
�A#U$T$1�� 	< W �  �$� )Momeni et al., 2017(. 

2�,	�8X��$��� �h(8J& '� 	$E �(9 b# 'Oi!& j	6� 
240� �� �890V �$AT$&2�, �#6�7 �,40: �& !!9 '9 
�#6�7 4	 01	4 #�� �& !!9 )Momeni et al., 2017(. 

=4	\$���  �"94 5,7 �"�E�!Y& )Fe3O4( '� ]�T< 

2	�[+�� ��8"#+ 2	4 #�� �#��
�� � N
)1 ]��^ '3$1 
	< ]@& �	�
�� '� 	$E �<08"[ 240� 2�,<0�	�9 

�A�6� <	$& ';T�i& 	40^ '8:0[ �4 )Shareghi et 

al., 2016(. FT�� ��& 240� �!
#4 =4	\$��� 240� 
2�,<0�	�9 *"#+ �A�6� 5#4 �*�4 '9 5�%1�0� 

�& �4$1  �_!, ]&�;1 �� =4	\$��� � �_!, 	40^ 58:0[ 
	< k0;& B�@& �A#U$T$#6�: �	$1��< <$� '9 	< 

*T�V W$��4	$1��< �5�%1�0� *�T�;: W7 �& �4$1  0��Y1 
 !9 )Momeni et al., 2017(. '9�)�7+4 *�T�;: 2�, 

�A#U$T$�� 5�%1�0��, '� W$���&	$I!9 ���7 �_8"� 
�<	4< 58"�4< W$���&	$I!9 5�%1�0� l� +4 ]&�;1 �� 

=4	\$��� 	��"� ��& *�4 )Mahmoudi et al., 

2011(. �& ]&�;1 5�"m#01 �� =4	\$��� MgO�TiO2  
� NiO 4	 �� B#40� =��I8& ';T�i& �<09�#4 
)Momeni et al., 2017; Momeni et al., 

2017; Mahmodian et al., 2018(.Mahmoudi 

et al. )2011( 	�8X�� �< 5�%1�0� 5#0I"�401 ���"�4 
n�D�4 � � 5,7 4	 l� +4 ]&�;1 �� =4	\$��� Fe3O4� 
<	$& ';T�i& 	40^  �<4< � � ,��&  �<09 '9 

W$���&	$I!9 5�%1�0� �� '3$1 '� W ��,	 5,7 +4 
	�8X�� �(>4 '� 	$E ]��^0�C *�[+�� +�� � � *�4. 

Shareghi et al. )2016( H	46[  �<09 '9 �	\$��� 
Fe3O4 *�T�;: � 2	4 #�� �1	40V �#6�7 �#+�6�T 4	 
F#46:4 �<4< .*�4 	< 5�� n4$�4 h(8J& =4	\$��� '9 
<0�	�9 �A�6�  �	4< =4	\$��� �"�E�!Y&  �"94 5,7 

'� ]�T< *"#+ �2	�[+�� o4$X ��"�E�!Y& ]A� � 
�+4 �4 ]��^ �08!9 <	$& '3$1 	40^ '8:0[ �4 

)Mahmoudi et al., 2011(. =4	\$��� �"�E�!Y& 
240� 2+��4 3 ��$(� 2	4<0�0#$M1 �� l����+	 

�"�E�!Y& ��M�J�1 �8"��2�, ��O8�4 WU � �	4< � 
W�&	< W�E0� +4 e#0E �&010m#�, �<�I8�4 �& $� � 

)Mahdavian & Mirrahimi, 2010; 

Mahmoudi et al., 2011(. ��L/ 0� �5#4 =4	\$��� 
�"�E�!Y&  �"94 5,7 	< 2�,<0�	�9 �26�T�1�9 �0�X\ 

�<4<2�, ��"�E�!Y& 2	4<0�0#$M1 *"#+ �A�6� 
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�'8T�V !� ]#$@1 2�,�	4< � !
: , s�J�1 � W�&	< 
W�E0� <	$& '3$1 	40^  �	4< � 0M!/ ZT�C =4	\ 
�i�@& � �(Y�  !8", )Powers et al., 2006(.   

�5�"m#01 5#0� �+�%1�0� b# 5�%1�0� 2�09 24	4< 
223  ��4 '!�&7 *�4 '9 +4 d40A��� ��[ t�01 �& $�< 

� =�D�901 2 �8m� 4	 	< 2�,$# #+	 5�!#U	7 � 5#6�T 
H0� �& ,< )Rawlings & Salvesen 2013(. 

5�"m#01 '� ]�T< 58�4< <4 ;1 2<�#+ �5#+�0�1 
5�%8"�� � 2�,$# #+	 	4<	�� '9 ]#�
1  �	4< '� 
lA(m
92�, W$# 5,7 ]M8& � �$� P�J8�4 �
�& 

240� 0: !#42�, 2	��!:$��� �&. ��� 'iO� 
b#08AT4�6#4 )pI( 5�"m#01 � �	\$��� Fe3O4 '� Z�101 

5/10 � 5/6 *�4 � 	< 8pH  '� Z�101 24	4< 	�� 
*Dy& � 	�� �I!&  !8", )Rawlings & Salvesen 

2013(. =�O�O@1 	< <	$& ]&�;1 �	\$���  �"94 5,7 � 
5�"m#01 	< '!�&+2�, h(8J& '� h�>$1 d��4 
�#��
�� ]&�;1 5�� *"#+ �$AT$&2�, �8"#+ � 
=4	\$��� �"�E�!Y& b
9 �& !9. 	< 5#4 	�9 =�Dq 

�#6�7 	< 	$cV 2�,	�8X��$��� Fe3O4 <	$& ��	0� 
	40^ *:0[. G , +4 5#4 �	�9 ��	0� 2	4 #�� ��1	40V 

*�T�;: � =40��Y1 ��$���&	$I!9 �< � $� 5�"m#01 
0� 2�	 K$i� =4	\$��� �"�E�!Y& Fe3O4 �� �<�I8�4 
+4 Tm� h�E2�,UV-Vis � l���	$(: � �_�	�< 

�#�
� ��4	�< � =�;T�i& �A�8!�� *�4.   
  

,�
# � -����  

�#6�7 5�"m#01 +4 ND!& d40A��� ���[ 2408"�$� �#6�7 
N- α- ]�z�6!� - L - 5�!#U	7 ]�14 08�4 )BAEE( � 

0:�� l#01 +4 *90� �
_�� �  �	\$���Fe3O4 +4 
*90� US NANO 2	4 #0X  �. '�(9 F#�&+7�, 

'� 	�� 	40A1 . �  
  

#$%�& '�(����   Fe3O4  

*�3 '��1 �$(@& {$8�4 mg/ml 25/0 �	\$��� 
Fe3O4� 4 8�4 mg2/1 +4 5#4  �	\$���W+� � 	< ml8/4 

P7 0iO& 	���< 0�iO1 ]V  � � lm� ]
/ �L@�4 
]&�9 �� �<�I8�4 +4 |4$&4 �1$> 5��A��$�)( 2�	 ���7 
�)�4 .*:0[ 5��A��$� 240� �< 	�� �T4$8& 90,4  

10 'O�^< 	< ��_8�< 	$8�A��$� =	$> *:0[.  

