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resumo 
 
 

No presente trabalho, pretende-se desenvolver imunossensores 
impedimétricos à base de grafeno induzido por laser (LIG) para deteção de 
E. coli. Este estudo foi desenvolvido em colaboração com a Bosch 
Termotecnologia, S.A. Aveiro, no âmbito do projecto Smart Green Homes em 
co-promoção.  

Primeiramente, procedeu-se à produção de elétrodos de LIG, explorando o 
efeito da velocidade de varrimento do feixe laser, vlaser, sobre a folha de 
poliimida (Kapton®). Para tal, foram estudados 5 valores: 150, 200, 250, 300 e 
350 mm/s. De forma a comparar o efeito das diferentes velocidades de 
varrimento, foi realizada uma caracterização abrangente através das técnicas 
de espetroscopia de Raman, microscopia eletrónica de varrimento (SEM) e 
caracterização eletroquímica, definindo as respetivas constante de 
transferência de carga heterogénea, k0, área eletroquímica efetiva, Aeff, e 
capacitância por unidade de área, 𝛾"#. De acordo com os resultados obtidos, a 
amostra de LIG produzida com 250 mm/s foi selecionada para continuar o 
trabalho, nomeadamente, a funcionalização. Para tal, a amostra foi analisada 
por espetroscopia de fotoeletrões excitados por raios-X (XPS). 

O protocolo de funcionalização foi estudado por espetroscopia de 
impedância eletroquímica (EIS) e voltametria cíclica (CV). O processo de 
funcionalização foi dividido em quatro passos: hidroxilação, silanização de 
APTES, funcionalização covalente do anti-E. coli e passivação com BSA. Em 
particular, foi estudada a necessidade de hidroxilar os elétrodos de LIG 
recorrendo à espetroscopia de Raman, XPS e à respetiva caracterização 
eletroquímica (k0, Aeff and 𝛾"#). Além disso, também foi considerado relevante, 
para compreender os resultados obtidos através de EIS e CV, realizar a 
caracterização eletroquímica das amostras silanizadas com APTES. Deste 
modo, foi possível estabelecer um protocolo de funcionalização apropriado à 
aplicação em vista. 

A resposta dos biossensores desenvolvidos foi testada através de medidas 
de EIS, utilizando 7 concentrações de E. coli (5, 10, 102, 103, 104, 105, 
106 CFU/mL). Nestes testes também foram contemplados controlos para 
determinação de falsos-positivos e seletividade. Contudo, os resultados obtidos 
foram inconclusivos relativamente à deteção de E. coli, levando ao 
planeamento de novos testes. Desta forma, recorreu-se a duas estirpes de 
E. coli e a testes de EIS, de DNA bacteriano e análise de SEM, com os quais 
se provou que os sensores produzidos são capazes de detetar E. coli. 
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abstract 
 

In this work, it was intended the development of a laser induced graphene 
(LIG) impedimetric immunosensor for Escherichia coli detection. This 
investigation was explored in cooperation with Bosch Thermotechnology S.A. 
Aveiro within the co-promoted Smart Green Home project. 

To start, LIG electrodes were produced, fixating all the laser parameters with 
exception of the laser scan speed, vlaser, for which five values (150, 200, 250, 300 
and 350 mm/s) were explored. A comprehensive study to compare the five vlaser 
was done through Raman spectroscopy, scanning electron microscopy (SEM) 
and determination of the respective electrochemical parameters: heterogeneous 
charge transfer rate constant, k0, effective electroactive area, Aeff, and 
capacitance per unit area, 𝛾"#. As a result, the sample produced with 250 mm/s 
was chosen to proceed with functionalisation, being subjected to X-ray 
photoelectron spectroscopy (XPS). 

Afterwards, a four steps functionalisation, comprehending hydroxylation, 
APTES silanization, anti-E.coli covalent immobilisation and BSA passivation, 
was studied through electrochemical impedance spectroscopy (EIS) and cyclic 
voltammetry (CV). Particularly, it was explored the need to perform hydroxylation 
using Raman spectroscopy, XPS and determination of the corresponding k0, Aeff 
and 𝛾"#. Also, in the case of APTES silanization, it was relevant to establish the 
respective k0, Aeff and 𝛾"# to better understand the EIS and CV measurements. 
Consequently, a suitable functionalisation protocol was achieved. 

Lastly, the biosensing response of the produced biosensors was investigated 
by EIS towards 7 E. coli concentrations (5, 10, 102, 103, 104, 105, 106 CFU/mL). 
These tests also comprised false-positive and selectivity controls. 

However, the obtained results were inconclusive regarding E. coli detection, 
so a set of confirmatory tests was established using two strains of E. coli to verify 
the efficiency of antibody-antigen interaction. To prove E. coli detection, the 
biosensors, upon bacteria immobilisation, were submitted to EIS measurements, 
bacterial DNA tests and SEM analysis. In fact, E. coli detection was confirmed. 
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I | Introduction 
“båëìêÉ=~î~áä~Äáäáíó=~åÇ=ëìëí~áå~ÄäÉ=ã~å~ÖÉãÉåí=çÑ=ï~íÉê=~åÇ=ë~åáí~íáçå=Ñçê=~ääÒ=ï~ë=Éëí~ÄäáëÜÉÇ=

~ë=SíÜ=çÑ=NT=Öç~äë=íç=~ÅÜáÉîÉ=áå=qÜÉ=OMPM=^ÖÉåÇ~=Ñçê=pìëí~áå~ÄäÉ=aÉîÉäçéãÉåíK=qÜáë=Öç~ä=áë=ÇáêÉÅíäó=
êÉä~íÉÇ=íç=çíÜÉêë=çÑ=íÜÉ=~ÖÉåÇ~I=~ë=Éê~ÇáÅ~íáçå=çÑ=éçîÉêíó=~åÇ=ÜìåÖÉêI=ëáåÅÉ=ï~íÉê=èì~äáíóI=~ë=ïÉää=~ë=
éçí~ÄäÉ= ï~íÉê= èì~åíáíóI= áë= ÅçãéäÉíÉäó= áåÇáëéÉåë~ÄäÉ= íç= Üìã~å= ÜÉ~äíÜ= ~åÇ= ÇÉîÉäçéãÉåí= xNzK= qÜÉ=
tçêäÇ=eÉ~äíÜ=lêÖ~åáë~íáçå=EtelFLråáíÉÇ=k~íáçåë=̀ ÜáäÇêÉåÛë=cìåÇ=Erkf`bcF=gçáåí=jçåáíçêáåÖ=
mêçÖê~ããÉ=EgjmF=Ñçê=t~íÉê=pìééäáÉë=Ü~ë=Éëíáã~íÉÇ=íÜ~íI=áå=OMNOI=~í=äÉ~ëí=NKU=Äáääáçå=éÉçéäÉ=ÖäçÄ~ääó=
ìëÉÇ=~=ëçìêÅÉ=çÑ=ÇêáåâáåÖ=ï~íÉê=íÜ~í=áë=Ñ~ÉÅ~ääó=Åçåí~ãáå~íÉÇ=xOzK=eÉåÅÉI=íÜÉ=éêçÖê~ã=~ëëáÖåÉÇ=~ë=áíë=
ÜáÖÜÉëí=éêáçêáíóI=íçï~êÇë=ï~íÉê=èì~äáíóI=íÜÉ=áÇÉåíáÑáÅ~íáçå=çÑ=Ñ~ÉÅ~ä=Åçåí~ãáå~íáçå=áå=ÇêáåâáåÖ=ï~íÉêK=
cçê=íÜ~í=ã~ííÉêI=áí=áë=ëí~åÇ~êÇáëÉÇ=íÜÉ=ÇÉíÉÅíáçå=çÑ=íÜÉ=áåÇáÅ~íçê=Ä~ÅíÉêá~=bëÅÜÉêáÅÜá~=Åçäá=EbK=ÅçäáF=
xOzÓxQzK=

aÉëéáíÉ=íÜÉ=Ñ~Åí=íÜ~í= äÉÖáëä~íáçå=ÖäçÄ~ääó=~åÇ=telÛë=dìáÇÉäáåÉë=Ñçê=aêáåâáåÖJt~íÉê=nì~äáíó=
~êÉ=îÉêó=ëíêáÅí=çå=íÜÉ=~ÄëÉåÅÉ=çÑ=bK=Åçäá=áå=NMM=ãi=ï~íÉê=ë~ãéäÉI=íÜÉ=èì~åíáÑáÅ~íáçå=çÑ=íÜáë=çêÖ~åáëã=
~ääçïë= ~= ÅäÉ~êÉê= Éî~äì~íáçå= çÑ= íÜÉ= ï~íÉê= íêÉ~íãÉåí= ÄÉáåÖ= áãéäÉãÉåíÉÇ= ~åÇ= íÜÉ= ÜÉ~äíÜ= êáëâ=
~ãéäáÑáÅ~íáçåK=lÄîáçìëäóI=áÑ=íÜÉ=ÉåìãÉê~íáçå=ãÉíÜçÇ=áë=ëÉåëáíáîÉ=íç=îÉêó=äçï=ÅçåÅÉåíê~íáçåë=çÑ=bK=Åçäá=
EÉK=ÖK=NJNM=`crLãiF=áí=ãÉ~åë=íÜ~í=áë=~ÄäÉ=íç=ÇÉíÉÅí=îÉêó=ëã~ää=èì~åíáíáÉëI=ïÜáÅÜ=ìëì~ääó=áë=ÇáÑÑáÅìäí=
íç=~å~äóëÉ=íÜêçìÖÜ=íÜÉ=éêÉëÉåÅÉL~ÄëÉåÅÉ=ÇÉíÉÅíáçå=íÉëíë=xOzK=

kçï~Ç~óëI= íÜÉ=ÇÉíÉÅíáçå=~åÇ=èì~åíáÑáÅ~íáçå=çÑ=bK=Åçäá= ëíáää= êÉëçêíë= íç= íê~Çáíáçå~ä=ÅìäíìêÉJÄ~ëÉÇ=
ãÉíÜçÇë=íÜ~í=Ü~îÉ=ïÉääJâåçïå=~åÇ=êÉäá~ÄäÉ=éêçíçÅçäëI=Äìí=~êÉ=îÉêó=íáãÉJÅçåëìãáåÖ=EOJP=Ç~óëF=~åÇ=
ìëì~ääó=åÉÉÇ=èì~äáÑáÉÇ=éÉêëçååÉä=~åÇ=éêÉé~êÉÇ=áåëí~ää~íáçåë=íç=éÉêÑçêã=áí=xPzI=xRzK=vÉíI=ÇìêáåÖ=íÜÉ=é~ëí=
ÅÉåíìêóI= éêçÖêÉëëÉë= Ü~Ç= ÄÉÉå= ã~ÇÉ= ÄçíÜ= çå= ÇÉíÉÅíáçå= ~åÇ= èì~åíáÑáÅ~íáçå= ãÉíÜçÇëK= få= íÉêãë= çÑ=
ÇÉíÉÅíáçåI= ÄáçÅÜÉãáÅ~ä= ~ëë~óë= Ü~îÉ= ëÜçïå= Å~é~ÄäÉ= éêçíçÅçäë= Ñçê= Ä~ÅíÉêá~= ÇÉíÉÅíáçå= äÉ~åáåÖ= çå=
Éåòóã~íáÅ= ~åÇ=ãçäÉÅìä~ê= ~ééêç~ÅÜÉë= xSzK=kÉîÉêíÜÉäÉëëI= Éåòóã~íáÅ= íÉÅÜåáèìÉë= ~êÉ= ëíáää= îÉêó= íáãÉJ
ÅçåëìãáåÖ=~åÇ=ÇÉéÉåÇÉåí=çå=ÅçãéÉíÉåí=ïçêâÉêë=~åÇ=ÅçåîÉåáÉåí=ä~Äçê~íçêáÉëK=^äíÜçìÖÜ=ãçäÉÅìä~ê=
íÉÅÜåáèìÉë= áãéêçîÉ= ëáÖåáÑáÅ~åíäó= íÜÉ= íáãÉ= ÅçåÅÉêåI= áí= ÇÉã~åÇë= ë~ãéäÉ= éêÉé~ê~íáçå= ~åÇ= ëéÉÅáÑáÅ=
êÉ~ÖÉåíëI=ïÜáÅÜ=ÅäÉ~êäó=ÇÉéÉåÇë=ìéçå=ä~Äçê~íçêó=ëéÉÅáÑáÅáíáÉë=~åÇ=ïçêâÉêë=~åÇ=ÜáÖÜÉê=Åçëíë=xRzÓxUzK=

qÜÉêÉÑçêÉI= íÜÉ= åÉï= éêçãáëáåÖ= íêÉåÇ= íÜ~í= í~êÖÉíë= ~ää= íÜÉ= áëëìÉë= ãÉåíáçåÉÇ= ÄÉÑçêÉ= ~êÉ= íÜÉ=
ÄáçëÉåëçêëK=_áçëÉåëçêë=~êÉ=ÇÉÑáåÉÇ=~ë=ÇÉîáÅÉë=~ÄäÉ= íç=ÄáçäçÖáÅ~ääó= êÉÅçÖåáëÉ=~= í~êÖÉí=ãçäÉÅìäÉ=Äó=~=
ÄáçÅÜÉãáÅ~ä=ÉäÉãÉåí=íÜ~í=áë=äáåâÉÇ=íç=íÜÉ=íê~åëÇìÅÉêI=ïÜáÅÜ=áë=êÉëéçåëáÄäÉ=Ñçê=ÅçåîÉêí=íÜÉ=ÄáçäçÖáÅ~ä=
êÉÅçÖåáíáçå=áåíç=~=ÇÉíÉÅí~ÄäÉ=~åÇLçê=ãÉ~ëìê~ÄäÉ=ëáÖå~ä=íÜ~í=~Çàìëíë=~ÅÅçêÇáåÖäó=íç=íÜÉ=èì~åíáíó=çÑ=íÜÉ=
í~êÖÉí=Äáç~å~äóíÉ=ÇÉíÉÅíÉÇ=xRzI=xTzI=xVzÓxNOzK=̂ ë=~=êÉëìäí=çÑ=áíë=ÇÉÑáåáíáçåI=ÄáçëÉåëçêë=Å~å=ÄÉ=Å~íÉÖçêáëÉÇ=
Äó=íÜÉ=ÄáçäçÖáÅ~ä=ëÉåëáåÖ=ÉäÉãÉåí=EÉKÖK=ÉåòóãÉI=~åíáÄçÇóI=ak^F=~åÇ=Äó=íÜÉ=íóéÉ=çÑ=ëáÖå~ä=éêçÇìÅÉÇ=
Äó= íÜÉ= íê~åëÇìÅÉê= EÉKÖK= ÉäÉÅíêçÅÜÉãáÅ~äI= çéíáÅ~äI= ÉäÉÅíêáÅI=ãÉÅÜ~åáÅ~äI= ÉíÅKF= xRzI= xVzK=`çåëÉèìÉåíäóI=
êÉëÉ~êÅÜ=çå=ÄáçëÉåëçêë=ÅçãéäáÉë=íÜÉ=ÅÜ~ê~ÅíÉêáë~íáçå=çÑ=íÜÉ=íê~åëÇìÅíáçå=ÅçãéçåÉåí=~åÇ=áíë=ëìáí~Äáäáíó=
çå= íÜÉ=éêçéçëÉÇ=~ééäáÅ~íáçå=~ë=ïÉää=~ë= íÜÉ= ëíìÇó=çÑ= íÜÉ=ãçëí=ÅçåîÉåáÉåí= ÑìåÅíáçå~äáë~íáçå= Ñçê= íÜÉ=
éêçéÉê=ÄáçêÉÅçÖåáíáçå= xNPzI= xNQzK=_çíÜ= ëíìÇáÉë= ~êÉ=åÉÅÉëë~êó= íç=çÄí~áå=ÄáçëÉåëçêë=ïáíÜ= ëáÖåáÑáÅ~åí=
ëÉäÉÅíáîáíóI=ëÉåëáíáîáíóI=êÉäá~ÄáäáíóI=éçêí~ÄáäáíóI=êÉ~äJíáãÉ=~å~äóëáëI=ëáãéäáÅáíó=çÑ=çéÉê~íáçå=~åÇ=êÉÇìÅÉÇ=
Åçëíë=xNRzK=

bäÉÅíêçÅÜÉãáÅ~ä=ÄáçëÉåëçêë=~êÉ=ÅìêêÉåíäó=çåÉ=çÑ=íÜÉ=ã~áå=~ííê~Åíáçåë=çå=íÜÉ=ÄáçëÉåëçêë=ìåáîÉêëÉ=
ÇìÉ=íç=íÜÉ=É~ëÉ=Ñçê=ãáåá~íìêáë~íáçå=çÑ=íÜÉ=ïÜçäÉ=ÇÉîáÅÉI=ïÜáÅÜ=~ääçïë=Ñçê=éçáåíJçÑJÅ~êÉ=íÉëíáåÖI=åç=
åÉÉÇ= ë~ãéäÉ= éêÉé~ê~íáçåI= Ñ~ëí= íáãÉ= êÉëéçåëÉI= ÜáÖÜ= ëÉåëáíáîáíó= ~åÇ= äçï= Åçëíë= çÑ= éêçÇìÅíáçåK=jçêÉ=
ëéÉÅáÑáÅ~ääóI= áãéÉÇ~åÅÉJÄ~ëÉÇ= ÉäÉÅíêçÅÜÉãáÅ~ä= ÄáçëÉåëçêë= ÜáÖÜäáÖÜí= íÜÉ= ~ëéÉÅíë= ãÉåíáçåÉÇ= ~ÄçîÉI=
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ÉëéÉÅá~ääó=áå=íÜÉ=Å~ëÉ=çÑ=Ä~ÅíÉêá~=ÇÉíÉÅíáçå=xRzI=xNMzI=xNPzI=xNQzI=xNSzÓxNUzK=eáÖÜ=ëéÉÅáÑáÅáíó=Å~å=ÄÉ=
~íí~áåÉÇ=ïáíÜ=~=ÅçåîÉåáÉåí=ÄáçêÉÅçÖåáíáçå=ÉäÉãÉåíI=íÜ~í=áå=Å~ëÉë=çÑ=Ä~ÅíÉêá~=ÇÉéÉåÇë=ìéçå=íÜÉ=í~êÖÉí=
~å~äóíÉK=få=çíÜÉê=ïçêÇëI=áÑ=áí=áë=áåíÉåÇÉÇ=íç=ÇÉíÉÅí=íÜÉ=Ä~ÅíÉêá~=áíëÉäÑI=~å=~åíáÄçÇó=çê=~éí~ãÉê=Å~å=ÄÉ=
ìëÉÇK=få=íÜÉ=Å~ëÉ=çÑ=~=ãÉí~ÄçäáÅ=éêçÇìÅí=ÇÉíÉÅíáçåI=ïÜáÅÜ=áåÇáêÉÅíäó=êÉéêÉëÉåíë=áíë=éêÉëÉåÅÉI=ÉåòóãÉë=
çê=çíÜÉê=ëéÉÅáÑáÅ=éêçíÉáåë=~êÉ=ÑêÉèìÉåíäó=ìëÉÇK=^ë=Ñ~ê=~ë=ëÉåëáíáîáíó=áë=ÅçåÅÉêåÉÇI=áí=áë=áãéçêí~åí=íç=ìëÉ=
ã~íÉêá~äë=íÜ~í=Ü~îÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=ëí~ÄáäáíóI=ÜáÖÜ=ÉäÉÅíêçå=íê~åëÑÉê=ê~íÉI=ä~êÖÉ=ëìêÑ~ÅÉ=~êÉ~=~åÇ=~äëç=
ã~åáÑÉëí= äçï= ÅìêêÉåíë= áå= ~å= ÉäÉÅíêç~ÅíáîÉ= ëéÉÅáÉëJÑêÉÉ= ÉäÉÅíêçäóíÉ= ëçäìíáçå= çîÉê= ~= ïáÇÉ= éçíÉåíá~ä=
ïáåÇçï=xNPzI=xNVzK=qÜÉêÉÑçêÉI=áí=áë=Åçããçå=íç=ìëÉ=ãÉí~äëI=ãÉí~äJçñáÇÉëI=çêÖ~åáÅ=ÅçåÇìÅíáîÉ=éçäóãÉêë=
~åÇ= Å~êÄçåJÄ~ëÉÇ= ã~íÉêá~äë= ~ë= íê~åëÇìÅÉê= Ñçê= ÉäÉÅíêçÅÜÉãáÅ~ä= ÄáçëÉåëçêëK= jçêÉ= êÉÅÉåíäóI=
å~åçã~íÉêá~äë=ëìÅÜ=~ë=Öê~éÜÉåÉI=Å~êÄçå=å~åçíìÄÉë=~åÇ=å~åçé~êíáÅäÉë=Ü~îÉ=ÄÉÉå=ëíìÇáÉÇ=íç=áãéêçîÉ=
íÜÉ=ëÉåëáíáîáíóI=ëÉäÉÅíáîáíó=~åÇ=êÉäá~Äáäáíó=çÑ=ÄáçëÉåëçêë=xNPzI=xNVzÓxOOzK=

oÉÖ~êÇáåÖ= Å~êÄçåJÄ~ëÉÇ= ã~íÉêá~äëI= íÜÉ= éçéìä~êáíó= ~ëÅêáÄÉÇ= íç= Öê~éÜÉåÉ= ÇìÉ= íç= áíë= ìåáèìÉ=
éêçéÉêíáÉë= Ü~ë= çéÉåÉÇ= Üçêáòçåë= íç= áãéêçîÉ= íÉÅÜåçäçÖáÅ~ä= ~ééäáÅ~íáçåëK= eçïÉîÉêI= ä~êÖÉJëÅ~äÉ=
éêçÇìÅíáçå=çÑ=ëìÅÜ=å~åçëíêìÅíìêÉ=êÉã~áåë=îÉêó=ÉñéÉåëáîÉ=~åÇ=íáãÉ=ÅçåëìãáåÖK=qç=çîÉêÅçãÉ=íÜÉëÉ=
Çê~ïÄ~ÅâëI=åÉï=íÉÅÜåáèìÉë=Ü~îÉ=ÄÉÉå=ëíìÇáÉÇ=~åÇ=ÇÉîÉäçéÉÇ=íç=éêçÇìÅÉ=Öê~éÜÉåÉ=áå=çêÇÉê=íç=éêÉëÉêîÉ=
ÜáÖÜ= èì~äáíó= ~ëéÉÅíëI= ëìÅÜ= ~ë= íÜÉ= ~ÄëÉåÅÉ= çÑ= ÇÉÑÉÅíë= ~åÇ= ÄÉáåÖ= ëáåÖäÉJä~óÉêK= `çåëÉèìÉåíäóI= íÜÉ=
êÉëìäí~åí=ëíêìÅíìêÉë=~êÉ=áåëÉêíÉÇ=áå=íÜÉ=Å~íÉÖçêó=çÑ=Öê~éÜÉåÉJÄ~ëÉÇ=ã~íÉêá~äë=xOMzÓxOOzK=

få=ÉäÉÅíêçÅÜÉãáÅ~ä=~ééäáÅ~íáçåëI=íÜÉ=~Çî~åí~ÖÉë=~åÇ=Çáë~Çî~åí~ÖÉë=íÜ~í=ëçãÉ=çÑ=íÜÉëÉ=Öê~éÜÉåÉJ
Ä~ëÉÇ= ã~íÉêá~äë= éêÉëÉåí= êÉä~íáîÉ= íç= éêáëíáåÉ= Öê~éÜÉåÉ= Ü~îÉ= ÄÉÉå= ëíìÇáÉÇK= fåíÉêÉëíáåÖäóI= êÉÖ~êÇáåÖ=
ÉäÉÅíêçå= íê~åëÑÉê= ê~íÉI= Öê~éÜÉåÉJÄ~ëÉÇ= ÉäÉÅíêçÇÉë= Ü~îÉ= ÄÉÉå= ëÜçïå= íç= éêçîáÇÉ= ÜáÖÜÉê= î~äìÉë= ~åÇI=
ÅçåëÉèìÉåíäóI=~êÉ=ãçêÉ=ëìáí~ÄäÉ=Ñçê=áãéÉÇ~åÅÉJÄ~ëÉÇ=ÄáçëÉåëáåÖ=xOPzÓxORzK=

