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In the present study, the effect of source and level of copper in the diet on 
production and health of dairy cows were investigated using 105 multiparous 
pregnant Holstein cows from -21 until +15 days relative to calving in 
randomized complete block design with 3 treatments and 35 replications. The 
experimental treatments include: 1) diet containing copper at the NRC 
recommended levels of copper sulfate source (NRC-S), 2) diet containing copper 
at twice the NRC recommended levels of copper glycinate source (2NRC-Gly) 
and 3) diet containing copper at twice the NRC recommended levels of copper 
sulfate source (2NRC-S). Milk yield and composition were not affected by 
experimental treatments, but treatment by time interaction indicated that cows 
fed 2NRC-Gly had higher milk production than NRC-S group (P<0.05) at 60, 90 
and 120 days in milk (DIM) and cows fed 2NRC-Gly produced more milk at 90 
and 120 DIM compared to NRC-S group (P<0.05). The somatic cells count was 
significantly lower (P 0.05) for cows in group 2NRC-Gly than cows in group 
NRC-S. The incidence of subclinical mastitis in 2NRC-Gly treatment was lower 
than other treatments at 15 DIM (P= 0.05). No difference in body weight and 
body condition score changes were observed between treatments. Blood 
metabolites and liver enzymes were not affected by adding different sources of 
copper , except postpartum serum albumin which was increased in 2NRC-Gly 
group relative to the other two groups (P 0.05). Based on the obtained results, 
adding copper especially from the copper glycinate source at twice the NRC 
recommended levels led to an increase in the serum albumin concentration, a 
decrease in milk somatic cells count and lower incidence of subclinical mastitis, 
which could indicate an improvement in health of cows during transition period. 
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�
$� �T$:
� "�/.�� ���1000 �4�) ���.N���$:��  
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 B9�?2 .�.����M N�7�- ���?) �5.���� ���I�	��� ���� ���9 �. K5# ���� �L��  (��M  

�qd� ��	�  
��$M������) ��<  

U��� ��f4��  ���&��  

 �� ��@�����) �<��$1 �@�e �~���(k�e ���� ���	
$�  60/1  70/1  

 ��e S$9&�>  80/13  00/17  

�p/e ��/�	1 �� 6	
%��� l�$@�  4/34  1/28  

 ��$3� ��/�	1 �� 6	
%��� l�$@�  3/22  5/18  

 �[�$@� �$g "���$<	.��  9/41  7/42  

 ��&� ���\�  0/3  1/5  

�	$&�� "�P& -�
$�) ��$M �	$�) ���(k�e ���� ���	
$� �� �b�  33-  231  

 T$:
�  2/1  4/1  

�P:[  4/0  6/0  

 T�'$/�  37/0  44/0  

 �
�  64/0  46/0  

 T$3�4>  30/1  24/1  

 T��3  3/0  43/0  

 ���	�  32/0  23/0  

�
$�) N@�+�(���	
$� �� ���  20/1  19/1  

�
$�) G�(���	
$� �� ���  86/28  90/28  

�
$�) ��(���	
$� �� ���  01/1  09/1  

�
$�) S<) �� ���(���	
$�  53/142  29/176  

�
$�) '/�/�(���	
$� �� ���  09/105  57/100  

�
$�) �	$/
3(���	
$� �� ���  54/0  57/0  

�
$�) ��(���	
$� �� ���  18/114  25/116  

1S$�a& G� �	F�� . �$^	& LH3 �� G� "�P@	3  ����	e ��	� u��, �� ��1  ��1NRC )2001.(  
  

  

 ����� �<��� ) ��. N��309:00  15:00 ��$M �. ( U��� ��f4��2/> �. �.�$43� ���. �041� �J ��  �&10  ���#. �^��

�. "�	^  �	0x �. .���1 ��qd& �<������� ��<  �$@	&  �@�3	� ��  ���1 V#4/� ������� �. "���	$J �U��� �$@�

N53 ��$4�� .���1 N+K U1� S$@� �� �	g)���� � �� ���P43� �. Q�$#2/> ) ���$4��1:  �U��� V��� ��.2 : V���

 ���'M3 : �kF� �. ��$�4: V.�W kF�   �fJO�5 : �1 S$$*& (S���'3]17[ G> . �� �& �<�� ��)15  U��� �� G> ��

���& �� �����M �3 ����� r) �. ���) �3�43� �. ���� .���1 �������& ��< �3 ����� �041� �J �� ��) ��. N��307:00 �

15:00  23:00 h	
5� �O��� ��$M �. (�. "�	^  �1��$1 .���1 ��qd& �<���3 ) �� �� ��. N��306:00 �14:00  

22:00 .�1 ����� (  

��	F� �� �����.�. Z��	e "�	^ ��	F�  �1 ����� ��4P< �'��[ �� �<18- �4��3 �M������  .���1 ����0��

��	F�  �� G> Z��	e ��<z� ������� �. �) �� ��� 60 �4��3 �M�� �����. "�� 48  ���1 k�e N��3]1[ Nf
g .

