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8�UDGX�VX�RGUH_LYDQL�NLQHWLaNL�SDUDPHWUL�0LKDHOLVRYD�NRQVWDQWD��.P��L�PDNVL�
PDOQD�EU]LQD�UHDNFLMH��YPD[��HQ]LPD�SHURNVLGD]H�L]�UHQD��NRMD�NDWDOL]XMH�UHDNFLMX
RNVLGDFLMH�SUYRJ�VXSVWUDWD�¬�$%76�D��SRPR`X�GUXJRJ�VXSVWUDWD�¬�+�2���3URL]YRG
RYH� UHDNFLMH� MH� RERMHQ� L� QMHJRYD� NRQFHQWUDFLMD� VH� PRCH� VSHNWURIRWRPHWULMVNL
RGUHGLWL��1D�RVQRYX�GRELMHQLK�YUHGQRVWL�NRQFHQWUDFLMH�RNVLGRYDQRJ�$%76�D�L�GDOMH
REUDGH�SRGDWDND�L]UDaXQDWH�VX�YUHGQRVWL�NLQHWLaNLK�SDUDPHWDUD��1D�RVQRYX�GREL�
MHQLK�UH]XOWDWD�]DNOMXaHQR�MH�GD�VH�UHDNFLMD�RGYLMD�SR�SLQJ�SRQJ�PHKDQL]PX�]D
ELVXSVWUDWQH�UHDNFLMH��8�SRNX^DMLPD�LQKLELFLMH�D]LGQLP�MRQRP�SUD`HQD�MH�SURPHQD
YUHGQRVWL�.P�L�YPD[��DOL�QLMH�GRELMHQD�WDaQD�NRQFHQWUDFLMD�NRMD�GRYRGL�GR�SRWSXQH
LQKLELFLMH�� 3ULPH`HQR� MH� GD� MH� LQKLELFLMD� D]LGRP� NRPSHWLWLYQRJ� WLSD�� ^WR� MH� X
VDJODVQRVWL�VD�VOLaQLP�UH]XOWDWLPD�GRELMHQLP�X�GUXJLP�UDGRYLPD�

8YRG
(Q]LPL�VX�PDNURPROHNXOL�NRML�VH�QD�RVQRYX�VWUXNWXUH�GHOH�QD�SURVWH

L�VORCHQH��3URVWL�HQ]LPL�VH�VDVWRMH�RG�MHGQRJ�LOL�YL^H�SROLSHSWLGQLK�ODQDFD�
GRN�VORCHQL�HQ]LPL�SRUHG�SURWHLQVNRJ�GHOD�VDGUCH�L�SURVWHWLaQH�JUXSH�LOL
NRIDNWRUH�NRML�VX�QHRSKRGQL�]D�QMLKRYX�IXQNFLMX��)XQNFLMD�HQ]LPD�MH�GD
NDWDOL]XMX�EURMQH�ELRKHPLMVNH�WUDQVIRUPDFLMH�NRMH�EL�VH�X�QRUPDOQLP�XV�
ORYLPD�RGYLMDOH�YHRPD�VSRUR�LOL�VH�XRS^WH�QH�EL�RGYLMDOH��5HDNWDQWL�X
HQ]LPVNLP�UHDNFLMDPD�QD]LYDMX�VH�VXSVWUDWLPD��(Q]LP�PRCH�LPDWL�L�YL^H
RG�MHGQRJ�VXSVWUDWD��

3HURNVLGD]D�L]�UHQD�MH�VORCHQL�HQ]LP�NRML�SRUHG�SURWHLQVNRJ�GHOD
VDGUCL�L�SURVWHWLaQX�JUXSX��3URVWHWLaQD�JUXSD�SHURNVLGD]H�MH�KHP��SRUILULQ�
VNL�SUVWHQ�NRML�VDGUCL�)H���MRQ��)XQNFLMD�SHURNVLGD]H�MHVWH�UHJXODFLMD�PHWD�
EROL]PD�WRNVLaQRJ�YRGRQLN�SHURNVLGD��+�2����RGQRVQR�QMHJRYR�XNODQMDQMH�
1DVWDQDN�YRGRQLN�SHURNVLGD�MH�SRVOHGLFD�DHUREQRJ�QDaLQD�CLYRWD��3HURNVL�
GD]D�NDWDOL]XMH�UHDNFLMX�SUHWYDUDQMD�YRGRQLN�SHURNVLGD�X�YRGX��D�MHGDQ�RG
DWRPD�NLVHRQLND�L]�+�2��VH�NRULVWL�]D�RNVLGDFLMX�QHNRJ�RUJDQVNRJ�MHGLQM�
HQMD�NRMH�VOXCL�NDR�GUXJL�VXSVWUDW��1D�PHVWX�GUXJRJ�VXSVWUDWD�VH�PRJX�QD`L
UD]QL�YLWDPLQL��IHQROL��DPLQL��LWG���.D\�HW�DO��������
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H2O2 + R 
peroksidaza

→  H2O + R–O–

,]�RYRJD�VOHGL�GD�MH�UHDNFLMD�NRMX�SHURNVLGD]D�NDWDOL]XMH�ELVXSVWUDWQRJ
WLSD��LELG����

3R]QDWD�VX�GYD�PHKDQL]PD�ELVXSVWUDWQLK�UHDNFLMD�¬�VHNYHQFLMDOQL�L
SLQJ�SRQJ�PHKDQL]DP��8�VHNYHQFLMDOQRP�PHKDQL]PX�RED�VXSVWUDWD�PRUDMX
GD�VH�YHCX�]D�HQ]LP�SUH�SRaHWND�UHDNFLMH��3R�YH]LYDQMX�RED�VXSVWUDWD�HQ�
]LP�NDWDOL]XMH�VLPXOWDQX�WUDQVIRUPDFLMX�VXSVWUDWD�X�SURL]YRGH�UHDNFLMH�
.RG�SLQJ�SRQJ�PHKDQL]PD�]D�HQ]LP�VH�SUYR�YH]XMH�SUYL�VXSVWUDW��HQ]LP
YU^L�QMHJRYX�SURPHQX�X�SUYL�SURL]YRG��X�WRNX�aHJD�L�VDP�HQ]LP�ELYD
SURPHQMHQ��7HN�SR�RVORED_DQMX�SUYRJ�SURL]YRGD��SURPHQMHQL�HQ]LP�YH]XMH
GUXJL�VXSVWDW��3RVOH�WUDQVIRUPDFLMH��RVORED_D�VH�GUXJL�SURL]YRG��D�HQ]LP�VH
YUD`D�X�SUYRELWQR�VWDQMH��9RHW�L�9RHW�������

-HGLQMHQMH�NRMH�PRCH�SRVOXCLWL�SHURNVLGD]L�NDR�GUXJL�VXSVWUDW��MH
$%76��VNUD`HQLFD�RG����±�D]LQR�ELV����HWLOEHQ]WLD]ROLQ���VXOIRQVND
NLVHOLQD����VOLND�����$%76�VH�X�WRNX�UHDNFLMH�RNVLGXMH�GDMX`L�]HOHQR�RER�
MHQL�SURL]YRG��WDNR�GD�VH�LQWHQ]LWHW�RYRJ�RERMHQMD�PRCH�PHULWL�RSWLaNLP
LQVWUXPHQWDOQLP�PHWRGDPD��.DUDGCL`�������

$ILQLWHW�HQ]LPD�SUHPD�RGUH_HQRP�VXSVWUDWX�NDUDNWHUL^H�VH�0LKDHOLVR�
YRP�NRQVWDQWRP�.P��NRMD�SUHGVWDYOMD�NRQVWDQWX�UDYQRWHCH�UHDNFLMH�NRMD
GRYRGL�GR�VWYDUDQMD�LOL�UD]ODJDQMD�SUHOD]QRJ�NRPSOHNVD�HQ]LP�VXSVWUDW��.P
VH�GHILQL^H�L�NDR�RQD�NRQFHQWUDFLMD�VXSVWUDWD�SUL�NRMRM�MH�EU]LQD�HQ]LPVNH
UHDNFLMH�MHGQDND�SRORYLQL�PDNVLPDOQH�EU]LQH�¬�YPD[��0DNVLPDOQD�EU]LQD�VH
SRVWLCH�X�SULVXVWYX�YL^ND�VXSVWUDWD�X�RGQRVX�QD�HQ]LP��=D�RYDM�VOXaDM�MH
NDUDNWHULVWLaQD�NLQHWLND�QXOWRJ�UHGD��RGQRVQR��EU]LQD�UHDNFLMH�QH�]DYLVL�RG
NRQFHQWUDFLMH�VXSVWUDWD�MHU�VX�VYL�PROHNXOL�HQ]LPD�]DVL`HQL�VXSVWUDWRP�
YH`�RG�NDWDOLWLaNH�PR`L�HQ]LPD��9RHW�L�9RHW��������5HFLSURaQD�YUHGQRVW
EU]LQH�UHDNFLMH�MH�GDWD�X�REOLNX�
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JGH�VX��.P�$�� ¬�0LKDHOLVRYD�NRQVWDQWD�]D�SUYL�VXSVWUDW��.P�%��¬�0L�
KDHOLVRYD�NRQVWDQWD�]D�GUXJL�VXSVWUDW��.$��¬�NRQVWDQWD�GLVRFLMDFLMH�]D�SUYL
VXSVWUDW��YPD[�¬�PDNVLPDOQD�EU]LQD�UHDNFLMH��[$]�¬�NRQFHQWUDFLMD�SUYRJ
VXSVWUDWD�L�[%]�¬�NRQFHQWUDFLMD�GUXJRJ�VXSVWUDWD�

-HGQDaLQD�����RSLVXMH�VHNYHQFLMDOQL�PHKDQL]DP�ELVXSVWUDWQH�UHDNFLMH�
D�MHGQDaLQD�����RSLVXMH�SLQJ�SRQJ�PHKDQL]DP�ELVXSVWUDWQH�UHDNFLMH�

8�GRVWXSQRM�OLWHUDWXUL�QH�SRVWRML�SRGDWDN�NROLND�MH�YUHGQRVW�.P�SHURN�
VLGD]H�SUHPD�$%76�X��NDR�QL�NROLND�MH�PDNVLPDOQD�EU]LQD�UHDNFLMH�9PD[�
NRMD�QHSRVUHGQR�]DYLVL�L�RG�.P�$%76���

&LOM�RYRJ�UDGD�MH�GD�VH�XWYUGH�YUHGQRVWL�.P�$%76��L�YPD[�SHURNVL�
GD]H�SUHPD�YRGRQLN�SHURNVLGX�L�$%76�X�NDR�VXSVWUDWLPD��NDR�L�SURPHQD
YUHGQRVWL�RYLK�SDUDPHWDUD�X�SULVXVWYX�LQKLELWRUD��GD�EL�VH�RSWLPL]RYDOL�EUR�
MQL�(/,6$��LPXQREORW�L�GUXJL�WHVWRYL�X�NRMLPD�VH�NRULVWL�SHURNVLGD]D�

0DWHULMDO�L�PHWRGH
8�UDGX�MH�NRUL^`HQD�SHURNVLGD]D�NRMD�MH�GRELMHQD�SUHaL^`DYDQMHP�L]

NRPHUFLMDOQR�GRVWXSQRJ�SURL]YRGD�]D�NYDQWLWDWLYQR�RGUH_LYDQMH�JOXNR]H
�*OXNR]D�*2'�¬�3$3��0�ODERUDWRULMD�'LDODE���.RUL^`HQ�MH�HQ]LPVNL
SUHSDUDW�NRQFHQWUDFLMH�HQ]LPVNH�DNWLYQRVWL�����N8�/�L�UDVWYRUL��$%76
�6HUYD��¬����PPRO�/��YRGRQLN�SHURNVLG��DQDOLWLaND�aLVWR`D�����PPRO�/�L
�����0�IRVIDWQL�SXIHU�S+����

0HWRGD�RGUH_LYDQMD�.P�L�YPD[�NRG�ELVXSVWUDWQLK�UHDNFLMD�VH�]DVQLYD
QD�PHUHQMX�EU]LQH�UHDNFLMH�SUL�UD]OLaLWLP�NRQFHQWUDFLMDPD�L�MHGQRJ�L�GUXJRJ
VXSVWUDWD�

0HUHQMD�VX�SRGHOMHQD�X�WUL�VHULMH�JGH�VH�X�RNYLUX�VYDNH�VHULMH�PHQMD
NRQFHQWUDFLMD�$%76�D��D�NRQFHQWUDFLMD�SHURNVLGD�MH�NRQVWDQWQD��6HULMH�VH
PH_XVREQR�UD]OLNXMX�X�NRUL^`HQRM�NRQFHQWUDFLML�SHURNVLGD�

6HULMD�,�¬�F�+�2��� ������PPRO�/
,���F� ������PPRO�/�$%76
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6HULMD�,,�¬�F�+�2��� ������PPRO�/
,,���F� ������PPRO�/�$%76
,,���F� ������PPRO�/�$%76
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'D�EL�UHDNFLMD�RWSRaHOD�X�UDVWYRUH�MH�QHSRVUHGQR�SUH�VYDNRJ�PHUHQMD
GRGDYDQ�HQ]LP��9UHPHQVND�SURPHQD�DSVRUEDQFLMH�VYLK�SURED�MH�PHUHQD�QD
����QP�X�WRNX���PLQXWD��D�QD�VYDNLK�����PLQXWD�L�DSVRUEDQFLMH�VX�SUHYH�
GHQH�X�NRQFHQWUDFLMH�RNVLGRYDQRJ�$%76�D�SRPR`X�PRODUQRJ�DSVRUSFL�
RQRJ�NRHILFLMHQWD� ������PO��µPRO�FP���D�SR�/DPEHU�%HURYRP�]DNRQX��

A = εbc

JGH�MH�$�¬�DSVRUEDQFD��ε�¬�PRODUQL�DSVRUSFLRQL�NRHILFLMHQ�KURPRIRUH��E�¬
GXCLQD�RSWLaNRJ�SXWD�PRQRKURPDWVNRJ�VYHWORVQRJ�]UDND�L�F�¬�NRQFHQWUDFLMD
KURPRIRUH��7RGRURYL`�������

5H]XOWDWL�
'RELMHQH�NRQFHQWUDFLMH�RNVLGRYDQRJ�$%76�D�GDWH�VX�X�WDEHOL���

7DEHOD����9UHGQRVWL�NRQFHQWUDFLMH�RNVLGRYDQRJ�$%76�D�QDYUHPHQVNRP�LQWHUYDOX�RG���PLQXWD�SR�GRGDYDQMX�HQ]LPD�VXSVWUDWLPD
SRaHWQD�NRQFHQWUDFLMD$%76�D�[PPRO�/]

YUHPH
[PLQ] F�$%76�RNVLGRYDQRJ��[PPRO�/]