kçåÉíÜÉäÉëëI=íÜÉ=ëóåíÜÉëáë=çÑ=Öê~éÜÉåÉJÄ~ëÉÇ=ëíêìÅíìêÉë=áåîçäîÉë=ãìäíáéäÉ=ëíÉéë=éêçíçÅçäë=~åÇLçê=
ÉñÜ~ìëíáîÉ=íÜÉêã~ä=ÅçåÇáíáçåëI=ïÜ~í=êÉÅÉÇÉë=íÜÉ=ÅçããÉêÅá~ä=áãé~Åí=çÑ=Öê~éÜÉåÉJÄ~ëÉÇ=ã~íÉêá~äëK=

få=OMNQI=qçìêÛë=Öêçìé=éêÉëÉåíÉÇ=~=çåÉJëíÉé=éêçÅÉëë=íç=çÄí~áå=éçêçìë=Öê~éÜÉåÉJÄ~ëÉÇ=ëíêìÅíìêÉë=
Ñêçã= ~= éçäóãÉê= ëÜÉÉí= xOSzK= qÜáë= éêçÅÉëë= ÅçåëáëíÉÇ= çå= íÜÉ= áåÅáÇÉåÅÉ= çÑ= ~= `lO= ä~ëÉê= ÄÉ~ã= çå= ~=
éçäóáãáÇÉ=ëÜÉÉí=~í=~íãçëéÜÉêáÅ=ÅçåÇáíáçåëI=ïÜáÅÜ=ÖÉåÉê~íÉÇ=~=éÜçíçíÜÉêã~ä=êÉ~Åíáçå=çå=áíë=ëíêìÅíìêÉ=
~åÇ= êÉëìäíÉÇ= áå= ~=Pa=Öê~éÜÉåÉJÄ~ëÉÇ=ã~íÉêá~ä=ÇÉëáÖå~íÉÇ=Äó= ä~ëÉêJáåÇìÅÉÇ=Öê~éÜÉåÉ= EifdF= xOSzK=
^ÇÇáíáçå~ääóI=íÜáë=éêçÅÉëë=Éå~ÄäÉÇ=íÜÉ=ëóåíÜÉëáë=çÑ=ÑäÉñáÄäÉI=é~ííÉêå~ÄäÉ=~åÇ=ëÅ~ä~ÄäÉ=Öê~éÜÉåÉJÄ~ëÉÇ=
ëíêìÅíìêÉëI=~ãéäáÑóáåÖ=áíë=~ééäáÅ~íáçåë=áå=ëìéÉêÅ~é~ÅáíçêëI=ÑäÉñáÄäÉ=ÉäÉÅíêçåáÅë=~åÇ=ÄáçëÉåëçêëK=

få=íÜáë=íÜÉëáëI=áí=áë=ÉñéäçêÉÇ=íÜÉ=ÇÉîÉäçéãÉåí=çÑ=~=ifd=ÉäÉÅíêçÇÉ=íç=ÇÉíÉÅí=bK=Åçäá=Ñçê=~=ä~ÄÉäJÑêÉÉ=
áããìåçäçÖáÅ~ä= áãéÉÇáãÉíêáÅ= ÄáçëÉåëáåÖ= ëóëíÉãK=qÜÉ= éìêéçëÉ= çÑ= íÜÉ= ëóëíÉã= áë= íç= ~å~äóëÉ= Ñ~ÉÅ~äJ
Åçåí~ãáå~íáçå=áå=ï~íÉê=ë~ãéäÉëK=

qÜÉêÉÑçêÉI= áå= `Ü~éíÉê= ffI= ëçãÉ= ÅçåÅÉéíëI= éêáåÅáéäÉë= ~åÇ= ãÉíÜçÇçäçÖáÉë= êÉä~íáîÉ= íç= bK= Åçäá=
ÇÉíÉÅíáçå=~åÇ=ÄáçëÉåëçêë=~êÉ=ÉñéäçêÉÇK=^äëçI=~=ÄêáÉÑ=ëí~íÉ=çÑ=íÜÉ=~êí=áë=êÉîáÉïÉÇ=êÉÖ~êÇáåÖ=Öê~éÜÉåÉJ
Ä~ëÉÇ=ã~íÉêá~äë= áå=ÉäÉÅíêçÅÜÉãáÅ~ä=~ééäáÅ~íáçåë=~åÇ=ifd=ÇÉîÉäçéãÉåíK= få=`Ü~éíÉê= fffI= íÜÉ=ïÜçäÉ=
ÉñéÉêáãÉåí~ä=éêçÅÉÇìêÉ=áë=Çáëéä~óÉÇI=ÄÉÖáååáåÖ=ïáíÜ=ifd=éêçÇìÅíáçå=~åÇ=ÉåÇáåÖ=ïáíÜ=íÉëíë=Ñçê=bK=Åçäá=
ÇÉíÉÅíáçåK=få=`Ü~éíÉê=fsI=áí=áë=áåíêçÇìÅÉÇ=~=ÅçãéêÉÜÉåëáîÉ=ÅÜ~ê~ÅíÉêáë~íáçå=çÑ=íÜÉ=ifd=ÉäÉÅíêçÇÉë=
íÜêçìÖÜ= áíë=ãçêéÜçäçÖóI=Åçãéçëáíáçå=~åÇ=ÉäÉÅíêçÅÜÉãáÅ~ä=éêçéÉêíáÉëK=`çåëÉèìÉåíäóI= íÜÉ=ëíÉéë= Ñçê=
ÅçãéäÉíÉ= ÑìåÅíáçå~äáë~íáçå= çÑ= íÜÉ= ÉäÉÅíêçÇÉ= ~êÉ= ÅçîÉêÉÇI= Ñêçã= ÜóÇêçñóä~íáçå= íç= é~ëëáî~íáçå= ëíÉéëK=
cáå~ääóI= íÉëíë= Ñçê= bK= Åçäá= ÇÉíÉÅíáçå= ~êÉ= ~å~äóëÉÇ= ~åÇ= ÇáëÅìëëÉÇK= qÜÉ= ÅçåÅäìëáçå= êÉã~êâë= ~åÇ=
ëìÖÖÉëíáçåë=~ë=ÑìíìêÉ=ïçêâ=~êÉ=ìåÇÉêí~âÉå=çå=íÜÉ=Ñáå~ä=`Ü~éíÉê=sK=

=
=
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II | Fundamentals and Technological Background 

2.1 Escherichia coli detection 

 E. coli and faecal-contaminated water 
rëì~ääóI=íç=~ëëÉëë=ÇêáåâáåÖJï~íÉê=èì~äáíó=~åÇ=ÉÑÑÉÅíáîÉåÉëë=çÑ=íÜÉ=ÅäÉ~åáåÖ=íêÉ~íãÉåíëI=íÜÉ=íçí~ä=

ÅçäáÑçêãë=~êÉ=~ãçåÖ=íÜÉ=ãçëí=ìëÉÇ=áåÇáÅ~íçêë=xPzK=qÜáë=Öêçìé=ÅçãéêáëÉë=Ä~ÅíÉêá~=ÄÉäçåÖáåÖ=íç=íÜÉ=
ÖÉåÉê~=bëÅÜÉêáÅÜá~I=båíÉêçÄ~ÅíÉêI=häÉÄëáÉää~=~åÇ=`áíêçÄ~ÅíÉê=~åÇ=ëçãÉ=ëéÉÅáÉë=íÜ~í=ÄÉäçåÖ=íç=ÖÉåÉê~=
ëìÅÜ=~ë=pÉêê~íá~I=e~Ñåá~I=iÉÅäÉêÅá~I=~ãçåÖ=çíÜÉêë=xSzI=xOTzÓxOVzK=qÜÉëÉ=~êÉI=áåÇÉÉÇI=áåÅäìÇÉÇ=áå=íÜÉ=
båíÉêçÄ~ÅíÉêá~ÅÉ~= Ñ~ãáäóK= `çåëÉèìÉåíäóI= íçí~ä= ÅçäáÑçêãë= ÄÉÜçäÇ= Ñ~Åìäí~íáîÉ= ~ÉêçÄáÅI= åçåJëéçêÉ=
ÑçêãáåÖI= êçÇJëÜ~éÉÇI= Öê~ãJåÉÖ~íáîÉ= Ä~ÅíÉêá~= ~ÄäÉ= íç= ÑÉêãÉåí= ÖäìÅçëÉ= xOTzI= xOUzK= ^ãçåÖ= çíÜÉê=
ãçêéÜçäçÖáÅ~ä= ~åÇ= ãÉí~ÄçäáÅ= ÅÜ~ê~ÅíÉêáëíáÅëI= íÜáë= Ñ~ãáäó= áë= ~äëç= ïÉääJÇÉÑáåÉÇ= Äó= íÜÉ= éêÉëÉåÅÉ= çÑ=
ÉåíÉêçÄ~ÅíÉêá~ä=Åçããçå=~åíáÖÉå=Eb`^F=~åÇI=ãçëí=áãéçêí~åíäóI=Äó=ëçãÉ=ÖÉåÉ=ëÉèìÉåÅÉë=Åçããçå=
ïáíÜáå=íÜÉ=båíÉêçÄ~ÅíÉêá~ÅÉ~=Ñ~ãáäó=xOTzK=

qÜÉ=íçí~ä=ÅçäáÑçêãë=ÇáëíáåÖìáëÜ=Ñêçã=íÜÉ=êÉëí=çÑ=íÜÉ=båíÉêçÄ~ÅíÉêá~ÅÉ~=Ñ~ãáäó=Äó=íÜÉ=~ÄáäáíáÉë=çÑ=
éêçÇìÅáåÖ=íÜÉ=ÉåòóãÉ=ÄÉí~JÖ~ä~ÅíçëáÇ~ëÉ=~åÇ=ÑÉêãÉåíáåÖ=íç=~ÅáÇ=~åÇ=Ö~ëI=~äçåÖ=áíë=ÖêçïíÜ=~í=PRJ
PT==ø`K=eçïÉîÉêI=íÜÉ=íçí~ä=ÅçäáÑçêãë=Öêçìé=áë=ÜÉíÉêçÖÉåÉçìë=~åÇ=éêÉëÉåíë=Ä~ÅíÉêá~=íÜ~í=Öêçï=áå=~åáã~ä=
~åÇ= Üìã~å= Åçäçå= EÑÉ~Å~ä= ëçìêÅÉF= ~åÇ= ëçãÉ= Å~å= ~äëç= ëìêîáîÉ= ~åÇ= Öêçï= áå= çíÜÉê= åìíêáÉåíJêáÅÜ=
ÉåîáêçåãÉåíë=Eëçáä=~åÇ=ï~íÉêFK=pçãÉ=çÑ=íÜÉëÉ=åçåJÑ~ÉÅ~ä=Ä~ÅíÉêá~=~êÉ=íçäÉê~íÉÇ=áå=ëçãÉ=íóéÉë=çÑ=ï~íÉê=
~åÇ= íÜÉáê= ÇÉíÉÅíáçå= áë= åçí= ÅçåÅäìëáîÉ= çÑ= Ñ~ÉÅ~ä= Åçåí~ãáå~íáçåK= qÜÉêÉÑçêÉI= íÜÉ= ÇÉíÉÅíáçå= çÑ= Ñ~ÉÅ~ä=
Åçåí~ãáå~íáçå=Å~ååçí=êÉäó=çå=íÜÉ=ÇÉíÉÅíáçå=çÑ=íçí~ä=ÅçäáÑçêãë=xPzI=xOVzÓxPNzK=

^ãçåÖ= íçí~ä= ÅçäáÑçêãëI= áí= áë= ~ééêçéêá~íÉ= íç= ÇáëíáåÖìáëÜ= íÜÉ= íÜÉêãçíçäÉê~åí= Ä~ÅíÉêá~= íÜ~í= ~êÉ=
âåçïå=Ñçê=ÑÉêãÉåíáåÖ=ä~ÅíçëÉ=~í=QQJQR=ø`K=^äíÜçìÖÜ=bëÅÜÉêáÅÜá~=Åçäá=ã~âÉë=é~êí=çÑ=íÜáë=ëìÄÖêçìéI=
çìíëí~åÇë=Äó=íÜÉ=Å~é~Äáäáíó=çÑ=éêçÇìÅáåÖ=áåÇçäÉ=Ñêçã=íêóéíçéÜ~å=~åÇ=íÜÉ=ÉåòóãÉ=ÄÉí~JÖäìÅìêçåáÇ~ëÉ=
xSzI=xOVzK=^äëçI=bK=Åçäá=êÉã~áåë=íÜÉ=çåäó=Ä~ÅíÉêá~=ïáíÜáå=íÜÉ=Öêçìé=íÜ~í=áë=çêáÖáå~íÉÇ=çåäó=Ñêçã=Ñ~ÉÅÉëK=
eÉåÅÉI=áí=áë=ÉñíêÉãÉäó=êÉäÉî~åí=íç=áÇÉåíáÑó=bK=Åçäá=ëéÉÅáÉë=~ë=~=êÉäá~ÄäÉ=Ñ~ÉÅ~ä=áåÇáÅ~íçê=ëáåÅÉ=áë=îÉêó=
~ÄìåÇ~åí=áå=áåíÉëíáåÉë=çÑ=Üìã~å=~åÇ=çíÜÉê=ï~êãJÄäççÇÉÇ=~åáã~äë=~åÇ=áë=îÉêó=ê~êÉäó=ÑçìåÇ=áå=åçåJ
Ñ~ÉÅ~ä=éçääìíÉÇ=ÉåîáêçåãÉåíë=xPzI=xPOzI=xPPzK=qÜÉêÉÑçêÉI=bK=Åçäá=Å~å=ÄÉ=ÅÜ~ê~ÅíÉêáëÉÇ=ëÉé~ê~íÉäó=Ñêçã=
íÜÉ=çíÜÉê=ÅçäáÑçêã=Ä~ÅíÉêá~=~åÇ=ëçI=áí=Å~å=~åÇ=ëÜçìäÇ=ÄÉ=ÇáëíáåÖìáëÜ~Ääó=ÇÉíÉÅíÉÇI=íççK=

 E. coli current detection methods  
`ìäíìêÉJÄ~ëÉÇ=ãÉíÜçÇë=~êÉ=ëíáää=íÜÉ=ãçëí=ìëÉÇ=êÉÖ~êÇáåÖ=Ä~ÅíÉêá~=ÇÉíÉÅíáçå=áå=ï~íÉê=xPQzK=qÜÉëÉ=

áåÅäìÇÉ=íÉÅÜåáèìÉë=ëìÅÜ=~ë=jìäíáéäÉ=qìÄÉ=cÉêãÉåí~íáçå=EjqcFI=jçëí=mêçÄ~ÄäÉ=kìãÄÉê=EjmkFI=
ãÉãÄê~åÉ= Ñáäíê~íáçå= EjcF= ~åÇ= éä~íÉ= Åçìåí= Em`F= ãÉíÜçÇëK= bëëÉåíá~ääóI= íÜÉëÉ= ãÉíÜçÇë= ÇÉã~åÇ=
áåçÅìä~íáçå=~åÇ=áåÅìÄ~íáçå=çÑ=íÜÉ=Ü~êîÉëíÉÇ=ë~ãéäÉ=çå=ëÉäÉÅíáîÉ=ÇáÑÑÉêÉåíá~ä=~åÇLçê=ÄêçíÜ=ãÉÇá~I=Ñçê=
~=ÅçåîÉåáÉåí=ÖêçïáåÖ=íáãÉ= áåíÉêî~äI=~í=~= ëìáí~ÄäÉ= íÉãéÉê~íìêÉI= ëíáãìä~íáåÖ=ÖêçïíÜ=çÑ= íÜÉ=Ä~ÅíÉêá~ä=
ÅçäçåáÉëK=`çåëÉèìÉåíäóI=áå=íÜÉ=Å~ëÉ=çÑ=ÅçäáÑçêã=Ä~ÅíÉêá~I=Ñçê=É~ÅÜ=çÑ=íÜÉëÉ=ãÉíÜçÇë=íÜÉ=Éî~äì~íáçå=áë=
ÇÉíÉêãáåÉÇ= Äó= íÜÉ= éêçÇìÅíë= êÉÖ~êÇáåÖ= ä~ÅíçëÉ= ÑÉêãÉåí~íáçåK= få= íÜÉ= Å~ëÉ= çÑ=bK= ÅçäáI= íÜÉ= ÇÉíÉÅíáçå=
ìëì~ääó=êÉäáÉë=çå=íÜÉ=ÉñéêÉëëáçå=çÑ=íÜÉ=ÄÉí~JÖäìÅìêçåáÇ~ëÉ=xPRzK=

cçê=áåëí~åÅÉI=áå=íÜÉ=jqc=íÉÅÜåáèìÉI=íÜÉ=ï~íÉê=ë~ãéäÉ=áë=ÇáäìíÉÇ=áå=~=ëÉêáÉë=çÑ=íìÄÉë=ïáíÜ=ÅìäíìêÉ=
ãÉÇáìã= ÄêçíÜ= ëìééäÉãÉåíÉÇ= ïáíÜ= ä~ÅíçëÉK= ^ÑíÉê= ÖêçïíÜI= ÉK= ÖK= ~í= QR= ø`= Ñçê= OQ= Üçìêë= êÉÖ~êÇáåÖ=
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íÜÉêãçíçäÉê~åí=ÅçäáÑçêãëI= áí= áë=~áãÉÇ=íç=Éî~äì~íÉ=~=ÅÜ~åÖÉ= áå=ÅçäçìêI= áåÇáÅ~íáåÖ=íÜÉ=éêçÇìÅíáçå=çÑ=
~ÅáÇë= êÉëìäí~åí= Ñêçã= ä~ÅíçëÉ= ÑÉêãÉåí~íáçåI= ~ë= ïÉää= ~ë= íÜÉ= éêÉëÉåÅÉ= çÑ= Ö~ë= ÄìÄÄäÉëI= ÉñéêÉëëáåÖ= Ö~ë=
éêçÇìÅíáçåK=qÜáë=ãÉíÜçÇ=áåîçäîÉë=íÜêÉÉ=ëíÉéëI=éêÉëìãéíáîÉI=ÅçåÑáêã~íçêó=~åÇ=ÅçãéäÉíÉÇ=íÉëíëI=ïÜáÅÜ=
ïáää= éêçÇìÅÉ= ~= é~ííÉêå= çÑ= ÇÉíÉÅíáçåI= êÉÖ~êÇáåÖ= íÜÉ= Çáäìíáçå= ~åÇ= Äó= ~å~äóëáë= çÑ= ëí~íáëíáÅ~ä= í~ÄäÉë= áë=
éçëëáÄäÉ=íç=ÇÉíÉêãáåÉ=íÜÉ=ãçëí=éêçÄ~ÄäÉ=åìãÄÉê=çÑ=Ä~ÅíÉêá~=áå=íÜÉ=çêáÖáå~ä=ë~ãéäÉ=xSzK=

mä~íÉ=Åçìåí=ãÉíÜçÇë=~äëç=êÉèìáêÉ=ëÉîÉê~ä=Çáäìíáçåë=çÑ=íÜÉ=ï~íÉê=ë~ãéäÉI=íÜ~í=~êÉ=éçìêÉÇ=áåíç=mÉíêá=
ÇáëÜÉë=ïáíÜ=ëìáí~ÄäÉ=ãÉÇáìã=~åÇ=~êÉ=áåÅìÄ~íÉÇ=~í=ÖêçïáåÖ=Åçåëíê~áåëK=qÜÉåI=íÜÉ=îá~ÄäÉ=ÅÉääë=ãìäíáéäó=
~êáëáåÖ= ïÜ~í= áë= å~ãÉÇ= ÅçäçåóJÑçêãáåÖ= ìåáíë= E`crF= ïÜáÅÜ= Å~å= ÄÉ= ÇÉíÉÅí~ÄäÉ= Äó= íÜÉ= å~âÉÇJÉóÉI=
Éå~ÄäáåÖ= áíë= Åçìåí= íÜ~í= áë= ÅçêêÉä~íÉÇ= íç= íÜÉ= åìãÄÉê= çÑ= Ä~ÅíÉêá~ä= ÅÉääë= áå= íÜÉ= çêáÖáå~ä= ë~ãéäÉ= xPSzK=
páãáä~êäóI=íÜÉ=ãÉãÄê~åÉ=Ñáäíê~íáçå=ãÉíÜçÇ=çåäó=Åçåíê~ëí=ïáíÜ=m`=ãÉíÜçÇë=çå=íÜÉ=áåáíá~ä=ëíÉé=çÑ=íÜÉ=
éêçÅÉÇìêÉK=få=Ñ~ÅíI=íÜÉ=jc=êÉèìáêÉë=íÜÉ=ï~íÉê=ë~ãéäÉ=íç=ÄÉ=Ñáäíê~íÉÇ=íÜêçìÖÜ=~=ëíÉêáäÉ=ãÉãÄê~åÉ=ÑáäíÉê=
ïáíÜ=éçêçìë=ëáòÉ=ê~åÖáåÖ=Ñêçã=MKO=íç=MKQR=”ãK=qÜÉåI=íÜÉ=ÑáäíÉê=áë=áåçÅìä~íÉÇ=íç=~=ÅìäíìêÉ=ãÉÇáìãI=áå=
~=mÉíêá=ÇáëÜI=~åÇ=Ñçääçïë=íÜÉ=êÉëí=çÑ=íÜÉ=ëíÉéë=ÇÉëÅêáÄÉÇ=Ñçê=íÜÉ=m`=ãÉíÜçÇë=xSzK=