Z��	e ��	F� G� ������ �F&� rqM (� �3	& .�1 ��$� ��<�� �� �1��$1 �< �� �$1 �$@	&15 �30 �60 �90  

120 ��	F�  N+K �<��$1  .�1 ����� �$1 �� ��$���'$� �$P��43��$g r�7 ��<�$3� ��	43� ��	4�b �S$9&�> ��.�7 �

k��$&	. �:���$<�4. �$3� 6	
3 ��F1 ���. ��<  ����	F� ) S�3�	�
$� �� ���P43� �. �$1 ��<Combi Scope-

600Hp (������ ��$�  .�1  

 �� �<��21- �3- ��P^  15 �� U��� �. N+:� ��. ��. �� "��$$d&  ���1 ���� lO4e� "�	^��. �� 
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 ��) U��� �� U$>3-  (��. ��  lO4e�  U����) ��1 �� ����. ��  �� ��15   U��� �� G>��. ��  ��

 U��� �� r��� ��[ � �3	& ���. N$*I ��F� ���. �<�� .�1 �+3�%�21- �3- ��P^  15  U��� �. N+:�

 ���1 �<���$4��]3[  ��F� S$���$� �� ���� ��'�& ���. ���. N$*I .�1 ���P43� �<  "��$$d& ���. N$*I ��F�

�. ���. N$*I ��F� lO4e� "�	^  ��) U��� �� U$>3- (  U����) ��1 �� �� 15 U��� �� G> U��� ��  

 .�1 �+3�%�  

 ��	F���� k�36 N+K ��<�� V� �� ���&  S$@�) U����) �� ��112 �	e (��F$& �< �. ��1��� �� .���1 ��$�

��	F�  �	e ��07 Z��	e �� G> N��3��� ��� ��  L+^ �<�  ��<�� ��21- �7- ��P^ �3 �+7 �+14 �. N+:� +

��f4����	� U��� z���& �@	@ �� ���P43� �.) ��#*���I ���� ��. �e N%& ��<Vacumed ® no additive, FL 

medical, Italy�1 �4[�� ( .���	F  �<�. "�� 10  N��3 �. �#$W�rpm2500 ��3  ���1 ~	$P��4��3 �)  �< N0M

������ �4����> ��$�  ��M ���$F$1	$. ��< �� 20- �4��3 �M�� Nf
g .���1 �F�/� ����  "�&��o3) �S$�	+@) �'�	
� ��<

����  ���P:���&	/$�)-V$��&	
���P:���&N$� �� ���P43� �. �����& ��< �	��) Q��> )Pars Azmoon Laboratory, 

Tehran, Iran(  ) �4�	4[�4�o3�UNICCO, 2100, Zistchemi Co., Tehran, Iran������ ( .���1 ��$�  

'��W ���.) "�%1�& �	M) N��4� ��.-�	0W �b�. ����  �~� �. �	. ��5/39 �4P< S$@� �� �	4�� �M��  G>

 ��~� �� ���7 ��	�	� �� ���7 "�%1�& �	M) N��4���� �(U��� ��25 NPM  (U��� �� G> �� ���) ������

 �& NPM ��e12  N+K (U��� �� G> N��3�1 �/$@�. N%& ��4:> �� .�. "�	^ 6	
3 ��F1 �� U$. ���. ��<

200,000 �
$� �< �� 6	
3 �$1 �4$@�4[�� �f� ��  �	+0.  �1 �.) �/$@�. N%& ��4:> ��T� �&  ��200000  �< �� 6	
3

�
$� ��/���� �3	& �$1 �F�7 �.����� �. �/$@�. ��4:> �� .�1 t��*& �$5�& �� G> �1��$1 S$@� �� (�$1 �4$@

�F@� T�O� ����� �/$@�. ��4:> �� �. �<�� .N[�� ���W U����) ��	� U1� ��. �< �� ���'� �45@ ���1  ��1 ��3 

���F$. �� V#4:� �$1 ��  k$F4:$3 ��<����� ��< �. S�'� �/$@�. ��4:> ��  ���	. �$5�& r�04@� �. �<�� "�	^

�3  �� ��	�U$. �& N+K �/$@�. ��4:> �� .���1 �5�� ��1T< S$/7�$&��� �/$@�. N$*I � Q�$#� k� �� �< 2/>

���$4�� )1-  �T@�3 ��< �$&���  �$12- � �Z	��� �$1 ��� T@�3 �$&��3-  ��*$+,�$g �$1 ��� T@�3 �$&���4-  �$&���

 ��*$+,�$g �$1  ��	4�5-  �. ���F< �*$+,�$g �$1 ���	4� �$&�������� ��< N�	P� k$F4:$3 �1 �.����� (]9[.  