  
�) �*� +,-���� ���� .�/0� ��1,�2� �3 ��45 

'�(���� Fe3O4  

h�E2�, PQ3 ���08AT4 B�$1 ��_8�< 08&$8:�08Am�4 
UV/Vis � & ����&	�: 4000 6�)& '� ��_8�< ��S!1 

�&< )PLT( *Dq . � 0q4 *S(C�,2 h(8J& �	\$��� 
Fe3O4 ) 0I>�1 19 0[�0A�& 0� �(�& 08�T( 	< �$E 

|$& �,2 400-280 08&$��� 	< �&<2 37 '3	< 
�8��� <40[ 0� �	2 6�7�# 015�"m# �� *S(C 1/0 
�(�&  0[	< �(�& 08�T 	< �$(@& 50 �(�&  	R$&0:�� 

01l# �� 8pH  ��	0�  �. 2	4 #�� �1	40V �#6�7 	< 
'!&4< �1	40V 90 -20 '3	< �8���  <40[6�� B�$1 
h�E2�, PQ3 ���08AT4 <	$& ���#+	4 	40^ *:0[  

)Wang et al., 2011(.  

  
�) �*� 6�7��� '�(���� Fe3O4 �� 1,�2��� �� 

89 +,-���� :�����;��<  

h�E2�, l���	$z$(: B�$1 ��_8�< 08
#	$(:�08Am�4 
�+<�
�� � & RF-5103PC *Dq . � 4 8�4 ~$(J& 

24	4< 1/0 �(�& 0[ 	< �(�& 08�T 5�"�01 � 50 
�(�&  	R$&0:�� l#01 	< �$E |$& 280 08&$��� 

'8J�_�40� � = � 0�� l���	$z$(: W7 5�� 450 -290 
*Dq . � lm� *S(C2�, �1��I8& +4 �	\$��� Fe3O4 

)0I>� 1� 3� 5 � 7 0[�0A�& 0� �(�& 08�T( '� �$(@& 
5�"m#01 - 0:�� e#	61  � � l� +4 0, e#	61 h�E 

l���	$z$(: ���7 	< �< 2�&< 25 � 35 '3	< 
�8���  <40[*Dq  #<0[ )Momeni et al., 2017.(  

  
�) �*� +,- =��	3 ���� ��&�	3 )CD( 0�.�/ 

1,�2��� �3 ��45 '�(���� Fe3O4  

h�E2�, �_�	�< �)!� 2$O(V )CD( 	< �'�V� 
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Far-UV )260-200 (08&$��� � B�$1 ��_8�< 
08
#	L��08Am�4 � & 215AVIV *Dq  �. *&�J` 

]�2�, F#�&+7 Far-UV 1 �(�&  08&� *S(C 
5�"m#01 	< F#�&+72�, Far-UV 8/0 �(�&  0[0� 

�(�&  08�T	< 0:�� l#01 )50 �(�&  	R$&�� 8 pH( .<$� 
4 8�4 �$(@& �#6�7 �� *S(C2�, )3 � 7 0[�0A�& 0� 

�(�& 08�T( �	\$��� ~$(J&  � � �E W�&+ 4 'O�^< '� 
�<�;1 � ��	 lm� h�E�, *Dq �.  =40��Y1 ~$�0& 

'� 	�8X�� �< 5�%1�0� '� '(��� '&��0� CDNN WU	� 
223/0/1/2 5��;1 . � �#�8� CD d��40� W+� 

B�$8& $# #+	2�, $!�&7  ��4 )MRW( 5�"m#01 
)5/98 (W$8T4< 	< 2$c�� 	R$& )ellipticity( [θ]   
)1-

mol
2

deg cm( ��	0�  � )Wang, Zhu et al. 

2011(.   
  

����� 8,@�,� 0�.�/ 1,�2��� �3 ��45 '�(����  

Fe3O4  

	< 5#4 �F#�&+7 +4 ��_8�< 208&$8:�08Am�4 UV/Vis 
� & ����&	�: 4000 �<�I8�4 . � *S(C '�$
� �#6�7 

5�"m#01 <	$& �<�I8�4 1/0 �(�& 0[ 	< �(�& 08�T <$� � 
0:�� l#01 50 �(�& 	R$& <	$& �<�I8�4 	40^ .*:0[ 

2408"�$� <	$& �<�I8�4 	< 5#4 �F#�&+7 N-α-
]�z�6!�-L - 5�!#U	7 ]�14 08�4 )BAEE( .<$� �$E 

|$& 254 08&$��� *�3 20�_�� W46�& '#6)1 408"�$� 
B�$1 5�"m#01 �<�I8�4 . � 	< 5#4 �';T�i& 0q4 
*S(C2�, h(8J&  �	\$���Fe3O4 )0I>� 1� 3� 5 � 7 

0[�0A�& 0� �(�& 08�T( 	< 2�&< 308 '3	< 5#$(9 � 8 
pH 0� b�8!� �#6�7 5�"m#01 <	$& ��	0� 	40^ *:0[ 

)Rajabi et al., 2019(.  
  

.����  

+,- AB� ��	�@7 & )UV-Vis spectra(  

h�E2�, PQ3 ���08AT4 lA(m
92�, �	\$��� 
Fe3O4 - 5�"m#01 	< ]A� 1 W��� �<4< � � .*�4 

�#�8� '� *�< � &7 +4 h�E2�, PQ3 ';�4 4	��&2 

FI!� �R$
;& �� �+4 �4 20�[2�, b�!A1 CD *O��i& 
� �	4< '9 �& �4$1  '� W4$!/ 2	46�4 �<�� � �T�/ 240� 

��	0� F!A
,0� �#6�7 ��  ��_�T � 5��;1 2�,	4Q[ 
2	�8X�� 	< �#6�7 	< 0S� '8:0[ <$�. 5#4 	4Q[ B�$1 
=40��Y1 	< �$E |$& PQ3 � =	 ^ PQ3 ���7 'z4	4 

�& $�< )Wang & Zhang, 2014(. 5�"m#01 24	4< 
0y94 V PQ3 	< �$E |$& 216 08&$��� �<$� � = � 
PQ3 W7 l� +4 W<�6:4 �	\$��� Fe3O4 F,�9 '8:�# 

4*� '9 ]�T< �W7 =R�O8�4 +4 π ← π* 	�8X�� 
W$8� =40O: �(� 2 �8m� '� C=O 5�"m#01 �& ��� 

'9 W��� � !,< 0��Y1 	�8X�� '#$��q �$AT$&$���, *�4 
)Kotormán et al., 2003(. �5�!�
, 5�"m#01 

'� ]�T< PQ3 2�, ��4 '!�&7 b�1�&�	7 )�5#+�0�1 
W�:$8m#01 � ]�!: ]��R7( 24	4< '(^ PQ3 �I�;` 	< 

�$E |$& 280 08&$��� *�4 '9 0��Y1 6#	 B�@& 
	$:$&�09 4	 W��� �& ,< )Wang et al., 2015(. 