`ìäíìêÉJÄ~ëÉÇ=ãÉíÜçÇë=~êÉ=êÉäá~ÄäÉ=Ñçê=ÇÉíÉÅíáçå=~åÇ=ÉåìãÉê~íáçå=çÑ=Ä~ÅíÉêá~=xPRzI=xPTzI=xPUzK=
eçïÉîÉêI=ÄÉëáÇÉë=ÄÉáåÖ=îÉêó=íáãÉJÅçåëìãáåÖI=í~âáåÖ=O=íç=P=Ç~óëI=íÜÉ=ãÉíÜçÇë=êÉèìáêÉ=ëéÉÅá~äáëÉÇ=
ïçêâÉêë=~åÇ=áåëí~ää~íáçåëK=få=çêÇÉê=íç=êÉÇìÅÉ=íÜÉ=íÉëí=íáãÉI=ãçäÉÅìä~ê=ãÉíÜçÇë=êÉäóáåÖ=çå=ÇÉíÉÅíáçå=
çÑ=Ä~ÅíÉêá~= ÅÜ~ê~ÅíÉêáëíáÅëI= áåëíÉ~Ç=çÑ= áíë=ãÉí~ÄçäáÅ=éêçÇìÅíëI=Ü~Ç=ÄÉÉå=ÇÉîÉäçéÉÇK=qÜÉëÉ=ãÉíÜçÇë=
ëÜçìäÇ=ÑçÅìë=çå=Ä~ÅíÉêá~=ÑÉ~íìêÉë=íÜ~í=ëéÉÅáÑáÉë=ïÉää=íÜÉ=ëíê~áå=ìåÇÉê=Éî~äì~íáçå=ïáíÜçìí=íÜÉ=ÇÉã~åÇ=
çÑ= ÅçåÑáêã~íáçå= íÉëíëK= fããìåçäçÖáÅ~ä= íÉëíëI= Ä~ëÉÇ= çå= íÜÉ= áåíÉê~Åíáçå= ÄÉíïÉÉå= ~åíáÄçÇáÉë= ~åÇ= íÜÉ=
ëéÉÅáÑáÅ= ÅçêêÉëéçåÇÉåí= ~åíáÖÉåI= ~åÇ= åìÅäÉáÅ= ~ÅáÇJÄ~ëÉÇ= ãÉíÜçÇëI= Ä~ëÉÇ= çå= íÜÉ= ÜóÄêáÇáë~íáçå= çÑ=
ÅçãéäÉãÉåí~êó=åìÅäÉáÅ=~ÅáÇëI=ïÉêÉ=ÇÉîÉäçéÉÇ=xSzK=

båòóãÉJäáåâÉÇ=áããìåç~ÄëçêÄÉåí=~ëë~ó=Ebifp^F=äÉ~åë=çå=íÜÉ=ìëÉ=çÑ=~åíáÄçÇáÉë=íç=ëéÉÅáÑáÅ~ääó=
ÇÉíÉÅí=~åíáÖÉåë=çÑ=Ä~ÅíÉêá~K=dÉåÉê~ääóI=íÜáë=ãÉíÜçÇ=ÅçãéêáëÉë=~=ãáÅêçíáíÉê=éä~íÉ=ïÜÉêÉ=~åíáÖÉåë=~êÉ=
áããçÄáäáëÉÇI=ïÜáÅÜ=Å~å=ÄÉ=ÉñÉÅìíÉÇ=ïáíÜ=~=éêáã~êó=~åíáÄçÇóI=~åÇ=íÜÉå=~êÉ=ëéçííÉÇ=Äó=~å=~åíáÄçÇó=
íÜ~í= áë= äáåâÉÇ= íç= ~å= ÉåòóãÉI= áå=ïÜáÅÜ= áíë= éìêéçëÉ= áë= íç= Å~í~äóëÉ= ~= ëìÄëíê~íÉ= êÉ~Åíáçå= éêçÇìÅáåÖ= ~=
äìãáåÉëÅÉåí=çê=ÅçäçêáãÉíêáÅ=ëáÖå~äI=íÜ~í=ÅçåëíáíìíÉ=íÜÉ=ëáÖå~ä=çÑ=ÇÉíÉÅíáçåK=qÜÉ=ãçëí=Åçããçå=ï~ó=íç=
éÉêÑçêã= íÜáë= íÉÅÜåáèìÉ= áå= ~= “ë~åÇïáÅÜÒJäáâÉ= ãÉíÜçÇK= ^äëçI= áåëíÉ~Ç= çÑ= ~å= ÉåòóãÉ= äáåâÉÇ= íç= íÜÉ=
ëÉÅçåÇ~êó=~åíáÄçÇóI=áí=áë=íóéáÅ~ä=íç=ìëÉ=~=ÑäìçêçÅÜêçãÉ=xSzI=xPVzK=

mçäóãÉê~ëÉ= ÅÜ~áå= êÉ~Åíáçå= Em`oF= í~âÉë= ~Çî~åí~ÖÉ= çÑ= ak^Jak^= ~åÇ= ak^Jok^=
ÜóÄêáÇáë~íáçåë=íç=éÉêÑçêã=áÇÉåíáÑáÅ~íáçå=~åÇ=ÇÉíÉÅíáçå=çÑ=Ä~ÅíÉêá~K=cáêëíäóI=íÜÉ=íÉÅÜåáèìÉ=êÉèìáêÉë=~å=
Éñíê~Åíáçå=çÑ=íÜÉ=ak^=çê=ok^=ÅçåíÉåí=çÑ=íÜÉ=Ä~ÅíÉêá~=Eåçêã~ääóI=Äó=Ä~ÅíÉêá~ä=äóëáëF=ÑçääçïÉÇ=Äó=áíë=
ÇÉå~íìê~íáçå=EÑêçã=ÇçìÄäÉJ=íç=ëáåÖäÉJëíê~åÇÉÇFK=pÉÅçåÇäóI=áí=ÅçãéÉäë=íÜÉ=ìëÉ=çÑ=éêáãÉêë=ïÜáÅÜ=~êÉ=
ëáåÖäÉJëíê~åÇÉÇ= çäáÖçåìÅäÉçíáÇÉë= íÜ~í=ïáää= äáåâ= íç= íÜÉ= ÇÉå~íìê~íÉÇ=ak^K=^í= ëéÉÅáÑáÅ= íÉãéÉê~íìêÉ=
ÅçåÇáíáçåëI= íÜÉ= ÜóÄêáÇáë~íáçå= êÉ~Åíáçå= çÅÅìêë= ÄÉíïÉÉå= ÅçãéäÉãÉåí~êó= ëíê~åÇëK= qÜáêÇäóI= m`o=
áåÅäìÇÉë= ~å= ~ãéäáÑáÅ~íáçå= ëíÉéI= áå= ïÜáÅÜ= êÉéäáÅ~íáçå= çÑ= íÜÉ= í~êÖÉí= ak^= ëÉèìÉåÅÉ= áë= éÉêÑçêãÉÇK=
^ãéäáÑáÅ~íáçå= êÉäáÉë= çå= ~å= ÉåòóãÉI= ak^= éçäóãÉê~ëÉI= íÜ~í= Å~í~äóëÉë= íÜÉ= êÉéäáÅ~íáçåK= i~ëíäóI= íÜÉ=
ÇÉíÉÅíáçå=éêçÅÉëë= Å~å=ÄÉ= ~ÅÜáÉîÉÇ=Äó= ÉäÉÅíêçéÜçêÉëáë= çÑ= íÜÉ= ~ãéäáÅçåëI= îáëì~äáëÉÇ=Äó= ä~ÄÉääáåÖ= íÜÉ=
éêáãÉê=ïáíÜ=~=ÑäìçêçÅÜêçãÉ=çê=ëí~áåáåÖ=íÜÉ=~ãéäáÑáÅ~íáçå=éêçÇìÅíë=xSzI=xQMzK=

_çíÜ= íÉÅÜåáèìÉë= Çç= åçí= êÉèìáêÉ= éêÉJÉåêáÅÜãÉåí= çÑ= íÜÉ= ë~ãéäÉ= EáåçÅìä~íáçå= ~åÇ= áåÅìÄ~íáçåFI=
ÇÉÅêÉ~ëáåÖ=íÜÉ=íáãÉ=êÉèìÉëíÉÇ=Ñçê=ÇÉíÉÅíáçå=Ñêçã=Ç~óë=íç=ÜçìêëI=Äìí=ëíáää=êÉèìáêÉ=èì~äáÑáÉÇ=ïçêâÉêë=~åÇ=
ëéÉÅáÑáÅ= ä~Äçê~íçêó=ã~íÉêá~äë= ~åÇ= ÅçåÇáíáçåëI=ïÜ~íI= ÄÉëáÇÉë= ëìããáåÖ= Åçëíë= íç= íÜÉ=éêçÅÉëëI= ~êÉ=åçí=
ìëÉêJÑêáÉåÇäóK=
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få=Ñ~ÅíI=íÜÉ=éêáåÅáéäÉë=çÑ=bifp^=~åÇ=m`o=ãÉíÜçÇë=Å~å=ÄÉ=êÉÅçîÉêÉÇ=Ñçê=ÄáçêÉÅçÖåáíáçå=ÉîÉåíë=
íÜ~í=ÅçãÄáåÉÇ=ïáíÜ=~=ëíêìÅíìêÉ=êÉ~Çó=íç=íê~åëä~íÉ=íÜÉ=éêçÇìÅÉÇ=éÜÉåçãÉåçå=íç=~=ãÉ~ëìê~ÄäÉ=ëáÖå~ä=
Eíê~åëÇìÅÉêFI=áå=~=ïáëÉ=íáãÉ=ëÉíI=ÖáîÉë=êáëÉ=íç=íÜÉ=ÄáçëÉåëçê=ÇÉîáÅÉK=

2.2 Biosensors: principles and methodologies 
^=ÄáçëÉåëçê=áë=~=ÇÉîáÅÉ=íÜ~í=~ääçïë=ÇÉíÉÅíáåÖ=~åÇLçê=èì~åíáÑóáåÖ=íÜÉ=éêÉëÉåÅÉ=çÑ=~=ÅÉêí~áå=~å~äóíÉ=

EéêçíÉáåI= Ä~ÅíÉêá~I= îáêìëI= ÉíÅKF= áå= ~= ÖáîÉå=ã~íêáñ= EÄäççÇI=ï~íÉêI= ÑççÇI= ÉíÅKFK= cçê= íÜ~í=ã~ííÉêI= íÜÉëÉ=
ÇÉîáÅÉë=~êÉ=ÅçãéçëÉÇ=çÑ=íïç=îÉêó=áãéçêí~åí=ÅçãéçåÉåíëK=qÜÉ=ÑáêëíI=íÜÉ=ÄáçêÉÅÉéíçê=íÜ~í=áë=êÉëéçåëáÄäÉ=
íç=äáåâ=çê=êÉ~Åí=ïáíÜ=íÜÉ=~å~äóíÉ=íç=ÄÉ=ÇÉíÉÅíÉÇ=çê=~å=~å~äóíÉ=ÅçãéçåÉåíK=qÜÉ=ëÉÅçåÇI=íÜÉ=íê~åëÇìÅíáçå=
ÉäÉÅíêçÇÉ=íÜ~í=Å~å=éêçÇìÅÉ=~=ëáÖå~ä=~ë=~=ÅçåëÉèìÉåÅÉ=çÑ=íÜÉ=ëíáãìäìë=ÖÉåÉê~íÉÇ=Äó=íÜÉ=ÄáçêÉÅçÖåáíáçå=
ÉîÉåíI=ïÜÉíÜÉê=áÑ=áí=áë=~=êÉ~Åíáçå=çê=~=ÄçìåÇ=EcáÖìêÉ=OKNFK=

=
cáÖìêÉ=OKNW=oÉéêÉëÉåí~íáîÉ= ëÅÜÉãÉ=çÑ= ÄáçëÉåëçêI= áåÅäìÇáåÖ= íÜÉ= ëíáãìäìë= Ñäçï= Ñêçã= íÜÉ= ~å~äóíÉ= íç= íÜÉ= ëáÖå~ä=
éêçÅÉëëáåÖ=ëí~ÖÉK=

 Bioreceptors 
qÜÉ=ÄáçÅÜÉãáÅ~ä= êÉÅçÖåáíáçå= ÉäÉãÉåí= Å~å= ÅÜ~ê~ÅíÉêáëÉ= íÜÉ= íóéÉ= çÑ= ÇÉíÉÅíáçå= ~ÇÇêÉëëÉÇ= íç= íÜÉ=

ÇÉîáÅÉI=~åÇ=Ñçê=íÜÉ=ÅÜçáÅÉ=çÑ=íÜÉ=ÄáçêÉÅÉéíçêI=áí=áë=ÅêáíáÅ~ä=íç=Ü~îÉ=áå=ãáåÇ=íÜÉ=~å~äóíÉ=íç=ÄÉ=ÇÉíÉÅíÉÇI=
ëéÉÅá~ääóI=ëáåÅÉ=íÜáë=ÉäÉãÉåí=áë=êÉëéçåëáÄäÉ=Ñçê=íÜÉ=ëÉäÉÅíáîáíó=çÑ=íÜÉ=ÄáçëÉåëçê=xNMzK=_áçêÉÅÉéíçêë=Å~å=
ÄÉ=Çáëéä~óÉÇ=Äó=~åíáÄçÇáÉëI=ÉåòóãÉëI=åìÅäÉáÅ=~ÅáÇëI=éêçíÉáåëI=îáêìëÉë=çê=ÅÉääë=xQNzK=cìåÇ~ãÉåí~ääóI=íÜÉ=
êÉÅçÖåáíáçå=Å~å=ÄÉ= áåÇìÅÉÇ=Äó=ÄáçÅ~í~äóíáÅ=ÉîÉåíë=çê=Äó=~å=~ÑÑáåáíó=ãÉÅÜ~åáëãI=ÄçíÜ=ÄÉíïÉÉå= íÜÉ=
êÉÅÉéíçê=~åÇ=íÜÉ=~å~äóíÉK=

få= íÜÉ= Å~ëÉ= çÑ= ÄáçÅ~í~äóíáÅ= ÉîÉåíëI= íÜÉ= ÄáçêÉÅçÖåáíáçå= ÉäÉãÉåí= ~ëëìãÉë= ~= Å~í~äóëí= êçäÉ= çå= íÜÉ=
~å~äóíÉI= ëíáãìä~íáåÖ= íÜÉ= ê~íÉ= çÑ= ~= ÅÜ~ê~ÅíÉêáëíáÅ= ÅÜÉãáÅ~ä= êÉ~Åíáçå= EíÜ~í= Å~å= ÄÉ= ãÉí~ÄçäáÅF= ~åÇ=
ÅçåëÉèìÉåíäóI=Éå~ÄäáåÖ=~=Ñ~ëí=éêçÇìÅíáçå=çÑ=ëéÉÅáÑáÅ=ãçäÉÅìäÉë=íÜ~í=~êÉ=ÇÉíÉÅí~ÄäÉ=Äó=íÜÉ=íê~åëÇìÅÉêI=
ÉK=ÖK=ÉäÉÅíêç~ÅíáîÉ=ëéÉÅáÉëI=Ö~ë=xNMzI=xQNzÓxQPzK=rëì~ääóI=íÜáë=ÄáçÅ~í~äóíáÅ=êÉÅçÖåáíáçå=áë=éÉêÑçêãÉÇ=Äó=
ÉåòóãÉëI=Äìí=áí=Å~å=~äëç=ÄÉ=ÉñÉÅìíÉÇ=Äó=ÅÉääë=çê=íáëëìÉëK=fåÇÉÉÇI=íÜÉ=Éåòóã~íáÅ=~ééêç~ÅÜ=áë=íÜÉ=çäÇÉëí=
~åÇ=ãçëí=ëíìÇáÉÇ=çåÉI=áí=áë=~=ëáãéäÉI=áåÉñéÉåëáîÉ=ïáíÜ=ÜáÖÜ=ëéÉÅáÑáÅáíó=ÄáçêÉÅçÖåáíáçå=ãÉíÜçÇ=xNMzI=
xQPzK=qÜÉ=~ééäáÅ~íáçå=çÑ= íÜáë=ãÉíÜçÇ= êÉÅ~ääë= íÜÉ=ÄáêíÜ=çÑ=ÄáçëÉåëçêëI=ïÜáÅÜ= áë= ~ëëçÅá~íÉÇ=ïáíÜ= íÜÉ=
éêÉëÉåí~íáçå=çÑ=~=ëóëíÉã=Ä~ëÉÇ=çå=ÉäÉÅíêçÅÜÉãáÅ~ä=ëÉåëçêë=Ñçê=ãçåáíçêáåÖ=ÄäççÇ=ÅçåëíáíìÉåíë=Äó=̀ ä~êâ=
~åÇ=ióçåë=xQQzK=få=íÜáë=ïçêâI=~å=çñóÖÉå=ëÉåëçê=ï~ë=ÅçãÄáåÉÇ=ïáíÜ=~å=Éåòóã~íáÅ=ãÉãÄê~åÉ=íÜ~í=
Å~í~äóëÉÇ= íÜÉ= çñáÇ~íáçå= çÑ= ÖäìÅçëÉI= ïÜáÅÜ= ÖÉåÉê~íÉë= çñóÖÉåI= ~ääçïáåÖ= ~= êÉ~ÇáåÖ= çÑ= ÖäìÅçëÉ=
ÅçåÅÉåíê~íáçå=xQQzK=
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få=íÜÉ=Å~ëÉ=çÑ=Äáç~ÑÑáåáíó=ãÉÅÜ~åáëãI=íÜÉ=êÉÅçÖåáíáçå=ëÉííäÉë=çå=ÄáåÇáåÖ=áåíÉê~Åíáçå=ÄÉíïÉÉå=íÜÉ=
ÄáçêÉÅçÖåáíáçå=ÉäÉãÉåí=~åÇ=íÜÉ=~å~äóíÉ=çê=~å~äóíÉ=ÅçãéçåÉåíK=dÉåÉê~ääóI=~ÑÑáåáíóJÄ~ëÉÇ=êÉÅçÖåáíáçå=
ÉãÄê~ÅÉë=~åíáÄçÇóJ~åíáÖÉå=áåíÉê~ÅíáçåI=ak^=ÜóÄêáÇáë~íáçå=~åÇ=êÉÅÉéíçêJéêçíÉáå=EåçåJÅ~í~äóíáÅ=~åÇ=
åçåJáããìåç= ÉåòóãÉëF= ~ÑÑáåáíó= xQOzI= xQRzK= eçïÉîÉêI= íÜÉ= ä~ííÉê= áãéäáÅ~íÉë= ãçêÉ= ÅçãéäÉñáíóI=
ëéÉÅáÑáÅ~ääó= áå= áëçä~íáçå= çÑ= ëìÅÜ= êÉÅÉéíçêJéêçíÉáåë= xQRzI= xQSzK= ^ë= ~= ã~ííÉê= çÑ= Ñ~ÅíI= ~ÑÑáåáíóJÄ~ëÉÇ=
ÄáçêÉÅçÖåáíáçå= éêÉëÉåíë= ëáãéäÉI= ëÉäÉÅíáîÉ= ~åÇ= ëÉåëáíáîÉ= ÇÉíÉÅíáçå= ãÉíÜçÇëI= ëáåÅÉI= áå= íÜÉ= Å~ëÉ= çÑ=
~åíáÄçÇáÉëI= íÜÉëÉ=ÄáçêÉÅÉéíçêë=~êÉ=ÅÜçëÉå=íç=êÉÅçÖåáëÉ=~å=~åíáÖÉå=ïÜáÅÜ=~êÉ=ìëì~ääó=éêçíÉáåë=xQOzI=
xQRzK= få= íÜÉ= Å~ëÉ=çÑ=ak^=ëÉèìÉåÅÉëI= áí= áë= áåíÉåÇÉÇ= íÜ~í= íÜÉ=ÄáåÇáåÖ=ïáää=çåäó=çÅÅìê= áÑ= íÜÉ= í~êÖÉí=
~å~äóíÉ=Ü~ë=íÜÉ=ÅçãéäÉãÉåí~êó=ëÉèìÉåÅÉ=xQOzI=xQRzK=pçI=áåÇÉÉÇI=~ÑÑáåáíóJÄ~ëÉÇ=íÉÅÜåáèìÉë=~êÉ=îÉêó=
ëéÉÅáÑáÅK=qÜÉ=ãçëí=Åçããçå=~åÇ=êÉäá~ÄäÉ=Äáç~ÑÑáåáíó=íÉÅÜåáèìÉ=áë=~åíáÄçÇóJ~åíáÖÉå=áåíÉê~ÅíáçåK=bîÉå=
íÜçìÖÜ=íÜáë=ÄáåÇáåÖ=áë=åçåJÅçî~äÉåíI=áí=áë=îÉêó=ëíêçåÖ=~åÇ=áë=ÉñíêÉãÉäó=ëÉäÉÅíáîÉ=xQOzI=xQRzK=

få=~ÇÇáíáçåI=~åçíÜÉê=Åä~ëëáÑáÅ~íáçå=~êáëÉë=Ñêçã=íÜÉ=ÄáçêÉÅçÖåáíáçå=ÉîÉåí=Ä~ëÉÇ=çå=íÜÉ=åÉÅÉëëáíó=çÑ=
~=ä~ÄÉä=ÉäÉãÉåí=ÉëëÉåíá~ä=íç=íÜÉ=ÇÉíÉÅíáçåK=få=çíÜÉê=ïçêÇëI=íÜÉ=ÄáçêÉÅçÖåáíáçå=ÉîÉåí=ãáÖÜí=åçí=ÇÉéÉåÇ=
çåäó= çå= çåÉ= ÄáçêÉÅÉéíçêI= Äìí= ~äëç= çå= ~= ëÉÅçåÇ= íÜ~í= Ü~ë= ~å= áåíÉÖê~íÉÇ= í~ÖI= äáâÉ= ~= äìãáåÉëÅÉåí= çê=
ã~ÖåÉíáÅ=é~êíáÅäÉI=íÜ~í=ïáää=ä~ÄÉä=íÜÉ=~å~äóíÉ=Ñçê=ÇÉíÉÅíáçåI=áå=~=“ë~åÇïáÅÜÒJäáâÉ=ãÉíÜçÇK=^ÅÅçêÇáåÖäóI=
ÄáçëÉåëçêë=Å~å=ÄÉ=ä~ÄÉäJÑêÉÉ=çê=ä~ÄÉäJÄ~ëÉÇI=Éëí~ÄäáëÜáåÖ=ïÜÉíÜÉê=íÜÉ=ÇÉíÉÅíáçå=áë=ÇáêÉÅí=çê=áåÇáêÉÅíK=

 Transducers 
qÜÉ=íê~åëÇìÅÉê=ÇÉÑáåÉë=íÜÉ=íóéÉ=çÑ=ëáÖå~ä=~å~äóëáë=áåÜÉêÉåí=íç=íÜÉ=ÇÉîáÅÉK=cçê=íÜáë=ã~ííÉêI=áí= áë=

êÉäÉî~åí= íç= âÉÉé= áå= ãáåÇ= íÜÉ= íóéÉ= çÑ= ÄáçëÉåëáåÖ= ~ééêç~ÅÜI= ãÉ~åáåÖ= áÑ= áí= áë= ~= ÇáêÉÅí= çê= áåÇáêÉÅí=
ÇÉíÉÅíáçåI=íÜÉ=ÄáçêÉÅçÖåáíáçå=íÉÅÜåáèìÉ=~åÇI=ëéÉÅá~ääóI=ïÜ~í=íóéÉ=çÑ=ã~íÉêá~ä=ìëÉÇ=áå=íÜÉ=íê~åëÇìÅíáçå=
ÅçãéçåÉåíK=qê~åëÇìÅÉêë=~êÉ=Åä~ëëáÑáÉÇ=Ä~ëÉÇ=çå=íÜÉ=íóéÉ=çÑ=ãÉ~ëìê~ÄäÉ=ëáÖå~ä=éêçÇìÅÉÇ=ìåÇÉê=íÜÉ=
ÄáçêÉÅçÖåáíáçå= ÉîÉåíK= qÜáë= ëáÖå~ä= Å~å= ã~åáÑÉëí= áå= íÉêãë= çÑ= äìãáåÉëÅÉåÅÉI= êÉÑäÉÅí~åÅÉI= ã~ëëI=
íÉãéÉê~íìêÉI= éçíÉåíá~äI= ÅìêêÉåí= ~åÇ= áãéÉÇ~åÅÉI= ~ãçåÖ= çíÜÉêëK= eÉåÅÉI= íÜÉ= Åä~ëëáÑáÅ~íáçå= çÑ= íÜÉ=
ÄáçëÉåëçêëI= ~ÅÅçêÇáåÖäó= íç= íÜÉ= íê~åëÇìÅíáçå= ãÉÅÜ~åáëãI= Å~å= ÄÉ= ÖÉåÉê~ääó= ÇáîáÇÉÇ= áåíç= çéíáÅ~äI=
ãÉÅÜ~åáÅ~äI=íÜÉêã~äI=ã~ÖåÉíáÅ=~åÇ=ÉäÉÅíêçÅÜÉãáÅ~ä=íê~åëÇìÅÉêëK==

léíáÅ~ä= _áçëÉåëçêë= ö= qÜÉ= çéíáÅ~ä= ëáÖå~äI= ÅçåëÉèìÉåí= Ñêçã= íÜÉ= áåíÉê~Åíáçå= ÄÉíïÉÉå= íÜÉ=
ÄáçêÉÅÉéíçê=~åÇ=íÜÉ=~å~äóíÉI=Å~å=ÄÉ=Çáëéä~óÉÇ=Äó=ÇáêÉÅí=áåíÉê~Åíáçå=çÑ=íÜÉ=~å~äóëÉÇ=~å~äóíÉ=ïáíÜ=íÜÉ=
íê~åëÇìÅÉêÛë=ëìêÑ~ÅÉ=çê=Äó=íÜÉ=ìëÉ=çÑ=~=ÅçäçêáãÉíêáÅ=çê=äìãáåÉëÅÉåí=ÉäÉãÉåí=íÜ~í=ä~ÄÉäë=íÜÉ=êÉÅçÖåáíáçå=
xRzI= xQTzK=qÜÉ=ÇáêÉÅí=ÇÉíÉÅíáçå= áë= ä~ÄÉäJÑêÉÉ=~åÇ=ÄÉåÉÑáíë= Ñêçã=ëÉîÉê~ä=çéíáÅ~ä=éÜÉåçãÉå~I= ëìÅÜ=~ë=
ëìêÑ~ÅÉ= éä~ëãçå= êÉëçå~åÅÉI= Éî~åÉëÅÉåí= ï~îÉI= o~ã~åJëÅ~ííÉêáåÖ= áåíÉêÑÉêçãÉíêáÅ= ~åÇ= ÉääáéëçãÉíêáÅ=
ëéÉÅíêçëÅçéóI=~ãçåÖ=çíÜÉêë=xQTzI=xQUzK=få=íÜÉ=ä~ÄÉäJÄ~ëÉÇ=Å~ëÉI=íÜÉ=ÅçäçêáãÉíêáÅ=çê=äìãáåÉëÅÉåí=í~Ö=
Å~å=ÄÉ=áåíÉÖê~íÉÇ=çå=íÜÉ=ÄáçêÉÅÉéíçê=áíëÉäÑ=çê=çå=~=ëÉÅçåÇ=ÄáçêÉÅÉéíçê=íÜ~í=ïáää=áåíÉê~Åí=çåäó=ïáíÜ=íÜÉ=
~å~äóíÉ=ãçäÉÅìäÉë=íÜ~í=ïÉêÉ=êÉÅçÖåáëÉÇ=~åÇ=áåÇìÅÉë=~=ÅçäçêáãÉíêáÅ=çê=äìãáåÉëÅÉåí=ëáÖå~äI=êÉëéÉÅíáîÉäóK==