����N$@	.�4�  �) "�+$��&  �$1 �$@	& V$+W �� ���� �� ��1����& ��< �'�	
�) ��	e ��< �S$�	+@)AST  GGT (

 ��� �.Mixed��� � ��'[�SAS ) �5:�4/9( ) 6�� ���.1 ( ��'�& S$���$� LH3 ��  ��	& �	��) �� ���P43� �. �<

�/*�.���1 �:��#� �^�� 2/> ����   

 �H.��1    (                                 Yijkl = µ + Treati + Timej + (Treat×Time)ij + Cow (block)ijk + eijkl  

 ��H.�� S�� �� ��Yijkl }�4:.� �$d4� �µ }"��<��� V� S$���$� �Treati }������) ��<��F$& �K� �Timej }���� �K� �

(Treat×Time)ij��F$& V.�#4� �K� � × }����Cow (block)ijk �� �� �[��\& �K� �Z	
.  eijkl.N3� ������) ��+41� �  

���� ����& ��. ��<N53 ��$4�� ����. N$*I ��F�  ��. �� "��$$d&) �. 6�� ��F< �. (��4:> �� ��$4��  ����

��F$& V.�#4� �K�  ���� �K� lqJ× ���� .���1 ��'�& ��������/<�� ��< NPM �N��4���� �N��4�) �< ��  ������

 ��� �� ���P43� �. k$4:�@ �	$3��� �3	& (��4:>GLIMMIX ����'[� �SAS .���1 ��'�&   

  

3 ../� � 0#���  

���� 6�M �� �$1 X$��&  �$@	& ��<)3( ��1 ����� N%& �$1 �$@	& .����$Ka& N[��� ���W ������) ��<��F$&�  ���� ���
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)05/0P<��F$& V.�#4� �K�  ( × N%& �� �$1 �$@	& �����$Ka& ���W ) ���05/0P<��F$& V.�#4� �K� .( × �� ��� ���� ����

 ��<��2NRC-Gly  �$1 �$@	&U$. �& �� �� �60 �90  120  ��� �. �:��#� �� �<��$1NRC-S  �/41��

)05/0P< V�1 }1�@�J�� }( ��<�� �� �$1 �$@	& ��2NRC-S  ��� �. �:��#� �� NRC-S �� ��90  120  �<��$1

U$. �& ) �	.05/0P< V�1 }1.( 

  
 B9�? 03 B�&6� ��9� �  A.�65�� ���9�@ �� ��-��7 ���%�� ���6�� 9 ��M '�"�7�- 9 ��%�- �� ���? >� <=	 9 ;"�� �:� .  

"�P^ 
������) ��<��F$&   �/*� LH3 ����  

NRC-S  2NRC-Gly  2NRC-S  SEM ��F$& ��  �� �� ��F$&  

(�� �� ���	
$�) �$1 �$@	&  62/44  36/47  23/46  30/1  11/0  01/0   01/0   

(�^��) �$1 �.�7 36/3  27/3  33/3  15/0  2/0  01/0   01/0   

(�� �� ���	
$�) �$1 �.�7  49/1  53/1  54/1  11/0  7/0  01/0  01/0   

(�^��) �$1 S$9&�>  07/3  13/3  10/3  04/0  27/0  01/0   01/0   

(�� �� ���	
$�) �$1 S$9&�>  b36/1  a47/1  ab43/1  03/0  03/0  1/0  01/0   

6	
3 ��F1 ��/+� �. T4����@) ���. ��<10 �
$� �< ��(�4$@ a07/2  b 84/1  ab97/1  041/0  01/0  02/0  16/0  

�$&��� �/$@�. ��$4��  a57/1 b10/1  ab19/1 15/0 02/0  -  -  

�
$�) �$P��43� �$g r�7 ��<�$3����(�4$@ �� �b�  11/875  30/709  77/703  5/95  19/0  -  -  

�
$�) �	43� 6	�(�4$@ ��  a28/0  b21/0 b22/0  023/0  03/0  -  -  

�
$�) "��$&	. �:���$< �4.(�4$@ �� 6	�  a15/0  b10/0 b09/0  013/0  02/0      
 

NRC-S �$^	& LH3 �� G� ��J ��$M :NRC  �G� "�P@	3 �� ���P43� �.2NRC-Gly �$^	& LH3 �.��. � �� G� ��J ��$M :NRC �G� "�/$:$
� �� ���P43� �. 

2NRC-S �$^	& LH3 �.��. � �� G� ��J ��$M :NRC .G� "�P@	3 �� ���P43� �.  