�& W4$1 � ,��& <09 '9 �� W<�6:4 *S(C �	\$��� 
Fe3O4� = � PQ3 5�"m#01 0��Y1 '8:�# � 0q4 

b�&�09$m�, �z63 	< 0y94 V '(^2�, PQ3 5�"m#01 
	< 216 � 280 08&$��� � ,��& � � �*�4 �&4 *�;^$& 

|�4 h�E2�, PQ3 ��, *I�� ��7 �# 6&0^ *�4 �. 
 ,4$� W��� �& ,< 	< 0q4 F!A
,0� 5�� �	\$��� 

Fe3O4 � �5�"m#01 b# lA(m
9 5�%1�0�-  ��_�T �� 
W$���&	$I!9  # 3 o�X ]�A�1 � � *�4. ]A� 

20�[ lA(m
9 g/�� 0��Y1 	�8X�� �0�)�+  �8m� � 
*�;^$& 2�,$# #+	 	$:$&�09 5�"m#01 �& $�<. 

�#�,	$:$&�09  !��& �5#+�0�1 W�:$8m#01 � ]�!: ]��R7 
<$3$& 	< 5�"m#01 �$%"& PQ3 	< �$E |$& 280 
08&$���  !8", )Chi et al., 2010(. = � PQ3 

lA(m
9 Fe3O4 - 5�"m#01 	< �$E |$& 280 
08&$��� F,�9 '8:�# *�4. 5#4 �#�8� W��� �& ,< 
	�8X�� *(A�4 5�%1�0� 0��Y1 '8:�# *�4 )Liu & 

Liu, 2012; Chanphai et al., 2016(. 5#4 
��
8V4 <$3� <	4< '9 lA(m
9 Fe3O4- 5�"m#01 +4 
Z#0` PQ3 �T$& 5�#��201 *D"� '� �#6�7 <4+7 
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	4<	$X0�  ��� )Momeni et al., 2016; Momeni 

et al., 2017(. 2$# #+	 W�:$8m#01 *D"� '� 0��Y1 	< 
B�@& '� ]�T< 0��Y1 �&0[ �# ��M14  ��_�T d�"V 
*�4. B�@& G40E4 W�:$8m#01�, �� 0��Y1 '8�"��$:�	 �, 

B�@& '�  ]�T<0��Y1 �&< �# ��M14 � ��_�T 0��Y1 '8:�# � 	< 
')�8� 	4 O& PQ3 �#6�7 F,�9 �& ��# )Lu et al., 

2011(. �#�8� h�E PQ3 F���!�� �& !9 '9 �"���A& 
��$&�X �T�
8V4 l���	$(: 5�"m#01 B�$1 �	\$��� 
b�1�8�4  ���. 5#4 0&4 '� 5#4 ]�T< *�4 '9 ��$&�X 
b�&�!#< �1  V 2<�#+ '� ]�T< <	$X0� � ��O8�4 2U0�4 +4 
5�"m#01 '� H$&�X � !!9 *�4 )Wang et al., 2015(. 

W$� 5�"m#01 )5/10 pI( 	< 8 pH 	�� *Dy& � �	\$��� 
Fe3O4 )5/6 pI( 	�� �I!& <	4< �5#40��!� 2�0�� 

b�1�8��08AT4  !#40: W �+�� 5�"m#01 4	 20D,	 
�&  !9 )Rawlings & Salvesen 2013(. F,�9 

d$"@& 	< PQ3 ';�4 UV W��� �& ,< '9 
��!A
,0� ��8D"� 2$^ 5�� =4	\$��� � 2�, �$�� 

�@i� 5�"m#01 �	 �<4< � ��D� � W7 0��Y1 �>�X 	< 
W$���&	$I!9 5#4 +�!�%1�0� <�)#4 �& $�.< 0� d��4 

W$��^ =0D&R0�� A=ε.c.l '9 A W���,<!�  �PQ3 
ε Z#0` PQ3 �T$& 5�%1�0� 	< 	$cV � P��C 

��	\$��� c *S(C 5�%1�0� � l �$E =�$9 

�,�_�#�&+7 �*�4 *S(C 5�%1�0� � �$E =�$9 *��q 
*�4 � eDE �$&0: 0[4 PQ3 F,�9  ��# ')�8� 
�& �#0�[ '9 F,�9 PQ3 '�  	$E��O8"& �� F,�9 

Z#0` �T$& 'i�4	 .<	4< 5#40��!� =40��Y1 	�8X�� 
5�%1�0� 0)!& '� 0��Y1 Z#0` �T$& � 	< *#��� 
=40��Y1 PQ3 �& $�< )Schmid, 2001(. Wang et 

al. )2011 (	< =�;T�i& 5���� H	46[ 4< �< '9 
=4	\$��� TiO2 '� ti� 5�"m#01 ]M8& � � � 

��!A
,0� 2$^ 5�� =4	\$��� � 5�%1�0� �)�4 � � 
'9 5#4 F!A
,0� 0)!& '� F,�9 PQ3 ';�4 UV 

B�$1 �#6�7 5�"m#01 � � .*�4 

  

��&C��� ���&�5  

0��Y1 	< 2�,08&4	�� B�@& W$&40�� 5�%1�0�  !��& ��&< 
�LV � pH �& �4$1  0)!& '� =40��Y1 2 # � 	< 

=��>$MX �A#6�: � +4 5�� 58:	 <0A(
/ �A#U$T$�� 
5�%1�0� <$�. '� 5#4 � # � W$[0[<W � �# 

W$��4	$1��< 5�%1�0� '8I[ �& $�< )Murphy 2001(. 
W$[0[<W � '� W4$!/ b# � # � �< '8T�V 5�� 

*T�V 2�, +�� � �<	$X�1 � #< �& $�<. 2�,�0�� 
� �	4 �_� 5�%1�0� 	< �E  !#40: W$[0[<2+�� <4+7 

�& $� � )Oobatake & Ooi, 1993(.  