jÉÅÜ~åáÅ~ä=_áçëÉåëçêë= ö=dÉåÉê~ääóI= íÜÉëÉ= ÄáçëÉåëçêë= ÇÉéÉåÇ= çå= ~= EãáÅêçFÅ~åíáäÉîÉê= ÉäÉãÉåí=
íÜ~íI=ìéçå=êÉÅçÖåáíáçå=çÑ=í~êÖÉí=~å~äóíÉ=çå=áíë=ëìêÑ~ÅÉI=Å~å=Ü~îÉ=íïç=ÇáÑÑÉêÉåí=ÄÉÜ~îáçìêëK=få=íÜÉ=Å~ëÉ=
çÑ=~=èì~ëáëí~íáÅ=Å~åíáäÉîÉêI=ÄáçêÉÅçÖåáíáçå=íêáÖÖÉêë=ëìêÑ~ÅÉ=ëíêÉëë=áåÇìÅáåÖ=íÜÉ=Å~åíáäÉîÉê=íç=ÇÉÑäÉÅíK=få=
íÜÉ=Å~ëÉ=çÑ=~=Çóå~ãáÅ=ÇÉîáÅÉI=íÜÉ=Å~åíáäÉîÉê=çëÅáää~íÉë=~í=~=êÉëçå~åÅÉ=ÑêÉèìÉåÅó=íÜ~í=ãçÇìä~íÉë=ïÜÉå=
ÄáçÅÜÉãáÅ~ä= ÄáåÇáåÖ= ÉîÉåíë= í~âÉ= éä~ÅÉ= xQVzK=qÜÉêÉ= áë= ~äëç= íÜÉ=máÉòçÉäÉÅíêáÅ=nì~êíò=jáÅêçÄ~ä~åÅÉ=
ïÜáÅÜ=çéÉê~íáçå=áë=Éèìáî~äÉåí=íç=íÜÉ=Çóå~ãáÅ=ãáÅêçÅ~åíáäÉîÉêI=Äìí=ïáíÜ=èì~êíò=Åêóëí~ä=~ë=íÜÉ=ëÉåëáåÖ=
éêçÄÉ=xQVzK=

qÜÉêã~ä=_áçëÉåëçêë=ö=qÜÉ=íê~åëÇìÅÉêë=çÑ=ëìÅÜ=ÄáçëÉåëçêë=~êÉ=ÅçåëáëíÉåíäó=íÜÉêãáëíçêëI=ïÜáÅÜ=
ÑìåÇ~ãÉåí~ääó= ~êÉ= êÉëáëí~åÅÉë=ïÜçëÉ= î~äìÉ= áë= ÇÉéÉåÇÉåí= çå= íÉãéÉê~íìêÉK=qÜÉêÉÑçêÉI= ~äçåÖ=ïáíÜ= ~=
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Å~í~äóíáÅ=ÉîÉåí=çÑ=ÄáçêÉÅçÖåáíáçåI=~Äëçêéíáçå=çê=êÉäÉ~ëÉ=çÑ=ÜÉ~í=çÅÅìêëI=ÅÜ~åÖáåÖ=íÜÉ=íÉãéÉê~íìêÉ=çÑ=
íÜÉ=ë~ãéäÉK=qÜÉ=ä~ííÉê=éêçîçâÉë=~=ÅÜ~åÖÉ=áå=íÜÉ=êÉëáëí~åÅÉ=xRMzI=xRNzK=

j~ÖåÉíáÅ= _áçëÉåëçêë= ö= páåÅÉ= ãçëí= ÄáçäçÖáÅ~ä= ë~ãéäÉë= Çç= åçí= éêÉëÉåí= ëáÖåáÑáÅ~åí= ã~ÖåÉíáÅ=
ëìëÅÉéíáÄáäáíóI= áåíÉÖê~íáçå= çÑ= ã~ÖåÉíáÅ= å~åçé~êíáÅäÉë= áåíç= ÄáçêÉÅçÖåáíáçå= ÉäÉãÉåíë= Éå~ÄäÉë= íÜÉ=
ÇÉíÉÅíáçå=çÑ=ÄáçäçÖáÅ~ä=~å~äóíÉë=íÜêçìÖÜ=ã~ÖåÉíáÅ=íê~åëÇìÅÉêëK=fåÇÉÉÇI=íÜÉ=ã~ÖåÉíáÅ=é~êíáÅäÉë=ïçêâ=
~ë= ä~ÄÉäë= íÜ~í=ïáää= ÄÉ= ÇÉíÉÅíÉÇ= Äó=ã~ÖåÉíçãÉíÉêëI= ëìÅÜ= ~ë= ëìéÉêÅçåÇìÅíáåÖ= èì~åíìã= áåíÉêÑÉêÉåÅÉ=
ÇÉîáÅÉ=EpnrfaFI=ã~ÖåÉíçêÉëáëíáîÉ=ëÉåëçêë=~åÇ=Ü~ääJÉÑÑÉÅí=ëÉåëçêë=xROzK=

bäÉÅíêçÅÜÉãáÅ~ä=_áçëÉåëçêë=ö=qÜÉ=íê~åëÇìÅÉêë=~êÉ=ÉäÉÅíêçÇÉë=íÜ~í=ÖÉåÉê~íÉ=~å=ÉäÉÅíêáÅ=êÉëéçåëÉ=
~ë= ~= ÅçåëÉèìÉåÅÉ= çÑ= ~= ÄáçÅÜÉãáÅ~ä= êÉ~Åíáçå= çê= ~ÑÑáåáíó= äáåâ~ÖÉ= ÄÉíïÉÉå= íÜÉ= ~å~äóíÉ= ~åÇ= íÜÉ=
ÄáçêÉÅçÖåáíáçå=ÉäÉãÉåí=çå=íÜÉ=ëìêÑ~ÅÉ=çÑ=íÜÉ=ÉäÉÅíêçÇÉ=xRPzI=xRQzK=

qÜÉ=ÖÉåÉê~ä=éêáåÅáéäÉ=çÑ=ÄáçëÉåëçêë=~ääçïë=çåÉ=íç=Éëí~ÄäáëÜ=~=êÉä~íáçå=ÄÉíïÉÉå=íÜÉ=ÅçåÅÉåíê~íáçå=
çÑ= íÜÉ= í~êÖÉí= ~å~äóíÉ= EáåéìíF= ~åÇ= íÜÉ= ëáÖå~ä= ÖÉåÉê~íÉÇ= Äó= áíë= êÉÅçÖåáíáçå= EçìíéìíFI= ìåÇÉê= ÅÉêí~áå=
ÅçåÇáíáçåëK=qÜáë=êÉä~íáçå=Å~å=ÄÉ=ëÉííäÉ=Äó=ãÉ~åë=çÑ=~=Å~äáÄê~íáçå=ÅìêîÉI=áåÅäìÇáåÖ=íÜÉ=ÅçêêÉëéçåÇÉåí=
ãÉ~ëìêÉãÉåí=ìåÅÉêí~áåíó=xRRzK=̂ ë=ÇÉãçåëíê~íÉÇ=~ÄçîÉI=íÜÉ=ÄáçëÉåëáåÖ=ìåáîÉêëÉ=ÉãÄçÇáÉë=~=îÉêó=ä~êÖÉ=
ëÅçéÉ=çÑ=çéÉê~íáçå=ëóëíÉãëI=Åçåëíê~áåáåÖ=ÇáêÉÅí=Åçãé~êáëçå=ÄÉíïÉÉå=íÜÉãK=pçI=êÉÖ~êÇáåÖ=íÜÉ=çìíéìí=
ëáÖå~ä=~åÇ=êÉëéÉÅíáîÉ=Å~äáÄê~íáçå=ÅìêîÉëI=ëçãÉ=ÑáÖìêÉë=çÑ=ãÉêáí=ïÉêÉ=Éëí~ÄäáëÜÉÇ=Äó=íÜÉ=fåíÉêå~íáçå~ä=
råáçå=lÑ=mìêÉ=^åÇ=^ééäáÉÇ=`ÜÉãáëíêó=Efrm^`F=íç=î~äáÇ~íÉ=~åÇ=éêçîáÇÉ=~=ÖÉåÉê~ä=ÅçåëÉåëì~ä=Ä~ëáë=
íç=ÅçåÑêçåí=ÇÉîáÅÉë=~åÇ=ëóëíÉãë=xRRzI=xRSzK=pçãÉ=çÑ=íÜÉ=ãçëí=ÅçåîÉåáÉåí=~êÉ=ëÜçïå=áå=q~ÄäÉ=OKNK=

=
q~ÄäÉ=OKNW=pçãÉ=çÑ=íÜÉ=ãçëí=ÅçåîÉåáÉåí=ÑáÖìêÉë=çÑ=ãÉêáí=Ñçê=ÄáçëÉåëçêë=éÉêÑçêã~åÅÉ=~å~äóëáë=ÇÉÑáåÉÇ=Äó=frm^`=
xRRzI=xRSzK=

iáåÉ~ê=ê~åÖÉ=
fí= ÅçåÑáåÉë= íÜÉ= ÅçåÅÉåíê~íáçå= î~äìÉë= Ñçê= ïÜáÅÜ= íÜÉ= Å~äáÄê~íáçå=
ÑìåÅíáçå=áë=äáåÉ~êK=

J=

aóå~ãáÅ=ê~åÖÉ=
fí= ÇÉÑáåÉë= íÜÉ= ~ÄëçäìíÉ= äáãáíë= çÑ= ÅçåÅÉåíê~íáçå= íÜ~í= Å~å= ÄÉ=
ÇÉíÉÅíÉÇK=

J=

qÜÉ=äáãáí=çÑ=
ÇÉíÉÅíáçå=EilaF=

fí= ëí~íÉë= íÜÉ=ãáåáãìã=ÅçåÅÉåíê~íáçå=î~äìÉ= íÜ~í= íÜÉ=ÇÉîáÅÉ=Å~å=
ãÉ~ëìêÉK=jÉ~åáåÖI=íÜÉ=äçïÉëí=ÅçåÅÉåíê~íáçå=î~äìÉ=Ñçê=ïÜáÅÜ=íÜÉ=
çìíéìí= ëáÖå~ä= áë= ÇáëíáåÖìáëÜ~ÄäÉ= Ñêçã= íÜÉ= ëáÖå~ä= ÖÉåÉê~íÉÇ= áå=
~ÄëÉåÅÉ=çÑ=~å~äóíÉ=Eë_FI=ïáíÜ=~=êÉ~ëçå~ÄäÉ=ÅÉêí~áåíó=EâZPFK=

𝐿𝑂𝐷 = 𝑠: + 𝑘𝜎=
𝑘 = 3=

qÜÉ=äáãáí=çÑ=
èì~åíáí~íáçå=
EilnF=

páãáä~êäó= íç= ilaI= áí= ÇÉëáÖå~íÉë= íÜÉ= ãáåáã~ä= ~å~äóíÉ=
ÅçåÅÉåíê~íáçå=Ñçê=ïÜáÅÜ=íÜÉ=çêáÖáå~íÉÇ=êÉëéçåëÉ=Å~å=ÄÉ=êÉäá~Ääó=
ÇÉíÉêãáåÉÇI=ïáíÜ=ÖêÉ~í=ÅÉêí~áåíó=EâZNMFK=

𝐿𝑂𝑄 = 𝑠: + 𝑘𝜎=
𝑘 = 10=

pÉåëáíáîáíó=

fí=áë=íÜÉ=ëäçéÉ=çÑ=íÜÉ=Å~äáÄê~íáçå=ÅìêîÉI=áåÇáÅ~íáåÖ=íÜ~í=~ë=ÖêÉ~íÉê=
íÜÉ=ê~íáç=ÄÉíïÉÉå=íÜÉ=çìíéìí=ëáÖå~ä=EDëF=~åÇ=íÜÉ=ÅçêêÉëéçåÇÉåí=
ÅçåÅÉåíê~íáçå= ED`F= çÑ= íÜÉ= ~å~äóíÉ= Å~å= ÄÉI= íÜÉ= É~ëáÉê= áí= áë= íç=
ÇáëíáåÅí=íÜÉ=êÉëéçåëÉ=Ñêçã=íïç=îÉêó=ÅäçëÉ=ÅçåÅÉåíê~íáçåëK=

𝑆 =
∆𝑠
∆𝐶

=

^å~äóíáÅ~ä=
ëÉåëáíáîáíó=

fí= áë= êÉéêÉëÉåíÉÇ= Äó= íÜÉ= ê~íáç= ÄÉíïÉÉå= íÜÉ= ëÉåëáíáîáíó= EpF= ~åÇ=
áåëíêìãÉåí~ä=åçáëÉ=EåFK=^äçåÖ=ïáíÜ=íÜáë=é~ê~ãÉíÉêI=áíë=êÉÅáéêçÅ~ä=
î~äìÉ=ÇÉÑáåÉë=íÜÉ=ãáåáãìã=ÅçåÅÉåíê~íáçå=î~êá~íáçåI=ïáíÜáå=íÜÉ=
äáåÉ~ê=ê~åÖÉK=

𝑆C =
𝑆
𝑛
=

pÉäÉÅíáîáíó=

fí=áë=ÇÉíÉêãáåÉÇ=Äó=íÜÉ=ê~íáç=ÄÉíïÉÉå=íÜÉ=ëáÖå~ä=éêçÇìÅÉÇ=Äó=íÜÉ=
í~êÖÉí=~å~äóíÉ=~åÇ=íÜÉ=ëáÖå~ä=ÖÉåÉê~íÉÇ=Äó=áåíÉêÑÉêÉåÅÉ=ÉäÉãÉåíëI=
ïÜáÅÜ=Å~å=ÄÉ=ÅêìÅá~ä=íç=î~äáÇ~íÉ=íÜÉ=ÇÉîáÅÉ=~Äáäáíó=íç=ÇÉíÉÅí=íÜÉ=
~å~äóíÉ=çå=~=ÅçãéäÉñ=ã~íêáñK=

J=

𝜎=Ó=ëí~åÇ~êÇ=ÇÉîá~íáçå=çÑ=íÜÉ=ëáÖå~äK=
=
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qç=~ÅÅçãéäáëÜ=íÜÉáê=ÑìåÅíáçåI=~=ëíê~íÉÖó=çÑ=íÜÉ=ïÜçäÉ=ÄáçëÉåëçê=ÇÉîÉäçéãÉåí=ëÜçìäÇ=ÄÉ=íê~ÅÉÇI=
âåçïáåÖ=ïÜáÅÜ=~å~äóíÉ=íç=ÇÉíÉÅí=~åÇ=ïÜáÅÜ=ã~íÉêá~ä=íç=ìëÉ=Ñçê=íê~åëÇìÅÉê=Ñ~ÄêáÅ~íáçåI=ÅÜççëáåÖ=íÜÉ=
ÄáçêÉÅçÖåáíáçå=ÉäÉãÉåí=~åÇ=ïÜ~í=íóéÉ=çÑ=ÇÉíÉÅíáçå=ëáÖå~ä=ÖÉåÉê~íÉÇ=Ñçê=ÇÉíÉÅíáçåK=táíÜ=êÉëéÉÅí=íç=
íÜÉ=Öç~ä=éêçéçëÉÇ=áå=íÜáë=íÜÉëáëI=áí=áë=ÅäÉ~ê=íÜÉ=áåíÉåíáçå=íç=ÇÉíÉÅí=íÜÉ=Ä~ÅíÉêá~=bK=ÅçäáK=`çåëÉèìÉåíäóI=
áí=ï~ë=ëÉäÉÅíÉÇ=íÜÉ=~åíáÄçÇóJ~åíáÖÉå=~ÑÑáåáíó=~ééêç~ÅÜ=Ñçê=êÉÅçÖåáíáçå=çÑ=íÜÉ=Ä~ÅíÉêá~I=ëáåÅÉ=áí=éêÉëÉåíë=
É~ëÉ= áå= áããçÄáäáë~íáçåI= ÜáÖÜ= äÉîÉäë= çÑ= ëÉäÉÅíáîáíó= ~åÇ= ëí~Äáäáíó= xRTz= ~åÇI= é~êíáÅìä~êäóI= áí= ~ääçïë= ~=
ÇÉíÉÅíáçå=~ééêç~ÅÜ=íÜ~í=êÉÅçÖåáòÉë=íÜÉ=ïÜçäÉ=ÅÉää=ïáíÜçìí=íÜÉ=åÉÉÇ=Ñçê=äóëáë=çê=Éñíê~Åíáçå=çÑ=áååÉêJ
ÅÉää=ÅçãéçåÉåíë=xRzK=oÉÖ~êÇáåÖ=íÜÉ=íê~åëÇìÅÉê=ÉäÉãÉåíI=íÜÉ=Öç~ä=ï~ë=íç=áãéäÉãÉåí=~=Öê~éÜÉåÉJÄ~ëÉÇ=
ã~íÉêá~ä=ïáíÜ=~=Ñ~ëí=~åÇ=ÅçëíJÉÑÑÉÅíáîÉ=ëóåíÜÉëáëK=qÜÉêÉÑçêÉI=íÜÉ=ãçêÉ=ëìáí~ÄäÉ=êÉëéçåëÉ=ëóëíÉã=ëÉÉãÉÇ=
íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=Äê~åÅÜ=çÑ=íê~åëÇìÅÉêëK=

 Electrochemical Biosensors 
bäÉÅíêçÅÜÉãáÅ~ä= ÄáçëÉåëçêë= ÄÉÅ~ãÉ= íÜÉ= ãçëí= ÅçããÉêÅá~ääó= ÇÉîÉäçéÉÇ= Å~íÉÖçêó= çÑ= ÄáçëÉåëçêë=

ä~êÖÉäó=ÇìÉ=íç=íÜÉ=Ñ~ãÉ=~åÇ=ëìÅÅÉëë=~ëÅêáÄÉÇ=íç=ÖäìÅçëÉ=ÇÉíÉÅíáçåI=Ñçê=Çá~ÄÉíÉë=ãçåáíçêáåÖK=
qÜÉ= ÖÉåÉê~ä= ïçêâáåÖ= éêáåÅáéäÉ= çÑ= ÉäÉÅíêçÅÜÉãáÅ~ä= ÄáçëÉåëçêë= ÇÉéÉåÇë= çå= íÜÉ= ÖÉåÉê~íáçå= çê=

ÅçåëìãÉ=çÑ=ÉäÉÅíêçÅÜÉãáÅ~ä=ëéÉÅáÉë=Eáçåë=çê=ÉäÉÅíêçåëFI=~ë=ÅçåëÉèìÉåÅÉ=çÑ=íÜÉ=ÄáçêÉÅçÖåáíáçå=ÉîÉåíI=
íÜ~í=çêáÖáå~íÉ=~=ëáÖå~ä=íÜ~í=Å~å=ÄÉ=íê~åëä~íÉÇ=Äó=éçíÉåíáçãÉíêáÅI=~ãéÉêçãÉíêáÅI=ÅçåÇìÅíçãÉíêáÅI=ÑáÉäÇJ
ÉÑÑÉÅí=íê~åëáëíçêë=~åÇ=áãéÉÇáãÉíêáÅ=íê~åëÇìÅÉêë=xRPzK=cêÉèìÉåíäóI=íÜÉëÉ=ëóëíÉãë=ìëÉ=~å=ÉäÉÅíêçäóíÉI=~ë=
íÜÉ=ãÉ~å=Ñçê=íÜÉ=ãÉ~ëìêÉãÉåíI=~åÇ=~=íÜêÉÉ=ÉäÉÅíêçÇÉë=ëÉíìéI=ëÉííäáåÖ=íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=ÅÉääK=qÜÉ=
ä~ííÉê=áë=ÅçãéçëÉÇ=Äó=~=ïçêâáåÖ=ÉäÉÅíêçÇÉ=EtbFI=ïÜÉêÉ=íÜÉ=ëÉåëáåÖ=ÉîÉåí=çÅÅìêëI=~=êÉÑÉêÉåÅÉ=ÉäÉÅíêçÇÉ=
EobFI= ïÜçëÉ= ÑìåÅíáçå= áë= íç= ÄÉ~ê= ~= âåçïå= ~åÇ= ëí~ÄäÉ= éçíÉåíá~äI= ~åÇ= ~= ÅçìåíÉê= ÉäÉÅíêçÇÉ= E`bFI=
êÉëéçåëáÄäÉ=íç=Éëí~ÄäáëÜ=íÜÉ=ÅçååÉÅíáçå=ïáíÜ=íÜÉ=ÉäÉÅíêçäóíÉ=xRUzK=

mçíÉåíáçãÉíêáÅ=ÄáçëÉåëçêë=ÑêÉèìÉåíäó=ìëÉ=áçåJëÉäÉÅíáîÉI=ée=çê=Ö~ë=ÉäÉÅíêçÇÉë=Ñçê=íê~åëÇìÅáåÖ=íÜÉ=
ÄáçÅÜÉãáÅ~ä=ÉîÉåí=çÑ=êÉÅçÖåáíáçå=xRVzK=qÜÉ=ãÉ~ëìêÉãÉåíë=~êÉ=í~âÉå=ìåÇÉê=ÉèìáäáÄêáìã=ÅçåÇáíáçåë=~í=
çéÉåJÅáêÅìáíK=qÜÉ=ëáÖå~ä=áë=íÜÉ=éçíÉåíá~ä=E~äëç=å~ãÉÇ=ÉäÉÅíêçãçíáîÉ=ÑçêÅÉI=bjcFI=ÄÉíïÉÉå=íÜÉ=tb=
~åÇ=obI=ÅêÉ~íÉÇ=Äó= íÜÉ=~ÅÅìãìä~íáçå=çÑ=ÅÜ~êÖÉë= EáçåáÅ=ëéÉÅáÉëF=çå=íÜÉ=tb=áåíÉêÑ~ÅÉK=eÉåÅÉI= íÜÉ=
éçíÉåíá~ä=ÖÉåÉê~íÉÇ=EbF=Ü~ë=~=äçÖ~êáíÜãáÅ=êÉä~íáçå=íç=íÜÉ=~å~äóíÉ=ÅçåÅÉåíê~íáçå=íÜ~í=áë=ÇÉëÅêáÄÉÇ=Äó=
íÜÉ=kÉêåëí=Éèì~íáçåI=