VHULMD�, VHULMD�,, VHULMD�,,,
���� ��� �������� �������� ����������� �������� �������� ����������� �������� �������� ����������� �������� �������� ����������� �������� �������� ����������� �������� �������� ����������� �������� �������� ���������� �������� �������� ����������� �������� �������� ��������
���� ��� �������� �������� ����������� �������� �������� ����������� �������� �������� ����������� �������� �������� ����������� �������� �������� ����������� �������� �������� ����������� �������� �������� ����������� �������� �������� ����������� �������� �������� ��������
���� ��� �������� �������� ����������� �������� �������� ����������� �������� �������� ����������� �������� �������� ����������� �������� �������� ����������� �������� �������� ���������� �������� �������� ����������� �������� �������� ����������� �������� �������� ��������
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%U]LQD�UHDNFLMH�]D�SR]QDWX�SRaHWQX�NRQFHQWUDFLMX�VXSVWUDWD�MH�GHILQL�
VDQD�NDR�NRHILFLMHQW�SUDYFD�SUDYH�QD�JUDILNX�]DYLVQRVWL�NRQFHQWUDFLMH�RNVL�
GRYDQRJ�$%76�D�RG�YUHPHQD��=DWLP�VX�L]UDaXQDWH�UHFLSURaQH�YUHGQRVWL
EU]LQD�L�WH�YUHGQRVWL�VX�XQHWH�QD�JUDILN�]DYLVQRVWL�UHFLSURaQH�YUHGQRVWL
EU]LQH�RG�NRQFHQWUDFLMH�SUYRJ�VXSVWUDWD��WM��+�2���.RHILFLMHQWL�SUDYFD�XQH�
VHQLK�SUDYD�VX�MHGQDNL��SUDYH�VX�SDUDOHOQH���SD�VH�PRCH�]DNOMXaLWL�GD�MH�UHa
R�SLQJ�SRQJ�PHKDQL]PX�ELVXSVWUDWQH�UHDNFLMH��1D�JUDILNX��VOLND����SUL�
ND]DQD�MH�]DYLVQRVW�UHFLSURaQH�YUHGQRVWL�EU]LQH�UHDNFLMH�RG�UHFLSURaQH
YUHGQRVWL�NRQFHQWUDFLMH�+�2��X�VHULMDPD�,��,,�L�,,,��

.DR�^WR�VH�VD�JUDILND�YLGL��GRELMHQH�SUDYH�]DYLVQRVWL�UHFLSURaQH�YUHG�
QRVWL�EU]LQH�UHDNFLMH�RG�UHFLSURaQH�YUHGQRVWL�NRQFHQWUDFLMH�+�2�� VX
SULEOLCQR�SDUDOHOQH��LPDMX�LVWL�QDJLE���.DNR�MH�QDJLE� �.P�+�2���YPD[�����
]DNOMXaLOL�VPR�GD�MH�SHURNVLGD]RP�NDWDOL]RYDQD�RNVLGDFLMD�$%76�D�X]
SRPR`�+�2��ELVXSVWUDWQD�UHDNFLMD�NRMD�VH�RGYLMD�SR�SLQJ�SRQJ�PH�
KDQL]PX��2YDM�QDJLE�VPR�R]QDaLOL�VD�E��D�RGVHaNH�VD�D,��D,,�L�D,,,�

$NR�VH�QDFUWD�JUDILN�]DYLVQRVWL�RGVHaDND�D,��D,,�L�D,,,�GRELMHQLK�X�SUH�
WKRGQRM�OLQHDUL]DFLML�RG�UHFLSURaQLK�YUHGQRVWL�NRQFHQWUDFLMH�$%76�D�NDR
GUXJRJ�VXSVWUDWD��NRQFHQWUDFLMH�,��,,�L�,,,��L�RGUHGH�SDUDPHWUL�GRELMHQH
SUDYH��PRJX`H�MH�L]UDaXQDWL�.P�HQ]LPD�]D�GUXJL�VXSVWUDW�L�YPD[��

7DNR�MH�.P�$%76�� ���P��JGH�P�SUHGVWDYOMD�RGVHaDN�QD�[�RVL��RG�
QRVQR�P� �¬Q�N��JGH�MH�Q�RGVHaDN��D�N�QDJLE�GRELMHQH�SUDYH�

vmax = n

9UHGQRVW�.P��+�2���MH�GHILQLVDQD�QDJLERP�E�VD�SULORCHQRJ�JUDILND
�VOLND����L�SUHGVWDYOMD�SURL]YRG�YUHGQRVWL�E�L�YPD[�

3R�]DYU^HWNX�QDYHGHQRJ�REUDaXQD�GRELMHQH�VX�VOHGH`H�YUHGQRVWL�

6OLND����
=DYLVQRVWUHFLSURFLWHWD�EU]LQHRG�UHFLSURFLWHWDNRQFHQWUDFLMH�SUYRJVXSVWUDWD

)LJXUH���
'HSHQGHQFH�RIUHFLSURFDO�VSHHG�XSRQ
UHFLSURFDOFRQFHQWUDWLRQ�RI�WKHILUVW�VXEVWUDWH
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.P��+�2��� �������PPRO�/