 

  

  
D7� 1. h�E PQ3 5�"m#01 	< 	$cV � P��C �	\$��� Fe3O4 )0I> �1 19 0[�0A�& 0� �(�& 08�T( 	< 2�&< 310 '3	< 5#$(9 � 0:�� 

l#01 )50 �(�&  	R$&� 8 pH.(  
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240� ���#+	4 0q4 W$[0[<2+�� *S(C2�, h(8J& 
�	\$��� Fe3O4 2	4 #��0� � 	�8X�� �5�"m#01 ���#+	4 2�, 
�1	40V �� �<�I8�4 +4 b�!A1 W$[0[< 2+�� �1	40V �)�4 

 �. 2	��"� +4 �+4 �4 20�[2�, �A�&�!#<$&01 �� �<�I8�4 
+4 � & �< �*T�V 	�8X�� �;�DE )N( � W$[0[< � � 
)D( 0�"I1 �& $� �. W�
8X�� �;�DE )N( 5�%1�0� 

24	4< �[<	$X�1 Z��!& *�4 � 2U0�4 <4+7 �901 +4 *T�V 
W$[0[<� � .<	4< *T�V W$[0[<2+�� �40
, �� +4 *�< 

58:	 *�T�;: 5�%1�0� *�4 �T� +4 *�< 58:	 *�T�;: 
'��
, �� W$[0[<2+�� �40
, *"�� W$� =40��Y1 
F#4	7 �#�c: b�$9 �, �& �4$1  W� � �,0� W<+ 
	�8X�� �<	$X�1 �;�DE �5�%1�0� 0)!& '� +4 *�<58:	 
*�T�;: 5�%1�0� <$� )Murphy, 2001(. *T�V2�, 

W$[0[<� � � �;�DE 5�%1�0� �� �,0_#< 	< *T�V �<�;1 
 !8", � 5�!�
, *T�V �;�DE 24	4< ]^4 V e(i& 
2U0�4 <4+7 *�4 '9 W� � 58"A� 2�, �$�� WR4�$9 

'�*�< � &7 .*�4 5#4 k0: '� W4$!/ '�`0: 
b�&�!#<$&01 '8X�!� � � *�4 5#40��!� F!94�2�, 

�[<	$X�1 0� Z"V b�&�!#<$&01 h#0;1 �& $�. � �<�;1 
5�� *T�V2�, W$[0[<� � )D( � �;�DE )N( �� *��q 

�<�;1K  h#0;1 �& $�< )Murphy, 2001(:  
N ↔ U 

� = [�]
[�] 

W�
, 	$E '9 	< ]A� 2 W��� �<4< �� � �!@!& 
W$[0[<2+�� �1	40V lA(m
9 5�"m#01 - �	\$��� 

Fe3O4  �z$
_�� *�4. 0"9 W$[0[<� � 5�"m#01 
)Fd( � 5�!�
, *��q �<�;1 )K( +4 e#0E 'T<�;& )1( 

'D��@&  � )Momeni et al., 2018(:  
)1                 (�� = (
�� − 
�)/(
� − 
�) 

  

	< 5#4 �'T<�;& Fd 0"9 W$[0[< � � 5�"m#01 
*�4 � Yobs� Yn � Yd '� Z�101 PQ3 � ,��& � � 

� PQ3 *T�V �;�DE � PQ3 *T�V �L&�9 
W$[0[< � �  !8",. ]A� 2 W��� �& ,< '9 �� 
F#46:4 *S(C �	\$��� Fe3O4 �!@!&�, '� 2�&< 

5�#��01 ]O8!& �& $� � '9 W���� !,< 0��Y1 0"9 +4 
5�"m#01 W$[0[< � � *�4.  

=40��Y1 2U0�4 <4+7 lD�[ )ΔG°( 240� h�>$1 
=�;T�i& �[<	$X�1 5�%1�0�  �I& *�4. �5�!�
, 

2�&< P�\ )Tm( � =40��Y1 �mT�8�7 )ΔH°( 240� 
�#���!� 2�,�0�� 0�C �"�R4�$9 '9 *T�V2�, 
2	�8X�� h(8J& 5�%1�0� 4	 	4 #�� �& !!9  �I& 

 !8",. �5�!�
, 5#4 2�,08&4	�� �A�&�!#<$&01 ~�D1	4 
�
�O8"& �� 	�8X�� 5�%1�0�  �	4< � �& �4$1 ! =�/LE4 

�O�^< +4 2	4 #�� 2	�8X�� �$AT$& 	< �LV 'z4	4 
 !,<. =40��Y1 2U0�4 <4+7 lD�[ )ΔG°( +4 'T<�;& )2 (

'�  *�<: &7  
)2                                 (∆�° = −�������  

= -RTln  !"
#-!"

$ = -RTln %&'-&()*
&()*-&"

+
 ∆�° = ∆,°- − �∆.°- 

  

  
D7� 2. 0"9 W$[0[< 2+�� �1	40V 5�"m#01 '�(/ �&< 	< 	$cV *S(C �,2 h(8J& �	\$��� Fe3O4   

)7� 5� 3� 1� 0 0[�0A�& 0� �(�& 08�T(  
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	< 5#4 �'T<�;& Keq� T � R '� Z�101 *��q ��<�;1 
2�&< e(i& � *��q +�[  !8",. eDE 'T<�;& )2(� 
W46�& Keq �� 0"9 W$[0[< 2+�� �E�D1	4 <	4< '9 	< 
�$&0: 5#6_#�3 � � .*�4 �#�8� 2�,08&4	�� 

�A�&�!#<$&01 5�"m#01 	< 2�,�&< h(8J& 	< �� 3 
1 W��� �<4< � � *�4. �� F#46:4 *S(C �	\$��� 

Fe3O4 2�&< P�\ 5�"m#01 F,�9 �& ��#. �(�O/ � 
W4	�A
, 	< =�;T�i& 5���� H	46[ �<09 �4 '9 
=4	\$��� 5,7 2�&< P�\ �#6�7 �#+�6�T 4	 6�� F,�9 

�<4< � '�$[24 01	4 #���� *D"� '� �#6�7 �;�DE <�)#4 
�<09 �4 )Aghili et al., 2016(. ΔS

°
m 4	 �& W4$1 +4 

Z�� �!@!& W$[0[<2+�� 	< 'iO� 2�&< P�\ 
'� *�< �<	�7 � ΔH

°
m 4	 �& W4$1 '� b
9 'T<�;& 

ΔH
°
m = Tm ΔS

°
m 'D��@& <09. 	4 O& ΔH

°
m � 

ΔS
°
m 5�"m#01 	< 	$cV �	\$��� Fe3O4 '� =	$> 

�iX �� F#46:4 *S(C  ��_�T F,�9 '8:�# '9 
W��� � !,< W �01+�� 	�8X�� �#6�7 � 0��Y1 0"9 

W$[0[< � � W7 �& ��� )Bahamin & Shareghi 

2014(. +4 5#4 ��#�8� �& W4$1  �
�: '9 �	\$��� 
Fe3O4 �� ti� 5�"m#01 ~�D1	4 ]��O8&  �	4<. 
!A
,0�F 5�� =4	\$��� � 5�%1�0��, �R$
;& �� 0��Y1 

	< 2�&< P�\ g/�� <�)#4 0��Y1 	< =�Dq �1	40V 
5�%1�0� �& $�. � 5#4 =40��Y1 �& �4$1  '�  =	$>0��Y1 