= 𝐸 = 𝐸F −
𝑅𝑇
𝑧K𝐹

ln 𝑎K ,= EÉèK=OKNF=

áå= ïÜáÅÜ= bM= áë= ~= Åçåëí~åí= éçíÉåíá~ä= ÅçåíêáÄìíáçåI= o= íÜÉ= ìåáîÉêë~ä= Ö~ë= Åçåëí~åíI= q= íÜÉ= ~ÄëçäìíÉ=
íÉãéÉê~íìêÉI=c=íÜÉ=c~ê~Ç~óÛë=Åçåëí~åíI=òá=íÜÉ=ÅÜ~êÖÉ=çÑ=íÜÉ=ÇÉíÉÅíÉÇ=áçå=~åÇI=Ñáå~ääóI=~á=íÜÉ=áçå=~Åíáîáíó=
xRUzK=qÜÉ=~á= é~ê~ãÉíÉê= áë= íÜÉ=éêçÇìÅí=çÑ= áçå= ÅçåÅÉåíê~íáçå=~åÇ= íÜÉ= áçå=ãÉ~å=~Åíáîáíó= ÅçÉÑÑáÅáÉåíI=
ïÜáÅÜ=Ñçê=îÉêó=ÇáäìíÉÇ=ëçäìíáçåë=áë=Éèì~ä=íç=çåÉ=xSMzK=

få=Åçåíê~ëíI=~ãéÉêçãÉíêáÅ=ÇÉîáÅÉë=ãÉ~ëìêÉ=íÜÉ=ÅìêêÉåí=ÖÉåÉê~íÉÇ=Äó=çñáÇ~íáçå=çê=êÉÇìÅíáçå=çÑ=~å=
ÉäÉÅíêç~ÅíáîÉ=ëéÉÅáÉëI=êÉëìäíÉÇ=Ñêçã=ÄáçÅÜÉãáÅ~ä=êÉÅçÖåáíáçå=çÑ=íÜÉ=~å~äóíÉK=qÜÉëÉ=ÇÉîáÅÉë=éÉêÑçêã=çå=
~=ÑáñÉÇ=éçíÉåíá~äI=çê=Äó=ëÅ~ååáåÖ=~=ê~åÖÉ=çÑ=éçíÉåíá~äë=ëÉí=ÄÉíïÉÉå=íÜÉ=tb=~åÇ=obI=ÅçêêÉëéçåÇáåÖ=
íç=~ãéÉêçãÉíêó=çê=îçäí~ããÉíêó=íÉÅÜåáèìÉëI=êÉëéÉÅíáîÉäóK=oÉÖ~êÇáåÖ=~ãéÉêçãÉíêóI=íÜÉ=ÅìêêÉåí=éÉ~âëI=
ÖÉåÉê~íÉÇ= Äó= íÜÉ= êÉÇçñ= êÉ~ÅíáçåI= Ü~îÉ= ~= äáåÉ~ê= éêçéçêíáçå~äáíó= ïáíÜ= íÜÉ= ~å~äóíÉ= ÅçåÅÉåíê~íáçåI=
ÇÉëÅêáÄÉÇ=Äó=

= 𝑖 = 𝑛𝐹𝑘F𝐶= EÉèK=OKOF=

ïÜÉêÉ= å= áë= íÜÉ= åìãÄÉê= çÑ= ÉäÉÅíêçåë= áãéäáÅ~íÉÇ= áå= íÜÉ= êÉ~ÅíáçåI= c= íÜÉ= c~ê~Ç~óÛë= Åçåëí~åíI= âM= íÜÉ=
ÜÉíÉêçÖÉåÉçìë=ÉäÉÅíêçå=íê~åëÑÉê=ê~íÉ=Åçåëí~åí=~åÇ=`=íÜÉ=~å~äóíÉ=ÅçåÅÉåíê~íáçå=xRUzI=xSNzK=
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cáÉäÇJÉÑÑÉÅí= íê~åëáëíçê= EcbqF= ÄáçëÉåëçêë= êÉëÉãÄäÉ= áå= ÅçãéçåÉåíë= ~åÇ= éÉêÑçêã~åÅÉ= íç= êÉÖìä~ê=
cbq=ÇÉîáÅÉK=iáâÉïáëÉI= áí= áë=~=íê~åëáëíçêI=ïáíÜ=íïç=ãÉí~ääáÅ=ÉäÉÅíêçÇÉëI= íÜÉ=ëçìêÅÉ=~åÇ=Çê~áåI=~åÇ=~=
ëÉãáÅçåÇìÅíáåÖ=ÅÜ~ååÉäI=äáåâáåÖ=ÄçíÜ=ÉäÉÅíêçÇÉëI=íÜêçìÖÜ=ïÜáÅÜ=ÅÜ~êÖÉ=Å~êêáÉêë=ÑäçïK=qÜÉ=ÅìêêÉåí=
ÑäçïáåÖ=Ñêçã=íÜÉ=ëçìêÅÉ=íç=íÜÉ=Çê~áå=ÇÉéÉåÇë=çå=íÜÉ=éçíÉåíá~ä=~ééäáÉÇ=~í=íÜÉ=Ö~íÉ=ÉäÉÅíêçÇÉI=çå=íçé=
çÑ=íÜÉ=ÅÜ~ååÉäK=qÜÉ=éçíÉåíá~ä=ÅêÉ~íÉë=~å=ÉäÉÅíêáÅ=ÑáÉäÇ=~Åêçëë=íÜÉ=ÅÜ~ååÉäI=ÅçåíêçääáåÖ=íÜÉ=ÅìêêÉåíK=få=
ÄáçëÉåëáåÖ=íÉÅÜåçäçÖóI=íÜÉ=Ö~íÉ=éçíÉåíá~ä=áë=ÇÉëáÖå~íÉÇ=Äó=íÜÉ=êÉÑÉêÉåÅÉ=ÉäÉÅíêçÇÉI=ïÜáÅÜ=áë=äçÅ~íÉÇ=
~ÄçîÉ= íÜÉ= ëÉåëáåÖ= ÉäÉÅíêçÇÉI= Å~êêáÉÇ= çìí= Äó= íÜÉ= ÅÜ~ååÉäK= réçå= ÄáçÅÜÉãáÅ~ä= áåíÉê~Åíáçå= ïáíÜ= íÜÉ=
~å~äóíÉI=íÜÉ=ÅÜ~êÖÉ=ÇáëíêáÄìíáçå=ÅÜ~åÖÉë=íÜÉ=ÅÜ~êÖÉ=Å~êêáÉê=ÇÉåëáíó=çå=íÜÉ=ÅÜ~ååÉä=~åÇI=ÅçåëÉèìÉåíäóI=
íÜÉ=ÅìêêÉåí=ÑäçïáåÖ=çå=áíK=qÜìëI=áí=Éå~ÄäÉë=íÜÉ=ÇÉíÉÅíáçå=íÜêçìÖÜ=~=äáåÉ~ê=êÉä~íáçå=ÄÉíïÉÉå=~å~äóíÉ=
ÅçåÅÉåíê~íáçå=~åÇ=ëçìêÅÉJÇê~áå=ÅçåÇìÅíáîáíó=xOPzK=

få=íÜÉ=Å~ëÉ=çÑ=ÅçåÇìÅíçãÉíêáÅ=ÄáçëÉåëçêëI= íÜÉ=êÉÑÉêÉåÅÉ=ÉäÉÅíêçÇÉ= áë=ÇáëéÉåëÉÇK=^ë=~=ã~ííÉê=çÑ=
Ñ~ÅíI= íÜÉ=éêáåÅáéäÉ=çÑ=éÉêÑçêã~åÅÉ=çÑ= íÜÉëÉ=ÇÉîáÅÉë= äÉ~åë=çå=ÅÜ~åÖÉë=çÑ= ÅçåÇìÅíáîáíó=ÄÉíïÉÉå= íïç=
ÉäÉÅíêçÇÉëK=qÜÉ=ãÉ~ëìêÉãÉåíë=í~âÉ=éä~ÅÉ=áå=~=ëçäìíáçå=ïÜÉêÉI=ìëì~ääóI=íÜÉ=ÄáçêÉÅçÖåáíáçå=áë=éÉêÑçêãÉÇ=
Äó= ~å= ÉåòóãÉK= qÜÉ= ä~ííÉê= êÉ~Åíë= ïáíÜ= íÜÉ= ~å~äóíÉ= ~åÇI= ÅçåëÉèìÉåíäóI= ~äíÉêë= íÜÉ= ÅçåÅÉåíê~íáçå= çÑ=
ÅÜ~êÖÉÇ=ëéÉÅáÉë=áå=íÜÉ=ëçäìíáçå=ÄÉíïÉÉå=íÜÉ=ÉäÉÅíêçÇÉë=xQOzI=xRUzI=xSOzK=qÜáë=~ééêç~ÅÜ=áë=åçí=ëìáí~ÄäÉ=
Ñçê=ã~íêáñÉë=ïáíÜ=ÜáÖÜ=áçåáÅJÄ~ÅâÖêçìåÇI=ëìÅÜ=~ë=áå=ÅäáåáÅ~ä=~ëë~óëK=få=~äíÉêå~íáîÉI=ÅçåÇìÅíçãÉíêáÅ=
ãÉ~ëìêÉãÉåíë= Å~å= ÄÉ= ~ééäáÉÇ= íç= ãçåáíçê= ÅÜ~åÖÉë= áå= íÜÉ= ëìêÑ~ÅÉ= çÑ= ~å= ÉäÉÅíêçÇÉ= Äó= ãÉ~åë= çÑ=
ÄáçêÉÅçÖåáíáçå=xRUzK=

i~ëíäóI= áãéÉÇáãÉíêáÅ= ÄáçëÉåëçêë= êÉÅ~ää= áãéÉÇ~åÅÉJÄ~ëÉÇ= ãÉ~ëìêÉãÉåíëI= ïÜáÅÜ= éÉêãáí= íÜÉ=
ÅÜ~ê~ÅíÉêáë~íáçå=çÑ=ÉäÉÅíêçÅÜÉãáÅ~ä=ëóëíÉãëI=~å~äóëáåÖ=ÄçíÜ=áåíÉêÑ~ÅÉ=~åÇ=Äìäâ=ÉäÉÅíêáÅ=éêçéÉêíáÉë=çÑ=
~å= ÉäÉÅíêçÅÜÉãáÅ~ä= ÅÉääK= cçê= íÜ~í= ã~ííÉêI= áí= ÄÉåÉÑáíë= Ñêçã= íÉÅÜåáèìÉë= ëìÅÜ= ~ë= ÉäÉÅíêçÅÜÉãáÅ~ä=
áãéÉÇ~åÅÉ= ëéÉÅíêçëÅçéó= EbfpF= íÜ~í= ìëÉë= íÜÉ= íÜêÉÉ= ÉäÉÅíêçÇÉë= ÅçåÑáÖìê~íáçå= áããÉêëÉÇ= áå= ~å=
ÉäÉÅíêçäóíÉI=ïÜáÅÜ=áë=éáÅíìêÉÇ=áå=~=ëÅÜÉãÉ=éêÉëÉåíÉÇ=áå=ëÉÅíáçå=QKN=EcáÖìêÉ=PKPFK=

qÜÉ= ïçêâáåÖ= éêáåÅáéäÉ= ëÉííäÉë= çå= ~ééäóáåÖ= ~= äçïJ~ãéäáíìÇÉ= EOJNM= ãsF= ëáåÉJï~îÉ= ëáÖå~äI= ÉI=
ëïÉÉéáåÖ=~=ê~åÖÉ=çÑ=ÑêÉèìÉåÅáÉëI=𝑓I=íç=íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=ÅÉääI=~í=áíë=çéÉåJÅáêÅìáí=éçíÉåíá~ä=El`mF=çê=
~í=~=éêÉJÇÉÑáåÉÇ=a`=Äá~ëK=

= 𝑒 = 𝐸 sin 𝜔𝑡 , 			𝜔 = 2𝜋𝑓= EÉèK=OKPF=

`çåëÉèìÉåíäóI=íÜáë=^`=éÉêíìêÄ~íáçå=ïáää=ÖÉåÉê~íÉ=~=ÅìêêÉåí=êÉëéçåëÉI=áI=ÇÉéÉåÇÉåí=çå=íÜÉ=ÑêÉèìÉåÅó=
çÑ=íÜÉ=~ééäáÉÇ=ëáÖå~ä=ïáíÜ=~å=~ÇÇáíáçå~ä=éÜ~ëÉ=ëÜáÑíI=𝜙I=êÉä~íáîÉ=íç=íÜÉ=áãéçëÉÇ=ëáÖå~äK=

= 𝑖 = 𝐼 sin(𝜔𝑡 + 𝜙)= EÉèK=OKQF=

qÜÉ=êÉëéçåëÉ=áë=êÉ~Ç=áå=íÉêãë=çÑ=áãéÉÇ~åÅÉI=𝑍I=ïÜáÅÜ=áë=Éëí~ÄäáëÜÉÇ=Äó=lÜãÛë=ä~ï=

= 𝑍 𝜔 =
𝑒
𝑖
	= EÉèK=OKRF=

=
𝑍(𝜔) =

𝐸 sin(𝜔𝑡)
𝐼 sin(𝜔𝑡 + 𝜙)

=
EÉèK=OKSF=

qÜÉ=ÇÉéÉåÇÉåÅÉ=çÑ=íÜÉ=ÅìêêÉåíÛë=éÜ~ëÉ=êÉä~íáîÉ=íç=íÜÉ=ÑêÉèìÉåÅó=çÑ=íÜÉ=áãéçëÉÇ=ëáÖå~ä=ÅçåÅÉÇÉë=~=𝑍=
éÜ~ëçê=ÄÉÜ~îáçìêI=ïÜáÅÜ=Å~å=ÄÉ=Öê~éÜáÅ~ääó=êÉéêÉëÉåíÉÇ=Äó=~=kóèìáëí=éäçíI= áå=ïÜáÅÜ=íÜÉ=êÉ~Åí~åÅÉ=
Eáã~Öáå~êó=áãéÉÇ~åÅÉFI	Z_`I=áë=éäçííÉÇ=~Ö~áåëí=íÜÉ=êÉëáëí~åÅÉ=EêÉ~ä=áãéÉÇ~åÅÉFI=	Zab=EcáÖìêÉ=OKOJ~FK=

= 𝑍 = 𝑍 𝑒cd	= EÉèK=OKTF=

= 𝑍 = |𝑍|		cos	 𝜙 − 𝑗|𝑍|		sin	 𝜙= EÉèK=OKUF=

= 𝑍 𝜔 = 𝑍hi − 𝑗𝑍jk= EÉèK=OKVF=

=
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dÉåÉê~ääóI=íÜÉëÉ=éäçíë=Éå~ÄäÉ=çåÉ=íç=ÇáëíáåÖìáëÜ=ÉîÉåíë=çÅÅìêêáåÖ=áå=íÜÉ=áåíÉêÑ~ÅÉ=çÑ=íÜÉ=tbI=Ñçê=ÜáÖÜ=
ÑêÉèìÉåÅáÉëI=~åÇ=áå=íÜÉ=Äìäâ=ÉäÉÅíêçäóíÉI=Ñçê=äçï=ÑêÉèìÉåÅáÉëK=cçê=~=ëìáí~ÄäÉ=~å~äóëáë=çÑ=íÜÉ=ëóëíÉãI=áí=
áë=ÅçåëáëíÉåíäó=êÉèìáêÉÇ=íÜÉ=~ééäá~åÅÉ=çÑ=~=íÜÉçêÉíáÅ~ä=ãçÇÉä=êÉÖ~êÇáåÖ=ÉäÉÅíêáÅ=ÅáêÅìáíëK=`çåëÉèìÉåíäóI=
çåÉ=åÉÉÇë=íç=áÇÉåíáÑó=íÜÉ=éÜÉåçãÉå~=ÅçåÅÉÇáåÖ=ÅÉêí~áå=ÄÉÜ~îáçìêë=íç=íÜÉ=ëóëíÉãI=ÇÉÑáåÉ=É~ÅÜ=çåÉ=çÑ=
íÜÉã=áå=íÉêãë=çÑ=ÉäÉÅíêáÅ=ÅçãéçåÉåíëI=ëìÅÜ=~ë=êÉëáëí~åÅÉë=~åÇ=Å~é~ÅáíçêëI=~åÇ=ä~óçìí=íÜÉ=Éèìáî~äÉåí=
ÅáêÅìáíK=cêÉèìÉåíäóI=Ñçê=áãéÉÇáãÉíêáÅ=ÄáçëÉåëçêëI=íÜÉ=ãçëí=Åçããçåäó=ÑáííÉÇ=áë=íÜÉ=ãçÇáÑáÉÇJo~åÇäÉë=
ÅáêÅìáí=xSPz=EcáÖìêÉ=OKOJÅFK=eÉêÉI=íÜÉ=êÉëáëí~åÅÉ=op=éêçîáÇÉë=íÜÉ=êÉëáëíáîáíó=çÑ=íÜÉ=Äìäâ=ÉäÉÅíêçäóíÉI=íÜÉ=
Å~é~Åáíçê=`Çä=ãçÇÉäë=íÜÉ=ÇçìÄäÉJä~óÉê=Å~é~Åáí~åÅÉI=~åÇ=oÅí=êÉ~Çë=íÜÉ=êÉëáëí~åÅÉ=çÑ=ÅÜ~êÖÉ=íê~åëÑÉê=çå=
íÜÉ= áåíÉêÑ~ÅÉ=çÑ=tbI=~åÇ=Ñáå~ääó=íÜÉ=t~êÄìêÖ=ÉäÉãÉåí=wt=ÇÉëÅêáÄÉë=íÜÉ=ÇáÑÑìëáçå=çÑ=ÉäÉÅíêç~ÅíáîÉ=
ëéÉÅáÉë= íçï~êÇë= íÜÉ= áåíÉêÑ~ÅÉ=çÑ= íÜÉ=tbK=bñéÉêáãÉåí~ääóI= íÜÉ=ÉäÉÅíêçäóíÉJÉäÉÅíêçÇÉ= áåíÉêÑ~ÅÉ=Ü~ë=~=
åçåJáÇÉ~ä=Å~é~Åáíçê=ÄÉÜ~îáçìê=ëçI=ìëì~ääóI=íÜÉ=`Çä=ÉäÉãÉåí=áë=êÉéä~ÅÉÇ=Äó=~=Åçåëí~åí=éÜ~ëÉ=ÉäÉãÉåí=
E`mbF=íÜ~í=~Çàìëíë=áíë=î~äìÉI=~ÅÅçêÇáåÖäó=íç==

= 𝑍lmn =
1

𝑃 𝑗𝜔 p=
EÉèK=OKNMF=

Ñçê=ïÜáÅÜ=m=áë=~å~äçÖçìë=íç=~=Å~é~Åáí~åÅÉ=~åÇ=å=áë=~=Åçåëí~åí=ãçÇìä~íáåÖ=íÜÉ=éÜ~ëÉ=çÑ=íÜÉ=ÉäÉãÉåíI=
~ëëìãáåÖ=î~äìÉë=ïáíÜáå=MKR=~åÇ=NK=cçê=åZNI=íÜÉ=Åçåëí~åí=éÜ~ëÉ=ÉäÉãÉåí=íìêåë=áåíç=~=íêìÉ=Å~é~ÅáíçêK=
páãáä~êäóI=íÜÉ=t~êÄìêÖ=áãéÉÇ~åÅÉI=𝑍qI=áë=~äëç=~=ëéÉÅá~ä=Å~ëÉ=çÑ=~=Åçåëí~åí=éÜ~ëÉ=ÉäÉãÉåí=Ñçê=ïÜáÅÜ=

íÜÉ=åZMKRI=ãÉ~åáåÖ=íÜÉ=éÜ~ëÉ=áë=r
s
=áåÇÉéÉåÇÉåíäó=çÑ=íÜÉ=ÑêÉèìÉåÅóK=^ÅÅçêÇáåÖäóI=

= 𝑍q =
2
𝜔

t
u
𝜎=

EÉèK=OKNNF=

ïÜÉêÉ=𝜎=áë=íÜÉ=t~êÄìêÖ=ÅçÉÑÑáÅáÉåíI=ïÜçëÉ=î~äìÉ=ÇÉéÉåÇë=çåäó=çå=íÜÉ=ÉäÉÅíêçäóíÉK=
=

=
cáÖìêÉ=OKOW=E~F=qóéáÅ~ä=kóèìáëí=éäçí=~íí~áåÉÇ=ïáíÜ=áãéÉÇáãÉíêáÅ=Ñ~ê~Ç~áÅ=ÄáçëÉåëçêëI=Ñçê=ïÜáÅÜ=áå=EÄF=íÜÉêÉ=~êÉ=
ëâÉíÅÜÉÇ=íÜÉ=ÅçêêÉëéçåÇáåÖ=êÉÖáçåë=çå=íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=ÅÉää=~åÇ=áå=EÅF=áí=áë=éêÉëÉåíÉÇ=íÜÉ=Éèìáî~äÉåí=ÅáêÅìáíK=
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få=ÄáçëÉåëáåÖI=çåÉ=Å~å=ÇáëíáåÖìáëÜ=åçåJÑ~ê~Ç~áÅ=~åÇ=Ñ~ê~Ç~áÅ=ÄáçëÉåëçêëK=cçê=íÜÉ=Ñáêëí=Å~ëÉI=áí=áë=
Åçããçå=íÜÉ=~ÄëÉåÅÉ=çÑ=êÉÇçñ=ëéÉÅáÉë=áå=íÜÉ=ÉäÉÅíêçäóíÉI=áãéäóáåÖ=íÜ~í=íÜÉ=Å~é~ÅáíáîÉ=ÄÉÜ~îáçìê=ïáää=
éêÉî~áä=çîÉê=íÜÉ=ÅÜ~êÖÉ=íê~åëÑÉê=çå=íÜÉ=tbK=få=íÜáë=Å~ëÉI=íÜÉ=ÄáçêÉÅçÖåáíáçå=ÉîÉåíI=í~âáåÖ=éä~ÅÉ=çå=
íÜÉ=tbI=çêáÖáå~íÉë=~=ÅÜ~åÖÉ=çå=íÜÉ=ÅÜ~êÖáåÖ=çÑ=íÜÉ=ÇçìÄäÉJä~óÉê=Å~é~ÅáíçêI=ïÜáÅÜ=éÉêãáí=íç=çÄí~áå=
~=Å~äáÄê~íáçå=ÅìêîÉ=çÑ=íÜÉ=Å~é~Åáí~åÅÉ=êÉä~íáîÉ=íç=~å~äóíÉ=ÅçåÅÉåíê~íáçåK=få=íÜáë=Å~ëÉI=íÜÉ=Éèìáî~äÉåí=
ÅáêÅìáí=ÇçÉë=åçí=áåíÉÖê~íÉ=~=t~êÄìêÖ=ÉäÉãÉåí=~åÇ=íÜÉ=𝑅vw=~ëëìãÉë=~=î~äìÉ=çÑ=äÉ~â=êÉëáëí~åÅÉI=𝑅#iCxK=
få=Ñ~ê~Ç~áÅ=ÄáçëÉåëçêëI=áí=áë=ã~åÇ~íçêó=íÜÉ=ìëÉ=çÑ=êÉÇçñ=ëéÉÅáÉë=çå=íÜÉ=ÉäÉÅíêçäóíÉI=ëáåÅÉ=íÜÉëÉ=~Åí=~ë=
éêçÄÉë= Ñçê= íÜÉ=tb= áåíÉêÑ~ÅÉK=qÜÉ=ÄáçêÉÅçÖåáíáçå=Ü~ééÉåë= Éñ~Åíäó= ~ë=ÇÉëÅêáÄÉÇ=éêÉîáçìëäóI= Äìí= áíë=
áåÑäìÉåÅÉ=áë=ãçÇÉääÉÇ=Äó=íÜÉ=ÅÜ~êÖÉ=íê~åëÑÉê=êÉëáëí~åÅÉ=~åÇ=íÜÉ=t~êÄìêÖ=áãéÉÇ~åÅÉK=cçê=íÜáë=Å~ëÉI=
íÜÉ=ãçÇáÑáÉÇJo~åÇäÉë= Éèìáî~äÉåí= ÅáêÅìáí= Ñáíë= íÜÉ= ÄÉëí= EcáÖìêÉ= OKOFK=`çåëÉèìÉåíäóI=oÅí= Éîçäìíáçå= áë=
äáåÉ~êäó= éêçéçêíáçå~ä= íç= íÜÉ= ~å~äóíÉ= ÅçåÅÉåíê~íáçåK= cìêíÜÉêI= íÜáë= ~å~äóëáë= áë= ~äëç= îÉêó= ìëÉÑìä= íç=
ÅÜ~ê~ÅíÉêáëÉ=ÉäÉÅíêçÇÉë=ëìêÑ~ÅÉ=ÅÜÉãáÅ~ä=ãçÇáÑáÅ~íáçåK=

2.3 Nanomaterials in biosensing 
qÜÉ= ÇÉîÉäçéãÉåí= çÑ= ÉäÉÅíêçÅÜÉãáÅ~ä= ÄáçëÉåëçêë= Ü~ë= ëÉí= çå= áãéêçîáåÖ= áíë= ÉäÉÅíêç~å~äóíáÅ~ä=