.P��$%76�� ��������PPRO�/
'DOMRP�REUDGRP�RYLK�UH]XOWDWD�PRCH�VH�GRELWL�L�PDNVLPDOQD�EU]LQD

UHDNFLMH�
9PD[� ������µPRO�GP¬�PLQ¬�
9DCQR�MH�QDSRPHQXWL�GD�QHPD�VPLVOD�JRYRULWL�R�JUH^FL��]DWR�^WR�MH

NRUHODFLMD�L]PH_X�GYD�PHUHQMD�]D�NRUL^`HQX�PHWRGX������
1DNRQ�^WR�VX�GRELMHQH�RYH�YUHGQRVWL�]D�SRPHQXWH�SDUDPHWUH��SRVPD�

WUDQR�MH�NDNR�`H�VH�RQL�PHQMDWL�NDGD�VH�X�VLVWHP�XYHGH�QHNL�LQKLELWRU�DN�
WLYQRVWL�SHURNVLGD]H��8�WX�VYUKX�NRUL^`HQ�MH�SR]QDWL�LQKLELWRU�¬�D]LGQL�MRQ
�1�¬���3UHWSRVWDYOMD�VH��QD�RVQRYX�DQDORJLK� PRGHOD�L]�ELRQHRUJDQVNH
KHPLMH��0DXUXV�HW�DO���������GD�VH�D]LG�NRRUGLQDWLYQR�YH]XMH�]D�SUHOD]QL
PHWDO�X�PHWDORHQ]LPLPD��NDR�^WR�MH�)H���NRG�SHURNVLGD]H��.RG�PRQRVXS�
VWUDWQLK�HQ]LPVNLK�UHDNFLMD�VH�JRYRUL�R�WUL�WLSD�HQ]LPVNLK�LQKLELWRUD��NRP�
SHWLWLYQL��DQWLNRPSHWLWLYQL�L�QHNRPSHWLWLYQL�LQKLELWRUL���3HWURYL`��������SD
VPR�CHOHOL�GD�XWYUGLPR��XNROLNR�MH�PRJX`H�L�R�NRMHP�WLSX�LQKLELFLMH�MH�UHa�
2EUDGD�UH]XOWDWD�MH�ELOD�X�WROLNR�WHCD�MHU�QLVPR�LPDOL�UD]UD_HQH�WHRULMVNH
PRGHOH�L]UDaXQDYDQMD�NRQVWDQWL�LQKLELFLMH�]D�ELVXSVWUDWQH�HQ]LPH��D�NRML
SRVWRMH�]D�SURXaDYDQMH�LQKLELFLMH�PRQRVXSVWUDWQLK�UHDNFLMD��

8�X]RUDN�HQ]LPD�GRGDW�MH�D]LG�X�UD]OLaLWLP�NRQFHQWUDFLMDPD���������
L����PPRO�/���=D�SUDYOMHQMH�UDVWYRUD�D]LGD�NRUL^`HQ�MH�1D1���.HPLND��=D�
JUHE��DQDOLWLaNH�aLVWR`H��6XSVWUDWL�L�HQ]LP�LOL�LQKLELUDQL�HQ]LP�VX�RGPHUHQL
X�NLYHWH�NDR�X�SUHWKRGQRP�HNVSHULPHQWX��'RELMHQH�VX�YUHGQRVWL�QD�RVQRYX
NRMLK�QLMH�ELOR�PRJX`H�L]UDaXQDWL�SURPHQH�.P�L�LOL�YPD[�UHDNFLMH�QD�RVQRYX
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WLRQ�RI�+�2��WR�ZDWHU�DQG�QDVFHQW�R[\JHQ��WKXV�R[LGL]LQJ�DQRWKHU�RUJDQLF
FRPSRXQG��YLWDPLQV��SKHQROV��HWF����7KH�JRDO�RI�WKLV�SURMHFW�ZDV�WR�GHWHU�
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