	< W$���&	$I!9 5�%1�0� � G�i;�4 20#Q� 2	�8X�� 
W�#�
� .<$� 	< �N^4� ��M14 =4	\$��� g/�� F,�9 

Tm �& $�< '9 5#4 F,�9 5A
& *�4 '� =40��Y1 

2	�8X�� 5�%1�0� '� *
� 2	�8X�� 01+�� *D"� �<4< 
.<$� '� =	�D/ �0_#< =4	\$��� 2�, �$��  # 3 � 

�I�;` 4	 �� ti� 5�%1�0� 	40^0� �& !9 '9 g/�� 
'8"A� W � 	�8X�� �<	$X�1 5�%1�0� � 2�, �$�� 
'E$�0& 	< ]X4< 5�%1�0� �& $�< )Aghili et al., 

2016(. �� F#46:4 *S(C �	\$��� Fe3O4� 2	4 #�� 
�#6�7 '� =	$> �iX F,�9 *:�#. 45# ��
8V4 6�� 
*", '9 =4	\$��� �� ti� �#6�7 ~�D1	4 ��$(i& 
	40^0�  !!9 � 5#4 W��� � !,< �L8X4 	< 2�, �$�� 

2<  �IT$� �#6�7 � <�)#4 ��M14 �@�301 �� ti� 
�#6�7 *�4 )Kumar et al., 2012(. =40��Y1 ���08�7 

�lA(m
9 GL8X4 ���08�7 *T�V � �+�� � ���08�7 
� ,��& � � 	< F#�&+7 *�4 � �� F#46:4 *S(C 
�	\$��� Tm � 2	4 #�� �#6�7 08
9 � � � �#6�7 01+�� 

�& $��< 5#40��!� ���08�7 � ,��& � � 	< F#�&+7 
08��� � � � GL8X4 ���08�7 �� F#46:4 *S(C 

=4	\$��� 08
9 �& $�< )Oobatake & Ooi, 1993(.  
  

�����G :�����;��< 1,�2��� H��� '�(���� 

Fe3O4.  

h�E�)!� l���	$z$(: 2	46�4 	��"�  !
1	 ^ � 
e�^< 240� ';T�i& F!A
,0�2�,  ��_�T - 5�%1�0� � 

=40��Y1 ��$���&	$I!9 ���� +4  ��_�T 	< G40E4 ]@& 
��M14 *�4. 5#4 H�	 '#6)1 � ]�(@1 N#0� � 

d�"V 4	 240� 5��;1 ��M14 =�D�901 �#��
�� 
h(8J& '� 5�%1�0� �,40: �& !9.  

  
#	C� 1. 2�,08&4	�� �A�&�!#<$&01 5�"m#01 	< 	$cV *S(C �,2 h(8J& �	\$��� Fe3O4 )7� 5� 3� 1� 0 0[�0A�& 0� �(�& 08�T( 	< 

2�&< P�\  
�	\$��� Fe3O4 

0[�0A�& 0� �(�& 08�T  
Tm  

5#$(9  
ΔH°m 

kJmol
-1  

ΔS°m  
Jmol

-1  

0  0/318 ± 45/0  994/398 ± 10/11  7/1254 ± 1/102  
1  4/317 ± 23/0  184/364 ± 09/12  4/1147 ± 0/121  
3  7/316 ± 57/0  624/341 ± 88/10  7/1078 ± 2/108  
5  0/316 ± 39/0  359/318 ± 67/11  4/1007 ± 8/103  
7  8/314 ± 71/0  610/284 ± 55/9  1/904 ± 5/54  
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l���	$z$(: 	��8�4 W$1$: *�4 '� ]�T< ��O8�4 b# 
W�08AT4 +4 b# 	4 & �� 2U0�4 01R�� '� 	4 & ti� 

5�#��01 f�I14 �& 8:4. �X0� $# #+	2�,  ��4 '!�&7 
�#6�7�,  !��& �5#+�0�1 W�:$8m#01 � ]�!: 5��R7 '�  	$E
�14\ l���	$z$(:  !8",. 0,  !#40:2 '9 g/�� 

F,�9 = � l���	$z$(: b# 5�%1�0� �& $��< 
H$&�X W � l���	$z$(: '8I[ �& $�<. ]�!: 5��R7 

24	4< <0A(
/ �&$8�4$9 �!�#�� *�4 � 5#+�0�1 0[4 
b#<6� $# #+	 �W�:$8m#01 ��0[ �]��$�09 ��0[ $!�&7 

 ��� � �# ���&+ '9 �6��$# �& $�< 0�� W7 H$&�X 
�& $�.< 5�"m#01 24	4< 	��� $# #+	 W�:$8m#01 

)51Trp� 141 Trp� 215 Trp � 237Trp( *�4 '9 
�40
, �� $# #+	 5#+�0�1 FO� � 
/24 	< 0�� 

l���	$z$(: 5�"m#01 �I#4 �& !!9 )Oobatake & 

Ooi, 1993(. 5�%8"�� � !!9	��& 2$^ 0�� 
l���	$(: W�:$8m#01 *�4 � W�:$8m#01 2�, 	��)& 
2�,$# #+	 5�%8"�� �' W46�& ]��^ ��3$1 	< 	��8�4 

�(9 l���	$(: ��O�  �	4 �� BO: 51 Trp FO� 
� 
/ 4	 	< 0�� l���	$(: <	4< 40#+ *D"� '� 
��0[ 2�, 5�%8"�� ��8D"� 	�< *�4 )Koutsopoulos 

et al., 2007(. ��0[ �� !#4 $# #+	 W�:$8m#01 �$%"& 
��!_�� l���	$z$(: 5�%1�0�2�, 2��V 5#4 $# #+	 

*�4 )Millan et al., 2016(. �5#40��!� 240� ���#+	4 
��$&�X �l���	$z$(: l���	$z$(: �14\ 2$# #+	 

W�:$8m#01 	< 5�%1�0� 	< 	$cV �  / 	$cV �	\$��� 
Fe3O4 �+4 �4 20�[  �. =40��Y1 	< h�E2�, 0�� 

W�:$8m#01 ~$�0& '� ��O8�4 ��$���&	$I!9 5�%1�0� �# 
W$[0[<2+�� ��O8"& *�4 )Farhadian et al., 

2018(. ]A� 3 h�E 0�� l���	$(: 5�"m#01 4	 	< 
	$cV *S(C2�, h(8J& �	\$��� Fe3O4� 	< �$E 

|$& ��6�_�4 280 08&$��� � 2�,�&< 298 � 308 
'3	< 5#$(9 	< 0:�� 50 �(�& 	R$& l#01 )8 pH( 
W��� �& ,<. 5#08��� W46�& 0�� l���	$z$(: 

5�"m#01 	< �$E |$& 334 08&$��� � ,��&  � '9 
W��� �& ,< Trp �>�M8X4 5�"m#01 2 V�1 	< 

k0;& �LV .*�4 5�!�
, � ,��&  � '9 = � 
0�� l���	$z$(: �� W<�6:4 �	\$��� Fe3O4 '� �$(@& 

5�"m#01 )	< �$E |$& 334 &$���08( F,�9 '8:�# 
�*�4 	< ')�8� W��� �&  ,< '9 5�� �	\$��� Fe3O4 