SEMS$���$� ������43� ��He � �< 

a-bS$���$� "�P& :  �.����� l�J �. t��� �< �� �<�/*� N3� ���)05/0 P ≤.(  

  

  
 G)M1���? >� <=	 9 ;"�� �:� .  .A.�65�� ���M ���9�@ ��M ��%�- ��NRC-S ��L�- <=	  �� >� �9�� ���? :NRC  ��

 O>� '�P%�	 �� ���P6	�2NRC-Gly ��L�- <=	 ����� 9� �� >� �9�� ���? :NRC O>� '���Q��@ �� ���P6	� �� 2NRC-S :

 ��L�- <=	 ����� 9� �� >� �9�� ���?NRC >� '�P%�	 �� ���P6	� �� .  

��R� S�6#���5 * 0��( �� ���� �� ����- ��� �� ��M ��) 0	�05/0P<.(  
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 ��<=> �� ��qd& �.  ���*� ��	� S�� G�
oF� V�1 �. �:��#� �� N@�+�  '/�/� ��� �G� �&�P@	3 V�1

 �� (�	[O��)30  �� �& U$> ��30 �1 (��'� �U��� �� G>  �� �$1 �$@	& ���*� ��	� �@) V�1 �� ���P43� ��3/3 

���	
$�  U��'[� �� �����<� ]15[ . ���*@�H� ��qd& ��<�� �� �$1 �$@	& �� �1 ��<��� '$� ����� "�/$9&�> �. ��1

N[�� U��'[� '/�/� �G� ��� ]10[ . �U����) S�� 2��4� �. 	:F<�� N3� ��1 (��'� ��'[�  �G� ��� G�
oF�

v��. (�	[O��) N@�+�  '/�/� U��'[� �$@	& �$1 �� ��J k� ���	
$� �� �� �1 ]19[ .U<=> ���3 ���� ����  �&�P&

��'[� �. �$1 �$@	w& �� ��- S$�	$4�  ������ ��<��� �<�� ��$M �. (�	[O��) N@�+�  '/�/� �G� ��� G�
oF� ��

]2  24[ .� U<=> ������ M G���$ 
&�:$�< ) ��60 �� >U$  �&49 �� �� G> ��U�( �� NP<  �.10 ��
$���  ��

����	
$  G� "�P@	3 �3	&�� 9&�>"�/$  G�  �1 ���� U��'[�����< � �� �34 1�<��$ ��4:> Ve�� U@�7 N%&�  �.

1�1��
��$ � ���W.�/4[� �:$
& ��� �N[�� U<�� ��� �3 �< ���. �$1 �$@	& �U@�7 �� G>��qd& ��<  "�/$9&�> �. ��1

�� �� G�U1 �& �3 ��<  �$1 �$@	& U@�7 �� G>U$. �&� �/41�� ���� ��� � �. �:��#� �� ]21[ .  

 ���#�  �^�� �� �&�P&�.�7   ������) ��<��F$& S$. �$1 S$9&�> �^����� ��<���  6�M)3 ��� �(

��/3��[  �	�q� ��< N%&�$Ka&   ������F$& V.�#4� �K�× 4[�� ���W �����/ )05/0P< �� �� .(15  ��� ��<�� �<��$1

NRC-S  �$1 �.�7 �^��U$. �& ��� ��<�� �. N+:� �2NRC-Gly  2NRC-S ) �/41��05/0P<}  V�12 .(

�@�J�� �� �� ��90  ��<�� �$1 �.�7 �^�� �<��$12NRC-S  ��� ��<�� �. �:��#� ��2NRC-Gly  NRC-S 

U$. �& ) �	.05/0P<}  V�12.(  

 �� ��15  ��� ��<�� �<��$12NRC-Gly  2NRC-S  ��� �. �:��#� ��NRC-S  �$1 S$9&�> �^��

U$. �&) �/41�� �05/0P< V�1 }3 �� �� �$1 S$9&�> �^��  (30  ��<�� �� �<��$12NRC-Gly  �. �:��#� ��

 ��<��2NRC-S  NRC-S U$. �& ) �	.05/0P<} V�1 3 ��<�� �$1 S$9&�> ���#� ����� �	3 �� .(2NRC-Gly 

 ��� �. �:��#� ��NRC-S U$. �& ) �	.05/0P< .(  

  

  
 G)M2���? >� <=	 9 ;"�� �:� .  .A.�65�� ���M ���9�@ ��M ���* �L�� ��NRC-S ��L�- <=	 �� >� �9�� ���? :