éÉêÑçêã~åÅÉI= å~ãÉäó= ëÉåëáíáîáíó= ~åÇ= ëÉäÉÅíáîáíó= xNPzK= cçê= íÜ~í= ã~ííÉêI= êÉëÉ~êÅÜÉêë= Ü~îÉ= ÄÉÉå=
áåíÉåëáîÉäó= ïçêâáåÖ= çå= åÉï= ëíê~íÉÖáÉë= Ñçê= ÉäÉÅíêçÇÉë= Ñ~ÄêáÅ~íáçåK= eÉåÅÉI= íÜÉ= áåíêçÇìÅíáçå= çÑ=
å~åçã~íÉêá~äë=~åÇ=å~åçëíêìÅíìêÉë=çå=ÉäÉÅíêçÇÉë=ÇÉîÉäçéãÉåí=Éå~ÄäÉÇ=íç=çîÉêÅçãÉ=íÜçëÉ=ÅÜ~ääÉåÖÉë=
xNPzI=xSQzK=

k~åçã~íÉêá~äë= ëìÅÜ= ~ë= ãÉí~ääáÅI= ã~ÖåÉíáÅ= å~åçé~êíáÅäÉë= ~åÇ= Å~êÄçåJÄ~ëÉÇ= ã~íÉêá~äëI= ã~áåäó=
Å~êÄçå=å~åçíìÄÉë=E`kqëF=~åÇ=Öê~éÜÉåÉI=Ü~îÉ=ÄÉÉå=~ééäáÉÇ=íç=ÉäÉÅíêçÅÜÉãáÅ~ä=ÄáçëÉåëçêëI=áå=ÖÉåÉê~äI=
çÑÑÉêáåÖ=~Çî~åí~ÖÉçìë=éêçéÉêíáÉë=Åçããçåäó=~ëëçÅá~íÉÇ=ïáíÜ=áíë=ÜáÖÜ=ëìêÑ~ÅÉJíçJîçäìãÉ=ê~íáçI=ëìÅÜ=~ë=
Éå~ÄäáåÖ=ä~êÖÉê=åìãÄÉê=çÑ=áããçÄáäáëÉÇ=ÄáçêÉÅÉéíçêë=Ñçê=ëÉåëáåÖ=éìêéçëÉë=xSRzI=xSSzK=

få=íÜÉ=Å~ëÉ=çå=å~åçé~êíáÅäÉë=EkmëFI=çåÉ=Å~å=êÉëçêí=íç=ãÉí~äëI=ãÉí~äJçñáÇÉëI=ëÉãáÅçåÇìÅíçêë=~åÇ=
ÅçãéçëáíÉë= xNPzI= xNVzI= xSQzK= fíë= ÑìåÅíáçåëI= áå= ÄáçëÉåëáåÖI= êÉäáÉë= ã~áåäó= çå= áããçÄáäáë~íáçå= çÑ=
ÄáçãçäÉÅìäÉë= Ñçê= ~å~äóíÉ= êÉÅçÖåáíáçåI= ä~ÄÉääáåÖ= íÜÉ= ÄáçêÉÅçÖåáíáçå= ÉîÉåíI= éêçîáÇáåÖ= ÜáÖÜ= Å~í~äóíáÅ=
~Åíáîáíó= ~åÇ= ÉäÉÅíêçå= íê~åëÑÉê= ~åÇ= ~ÅíáåÖ= ~ë= êÉ~Åí~åí= xSTzK=qÜÉëÉ= êÉëìäí= Ñêçã= íÜÉ= ìåáèìÉ= éÜóëáÅ~äI=
ÅÜÉãáÅ~ä= ~åÇ= ÉäÉÅíêçåáÅ= éêçéÉêíáÉë= çÑ= ëìÅÜ= å~åçã~íÉêá~äë= íÜ~í= ÖÉåÉê~ääó= áåÅäìÇÉ= äçï= ÇáãÉåëáçåëI=
ê~åÖáåÖ=NJNMM=åãI=äçïJÄ~ÅâÖêçìåÇ=ÅìêêÉåíI=ÜáÖÜ=ëáÖå~äJíçJåçáëÉ=ê~íáçI=Ñ~ëí=ÉäÉÅíêçå=íê~åëÑÉê=~ë=ïÉää=
~ë=ä~êÖÉ=ëìêÑ~ÅÉ=~êÉ~=xNVzI=xSTzK=̂ ãçåÖ=kmë=áå=ÉäÉÅíêçÅÜÉãáÅ~ä=ÄáçëÉåëçêëI=çåÉ=çÑ=íÜÉ=ãçëí=Åçããçåäó=
êÉéçêíÉÇ= áë= ÖçäÇ= å~åçé~êíáÅäÉë= E^ìkmëFI= ëéÉÅá~ääó= ÇìÉ= íç= áíë= ~ÄáäáíóI= ìéçå= ÄáçãçäÉÅìäÉë=
áããçÄáäáë~íáçåI=íç=êÉí~áå=íÜÉáê=Äáç~Åíáîáíó=íÜ~í=áãéêçîÉë=ëáÖåáÑáÅ~åíäó=íÜÉ=ëÉåëáíáîáíó=xSQzK=̂ äëçI=áå=íÜáë=
ÄáçëÉåëáåÖ= Å~íÉÖçêóI= çåÉ= Å~å= ÅçãÄáåÉ= ã~ÖåÉíáÅ= å~åçé~êíáÅäÉë= EjkmëF= Ñçê= ÄáçêÉÅÉéíçêë=
áããçÄáäáë~íáçåI=ïÜÉíÜÉê=jkmë=~êÉ= áåíÉÖê~íÉÇ=áåíç=íÜÉ=ÉäÉÅíêçÇÉ=çê=ÇáëéÉêëÉÇ=áå=íÜÉ=ë~ãéäÉ=xNPzK=
qÜÉ= ~ééäá~åÅÉ= çÑ= jkmë= ~ääçïë= íç= í~âÉ= ~Çî~åí~ÖÉ= çÑ= åçí= çåäó= ä~êÖÉ= ëìêÑ~ÅÉ= ~êÉ~I= Äìí= ~äëç=
ëìéÉêé~ê~ã~ÖåÉíáÅ=éêçéÉêíó=çÑ=jkmë=ïÜáÅÜ=~ääçïë=ëÉäÉÅíáîÉ=ëÉé~ê~íáçå=çÑ=íÜÉ=í~êÖÉí=~å~äóíÉ=Ñêçã=
íÜÉ=ë~ãéäÉI=ÉåÜ~åÅáåÖ=ëÉäÉÅíáîáíó=~åÇ=ÇÉíÉÅíáçå=êÉëéçåëÉ=ëéÉÉÇ=çÑ=íÜÉ=ÄáçëÉåëçê=xNPzI=xNVzK=cçê=íÜáëI=
áí=áë=ìëì~ä=íç=Éñéäçáí=áêçåJçñáÇÉë=å~åçé~êíáÅäÉë=xROzK=

 Carbon-based materials and electrochemistry 
`~êÄçåJÄ~ëÉÇ= å~åçã~íÉêá~äë= Ü~îÉ= êÉÅÉáîÉÇ= ëéÉÅá~ä= ~ííÉåíáçå= êÉÖ~êÇáåÖ= ÉäÉÅíêçÅÜÉãáÅ~ä=

ÄáçëÉåëáåÖI=é~êíáÅìä~êäóI= íÜÉ=å~åçëíêìÅíìêÉë= ëìÅÜ=~ë=`kqë=~åÇ=Öê~éÜÉåÉK=qÜÉëÉ=ã~íÉêá~äë=éêÉëÉåí=
êÉã~êâ~ÄäÉ= ÜáÖÜ= ëìêÑ~ÅÉJíçJîçäìãÉ= ê~íáçI= ÜáÖÜ= ÉäÉÅíêáÅ~ä= ÅçåÇìÅíáîáíóI= ÅÜÉãáÅ~ä= ëí~Äáäáíó= ~åÇ=
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ÄáçÅçãé~íáÄáäáíóI= çÑÑÉêáåÖ= ÇáîÉêëÉ= ~Çî~åí~ÖÉë= ìéçå= áåíÉÖê~íáçå= çå= ÉäÉÅíêçÅÜÉãáÅ~ä= íê~åëÇìÅÉêëI= ~ë=
áåÅêÉ~ëáåÖ= ÉäÉÅíêç~ÅíáîÉ= ëìêÑ~ÅÉ= ~êÉ~I= ÉåÜ~åÅáåÖ= ÉäÉÅíêçå= íê~åëÑÉê= ~åÇ= éêçãçíáåÖ= ~Çëçêéíáçå= çÑ=
ãçäÉÅìäÉë=xSRzI=xSUzK=

`~êÄçå=å~åçíìÄÉë=Åçåëáëí=çå=Üçääçï=ÅóäáåÇÉê=ëíêìÅíìêÉëI=ïÜçëÉ=ï~ää=Å~å=ÄÉ=ÇÉÑáåÉÇ=Äó=~=ëáåÖäÉ=çê=
ãìäíá= ä~óÉêë=çÑ=ëéOJÜóÄêáÇáëÉÇ=Å~êÄçå=~êê~åÖÉÇ=áå=~=ÜçåÉóÅçãÄ=ëíêìÅíìêÉI=~äëç=âåçïå=~ë=Öê~éÜÉåÉ=
xSUzI= xSVzK=qÜÉêÉÑçêÉI=`kqë= Å~å=ÄÉ=ÇáîáÇÉÇ= áåíç= íïç= Å~íÉÖçêáÉëI= ëáåÖäÉJï~ääÉÇ= Å~êÄçå=å~åçíìÄÉë=
Ept`kqëF=çê=ãìäíáéäÉJï~ääÉÇ=Å~êÄçå=å~åçíìÄÉë= Ejt`kqëFI=ÇÉéÉåÇáåÖ= áÑ= íÜÉ=`kq=ÅçãéêáëÉ=
çåäó=çåÉ=Öê~éÜÉåÉ=ëÜÉÉí=çê=ãçêÉ=íÜ~å=çåÉ=ëí~ÅâÉÇ=ÅçåÅÉåíêáÅ~ääó=xSUzÓxTNzK=qÜÉëÉ=éêÉëÉåí=Çá~ãÉíÉêë=
Ñêçã=MKQ=íç=O=åãI=áå=íÜÉ=Å~ëÉ=çÑ=pt`kqëI=~åÇ=Ñêçã=OJNMM=åãI=áå=íÜÉ=Å~ëÉ=çÑ=jt`kqëI=ÉåÖ~ÖáåÖ=
ÜáÖÜ= ëìêÑ~ÅÉJíçJîçäìãÉ= ê~íáç= xSUzK= ^äçåÖ= ïáíÜ= íÜÉ= Çá~ãÉíÉêI= pt`kqëÛ= ÅÜáê~äáíó= E~íçãáÅ=
~êê~åÖÉãÉåíF=ÇÉÑáåÉë= íÜÉ=ÅçåÇìÅíáåÖ=å~íìêÉ=çÑ= íÜÉ=`kqëI=ãÉí~ääáÅ=çê=ëÉãáÅçåÇìÅíáåÖ=xSUzI= xSVzI=
xTNzK=̂ ÅÅçêÇáåÖäóI=íÜÉ=ÉäÉÅíêáÅ~ä=éêçéÉêíáÉë=çÑ=pt`kqë=î~êóI=áå=íÜÉ=Å~ëÉ=çÑ=ãÉí~ääáÅ=å~íìêÉ=áí=Çáëéä~óë=
ÅçåÇìÅíáîáíáÉë= ~êçìåÇ= NMMM= íáãÉë= ÖêÉ~íÉê= íÜ~å= ÅçééÉêI= áå= íÜÉ= Å~ëÉ= çÑ= ëÉãáÅçåÇìÅíáåÖ= å~íìêÉI= áí=
ÄÉÜ~îÉë=ÅäçëÉäó=äáâÉ=ëáäáÅçå=xSVzI=xTOzK=_ÉëáÇÉëI=íÜÉëÉ=Å~êÄçå=ëíêìÅíìêÉë=éêçîáÇÉ=ÜáÖÜ=ÅÜÉãáÅ~ä=ëí~ÄáäáíóI=
ÖççÇ=ãÉÅÜ~åáÅ~ä=ëíêÉåÖíÜ=~åÇI=ãçêÉ=ëéÉÅáÑáÅ~ääóI=`kqë=çÑÑÉê=Ñ~ëí=ÉäÉÅíêçå=íê~åëÑÉê=ê~íÉëI=äçï=êÉëáÇì~ä=
ÅìêêÉåíI=ïáÇÉ=éçíÉåíá~ä=ïáåÇçï=~åÇ=ÜáÖÜ=~ÇëçêéíáîÉ=~Äáäáíó=~ëëìêáåÖ=~ÇÉèì~Åó=Ñçê=áãéäÉãÉåí~íáçå=áå=
ÉäÉÅíêçÅÜÉãáÅ~ä= íê~åëÇìÅÉêë= Ñçê= ÄáçëÉåëáåÖ= ~ééäáÅ~íáçåë= xNPzI= xSUzÓxTMzK= `çåÅÉêåáåÖ= ÄáçëÉåëáåÖI=
íÜÉëÉ=ëíêìÅíìêÉë=çÑÑÉê=ÄçíÜ=ëáÇÉï~ääë=~åÇ=ÉåÇë=íç=~=ãìäíáíìÇÉ=çÑ=çéíáçåë=Ñçê=ÑìåÅíáçå~äáë~íáçå=xNVzI=
xSVzK=^ÇÇáíáçå~ääóI=`kqë=Å~å=ÄÉ=~êê~åÖÉÇ=áå=ÇáîÉêëÉ=ÑçêãëI=ëìÅÜ=~ë=áëçä~íÉÇ=å~åçíìÄÉëI=çêáÉåíÉÇ=çê=
ê~åÇçã=éä~å~ê=~êê~óë=çê=ÉîÉå=Pa=ÑçêÉëíëI=~ääçïáåÖ=íç=ÉñéäçêÉ=ëìáí~Äáäáíó=~åÇ=ëÉåëáíáîáíó=çÑ=íÜÉ=ÇÉëáêÉÇ=
ÄáçëÉåëçê=xNVzI=xTNzK==

aÉëéáíÉ= íÜÉ= ëóåíÜÉëáë=çÑ= ëìÅÜ=Å~êÄçå=ëíêìÅíìêÉë=Ü~ë=ÄÉÉå=ïÉääJÉëí~ÄäáëÜÉÇ=Äó= íÜêÉÉ= íÉÅÜåáèìÉë=
E~êÅJÇáëÅÜ~êÖÉI= ÅÜÉãáÅ~ä= î~éçìê= ÇÉéçëáíáçå= E`saF= ~åÇ= ä~ëÉê= ~Ää~íáçå= xTOzFI= íÜÉ= ã~áå= áëëìÉë= çÑ=
áãéäÉãÉåíáåÖ=`kqë=çå=ÉäÉÅíêçÅÜÉãáÅ~ä= ëÉåëáåÖ=~êÉ=~ëëçÅá~íÉÇ=ïáíÜ= íÜÉ= ÑçääçïáåÖ=ÅçåÅÉêåë= xSUzI=
xTNzK= cáêëíäóI= íÜÉ= ãÉíÜçÇë= êÉèìáêÉ= ãÉí~ääáÅ= Å~í~äóëíëI= ïÜáÅÜ= êÉëìäíë= áå= áãéìêáíáÉë= çå= íÜÉ= `kq=
ëíêìÅíìêÉK=`çåëÉèìÉåíäóI=áí=ÄÉÅçãÉë=åÉÅÉëë~êó=íç=êÉëçêí=íç=ÉñÜ~ìëíáîÉ=ÅäÉ~åáåÖ=éêçÅÉëëÉë=íç=ëÉé~ê~íÉ=
íÜÉ=`kqë=Ñêçã=íÜÉ=ãÉí~ääáÅ=áãéìêáíáÉëI=ê~áëáåÖ=ÇÉÑÉÅíë=çå=`kqë=ëìêÑ~ÅÉ=xSUzI=xTNzK=^ë=~=ã~ííÉê=çÑ=
Ñ~ÅíI=~=éÉêÑÉÅí=ÅäÉ~åëÉ= áë=îÉêó=ÇáÑÑáÅìäí= íç=~ÅÜáÉîÉI=ïÜáÅÜ=ÉãÉêÖÉë= áå= íÜÉ=Ççãáå~åí=ÉäÉÅíêçÅÜÉãáÅ~ä=
~Åíáîáíó=çÑ=íÜÉëÉ=áãéìêáíáÉë=çîÉê=íÜÉ=`kqë=çåÉ=xSUzI=xTNzK=pÉÅçåÇäóI=íÜÉ=ëóåíÜÉëáë=çÑ=`kqë=~äï~óë=
áåÅäìÇÉë= ÄçíÜ= ãÉí~ääáÅ= ~åÇ= ëÉãáÅçåÇìÅíáåÖ= `kqëI= ÇÉã~åÇáåÖ= çåÅÉ= ãçêÉ= Éñíê~= éêçÅÉëëÉë= Ñçê=
ëÉé~ê~íáçå=EÄ~ëÉÇ=çå=ëÉäÉÅíáîÉ=ÑìåÅíáçå~äáë~íáçå=çê=ëÉäÉÅíáîÉ=ÇÉëíêìÅíáçåF=xSUzI=ëç=íÜ~í=íÜÉ=ÄáçëÉåëáåÖ=
ëìêÑ~ÅÉ= éêçéÉêíáÉë= Å~å= ÄÉ= éêçéÉêäó= í~áäçêÉÇK= i~ëíäóI= `kqë= Ü~îÉ= ~= å~íìê~ä= íÉåÇÉåÅó= íç= ~ÖÖêÉÖ~íÉ=
íÜêçìÖÜ=î~å=ÇÉê=t~~äë=áåíÉê~ÅíáçåëI=ÅêÉ~íáåÖ=ÄìåÇäÉë=xSUzI=ïÜáÅÜ=Å~å=ÄÉ=ÄÉåÉÑáÅá~ä=ÇÉéÉåÇáåÖ=çå=íÜÉ=
ÇÉëáêÉÇ=ÖÉçãÉíêáÅ~ä=~êê~åÖÉãÉåí=~åÇ=~ÅíáåÖ=ÑìåÅíáçå=çÑ=`kqë=xSVzK=

bîÉåíÜçìÖÜ=íÜÉêÉ=~êÉ=ëíáää=ëçãÉ=äáãáí~íáçåë=ÅçåÅÉêåáåÖ=`kqë=éêçÇìÅíáçåI=íÜÉëÉ=ëíêìÅíìêÉë=Ü~îÉ=
ÄÉÉå=ÉñíÉåëáîÉäó=ëíìÇáÉÇ=êÉÖ~êÇáåÖ=ÉäÉÅíêçÅÜÉãáÅ~ä=ÄáçëÉåëáåÖK=qÜÉ=áåíêçÇìÅíáçå=çÑ=`kqë=áå=ëìÅÜ=
ÄáçëÉåëçêë= áë=ã~áåäó=çå=~ãéÉêçãÉíêáÅ=~åÇ=cbqJÄ~ëÉÇ=ÇÉîáÅÉëK=eçïÉîÉêI= áíë=êÉäÉî~åÅÉ=áë=åçí=çåäó=
ÅçåÑáåÉÇ= çå= ÄÉåÉÑáíáåÖ= ëÉåëáíáîáíó= Äó= áíë= éÜóëáÅ~ä= éêçéÉêíáÉëI= Äìí= ~äëç= çå= éêçîáÇáåÖ= êÉäá~Äáäáíó= çå=
ÄáçãçäÉÅìäÉë=áããçÄáäáë~íáçå=Äó=áíë=çìíëí~åÇáåÖ=ëìêÑ~ÅÉ=ÅÜÉãáÅ~ä=éêçéÉêíáÉë=xNPzI=xNVzI=xSUzI=xTNzK=

dê~éÜÉåÉI=~ë=~äêÉ~Çó=ãÉåíáçåÉÇI=áë=~=ëáåÖäÉ=ä~óÉê=çÑ=ëéOJÜóÄêáÇáëÉÇ=Å~êÄçå=~íçãë=~êê~åÖÉÇ=áå=~=
ÜçåÉóÅçãÄ= ëíêìÅíìêÉK= qÜáë= íïçJÇáãÉåëáçå~ä= Å~êÄçå= å~åçëíêìÅíìêÉ= éêÉëÉåíë= ÜáÖÜ= ëìêÑ~ÅÉ= ~êÉ~=
EOSPM= ãOLÖFI= ÜáÖÜ= Å~êêáÉê= ãçÄáäáíó= ~í= êççã= íÉãéÉê~íìêÉ= EúNMIMMM= ÅãOsJNëJNFI= ÖççÇ= çéíáÅ~ä=
íê~åëé~êÉåÅó=EúVTKT=BFI=ÜáÖÜ=vçìåÖDë=ãçÇìäìë=EúN=qm~F=~åÇ=ÉñÅÉääÉåí=íÜÉêã~ä=ÅçåÇìÅíáîáíó=EPMMMÓ
RMMM= tãJNhJNF= xTPzK= qÜÉëÉ= ìåáèìÉ= éêçéÉêíáÉë= éêçîáÇÉ= áíë= áãéäÉãÉåí~íáçå= íç= ~= ïáÇÉ= ëÉí= çÑ=
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~ééäáÅ~íáçåë= ëìÅÜ= ~ë= ÉäÉÅíêçåáÅëI= ëìéÉêÅ~é~ÅáíçêëI= ëçä~ê= ÅÉääëI= libaÛë= ~åÇ= ÄáçëÉåëáåÖ= íÉÅÜåçäçÖó=
xTPzÓxTRzK=

dê~éÜÉåÉ=ï~ë= Ñáêëí= áëçä~íÉÇ= áå= OMMQ= Äó=ãÉÅÜ~åáÅ~ä= ÉñÑçäá~íáçåI=ãÉ~åáåÖ= êÉéÉ~íÉÇ= éÉÉäáåÖI= çÑ=
ÜáÖÜäó=çêáÉåíÉÇ=éóêçäóíáÅ=Öê~éÜáíÉ=EelmdF=xTSzK=fåÇÉÉÇI=íÜáë=éêçÅÉëë=Éå~ÄäÉÇ=íÜÉ=çÄëÉêî~íáçå=~åÇ=
ÅÜ~ê~ÅíÉêáë~íáçå=çÑ=Öê~éÜÉåÉ=ëÜÉÉíë=Ñçê=íÜÉ=Ñáêëí=íáãÉI=Äìí=áå=çêÇÉê=íç=çÄí~áå=éêáëíáåÉ=Öê~éÜÉåÉ=íÜáë=
ãÉíÜçÇ=êÉîÉ~äÉÇ=íç=ÄÉ=îÉêó=ä~Äçêáçìë=~åÇ=åçí=ÉÑÑÉÅíáîÉ=Ñçê=ä~êÖÉJëÅ~äÉ=éêçÇìÅíáçåK=pçI=ëáåÅÉ=íÜÉåI=íÜÉ=
éêçÇìÅíáçå= çÑ= ä~êÖÉJëÅ~äÉ= Öê~éÜÉåÉ= Ü~ë= ÄÉÉå= çå= íÜÉ= ëéçíäáÖÜí= çÑ= êÉëÉ~êÅÜ= xTQzK= ^äíÉêå~íáîÉäó= íç=
ãÉÅÜ~åáÅ~ä= ÉñÑçäá~íáçåI= `ÜÉãáÅ~ä= s~éçìê= aÉéçëáíáçå= E`saF= xTTzI= Ééáí~ñá~ä= ÖêçïíÜ= çå= ëáäáÅçå=
Å~êÄáÇÉ= Epá`F= ëìÄëíê~íÉë= xTUzI= ìåòáééáåÖ= çÑ= `kqë= xTVz= ~åÇ= ÅÜÉãáÅ~ä= ÉñÑçäá~íáçåJêÉÇìÅíáçå= çÑ=
Öê~éÜáíÉ=çñáÇÉ=xUMzI=xUNz=~êÉ=ëçãÉ=çÑ=íÜÉ=ãÉíÜçÇë=íÜ~í=Ü~îÉ=ÄÉÉå=ÉñéäçêÉÇK=oÉÖ~êÇáåÖ=ÜáÖÜ=èì~äáíó=
Öê~éÜÉåÉ=ä~êÖÉJëÅ~äÉ=ëóåíÜÉëáëI=áí=áë=ÅçåëáÇÉêÉÇI=åçï~Ç~óëI=íÜ~í=̀ sa=áë=íÜÉ=ãçëí=éêçãáëáåÖ=íÉÅÜåáèìÉ=
xUOzK=eçïÉîÉêI=áí=áãéäáÉë=Çáë~Çî~åí~ÖÉë=~ë=ÄÉáåÖ=îÉêó=ÉñéÉåëáîÉ=~åÇ=íáãÉ=ÅçåëìãáåÖK=