� 5�"m#01 ��!A
,0� �	 �<4< *�4. l� +4 ��M14 
�	\$��� Fe3O4 '� �5�"m#01 2�, ��4 '!�&7 6#0_�7 
08
9 	< k0;& �LV � B�@& 	40^ '8:0[ �4. =40��Y1 

��$���&	$I!9 lA;!& � � 	< F,�9 = � 
l���	$z$(: �& �4$1  ���� +4 0��Y1 F!A
,0� 5�� 

�	\$��� Fe3O4 � '�(9 2�,$# #+	 5�"m#01  ��� '9 
'� F#46:4 �8�"�(�:�	 �, ti� b
9 �<09 *�4 
)Kaushik & Bhat, 1998(. �'9�)�7+4 	< B�@& 

*�� �7 )	< k0;& �LV(� �<+�� �&$8�4$9 ���7 
F,�9 �'8:�# = � 0�� l���	$z$(: 6�� �9 � � 

*�4. 	< �]��O& 	< B�@& 6#0_�7 )�IJ& � � 	< 
'8", 5�%1�0�(� W�:$8m#01 <0A(
/ �&$8�4$9 �#R�� 
*�4< � �5#40��!� = � l���	$z$(: �#R�� � ,��& 

 � )Kaushik & Bhat, 1998(. 0y94 V �$E 
|$& 0�� l���	$(: 5�"m#01 	< ]&�;1 �� �	\$��� 

Fe3O4 	< 2�&< 308 '3	< 5#$(9 +4 334 08&$��� 
'� 340 08&$��� ��O8�4 '8:�# *�4 )]A� 3(. 0��Y1 	< 

W$���&	$I!9 �5�%1�0�  !��& +�� �W � Z(C4 '� 
=40��Y1 �[	6� 	< 0�� l���	$(: 0)!& �& $�.< 	< 
5�%1�0� 2��V 2�,$# #+	 Trp� 0, �< 0��Y1 	< 

�$E |$& � 0��Y1 	< = � �R$
;& �_!, W �+�� 
	�8X�� � ,��& �& $� � )Ghosh, 2008(. 5#40��!� 

�#�8� ��$&�X 0�� l���	$(: ')�8� h�E CD 4	 
 �#r1 �&. !9 Momeni et al. )2017 (	< 

=�;T�i& 5���� H	46[  �<4< '9 =4	\$��� TiO2� 
NiO � MgO = � 0�� l���	$(: 5�"m#01 4	 

F,�9 �<4< �4 )Momeni et al., 2017; 

Mahmodian et al., 2018(. Aghili et al. 
)2016( 6�� 	< =�;T�i& 5���� <$X F,�9 = � 

0�� l���	$(: �#+�6�T 4	 	< 	$cV =4	\$��� 5,7 
H	46[ �<09 �4.   
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D7� 3. h�E 0�� l���	$z$(: 5�"m#01 	< 	$cV *S(C �,2 h(8J& �	\$��� Fe3O4 ) 0I>�1 8 0[�0A�& 0� �(�& 08�T(   

	< 2�&< 308 '3	< 5#$(9  

  
��.�� 	 D,�%� �J
�	 ��� #�K�&  

n4$�4 ];: � =R�;I�4 �T$AT$& �& �4$1  �<+�� �&$8�4$9 
	$:�	$(: 4	 H$&�X  !9. 5#4  ];: � =R�;I�4 ]&�� 
F!94�2�, *T�V �'8J�_�40� F#4	7 < )& ��T$AT$& 
��O8�4 �2U0�4 ]�A�1 lA(m
9 *T�V '#�� )��$&�X 

b�1�8�4( � ��$&�X <	$X0� )��$&�X b�&�!#<( *�4 
)Lakowicz, 2013(.  !#40:2�, ��$&�X l���	$z$(: 

�R$
;& B�$1 �< �"���A& t�`$1 �<4< �& $� �� n$� 
b�&�!#< � �# b�1�8�4. �&�_!, '9 �"���A& ��$&�X 
b�1�8�4 ZT�C �*�4 	< F!A
,0� W��& 	$:�	$(: � 
H$&�X � !!9 	< *T�V �'#�� '�$[ 24  # 3 �  ^�: 

l��"!�&$T ]�A�1 �& $�<. 	< �"���A& ��$&�X 
b�1�8�4 �� F#46:4 �&< 	4 O& *��q W08�4 0
T� (Ksv) 
F,�9 '8:�# � 	< ')�8� 2	4 #�� 5#4 lA(m
9 	< 
2�,�&< 01R�� F,�9 �&  ��# � �lA/0� 	< �"���A& 

��$&�X b�&�!#< 5�� H$&�X � !!9 � *T�V '8J�_�40� 
�	$:�	$(: +4 e#0E 2�,<	$X0� FJ� � � 	< '
�� 0
/ 

*T�V '8J�_�40� 	$:�	$(: F!A
,0� �	 �& ,< �� 
F#46:4 �&< 	4 O& *��q W08�4 0
T� )Ksv( F#46:4 

�&  ��# )Zhang et al., 2009; Wang et al., 

2011; Saeidifar et al., 2015(. 	�8:	 �T�M14 �	\$��� 
� 5�"m#01 '� '(��� �<4<2�, ��$&�X l���	$z$(: 
'� *�< � &7 	< F#�&+72�, f$: � 'T<�;& W08�4 - 0
T� 

���#+	4 � � *�4 )Lakowicz 2013(:  

)3(          /0
/  = 1 + �45[6] = 1 + 7�89[6]  

	< �)!#4 F0 � F = � l���	$z$(: *T�V 	4 #�� 
5�"m#01 	< P��C � 	$cV �	\$��� Fe3O4 � !8", τ0 
5�_���& '
�� 0
/ 5�"m#01 	< P��C H$&�X � !!9 )8 -10 

�('���q kq *��q ��$&�X ��T$AT$&$�� KSV *��q 
��$&�X W08�4 - 0
T� � ]Q[ *S(C �	\$��� Fe3O4 

*�4 )Rajabi et al., 2019(. ]A�  4 W��� <4< '9 
	4<$
� 0"9 F0/F 	< 0�40� ]Q[ 	< �<� @& �D"� 
*S(C �iX �*�4 	< ')�8� 0_���� b# n$� 

�"���A& ��$&�X b�&�!#< �# b�1�8�4 *�4. �� 
�<�I8�4 +4 W$��0[	 �iX 	4<$
� 0"9 F/F0 	< 0�40� 
*S(C �	\$��� Fe3O4� 0#<�O& Ksv 240� lA(m
9 
�	\$��� Fe3O4- 5�"m#01 	< �< '3	< �&< 298 � 

308 '3	< �8��� <40[ 'D��@& � �#�8� 	< �� 3 2 
|	< . � =�/LE4 '� *�< � &7 W��� �&  ,< '9 

�	\$��� Fe3O4 �& �4$1  '� 5�"m#01 ]M8& � � � 
lA(m
9 5�"m#01 - �	\$��� Fe3O4 4	 ]�A�1  ,<. 