NRC  O>� '�P%�	 �� ���P6	� ��2NRC-Gly ��L�- <=	 ����� 9� �� >� �9�� ���? :NRC O>� '���Q��@ �� ���P6	� �� 

2NRC-S �9�� ���? : ��L�- <=	 ����� 9� �� >�NRC  .>� '�P%�	 �� ���P6	� ��  

��R� S�6#���5 * 0��( �� ���� �� ����- ��� ) 0	� ��M ����05/0 < P.(  
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 G)M3���? >� <=	 9 ;"�� �:� .  .A.�65�� ���M ���9�@ ��M A�W-9�3 �L�� ��NRC-S ��L�- <=	 �� >� �9�� ���? :

NRC P%�	 �� ���P6	� �� O>� '�2NRC-Gly ��L�- <=	 ����� 9� �� >� �9�� ���? :NRC O>� '���Q��@ �� ���P6	� �� 

2NRC-S ��L�- <=	 ����� 9� �� >� �9�� ���? :NRC  .>� '�P%�	 �� ���P6	� ��  

��R� S�6#���5 * 0��( �� ���� �� ����- ��� ) 0	� ��M ����05/0 < P.(  

  

�1 (��'��� N3� � ��'[�   �.�7 �^�� �. ��K� �<�� ��$M �. (�	[O��) N@�+�  '/�/� �G� ��� G�
oF�

 �$1 S$9&�>������ ���#� ��� �$1 S$9&�> ��'$� �. 03/0  ���*� ��	� �@) V�1 �� ���<�� �� �� �� ���	
$�

T� l�\� �� N[���� ���//� N3� �4[�� U��'[� ]19[. T< S$/7�1 (��'� �N3� � �	e �� �G� ��� G�
oF� ����

 �� �&�P@	3 V�1 �. �:��#� �� (�	[O��) N@�+�  '/�/�30-  �&30 �� �$1 S$9&�>  �.�7 �^�� �U��� ���� �. N+:� +

���& ��<�� �� N%& ���$Ka&  ���W�F��<� �$1 S$9&�> ���#� ��� ��� U��'[� �� �<�]15[ .  

) 6�M Q�3��.36	
3 ��F1 �(���. ��<  �$&��� �/$@�. ��$4�� �<�� ����� � 2NRC-Gly �#� ���:�  �.

NRC-S T� �& �	. )05/0<P( ��� ��<�� �&�P& ��� �2NRC-Gly  2NRC-S T<��[ .N1��� �	M  ��	F�

��	� ���*� �[�� k� ��� ��� �	#@�. ���. U<�� �P/� "��K� SCC b�. ��	� ���� �N3� ���*� T�l�\� ���. 

z3�> ���/F X3�/� �&�$J �/4:<  U#� �F0� �� N�O3 ��4:> �P�� �� �//�]5[�:$
& ��qd& ���<=> �� .��< 

��$1 N%& U@�7 ��� ���4:> �. �
��$1�1� �. ��$M��< 6�#4�� ��� ��J ���*& U<�� �. ��/� G� ��4��.  

SCC �$1 �<�1 ��� �. �:��#� �� �1 ]19[ ��� �� �,	
5� u��'& .��<�� �� �	$/
3  '/�/� �G� 230  

260 �/4:.)  �� �� 35 ��<��$1 ��. ��4:> ��  �/$@�. SCC �� �� ��<�� �/7 U��� ��. U<��  ���]11[ .

U<=> S$$*& �� ����� �$^	& �	�q� ���� �p���J ��	� ���*� T�l�\� ��$���	� �� ��<�� �. SCC  b�. �� 

��'$� U��'[� Nf
g ��	� ���*� T� l�\��� v��. U<�� SCC ��	1 "��O,� ���. ��/F1��� ����� �� 

��4:> N%& �/$@�. T<��[ .��� �<�	e ��	� T� ���*�l�\� �� ����� N$F<� T4:$3 �/F�� ��.  N�O3 ��4:> 

 �����]16[��<�� N3� ��1 (��'� . ����� ��. �/7 �� ���*� ��	� T��#��'& l�\� ��J ��	$/
3 �G� ��  

'/�/� T� �He �� ����� N[���� �� ��& ���. �. O4.� �, �/$@�. ��4:> �� ���  �<�1 ��� �. N+:� ���e

���	. ]11[. �:$
& ��$M �. G� ��'[� �� �<5/6  �.20 �
$� �� ���	
$� �� ���60  �& U$> ��42  �� G> ��

N�	P� ��.  "�1 U����� �� ���4:> ��<  S$:�	&��� �3	& ��1�#@� ��4:> �� �. z3�>]8[  �
��$1�1� ��
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 ��� U<��]21[ �. �<�� �. �	$/
3  '/�/� �G� ��� �� �,	
5� ��
M��� u��'& �V.�#� �� .SCC  ��$Ka& b�.

 ��$1 S$9&�> ��$1 �.�7 ��$1 �$@	& �.SCC  N1��� �/$@�. ��4:> �� ��'$� ]5[.  