lîÉêÅçãáåÖ= íÜÉëÉ= éêçÄäÉãëI= ÅÜÉãáÅ~ä= ÉñÑçäá~íáçåJêÉÇìÅíáçå= çÑ= Öê~éÜáíÉ= çñáÇÉ= éêçîáÇÉë= íÜÉ=
éçëëáÄáäáíó=çÑ=éêçÇìÅáåÖ=ä~êÖÉJëÅ~äÉ=Öê~éÜÉåÉJÄ~ëÉÇ=ã~íÉêá~äë=å~ãÉÇ=êÉÇìÅÉÇ=Öê~éÜÉåÉ=çñáÇÉ=EêdlF=
xTPzK=qÜáë=ãÉíÜçÇ=Åçåëáëíë=çÑ=çñáÇ~íáçå=çÑ=Öê~éÜáíÉI=ÑçääçïÉÇ=Äó=ÅÜÉãáÅ~ä=çê=íÜÉêã~ä=ÉñÑçäá~íáçå=áåíç=
Öê~éÜÉåÉ= çñáÇÉ= EdlF= ëÜÉÉíë= íÜ~í= ~êÉ= ä~íÉê= ëìÄãáííÉÇ= íç= íÜÉêã~ä= xUPzI= ÅÜÉãáÅ~ä= xUQzI= xURz= çê=
ÉäÉÅíêçÅÜÉãáÅ~ä=xUSzÓxUUz=êÉÇìÅíáçåK=qÜÉ=êÉÇìÅíáçå=éêçÅÉëë=ÑìåÅíáçå=~ë=~=êÉÅçîÉê=ëíÉé=íç=Éäáãáå~íÉ=
íÜÉ= ÑìåÅíáçå~ä= Öêçìéë=çêáÖáå~íÉÇ=Äó= íÜÉ=çñáÇ~íáçå= ~åÇI= ÅçåëÉèìÉåíäóI= íç= êÉÖ~áå= ÉäÉÅíêáÅ= éêçéÉêíáÉë=
ãçêÉ=~äáâÉ= íç=Öê~éÜÉåÉ= ëÜÉÉíë= xOPzI= xURzK=`çåëÉèìÉåíäóI=~=ãìäíáJä~óÉê=Öê~éÜÉåÉ= ë~ãéäÉ= áë=ìëì~ääó=
çÄí~áåÉÇ=éêÉëÉåíáåÖ=åçí=çåäó=ëçãÉ=ÑìåÅíáçå~ä=ÖêçìéëI=ëíáää=Ñêçã=íÜÉ=çñáÇ~íáçåI=Äìí=~äëç=~=ëáÖåáÑáÅ~åí=
~ãçìåí=çÑ=ÇÉÑÉÅíë=çå=íÜÉ=Ä~ë~ä=éä~åÉ=ÇìÉ=íç=íÜÉ=ÉñÑçäá~íáçå=ëíÉéK=

få=ÉäÉÅíêçÅÜÉãáëíêóI=áí=Ü~Ç=ÄÉÉå=ëíìÇáÉÇ=íÜ~íI=áå=ëéO=Å~êÄçå=ã~íÉêá~äëI=ÉÇÖÉë=Ü~îÉ=~=ÜáÖÜ=ê~íÉ=çÑ=
ÉäÉÅíêçå=íê~åëÑÉêI=ïÜáäÉ=áå=íÜÉ=Ä~ë~ä=éä~åÉ=áí=áë=áåÅêÉÇáÄäó=äçï=xOQzI=xORzK=pçI=Öê~éÜÉåÉJÄ~ëÉÇ=ã~íÉêá~äëI=
ëìÅÜ=~ë= êdlI=éêçîáÇÉ=ÉåÜ~åÅÉÇ=ÉäÉÅíêçå= íê~åëÑÉêI=ïÜáÅÜ= áë=~=ã~àçê=~Çî~åí~ÖÉ= Ñçê=ÉäÉÅíêçÅÜÉãáÅ~ä=
~ééäáÅ~íáçåë= xOPzK= _ÉëáÇÉëI= íÜÉ= éêÉëÉåÅÉ= çÑ= êÉëáÇì~ä= ÑìåÅíáçå~ä= Öêçìéë= çå= áíë= ëíêìÅíìêÉI= ëìÅÜ= ~ë=
ÜóÇêçñóäI= ÅçåíêáÄìíÉ= Ñçê= ÑìåÅíáçå~äáë~íáçå= ~åÇ= áããçÄáäáë~íáçå= çÑ= ÄáçãçäÉÅìäÉë= çå= áíë= ëìêÑ~ÅÉI=
ÅçãéäóáåÖ= íÜÉëÉ=ã~íÉêá~äë= Ñçê= ÉäÉÅíêçÅÜÉãáÅ~ä= ÄáçëÉåëçêë= xUVzK=^åçíÜÉê= ëíê~íÉÖó= ìëÉÇ= íç= áãéêçîÉ=
áããçÄáäáë~íáçå=çÑ=ÄáçãçäÉÅìäÉë=áë=íç=éÉêÑçêã=íÜáë=ëíÉé=çå=dlI=ëáåÅÉ=áí=Å~êêáÉë=~=ÖêÉ~íÉê=åìãÄÉê=çÑ=
ÑìåÅíáçå~ä=ÖêçìéëI=~åÇ=íÜÉåI=êÉÇìÅÉÇ=áí=ÉäÉÅíêçÅÜÉãáÅ~ääó=xVMzK=

cçê=íÜÉ=ëóåíÜÉëáë=çÑ=Öê~éÜÉåÉJÄ~ëÉÇ=ã~íÉêá~äëI=åçîÉä=ãÉíÜçÇë=Ü~îÉ=ÄÉÉå=ÉãÉêÖáåÖ=áå=çêÇÉê=íç=
êÉÇìÅÉ= íÜÉ=ãìäíáéäÉ= ëíÉéë= EÉK=ÖK= Ñçê= êdlF=~åÇ=ÉñÜ~ìëíáîÉ= íÉãéÉê~íìêÉë= EÉK=ÖK= Ñçê=Öê~éÜÉåÉ= Ñç~ãëF=
éêçíçÅçäë=íÜ~í=êÉÅÉÇÉ=íÜÉ=ÅçããÉêÅá~ä=áãé~Åí=çÑ=íÜÉëÉ=ã~íÉêá~äëK=qÜÉ=áåíêçÇìÅíáçå=çÑ=çåÉJëíÉé=ÅçëíJ
ÉÑÑÉÅíáîÉ= éêçÇìÅíáçå=çÑ= Öê~éÜÉåÉJÄ~ëÉÇ=ã~íÉêá~äëI= êÉëçêíáåÖ= íç= ~= ä~ëÉê= ÄÉ~ã= ~åÇ= ~= éçäóãÉê= ëÜÉÉíI=
ê~áëÉÇ=ÜáÖÜ=ÉñéÉÅí~íáçåë=çå=íÜáë=ã~íÉêá~äë=~ééäá~åÅÉK=qÜáë=íÉÅÜåáèìÉ=ï~ë=Ä~ëÉÇ=çå=íÜÉ=éÜçíçíÜÉêã~ä=
ÉÑÑÉÅí=éêçÇìÅÉÇ=Äó=íÜÉ=áåÅáÇÉåÅÉ=çÑ=~å=áåÑê~êÉÇ=EfoF=ä~ëÉê=ÄÉ~ã=çå=íÜÉ=éçäóãÉê=ëÜÉÉíK=fí=ï~ë=Ñáêëíäó=
ëíìÇáÉÇ=Ñçê=ÅçããÉêÅá~ä=éçäóãÉê=éçäóáãáÇÉ=EmfF=xOSzK=

qÜÉ= ä~ëÉêJáåÇìÅÉÇ=Öê~éÜÉåÉ= íÉÅÜåáèìÉ=ï~ë= Ñáêëí= êÉéçêíÉÇ=Äó= íÜÉ=qçìê=ÖêçìéI= áå=OMNQ=xOSzK= fí=
Åçåëáëíë=çå=áåÇìÅÉÇ=îáÄê~íáçå~ä=éÉêíìêÄ~íáçåë=çå=íÜÉ=ä~ííáÅÉ=çÑ=mf=íÜêçìÖÜ=~Äëçêéíáçå=çÑ=ÉåÉêÖó=çÑ=íÜÉ=
ê~Çá~íáçåI=ïÜáÅÜ=éêçîçâÉë=äçÅ~ä=áåÅêÉãÉåí=çÑ=íÉãéÉê~íìêÉK=pìÄëÉèìÉåíäóI=íÜáë=íÜÉêã~ä=ÉÑÑÉÅí=Å~ìëÉë=
êÉ~êê~åÖÉãÉåí=çÑ=íÜÉ=mf=ëíêìÅíìêÉI=ÄêÉ~âáåÖ=~åÇ=êÉÅçãÄáåáåÖ=ãçäÉÅìä~ê=ëíêìÅíìêÉK=m~êíáÅìä~êäóI=íÜáë=
éêçÅÉëë=Éå~ÄäÉë=íç=íê~åëÑçêã=ëéP=Å~êÄçå=çå=mf=áåíç=ëéO=Å~êÄçå=xOSzK=^äçåÖ=ïáíÜ=íÜáë=êÉ~ÅíáçåI=Ö~ëÉë=
~êÉ=äáÄÉê~íÉÇI=ÅêÉ~íáåÖ=~=éçêçìë=ëíêìÅíìêÉK=qÜáë=ï~óI=~=Pa=éçêçìë=Öê~éÜáíáÅ=ã~íÉêá~ä=áë=Öêçïå=ïáíÜ=mf=
~ë= ëìÄëíê~íÉ= ~åÇ= éêÉÅìêëçê= xOSzK= cìêíÜÉêI= íÜáë= íÉÅÜåáèìÉ= ÇçÉë= åçí= êÉèìáêÉ= ëéÉÅá~ä= ~íãçëéÜÉêÉ=
ÅçåÇáíáçåë=åçê=éêÉé~ê~íáçå=çÑ=íÜÉ=mfK=
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qÜÉ=Öê~éÜáíáÅ=ã~íÉêá~ä=éêÉëÉåíë=Öê~éÜÉåÉJÄ~ëÉÇ=ÅÜ~ê~ÅíÉêáëíáÅë=~åÇ=ëçI=áí=áë=å~ãÉÇ=ä~ëÉêJáåÇìÅÉÇ=
Öê~éÜÉåÉI=ifdK=qÜìëI=íÜáë=éêçÅÉëë=~ääçïë=íç=éêçÇìÅÉ=~=Öê~éÜÉåÉJÄ~ëÉÇ=ã~íÉêá~ä=áå=~=Ñ~ëíI=ëáãéäÉ=~åÇ=
ÅçëíJÉÑÑÉÅíáîÉ=ï~óI=ÉåîáëáçåáåÖ=ä~êÖÉJëÅ~äÉ=éêçÇìÅíáçåK=

ifd= Ü~ë= ÄÉÉå= ÉñéäçêÉÇ= áå= íÜÉ= é~ëí= Q= óÉ~êë= áå= íÉêãë= çÑ= éêçãáëáåÖ= ~ééäáÅ~íáçåëI= ëìÅÜ= ~ë=
ãáÅêçëìéÉêÅ~é~Åáíçêë=xOSzI=xVNzÓxVVzI=ÉäÉÅíêçÅÜÉãáÅ~ä=xNMMzÓxNMRz=~åÇ=éáÉòçêÉëáëíáîÉ=ëÉåëçêë=xNMSzI=
xNMTzK=få=OMNSI=áí=ï~ë=êÉéçêíÉÇ=íÜÉ=Ñáêëí=ifd=áãéÉÇáãÉíêáÅ=Å~é~Åáí~åÅÉJÄ~ëÉÇ=ÄáçëÉåëçê=Ñçê=ÇÉíÉÅíáçå=
çÑ=ÄáëéÜÉåçäJ^I=ìëáåÖ=~éí~ãÉêJÄ~ëÉÇ=ÄáçêÉÅçÖåáíáçå=xNMNzK=i~íÉêI=áå=OMNTI=~äëç=ìëáåÖ=~éí~ãÉêë=~ë=
ÄáçêÉÅÉéíçêI=~=ifd=~ãéÉêçãÉíêáÅ=ÄáçëÉåëçê=Ñçê=íÜêçãÄáå=ÇÉíÉÅíáçå=ï~ë=ÇÉîÉäçéÉÇ=xNMUzK=få=OMNUI=
íÜêÉÉ= ãçêÉ= ifd= ÄáçëÉåëçêë= ïÉêÉ= ÇçÅìãÉåíÉÇW= íïç= ÉåòóãÉJÄ~ëÉÇ= ~ãéÉêçãÉíêáÅ= ÇÉîáÅÉëI= çåÉ=
ÇÉíÉÅíáåÖ= ÄáçÖÉåáÅ= ~ãáåÉë= áå= ÑççÇ= ë~ãéäÉë= xNMVz= ~åÇ= ~åçíÜÉê= ÖäìÅçëÉ= xNMQzX= çåÉ= áå= ïÜáÅÜ= íÜÉ=
ÄáçêÉÅçÖåáíáçå=ÉäÉãÉåíI=bêáçÅÜêçãÉ=Ää~Åâ=qI=ï~ë=ãçäÉÅìä~êäóJáãéêáåíÉÇ=íç=ÇÉíÉÅí=ÅÜäçê~ãéÜÉåáÅçä=
íÜêçìÖÜ=bäÉÅíêçÅÜÉãáÅ~ä=fãéÉÇ~åÅÉ=péÉÅíêçëÅçéó=EbfpF=xNNMzK=

få= íÜáë= íÜÉëáëI= ïÉ= éêÉëÉåí= ~= éêççÑJçÑJÅçåÅÉéí= çÑ= ifd= ~ë= ÄáçëÉåëçê= Ñçê= Ä~ÅíÉêá~= ÇÉíÉÅíáçåI=
ëéÉÅáÑáÅ~ääó=Ñçê=bëÅÜÉêáÅÜá~=ÅçäáI=ìëáåÖ=ëéÉÅáÑáÅ=~åíáÄçÇáÉë=~ë=ÄáçêÉÅçÖåáíáçå=íÜêçìÖÜ=bfp=íÉÅÜåáèìÉK=
få=çêÇÉê=íç=éêÉëÉåí=~=îÉêó=ÄêáÉÑ=ëí~íÉ=çÑ=íÜÉ=~êí=çÑ=Ççãáå~åíäó=bfpJÄ~ëÉÇ=áããìåçëÉåëçêë=Ñçê=bK=Åçäá=
ÇÉíÉÅíáçåI=ëçãÉ=êÉäÉî~åí=Éñ~ãéäÉë=~êÉ=áåíêçÇìÅÉÇ=áå=q~ÄäÉ=OKOI=ÉåÇÉ~îçìêáåÖ=íç=~ÅâåçïäÉÇÖÉ=ëìáí~ÄäÉ=
Öê~éÜÉåÉJÄ~ëÉÇ=ÇÉîáÅÉëK=
= =
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IV | Experimental Procedure 

4.1 LIG electrodes production 
qÜÉ= íê~åëÇìÅÉê= ÉäÉãÉåí= çÑ= íÜÉ= ÄáçëÉåëçê= éêçéçëÉÇ= áå= íÜÉ= éêÉëÉåí= ïçêâ= áë= ~= ä~ëÉêJáåÇìÅÉÇ=

Öê~éÜÉåÉ=EifdF=ÉäÉÅíêçÇÉK=^ë=ãÉåíáçåÉÇ=ÄÉÑçêÉI=ifd=áë= íÜÉ=êÉëìäí=çÑ=~=éÜçíçJíÜÉêã~ä=ÉÑÑÉÅí=çÑ=~=
ä~ëÉê=ÄÉ~ã=çå=~=éçäóãÉê=ëÜÉÉíI=ìëì~ääó=éçäóáãáÇÉ=EmfFK==

få= íÜáë= íÜÉëáëI= íÜÉ= éêçÅÉÇìêÉ= í~âÉë= ~Çî~åí~ÖÉ= çÑ= ~= Åçåíáåìçìë= `lO= ä~ëÉê= ïáíÜ= ~= NMKS= ”ã=
ï~îÉäÉåÖíÜ= Ñçê= Å~êÄçåáë~íáçå= çÑ= ÅçããÉêÅá~ääó= ~î~áä~ÄäÉ= éçäóáãáÇÉ= EmfF= ëÜÉÉíëI= ãçêÉ= ëéÉÅáÑáÅ~ääó=
h~éíçå®K=qÜÉ=éêçÅÉëë=Ñçê=ifd=ëóåíÜÉëáë=áåîçäîÉë=~=ëÅ~ååáåÖ=ãçîÉãÉåí=çÑ=íÜÉ=ä~ëÉê=ÄÉ~ã=çå=íÜÉ=mf=
ëÜÉÉí= ëÉííáåÖ= éä~åÉK=qÜÉ= ëÅ~ååáåÖ=ãçîÉãÉåí= áë= ÅçåíêçääÉÇ= Äó= íïç= ä~ëÉê= é~ê~ãÉíÉêëW= íÜÉ= ëéÉÉÇ= çÑ=
ëÅ~ååáåÖI=îä~ëÉê=EããLëFI=~åÇ=íÜÉ=Çáëí~åÅÉ=ÄÉíïÉÉå=äáåÉë=çÑ=ëÅ~ååáåÖI=Ç=EããFK=^äçåÖ=ïáíÜ=íÜÉëÉI=çåÉ=
Å~å=Åçåíêçä=íÜÉ=ä~ëÉê=éçïÉê=çìíéìíI=mä~ëÉê=EBmã•ñFI=~åÇ=íÜÉ=Çáëí~åÅÉ=ÄÉíïÉÉå=íÜÉ=ä~ëÉê=ÜÉ~Ç=~åÇ=íÜÉ=mf=
ëÜÉÉíI=Ü= EããFK=^äíçÖÉíÜÉêI=çåÉ=Å~å=ïçêâ= íÜÉëÉ=é~ê~ãÉíÉêë= íç=çÄí~áå=ifd=ïáíÜ= íÜÉ=ãçëí= ëìáí~ÄäÉ=
éêçéÉêíáÉë=Ñçê=íÜÉ=~ééäáÅ~íáçå=áåíÉåÇÉÇK=få=cáÖìêÉ=PKNI=~=êÉéêÉëÉåí~íáîÉ=ëÅÜÉãÉ=çÑ=Üçï=ifd=ë~ãéäÉë=
~êÉ=éêçÇìÅÉÇ=áë=áåíêçÇìÅÉÇK=

=
cáÖìêÉ= PKNW= pÅÜÉãÉ= çÑ= ifd= ë~ãéäÉë= éêçÇìÅíáçåI= ïÜÉêÉ= E~F= áë= íÜÉ= íçé= îáÉï= ~åÇ= EÄF= áë= íÜÉ= ÅêçëëJëÉÅíáçå=
ÅçêêÉëéçåÇáåÖ=íç=íÜÉ=Ç~ëÜÉÇ=äáåÉK==

få=íÜáë=ïçêâI=íÜÉ=ëóåíÜÉëáë=çÑ=ifd=ï~ë=ÅçåÇìÅíÉÇ=çå=NOT=”ã=íÜáÅâ=h~éíçå®=ÑçáäI=ìëáåÖ=mä~ëÉêI=Ç=
~åÇ=Ü=~í=Åçåëí~åí=î~äìÉëK=mä~ëÉê=ï~ë=âÉéí=~í=OMB=çÑ=ã~ñáãìã=ä~ëÉê=éçïÉêI=ÅçêêÉëéçåÇáåÖ=íç=úV=tI=Ç=
~í=MKMTR=ãã=~åÇ=Ü=~í=NU=ããK=qÜÉëÉ=î~äìÉë=ïÉêÉ=ëÉäÉÅí=Ä~ëÉÇ=çå=~=éêÉîáçìë=ïçêâ=çÑ=çìê=Öêçìé=xNONzK=
qÜìëI=ä~ëÉê=ëÅ~å=ëéÉÉÇ=ï~ë=íÜÉ=ÇÉíÉêãáå~åí=î~êá~ÄäÉ=ëíìÇáÉÇI=êÉÖ~êÇáåÖ=íÜÉ=éêçÇìÅíáçå=çÑ=ifd=ïáíÜ=
~ÇÉèì~íÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=é~ê~ãÉíÉêëK=cçê=íÜ~íI=ÑáîÉ=ÇáÑÑÉêÉåí=îä~ëÉê=ïÉêÉ=ÉñéäçêÉÇI=NRMI=OMMI=ORMI=PMM=
~åÇ=PRM=ããLëK=cçê=É~ÅÜ=îä~ëÉêI=íÜêÉÉ=NMñR=ããO=ifd=ë~ãéäÉë=ïÉêÉ=éêçÇìÅÉÇI=~ë=êÉéäáÅ~íÉë=EcáÖìêÉ=PKOJ
~FK=
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^ÑíÉêï~êÇëI=É~ÅÜ=ë~ãéäÉ=ï~ë=ëìÄãáííÉÇ=íç=~=éêÉé~ê~íáçå=éêçíçÅçä=áå=çêÇÉê=íç=çÄí~áå=ÉäÉÅíêçÇÉë=
ëìáí~ÄäÉ=Ñçê=ÉäÉÅíêçÅÜÉãáÅ~ä=ãÉ~ëìêÉãÉåíëK=

mêáã~êáäóI= ~ää= ë~ãéäÉë= ïÉêÉ= ï~ëÜÉÇ= Äó= ÇáééáåÖ= íÜÉã= áå= ÇÉáçåáëÉÇ=ï~íÉê= ~åÇ= ìëáåÖ=ã~ÖåÉíáÅ=
ëíáêêáåÖ=~í=RMM=êéã=Ñçê=R=ãáåìíÉëK=qÜÉåI=íÜÉó=ïÉêÉ=ÇêáÉÇ=ïáíÜ=~=ÖÉåíäÉ=kO=ÑäçïK=

pÉÅçåÇäóI=áí=ï~ë=Éëí~ÄäáëÜÉÇ=~å=ÉäÉÅíêáÅ~ä=Åçåí~Åí=íç=ÉåëìêÉ=ëáãéäáÅáíó=ïÜÉå=áãéäÉãÉåíÉÇ=áåíç=íÜÉ=
ÉäÉÅíêçÅÜÉãáÅ~ä=ÅÉääK=cçê=íÜ~íI=~=ëáäîÉêJéä~íÉÇ=ÅçééÉê=ïáêÉ=~åÇ=ëáäîÉê=áåâ=E^Ö~ê=pÅáÉåíáÑáÅF=ïÉêÉ=ìëÉÇ=
EcáÖìêÉ= PKOJÄFK= qç= Öì~ê~åíÉÉ= íÜÉ= ã~ñáãìã= ÅçåÇìÅíáîáíó= Ñêçã= íÜÉ= ëáäîÉê= áåâI= ~í= íÜáë= éÜ~ëÉ= íÜÉ=
ÉäÉÅíêçÇÉë=ïÉêÉ=~ääçÅ~íÉÇ=áå=~å=çîÉå=~í=~=íÉãéÉê~íìêÉ=ÄÉíïÉÉå=TM=~åÇ=UM=ø`=Ñçê=PM=ãáåìíÉëI=ÑçääçïáåÖ=
íÜÉ=áåëíêìÅíáçåë=ÖáîÉå=Äó=íÜÉ=ëìééäáÉêK=qÜÉåI=íç=Ñáñ~íÉ=íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=~ÅíáîÉ=~êÉ~=çÑ=íÜÉ=ë~ãéäÉë=
~ë= ïÉää= ~ë= íç= áëçä~íÉ= íÜÉ= ÉäÉÅíêáÅ~ä= Åçåí~Åí= Ñêçã= íÜÉ= ÉäÉÅíêçäóíÉI= çåÉ= êÉëçêíÉÇ= íç= ÅÜÉãáÅ~ääó= áåÉêí=
i~Åçãáí=s~êåáëÜ=E^Ö~ê=pÅáÉåíáÑáÅF=EcáÖìêÉ=PKOJÅFK=