�#�8� �� 3 2 W��� �& ,< '9 0#<�O& *��q ��$&�X 
)Ksv( � 0#<�O& *��q ��$&�X �T$AT$&$�� )kq�( �� 

�&< 'i�4	 lA/  �	4< � 0#<�O& kq j	6� 01 +4 1 -
s

1 -
M 

1010
×2 )�
#69�& *��q ��$&�X (b�&�!#< . !8", 

�5#40��!� F,�9 ]��^ '3$1 W46�& 0�� l���	$z$(: 
5�"m#01 B�$1 �	\$��� Fe3O4 W��� � !,< �"���A& 
��$&�X b�1�8�4 *�4.   

  

  
  



30    '()&*"#+ ��,�-� . �
(/ ���0)1 2	$��3 ���!� ������ �	�
� � 	��� ���� � �� ����� �	���1400 

    

  
D7� 4. 	4<$
� W08�4 0
T� ��$&�X 5�"m#01 	< 	$cV *S(C �,2 h(8J& �	\$��� Fe3O4 )7� 5� 3� 1� 0 0[�0A�& 0� �(�& 08�T(   

	< �< 2�&< 298 � 308 '3	< 5#$(9  

  
 #	C�2. *��q*S(C 	$cV 5�"m#01 �A�&�!#<$&01 2�,08&4	�� � ��$&�X 2�,  �	\$��� h(8J& 2�,Fe3O4   

)7 �5 �3 �1 �0 �(�& 0� 0[�0A�& (08�T 

 �&<  
(5#$(9)  

Ksv  
)1-

M( 
kq   

)1-
s

1-
M(  

Ka  
)1-

M(  n 
ΔH° 

)1-
kJ mol(  

ΔS°  
)1-

K
1-

J mol(  
ΔG°  

)1-
kJ mol(  

298  102
×63/3  1010

×63/3  036/0  001/1  638/6-  32/5  225/8-  
308  102

×26/3  1010
×26/3  033/0  012/1  638/6-  79/6  732/8-  

  
��.�� 	 D,�%� #�K�& 	 M�,N�KG �7,����3���� O/   

*��q ��M14 )Ka( � <4 ;1 ��_#�3 ��M14 )n( 4	 
�& W4$1 +4 'i�4	 KL>4 � � W08�4- 0
T�  'T<�;&)4 (
'� *�< <	�7 )Lakowicz, 2013(:  
)4(             �:; [/0</

/ ] = �:;�= + ��:;[6]  
]A� 5 ���W <4< '9 2�,	4<$
� W08�4 -0
T� 

KL>4 � � ]F)/F -0F[( 	< 0�40� log [Q] 	< �< 
�&< �iX  �<$�. 0#<�O& Ka � n 	< �� 3  09\ � � 

.*�4 0#<�O& n �<�;& <4 ;1 ��_#�3 2�, ��M14 *�4 
� 	4 O& W7 ��D#0O1 0�40� b# <$� '9 W��� �& ,< 

�4<� V b# ��_#�3 ��M14 � !,< 	< 5�"m#01 240� 
�	\$��� Fe3O4 <$3� <	4<. sJ�&  � 0#<�O& Ka 
'i�4	 d$A;& �� �&<  �	4< � e��i& ��  ��	 Ksv 

'9 	< R�� '8I[  � �� F#46:4 �&< F,�9 '8:�# 
.*�4 �5#40��!� ')�8� *��q <09 	< F!94� ���M14 

lA(m
9 2	4 #���� <�)#4 � � � 5#4 lA(m
9 �� 
F#46:4 �&< h�;c1 � 4 3 �& $�<.  

��$&�X �"���A& b�1�8�4 ���� +4 <�)#4 

lA(m
9 *T�V '#�� 2	4 #�� '9 *�4 24 6�� W7 �� 
F#46:4 �&< F,�9 �&  ��#)Lakowicz, 2013( .

Hemmateenejad & Yousefinejad )2013 	< (
';T�i& =4	\$��� '9  �<09 � ,��& 0_#< 24ZnS  0��

 ��$&�X �"���A& �� 4	 ���"�4 0� 5�&$DT7 l���	$(:
�<4< F,�9 b�1�8�4  . �4Aghili et al. )2016( 

�<09 H	46[ 0�� '8"�4$1 5,7 =4	\$��� '9  �4
 ���7 . ,< F,�9 6�� 4	 �#+�6�T �#6�7 l���	$(:

'�$[ �
1  � O8;&  +4 �<�I8�4 �� 5,7 =4	\$��� 2�,
5�%1�0� h(8J& n4$�4 '� ��U�	 �, 2�, �$��  ]M8& �,

�& $�. �  
  

��.�� 	 D,�%� ����@�&��� �7,����3����  

2�,�0�� 5�� �T$AT$& '9 5�� �$AT$&$�� � 
2�,408"�$� �T$AT$& b�$9 ]
/ �&  !!9 ]&�� 

F!A
,0�2�, �b�1�8�4�08AT4 2�, �$�� �WU�	 �, 
2�,�0�� �6#0_�7 F!A
,0� 2�, �"T4�	 �4� � �0�C 

�&  !��� )Hu et al., 2005(.   
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 D7�5. ] 	4<$
�F)/F-0F	< [( 0�40� log [Q] *S(C 	$cV 	< 5�"m#01 �	\$��� h(8J& 2�,Fe3O4   

)7 �5 �3 �1 �0  0[�0A�&�(�& 0� (08�T  

  
�� '3$1 '� �_8"�4� *��q ��M14 '� ��&< b# 

  !#40:�A�&�!#<$&01 '�  W4$!/�$%"& ]�A�1 
lA(m
9 	< 0S� '8:0[ . � '� 	$S!& h�>$1 08��� 

F!A
,0� 5�� =4	\$��� Fe3O4 � �5�"m#01 �X0� +4 
2�,08&4	�� �A�&�!#<$&01 '8"�4� '� �&<  !��& 0��Y1 

��mT�8�7  ΔH°� 0��Y1 ����08�7  ΔS° � 0��Y1 2U0�4 
�<4+7 ΔG°� 4	 �& W4$1 �� 'T<�;& *�4� G$, ���#+	4 
<09 )Li et al., 2013(:  

)5                                   (���= = ∆>°

?@ + ∆4°

?  
�)!#4 	< Ka ��M14 *��q 	�$!�T - � {0� R *��q +�[ 

*�4 .2�,08&4	�� �A�&�!#<$&01  �� 3 	<2 � � 09\ �4 .
0#<�O&  �I!&ΔG° W��� <4< '9 F!A
,0�  !#40: 

'� '�<$X =	$> 2<$X �I!& *&L/ � �<�8:4 f�I14 ΔH° 
 *Dy& *&L/ �ΔS° �& W���  ��M14  !#40: '9  ,<

*�4 �#4+�&0[ F!94� .eDE ��[ #< +	 � �W����&40���  0[4
ΔH°  �ΔS°  *Dy&� ��� F!A
,0�2�, 6#0_�7 2�0�� 
�(>4 ��M14  !8", � !,<.  