M �� G� LH3 U��'[� 6�M) �1 �$1 ��	4� ��:M� U<�� �. ��/� 6�#4�� ��� ��<�� ��$3�. �(��	, ��

 Nf
g "��$&	. �:���$< �4. ��<��F$& �� �$1 �	43� 2NRC-Gly  2NRC-S  �. �:��#� ��NRC-S U<�� 

N[�� )05/0<P( Nf
g . �$P��43��$g r�7 ��<�$3� �$1 -+/�  LH3 U��'[� �$Ka& N%& ���W G� �. �M	& �. .N[���

�/*� ��� ���� �$P��43��$g r�7 ��<�$3� ��<��F$& �� �$1 ��	4� ��:M� U<�� ��<��F$& S$. �� �$12NRC-Gly   

2NRC-S  U��'[� �. ��/� G� ��'[� �� ����� (��'� "�*@�H� �e�. ���� ��	+� ��f4����	� �<�1 ��F$& �. N+:�

�@�3	� �� '$@	o$@�� �4e� �� ��<1 �	]4[ ��	� �43	> ��� u��'& �� ��1 (��'� �I�J U<=> 2��4� �. �43�� �� ���� .

��<�� �. ('/�/�  �� �G� ��	$/
3 �� �,	
5�) ���*�  ��<�� �� ��$1230  260  ��  �/4:.)35  �<��$1

Nf
g U��'[� �. ��/� "��$&	. �:���$<�4. Nf
g U<��  ��&	F3��$:���>	3 �� �� ��3 �1 U��� �� G> ��<

]11[��/� G� ��'[� ��7 �� N:$� �5�� �7��� . N.�K  ��� �N3� ��1 ��	4� ��:M� Nf
g U<�� �. �� N3� ��1

 �/4:< �+&�� T< �. 6�#4�� ��� �, ��$@	.�4� N$*I  	$&��$:�� N$*I]18[ �� �	+0. ��I�J �*@�H� �� S���.�/. .

��$M �. G� ��'[� �. ��4:> N�O3  ����1 �	+0. ��$4���  	$&��$:�� N$*I �	+0. ��$4��� N3� S�F� 6�#4�� ���

 .�1�. ��� ��$@	.�4�  

 G� "�P4� -.�/� �. ��$M G� U��'[���  �6�#4�� ��� �. ��K�  ��. �� "��$$d& ���. N$*I ��F� G>  U$>

 U��� ��N1��� ) 6�M4(  ��. �� "��$$d& �� "�P& ��� . ��F� ���. N$*I Nf
g �� "��$$d& ��� �. �43�� ��

 �$1 �$P��43��$g r�7 ��<�$3�U<=> .�	.  -+/� �3	& ��$M G� LH3 U��'[� �� ����� (��'� '$� ���� ����

 �� �&�P@	35/6  �.20 �
$� �� ���	
$� �� ���60  �& U$> ��42  ��� U@�7 �� G> �� ��. �� �U��� �� G> ��

1� �. ���4:> �� �� �
��$1�34  N%& �<��$1�$Ka& ���� ���W ]20[.  

 ��<�� �� U��� �� G> ��3 S$�	+@) Nf
g2NRC-Gly  ��� �. N+:�NRC-S 2NRC-S   6�M) �	. �&b�.5 }

05/0P<��F$& V.�#4� �K� .( × ��� ��<�� (�P^ ��) U��� �� �� �� ��� ���� ����2NRC-Gly  �. �:��#� ��

 ��� ��<��2NRC-S  NRC-S ) �/41�� ��&b�. S$�	+@) Nf
g05/0=P��F$& V.�#4� �K� .( × �� �� ��� ���� ����

 ��  U��� ���3  ��<�� �<��$12NRC-Gly  ��� ��<�� �. �:��#� ��2NRC-S  NRC-S Nf
g ��<

) �/41�� ��&b�. S$�	+@)05/0P< V�1 }4.(  

  
 B9�?4 .B�&6� ��9� �  A.�65�� ���9�@ ��� 0�RY9 ��� 9 ��� ��9 '����Z- �� ���? >� <=	 9 ;"�� �:�  

"�P^ 
������) ��<��F$&  

SEM
  �/*� LH3����  

NRC-S    2NRC-Gly  2NRC-S  ��F$& 

(���	
$�) U��� �� U$> ��. �� "��$$d& 57/10  75/11  17/14  47/2  32/0  

 ���. N$*I ��F� "��$$d&U��� �� U$>  08/0  10/0  07/0  041/0  69/0  

(���	
$�) U��� �� G> ��. �� "��$$d&  33/33 -  93/19 -  29/25 -  16/9  34/0  

U��� �� G> ���. N$*I ��F� "��$$d&  11/0 -  08/0 -  09/0 -  067/0  88/0  

NRC-S �$^	& LH3  �� G� ��J ��$M :NRC  �G� "�P@	3 �� ���P43� �.2NRC-Gly �$^	& LH3 �.��. � �� G� ��J ��$M :NRC �G� "�/$:$
� �� ���P43� �. 

2NRC-S �$^	& LH3 �.��. � �� G� ��J ��$M :NRC .G� "�P@	3 �� ���P43� �.  

SEMS$���$� ������43� ��He � �< 

) U��� �� U$> �� �3 ���. N$*I ��F�  ��. �� "�P&3-  ) U����) ��1  (20 -(  

 "�P&) U����) ����> ���. N$*I ��F�  ��. ��15(�P^ ��) U��� ��  ( +  
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 B9�?50�%���6� �� ���? >� <=	 9 ;"�� �:� .A.�65�� ���9�@ \.�� �� >3 ��# ���  

"�P^ 
������) ��<��F$&  

SEM
  �/*� LH3����  

NRC-S    2NRC-Gly  2NRC-S  ��F$& �� �� �� ��F$&  

�
$�) '�	
� �� ����3� (�4$@  81/66  89/67  72/66  72/1  75/0  01/0   01/0 <  

�3� �� ���) S$�	+@) (�4$@  b30/3  a50/3 b35/3 041/0 01/0   1/0   01/0 <  

(�4$@ �� �J�) ���P:���&	/$�) "�&��o3)  50/76  80/76 0/77 59/0 64/0  24/0   56/0   

���� -(�4$@ �� �J�) ���P:���& V$��&	
�  23/25  54/24 19/24 53/0 14/0  04/0  57/0  

NRC-S �$^	& LH3 �� G� ��J ��$M :NRC  �G� "�P@	3 �� ���P43� �.2NRC-Gly �$^	& LH3 �.��. � �� G� ��J ��$M :NRC �G� "�/$:$
� �� ���P43� �. 

2NRC-S �$^	& LH3 �.��. � �� G� ��J ��$M :NRC .G� "�P@	3 �� ���P43� �.  

SEM ������43� ��He �S$���$� �< 

a-bS$���$� "�P& :  �.����� l�J �. t��� �< �� �<�/*� N3� ���)05/0P ≤.(  

  

  
 G)M4���? >� <=	 9 ;"�� �:� .  .A.�65�� ���M ���9�@ ���	 A���"%� 0]�^ ��NRC-S ��L�- <=	 �� >� �9�� ���? :

NRC  O>� '�P%�	 �� ���P6	� ��2NRC-Gly ��L�- <=	 ����� 9� �� >� �9�� ���? :NRC O>� '���Q��@ �� ���P6	� �� 

2NRC-S ��L�- <=	 ����� 9� �� >� �9�� ���? :NRC  .>� '�P%�	 �� ���P6	� ��  

��R� S�6#���5 * 0��( �� ���� �� ����- ��� ) 0	� ��M ����05/0 < P.(  

  

���� �	e S$�	+@) Nf
g��qd& N$*I ��/<��� �� U<�� ��F$. ��� �� �) Nf
g  N3� ��$M �*@�H� �� .�.��

 ��<�� �� S$�	+@) U��'[� ��I�J2NRC-Gly  �. �:��#� ��2NRC-S  NRC-S ���� �� �+� �40. ���
F� ��/<�

��qd& ��<���. �+� ���� �N3� G� �@) -+/� �. ��1. �S$�	+@) U<�� .N3� S$�	+@) �$@	& �'��� ����� ��	/� �

���F$. ��  N3� ���F< U��� �� G> ��<U$> ���. ���	&���&  U��� ��f4�� ��� �� ���F$. �He �/$. .�	1 ���P43� ��

���& ��<���� �� ���� �� �&b�. �� ��3 S$�	+@) Nf
g �/��	&5/3  �� ����3� �4$@  6�F4J� ��//� �PJT� �& ���. �

���F$. S41��.����� U��� �� G> ��<  

 �K� ������) ��<��F$& �. U��� �� G> ��3 '�	
� Nf
g�/*��	+� ���  6�M)5) ���� ��� }(05/0P< V.�#4� �K�  (

��F$& ×) ����05/0P< N%& �� '�	
� (�$Ka&  N[��$> �. .������W ����<��$1 �N[�� U<�� ��3 '�	
� Nf
g . Y	H3

��$4� U��� �� �� '�	
� �&b�. �� ��u.�H& .�4� ���. '�	
� S$�a& N0M 6�#4�� ��� ��$@	�$@	&  V.�#4� �K� .N3� �$1

��F$&×  V�1) ��� ���� ����5 ��� �� �<�� U��� �� �� �� (NRC-S  2NRC-Gly  �� ��&b�. Nf
g ����

 �. �:��#� �� ��3 '�	
�2NRC-S ) �	.05/0P<�@�J�� }( �� �� ��15 �<�� �� ��3 '�	
� Nf
g ��<��$1 �

2NRC-Gly  2NRC-S  ��� �. �:��#� ��NRC-S ) �	. �&b�.05/0P< .(  
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 G)M5���? >� <=	 9 ;"�� �:� .  .A.�65�� ���M ���9�@ ���	 F7��@ 0]�^ ��NRC-S ��L�- <=	 �� >� �9�� ���? :

NRC  O>� '�P%�	 �� ���P6	� ��2NRC-Gly ��L�- <=	 ����� 9� �� >� �9�� ���? :NRC O>� '���Q��@ �� ���P6	� �� 

2NRC-S ��L�- <=	 ����� 9� �� >� �9�� ���? :NRC  .>� '�P%�	 �� ���P6	� ��  

��R� S�6#���5 * 0��( �� ���� �� ����- ��� ) 0	� ��M ����05/0 < P.(  

  

'�)T���< �+�� �'[� �$Ka& N%&U� M G���$  6�M) N[��� ���W "�P4� -.�/� �.5 .(T�'�)�. ��+� ��<  �\e�1 ��	/�

 .�/4[�� ���W �3��.��	� G� LH3 U��'[� �. �+� N�O3 N$*I ���) "�&��o3)���P:���&	/$ ��.� 5�&�$ ���'$ 3)X$ 

6	
3��< �+�� N@�J ����< .���F$ ��	� ���W ���P43�  �. 	:F< .N3� �4[���4[����< �I�J U<=>U<=> �  ���� ����

]15[  '$� (��'�'�) �� �����T���< �+�� ��*� ��	� ��'[�  -+/� �$Ka& N%&� T�l�\� ���W 4[���.�/  

����/<�� ��. 6�M �� ��$@	.�4� ��<)6(  �������1 �. .N3� �� �� �/$@�. N%& ��4:> �� 'M15  ���� �<��$1

����/<�� N%& ��$@	.�4� ��<�$Ka& <��  �/4[��� ���W ������) ��<��F$& �� �2NRC-Gly  ��.T� �& �� �� �

 �. �:��#� �� �/$@�. N%& ��4:>NRC-S  2NRC-S ) �/41��4/9  �.��. ��4/36  3/32  �43�� �� �I�J 2��4� �(�^��

 U<�� �.6	
3 ��F1 �$1 ���$> ��< ���. V��F& k� ��) �. �'[� .N3� ��� S�� �� �/F�� N$*I �	+0. ��F4J� 

��. �^�� U<��  ��<�� �� N��4����2NRC-Gly  �. �:��#� ��NRC-S )25/6  �.��. ��3/27  N3� S�F� (�^��

.�1�. ��� S�� �� �/F�� T4:$3 ���
F� �	+0. ��$4���  

  
 B9�?6���? >� <=	 9 ;"�� �:� . ������� �9�� ��A�1���) B�&6� ��9� �  A.�65�� ���9�@ �)�%���6� ���± (�����6	� S��`�  

6�F4J� LH3 

 

������) ��<��F$& 

(�^��) "�P^ 
��F$& 

2NRC-S 
34=n  

2NRC-Gly 
32=n  

NRC-S 
33=n  

05/0  0/8 ± 3/32a 1/5 ± 4/9b 4/8 ± 4/36a  N%& ��4:> ��@�.�/$  ��15 �<��$1 

56/0   5/5 ± 76/11 1/5 ± 3/9  7/6 ± 2/18  �� �/$@�. N%& ��4:> ��40 �<��$1  
89/0   8/4 ± 8/8 2/4 ± 2/6  0/5 ± 09/9  N��4�  
07/0  

 

5/5 ± 76/11 3/4 ± 25/6 7/7 ± 3/27 N��4����  
37/0  9/2 ± 94/2  3/4 ± 25/6 6/5 ± 12/12 NPM������  
31/0  1/5 ± 38/11 1/8 ± 48/14 07/11 ± 32/25  ��4:> ��@�.�/$ U��� �� 

58/0  3/3 ± 92/2 8/3 ± 53/3 04/6 ± 14/8  ��4:> ��@�.�/$  ��15 �<��$1 

87/0  8/4 ± 3/7 0/5 ± 6/7 10/5 ± 35/10 N53���� 

6/0   152/0 ± 94/1 157/0 ± 75/1  154/0± 93/1   N53 ��$4������  
NRC-S �$^	& LH3 �� G� ��J ��$M :NRC  �G� "�P@	3 �� ���P43� �.2NRC-Gly �$^	& LH3 �.��. � �� G� ��J ��$M :NRC �G� "�/$:$
� �� ���P43� �. 
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