 0[4ΔH°  �ΔS° �I!& �< 0, � ��� F!A
,0� 2�, 
�"T4�	 �4� � 2�, �$�� ��U�	 �, FO� �(>4 4	 	< 

F!94� �T�M14  �	4< � 0[4  ΔH°�I!& � b#<6� 0I> 
� ΔS° *Dy& � ��� F!A
,0�2�, b�1�8�4�08AT4 

� !,< �$��2�, �(>4  !8", )Ross & 

Subramanian, 1981(. 0#<�O& *Dy&ΔS°  � 0#<�O& 

�
9 �I!& ΔH° W��� �& ,< '9 F!A
,0�2�, 
�b�1�8��08AT4 �"T4�	 �4� � 2�, �$�� ��U�	 �, 

2�,�0�� �(>4 ��M14 � !,< 5�� 5�"m#01 � �	\$��� 
Fe3O4  �<$�. Momeni et al. )2017(  �Wang 

et al. )2011( 	< =�;T�i& 5���� <$X '�  	$E
'��[4 3 H	46[  �<09 '9 =4	\$��� TiO2 +4 e#0E 

F!A
,0�2�, b�1�8��08AT4 �40
, �� F!A
,0�2�, 
�"T4�	 �4� � 2�, �$�� ��U�	 �, 	<   !#40:��M14 

5�"m#01 � =4	\$��� 0�[	< . �<$�  
  
+,- �� �3   

h�E )!�� �< �_�	 ��4	�< )CD( 	46�4 �D��!& 240� 
s�J�1 0��Y1 2	�8X�� 5�%1�0� �_!, ]&�;1 �� 
�, ��_�T *�4. '#6)1 � ]�(@1 h�E CD-UV 	�< 

)260-200 08&$���( 240� h�9 =40��Y1 2�,	�8X�� 
�< 5�%1�0� �<�I8�4 �& $�<. h�E CD-UV 	�< 

PQ3 2	$�  �$�� 2 �8m� � 	�8X�� �<  �8m� 4	 
sJ�& �& !9 )Momeni et al., 2016(. ]A� 6 

h�E2�, CD-UV 	�< lA(m
9 2�, 5�"m#01− 
�	\$��� Fe3O4 4	 W��� �&  ,<. W�
, 	$E '9 	< 
]A� sJ�& �*�4 ]^4 V ���$([ 	< <� V 208 

08&$��� '9 '� ���	�& �IT7 	< 	�8X�� �T$AT$& 5�"m#01 
~$�0& *�4 �� W<�6:4 �	\$��� Fe3O4 0��Y1 *:�# 
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-١.٢٠

-١.٠٠
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-٠.٢٠
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-٠	٢ ٠	٣ ٠	٨ ١	٣

lo
g
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F

0
-F

)/
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log [Q]

298 ����	 
��

308 ����	 
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)Kotormán et al., 2003(. �5#40��!� =40��Y1 
�9 �4 	< 	�8X�� �< 5�"m#01 �	 �<4< *�4. �� 

W<�6:4 �	\$��� Fe3O4  >	< ���	�& �IT7 F#46:4 +4) 
34/5% '� 95/5(% � =�@I> �8� �9 �4 F,�9 +4) 
89/40% '� 94/38(% *:�# �� 3) 3.( 5#4 � # � 

'���& =�;T�i& �(D^ � ,��& � � .*�4 Xu et al. 
)2010( W���  �<4< '9 W46�& =�@I> �8� 	< 

W�
8X�� DNase II 	< �_!, PQ3 =4	\$��� SiO2 
F,�9 � W46�& 	�8X�� ���	�& �IT7 F#46:4 '8:�# �4 .

Wang et al. )2011( 6�� �#�8� �����& 	< 
F!A
,0� =4	\$��� TiO2 �� 5�"m#01 � ,��&  �<09. 

Aghili et al. )2016( 20��Y1 	< 	�8X�� '#$��q 
�#+�6�T 	< 	$cV =4	\$��� 5,7 � ,��& . �<0A� 

=4	\$��� ti� d�
1 208��� 240� 5�%1�0�2�, 
PQ3 � � �,40: �& !!9 '9 0)!& '� 0q4 ]��O8& 5�� 

5�%1�0��, � =4	\$��� �& $�.< '3	< 08��� �F!A
,0� 
0)!& '� �_8I�7 08��� 	< 	�8X�� 5�%1�0� �& $�< 

)Fei & Perrett, 2009(. 	< 5�� �< 5��&�< 
�5�"m#01 2�, �$�� ��U�	 �, ��4�40: 5�� 'AD�2�, 

=�@I> �8� <$3� .<	4< �A# +4 5#4 �=�@I> 2$# #+	 
5#0� b�8�T�1�9 4	 '�  	$Et�@> 	< ��_#�3 ��;: 	40^ 

�<4< *�4 	< 'A�T�V '@I> �< ��J� +4 G�A� 
�#���!� 408"�$� 4	 ]�A�1 �& ,< )Prasad & 

Roy, 2010(. �& W4$1 ~�D!8�4 <09 '9 =�@I> 
5�"m#01�8� '� ��O8"& 	$E '� =4	\$��� Fe3O4 ]M8& 

�& $�< � �A@8�4 5#4 =�@I> 4	 0��Y1 �& ,< '9 
0)!& '� 0��Y1 *�T�;: 5�"m#01 �& $�.<  

  
�, �)< 1,�2���  

F#46:4 �&< '� 	$E �(9 */0� F!94� 4	 F#46:4 �&-

 ,< � F,�9 �&< */0� F!94� 4	 F,�9 �&  ,<. 
�� 5#4 ���V '3	< =	40V 	��"� R�� �# 5�#�� �& �4$1  

	�8X�� � *�T�;: b# �#6�7 4	 +4 5�� <0D�. �LV�, 
�& �4$1 ! �#6�7   �, �# 	�8X�� 5�%1�0��, 4	 *�Dy1 �# ��-

=�Dq  !!9 � 0� *�T�;: W7 0�qr1  �	4Q_�. *�T�;: � 
0y94 V */0� *�T�;: 5�"m#01 �� F#46:4 *S(C 
�	\$��� Fe3O4 '� 	$E Z��!8& F#46:4 '8:�# *�4 

)]A� 7.(  
  

  
D7� 6. h�E Far-UV CD 5�"m#01 	< 	$cV �	\$��� Fe3O4  

  
#	C� 3.  >	< 0>�!/ 	�8X�� �< 5�"m#01 	< 	$cV �	\$��� Fe3O4  

	�8X��  0 0[�0A�& 0� �(�& 08�T  3 0[�0A�& 0� �(�& 08�T  7 0[�0A�& 0� �(�& 08�T  
���	�& �IT7  34/5 %  43/5 %  95/5 %  

=�@I> �8�  89/40 %  84/40 %  94/38 %  
W01 �8�  67/19 %  00/20 %  68/20 %  

� �	 ]#$9  10/34 %  08/34 %  34/34 %  
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