=
cáÖìêÉ=PKOW=pÅÜÉãÉ=çÑ=íÜÉ=éêçÇìÅíáçå=çÑ=çåÉ=ifd=ÉäÉÅíêçÇÉ=Ñçê=ÉäÉÅíêçÅÜÉãáÅ~ä=ãÉ~ëìêÉãÉåíëI=áå=ïÜáÅÜ=E~F=
êÉéêÉëÉåíë=~=ëáåÖäÉ=ifd=ë~ãéäÉI=EÄF=íÜÉ=ifd=ë~ãéäÉ=~ÑíÉê=Éëí~ÄäáëÜáåÖ=íÜÉ=ÉäÉÅíêáÅ~ä=Åçåí~Åí=ìëáåÖ=ëáäîÉê=áåâ=~åÇ=
~=ÅçééÉê=ïáêÉ=~åÇ=EÅF=íÜÉ=Ñáå~ä=ëíÉé=çÑ=íÜÉ=ÉäÉÅíêçÇÉ=éêçÇìÅíáçå=ïáíÜ=ÅÜÉãáÅ~ä=áëçä~íáçå=çÑ=íÜÉ=ÉäÉÅíêáÅ~ä=Åçåí~Åí=
~åÇ=Ñáñ~íáçå=çÑ=íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=~ÅíáîÉ=~êÉ~=ïáíÜ=íÜÉ=i~Åçãáí=î~êåáëÜK==
qç=ìåÇÉêëí~åÇ=íÜÉ=~ÇÉèì~Åó=çÑ=íÜÉ=ifd=ÉäÉÅíêçÇÉë=íçï~êÇë=ÉäÉÅíêçÅÜÉãáÅ~ä=ÄáçëÉåëáåÖI=çåÉ=ÉñéäçêÉÇ=
íÜÉ=ÜÉíÉêçÖÉåÉçìë=ê~íÉ=íê~åëÑÉê=Åçåëí~åíI=âM=E𝑐𝑚 ∙ 𝑠|tFI=íÜÉ=ÉÑÑÉÅíáîÉ=ÉäÉÅíêç~ÅíáîÉ=~êÉ~I=^ÉÑÑ= E𝑐𝑚uFI=
~åÇ=íÜÉ=Å~é~Åáí~åÅÉ=éÉê=ìåáí=~êÉ~I=𝛾"#	(𝐹 ∙ 𝑐𝑚u)K=cçê=íÜÉ=ÇÉíÉêãáå~íáçå=çÑ=íÜÉëÉ=î~äìÉëI=É~ÅÜ=ÉäÉÅíêçÇÉ=
ï~ë= ëìÄãáííÉÇ= íç=ÉäÉÅíêçÅÜÉãáÅ~ä=ãÉ~ëìêÉãÉåíëI= ÅóÅäáÅ= îçäí~ããÉíêó= E`sF=~åÇ=ÅÜêçåçÅçìäçãÉíêó=
E``F=íÉÅÜåáèìÉëK=qÜÉëÉ=ãÉ~ëìêÉãÉåíë=ïÉêÉ=éÉêÑçêãÉÇ=ìëáåÖ=~=sÉêë~ëí~íP=ÉäÉÅíêçÅÜÉãáÅ~ä=ëí~íáçå=
EmêáåÅÉíçå= ^ééäáÉÇ= oÉëÉ~êÅÜF= ~åÇ= ~= íÜêÉÉJÉäÉÅíêçÇÉ= ÅçåÑáÖìê~íáçå= ëÉí= ìéI= ïÜÉêÉ= ifd= ï~ë= íÜÉ=
ïçêâáåÖ= ÉäÉÅíêçÇÉ= EtbFI= ^ÖL^Ö`ä= EN= j= h`äF= E`efNNNI= `e= fåëíêìãÉåíëI= fåÅF= íÜÉ= êÉÑÉêÉåÅÉ=
ÉäÉÅíêçÇÉ=EobF=~åÇ=~=mí=ïáêÉ=íÜÉ=ÅçìåíÉê=ÉäÉÅíêçÇÉ=E`bFK=qÜÉ=ëìééçêíáåÖ=ÉäÉÅíêçäóíÉ=ÅçãéêáëÉÇ=Nãj=
çÑ=hQxcÉE`kFSz=EjÉêÅâF=~ë= íÜÉ=~ÅíáîÉ=êÉÇçñ=ëéÉÅáÉ=ÇáëëçäîÉÇ= áå=~=NM=ãj=éÜçëéÜ~íÉ=ÄìÑÑÉê=ë~äáåÉ=
ëçäìíáçå= Em_pI= éeZTKQI= Ñêçã=Fisher Bioreagent)K= få= cáÖìêÉ= PKPI= áí= áë= éêÉëÉåíÉÇ= ~= êÉéêÉëÉåí~íáîÉ=
ëÅÜÉãÉ=çÑ=íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=ÅÉää=ìëÉÇ=íÜêçìÖÜçìí=íÜÉ=ãÉ~ëìêÉãÉåíëK=cìêíÜÉêI=íÜÉ=ãÉ~ëìêÉãÉåíë=
ïÉêÉ=éÉêÑçêãÉÇ=~í= äçï=~êÉ~JîçäìãÉ=ê~íáç=ÅçåÇáíáçåëI=ëáåÅÉ=~=MKOR=ÅãO=ïçêâáåÖ=ÉäÉÅíêçÇÉ=~êÉ~=ï~ë=
ãÉ~ëìêÉÇ=áå=~=RM=ãi=ÉäÉÅíêçäóíÉ=ëçäìíáçåK=mêáçê=íç=~åó=ÉäÉÅíêçÅÜÉãáÅ~ä=~ëëÉëëãÉåíëI=íÜÉ=ÉäÉÅíêçäóíÉ=
ëçäìíáçå=ï~ë=ÄìÄÄäÉÇ=ïáíÜ=~=kO=ÑäçïI=Ñçê=PM=ãáåK=qÜêçìÖÜçìí=íÜÉ=ÇáëÅìëëáçå=çÑ=íÜÉ=êÉëìäíë=EëÉÅíáçå=
RKNFI=áí=ïáää=ÄÉ=Éñéä~áåÉÇ=íÜÉ=~å~äóëáë=ÉãéäçóÉÇ=íç=ÇÉíÉêãáåÉ=âMI=^ÉÑÑ=~åÇ=𝛾"#K=
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=
cáÖìêÉ=PKPW=pÅÜÉã~íáÅ=êÉéêÉëÉåí~íáçå=çÑ=íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=ÅÉääK=

páãìäí~åÉçìëäóI=ÑìêíÜÉê=ÅÜ~ê~ÅíÉêáë~íáçå=ï~ë=ÅçåÇìÅíÉÇI=êÉÖ~êÇáåÖ=íÜÉ=R=ä~ëÉê=ëÅ~å=ëéÉÉÇëK=pçI=Ñçê=
É~ÅÜ=îä~ëÉêI=~=êÉéêÉëÉåí~íáîÉ=ÉäÉÅíêçÇÉ=ï~ë=ÅÜ~ê~ÅíÉêáëÉÇ=Äó=o~ã~å=ëéÉÅíêçëÅçéó=~åÇ=ëÅ~ååáåÖ=ÉäÉÅíêçå=
ãáÅêçëÅçéó=EpbjFK=qÜÉ=ÑçêãÉê=ï~ë=ÅçåÇìÅíÉÇ=çå=~=gçÄáå=vîçå=eoUMM=áåëíêìãÉåí=EeçêáÄ~I=g~é~åFI=
ìëáåÖ=Ä~ÅâëÅ~ííÉêáåÖ=ÅçåÑáÖìê~íáçåI=ïáíÜ=~=SMM=äáåÉëLãã=Öê~íáåÖ=~åÇ=~=eÉJ`Ç=ä~ëÉê=Eháããçå=g~é~åF=
ïáíÜ=~=ï~îÉäÉåÖíÜ=çÑ=QQO=åãK=qç=ÑçÅìë=íÜÉ=ä~ëÉê=çåíç=íÜÉ=ë~ãéäÉë=~åÇ=íç=ÅçääÉÅí=íÜÉ=Ä~ÅâëÅ~ííÉêÉÇ=
o~ã~å= ê~Çá~íáçåI= ~= RMñ= çÄàÉÅíáîÉ=ï~ë= ìëÉÇK=qÜÉ=ÇÉíÉÅíáçå=çÑ= ëìÅÜ= ê~Çá~íáçå=ï~ë= éÉêÑçêãÉÇ=Äó= ~=
mÉäíáÉê=ÅççäÉÇ=EOOP=hF=``a=ëÉåëçê=~åÇ=íÜÉ=ëéÉÅíêçãÉíÉê=ï~ë=ìëÉÇ=áå=íÜÉ=ÅçåÑçÅ~ä=ãçÇÉI=ïáíÜ=íÜÉ=
áêáë=ëÉí=íç=PMM=”ãK=qÜÉ=pbj=áã~ÖáåÖ=ï~ë=~ÅÅçãéäáëÜÉÇ=ìëáåÖ=~=qbp`^k=sÉÖ~P=p_=áåëíêìãÉåíI=
áå= ëÉÅçåÇ~êó= ÉäÉÅíêçå= ãçÇÉK= cìêíÜÉêI= ~ÑíÉê= ÅÜççëáåÖ= íÜÉ= ãçëí= ÑáííÉÇ= îä~ëÉêI= ~= Åçãéçëáíáçå~ä=
ÅÜ~ê~ÅíÉêáë~íáçå=ï~ë=çéÉê~íÉÇ=çå=íÜÉ=ÅçêêÉëéçåÇÉåí=ÉäÉÅíêçÇÉ=Äó=uJê~ó=éÜçíçÉäÉÅíêçå=ëéÉÅíêçëÅçéó=
EumpFK= qÜÉ= ump= ëéÉÅíê~= ïÉêÉ= ~ÅèìáêÉÇ= áå= qbj^I= råáîÉêëáíó= çÑ= ^îÉáêçI= ìëáåÖ= ~å= räíê~= eáÖÜ=
s~Åììã= EresF= ëóëíÉã= ïáíÜ= ~= Ä~ëÉ= éêÉëëìêÉ= çÑ= OñNMÓNM= ãÄ~êK= qÜÉ= ëóëíÉã= ÅçãéêáëÉë= ~=
ãçåçÅÜêçã~íáÅ=^ähα=ENQUSKTQ=ÉsF=uJê~ó=ëçìêÅÉI=~=ÜÉãáëéÜÉêáÅ~ä=ÉäÉÅíêçå=ÉåÉêÖó=~å~äóëÉê=Epmb`p=
mÜçáÄçë=NRMF=~åÇ=~=ÇÉä~óJäáåÉ=ÇÉíÉÅíçêK=qÜÉ=ëéÉÅíê~=ïÉêÉ=êÉÅçêÇÉÇ=~í=åçêã~ä=Éãáëëáçå=í~âÉJçÑÑ=~åÖäÉ=
~åÇ=ïáíÜ=~=é~ëëJÉåÉêÖó=çÑ=OM=ÉsI=éêçîáÇáåÖ=~å=çîÉê~ää=áåëíêìãÉåí~ä=éÉ~â=Äêç~ÇÉåáåÖ=çÑ=MKR=ÉsK=

4.2 Impedimetric Biosensor production 
^ÑíÉê=ÅÜççëáåÖ=íÜÉ=ÄÉëí=ä~ëÉê=ëÅ~å=ëéÉÉÇ=íç=éêçÇìÅÉ=íÜÉ=ifd=ÉäÉÅíêçÅÜÉãáÅ~ä=ÉäÉÅíêçÇÉëI=áí=ï~ë=

êÉèìáêÉÇ=íç=éä~å=~åÇ=íÉëí=~=ÅçãéäÉíÉ=ÑìåÅíáçå~äáë~íáçå=çÑ=íÜÉ=ÉäÉÅíêçÇÉ=áå=çêÇÉê=íç=ÇÉíÉÅí=íÜÉ=bK=ÅçäáK=
fí=ï~ë=éêÉîáçìëäó=ÅÜçëÉå=íÜ~í=íÜÉ=ÄáçäçÖáÅ~ä=êÉÅçÖåáíáçå=ÉäÉãÉåí=çÑ=íÜáë=ÄáçëÉåëçê=ïçìäÇ=ÄÉ=~å=

~åíáÄçÇóI=áå=íÜáë=Å~ëÉ=bK=Åçäá=ëÉêçíóéÉ=lLh=mçäóÅäçå~ä=^åíáÄçÄó=Ñêçã=qÜÉêãç=cáëÜÉê=pÅáÉåíáÑáÅK=få=
çêÇÉê=íç=áããçÄáäáëÉ=íÜÉ=~åíáÄçÇó=ÅçêêÉÅíäóI=ãÉ~åáåÖ=íÜ~í=íÜÉ=ëìêÑ~ÅÉ=çÑ=íÜÉ=ÉäÉÅíêçÇÉ=áë=Åçî~äÉåíäó=
ÄçìåÇ=íç=íÜÉ=~åíáÄçÇó=íÜêçìÖÜ=áíë=ÜÉ~îó=ÅÜ~áåI=áí=áë=åÉÅÉëë~êó=íç=Ü~îÉ=~å=~ãáåÉJíÉêãáå~íÉÇ=ëìêÑ~ÅÉK=
pçI=ÑçääçïáåÖ=ëçãÉ=ÑìåÅíáçå~äáë~íáçå=éêçíçÅçäë=ÅçåíÉãéäáåÖ=Å~êÄçåJÄ~ëÉÇ=ÄáçëÉåëçêë=xNOOzI=xNOPzI=áí=
ï~ë=ÇÉÅáÇÉÇ=íç=ìëÉ=íÜÉ=EPJ~ãáåçéêçéóäFíêáÉíÜçñóëáä~åÉ=E^mqbpI=Ñêçã=MerckF=~ë=íÜÉ=äáÖ~åÇ=ÄÉíïÉÉå=
íÜÉ=ifd=ëìêÑ~ÅÉ=~åÇ=íÜÉ=~åíáÄçÇóK=cìêíÜÉêI=íç=ÉåëìêÉ=íÜ~í=~ÑíÉê=íÜÉ=ëáä~åáò~íáçå=çÅÅìêëI=íÜÉ=~ãáåÉ=
Öêçìéë=~êÉ=íÜÉ=çåÉë=~î~áä~ÄäÉ=çå=íÜÉ=ëìêÑ~ÅÉI=áí=ï~ë=êÉèìáêÉÇ=íÜÉ=éêÉëÉåÅÉ=çÑ=ÜóÇêçñóä=Öêçìéë=çå=íÜÉ=
ifd=ëìêÑ~ÅÉK=eÉåÅÉI=~=Ñçìê=ëíÉéë=ÑìåÅíáçå~äáë~íáçå=ï~ë=éêçéçëÉÇ=~åÇ=ëíìÇáÉÇW=ëìêÑ~ÅÉ=ÜóÇêçñóä~íáçåI=
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^mqbp=ëáä~åáò~íáçåI=~åíáÄçÇó=áããçÄáäáë~íáçå=~åÇ=é~ëëáî~íáçå=ìëáåÖ=ÄçîáåÉ=ëÉêìã=~äÄìãáå=E_p^FK=
qÜÉ= ä~ííÉê= áë= êÉèìáêÉÇ= íç= Éäáãáå~íÉ= éçëëáÄäÉ= ~å~äóíÉ= ~åÇ= ÉäÉÅíêçäóíÉ= ~Çëçêéíáçåë= çå= íÜÉ= ÑêÉÉ= EåçåJ
ÑìåÅíáçå~äáëÉÇF=ÉäÉÅíêçÇÉ=ëìêÑ~ÅÉK=

fåáíá~ääóI=áí=ï~ë=ìåÅäÉ~ê=íÜÉ=~ãçìåí=~åÇ=ÇáëíêáÄìíáçå=çÑ=ÜóÇêçñóä=Öêçìéë=çå=ifdÛë=ëìêÑ~ÅÉI=ëç=íÜÉ=
åÉÉÇ= çÑ= ~= ÜóÇêçñóä~íáçå= ëíÉé= ï~ë= ÉñéäçêÉÇK= m~êíáÅìä~êäóI= áí= ï~ë= áåíÉåÇÉÇ= íç= ÉñéäçêÉ= íÜÉ= ÉÑÑÉÅí= çÑ=
éÉêÑçêãáåÖ=íÜáë=ëíÉéI=ìéçå=^mqbp=ÑìåÅíáçå~äáë~íáçåK=

qÜÉ=ÜóÇêçñóä~íáçå=ï~ë=Å~êêáÉÇ=çìí=îá~=cÉåíçå=êÉ~ÅíáçåI=ïÜáÅÜ=áë=éêçãçíÉÇ=Äó=cÉEffF=~åÇ=eOlO=
ÖÉåÉê~íáåÖ=ÜóÇêçñóä=ê~ÇáÅ~äë=EÉèK=PKNF=íÜ~í=~íí~Åâë=íÜÉ=Öê~éÜÉåÉ=ëíêìÅíìêÉ=~åÇ=éêçîáÇÉë=ÜóÇêçñóä~íÉÇ=
ifdK=

= 𝐹𝑒u} + 𝐻u𝑂u
																	

𝐹𝑒�} + 𝑂𝐻∙ + 𝑂𝐻|= EÉèK=PKNF=

qÜÉ= cÉåíçå= êÉ~Åíáçå= ëçäìíáçå= ï~ë= éêÉé~êÉÇ= Äó= ëäçïäó= ~ÇÇáåÖ= NMP= ãÖ= çÑ= cÉplQ•TeOl=
EPanreac AplichemF=íç=~=Åçåíáåìçìëäó=ëíáêêÉÇ=~èìÉçìë=ëçäìíáçå=çÑ=eOlO=ENS=ãi=çÑ=eOlO=EPMB=îLîF=
ÇáäìíÉÇ=áå=QQ=ãi=çÑ=ÇÉáçåáëÉÇ=ï~íÉêFK=_ÉÑçêÉ=~ÇÇáåÖ=íÜÉ=ÉäÉÅíêçÇÉëI=~=NR=ãáå=ï~áí=ëÉÅìêÉÇ=äÉëë=îáçäÉåí=
ÄìÄÄäáåÖ=çÑ=íÜÉ=êÉ~Åíáçå=~åÇ=ãçêÉ=ëí~ÄäÉ=ée=EúQF=~åÇ=íÉãéÉê~íìêÉ=EOR=ø`FK=qÜÉåI=íÜÉ=~ÅíáîÉ=~êÉ~=çÑ=
íÜÉ=ÉäÉÅíêçÇÉë=ï~ë=ÇáééÉÇ=áå=íÜÉ=ëíáêêÉÇ=ëçäìíáçå=Ñçê=NÜK=qÜÉ=ëíçé=ãÉÅÜ~åáëã=êÉäáÉÇ=çå=ÇáééáåÖ=íÜÉ=
~ÅíáîÉ=~êÉ~=çÑ=íÜÉ=ÉäÉÅíêçÇÉë=çå=ëíáêêÉÇ=af=ï~íÉê=Ñçê=R=ãáåìíÉë=ÑçääçïÉÇ=Äó=ÇêóáåÖ=áí=ïáíÜ=~=ÖÉåíäÉ=kO=
ÑäçïK=qç=ëíìÇó=íÜÉ=áãé~Åí=çÑ=íÜÉ=ÜóÇêçñóä~íáçåI=íÜêÉÉ=ÉäÉÅíêçÇÉë=ïÉêÉ=ëìÄãáííÉÇ=íç=ÉäÉÅíêçÅÜÉãáÅ~ä=
ÅÜ~ê~ÅíÉêáë~íáçå=EÇÉíÉêãáå~íáçå=çÑ=âMI=^ÉÑÑ=~åÇ=𝛾"#FI=íç=o~ã~å=ëéÉÅíêçëÅçéó=~åÇI=~äëç=íç=ump=~å~äóëáëK==

pÉÅçåÇäóI=íç=~ÅèìáêÉ=~=~ãáåÉ=ëìêÑ~ÅÉ=íÉêãáå~íáçåI=^mqbp=ëáä~åáò~íáçå=ï~ë=Å~êêáÉÇ=çìí=íÜêçìÖÜ=
áããÉêëáåÖ=íÜÉ=ÉäÉÅíêçÇÉë=çå=^mqbp=EMKNI=N=~åÇ=NM=BF=ÇáëëçäîÉÇ=áå=ÉíÜ~åçäWeOl=ETWP=îLîF=ÇìêáåÖ=
N=ÜK=^ÑíÉêï~êÇëI=íÜÉ=ÉäÉÅíêçÇÉë=ïÉêÉ=êáåëÉÇ=ïáíÜ=af=ï~íÉêI=ÇêáÉÇ=ïáíÜ=~=ÖÉåíäÉ=kO=Ñäçï=~åÇ=ëçÑí=Ä~âÉÇ=
~í= NOM= ø`= Ñçê= OM= ãáåìíÉëK= qÜáë= ÑìåÅíáçå~äáë~íáçå= ï~ë= ÉñéäçêÉÇ= ìëáåÖ= umpI= ~äçåÖ= ïáíÜ= íÜÉ=
ÜóÇêçñóä~íáçå= ~å~äóëáëI= ~åÇ= ä~íÉê= ïáíÜ= bfp= ~åÇ= `s= ÉäÉÅíêçÅÜÉãáÅ~ä= ~ééêç~ÅÜÉë= íç= Éî~äì~íÉ= íÜÉ=
ÅçåÅÉåíê~íáçå=áãé~Åí=çå=áíK= 

låÅÉ=íÜÉ=ÉäÉÅíêçÇÉ=ï~ë=~ãáåÉJíÉêãáå~íÉÇ=EcáÖìêÉ=PKQJÄFI=áí=Éå~ÄäÉÇ=íÜÉ=~åíáJbK=Åçäá=Åçî~äÉåí=
áããçÄáäáë~íáçåK= cçê= íÜ~íI= çåÉ= êÉëçêíÉÇ= íç= kJEPJÇáãÉíÜóä~ãáåçéêçéóäFJkÛJ
ÉíÜóäÅ~êÄçÇááãáÇÉ=ÜóÇêçÅÜäçêáåÉ= Eba`I=páÖã~J^äÇêáÅÜF=~åÇ=kJÜóÇêçñóëìÅÅáåáãáÇÉ= EkepI= Ñêçã=
páÖã~J^äÇêáÅÜI=VUBFI=Öì~ê~åíÉÉáåÖ=íÜÉ=Åçî~äÉåí=ÄçåÇ=ÄÉíïÉÉå=íÜÉ=~ãáåÉ=Öêçìéë=~åÇ=íÜÉ=Å~êÄçñóäáÅ=
Öêçìéë= çå= ÜÉ~îó= ÅÜ~áåë= çÑ= íÜÉ= ~åíáJbK= ÅçäáK= qÜÉ=ãáñíìêÉ= ÅçåëáëíÉÇ= çå= RM= ”i= çÑ= ~åíáJbK= Åçäá= EN=
ãÖLãiFI=OR=”i=çÑ=kep=EMKO=jF=~åÇ=OR=”i=çÑ=ba`=EMKR=jFK=eÉêÉI=~=Çêçé=ERM=”iF=çÑ=íÜáë=ãáñíìêÉ=
ï~ë=éä~ÅÉÇ=çå=íÜÉ=ÉäÉÅíêçÇÉ=~ÅíáîÉ=~êÉ~=ÇìêáåÖ=O=Üçìêë=EcáÖìêÉ=PKQJÅFK=qÜÉå=íÜÉ=ÉäÉÅíêçÇÉë=ïÉêÉ=êáåëÉÇ=
ïáíÜ=m_p=~åÇ=ÇêáÉÇ=ïáíÜ=~=ÖÉåíäÉ=kO=ÑäçïK=

cáå~ääóI= íÜÉ= é~ëëáî~íáçå= çÑ= íÜÉ= ÉäÉÅíêçÇÉ= ï~ë= Å~êêáÉÇ= çìí= ìëáåÖ= ~= NB= _p^= Epí~åÇ~êÇ=dê~ÇÉ=
mçïÇÉê=Ñêçã=cáëÜÉê=_áçêÉ~ÖÉåíëF=ëçäìíáçåK=cçê=íÜ~íI=íÜÉ=ÉäÉÅíêçÇÉ=ï~ë=ÉñéçëÉÇ=íç=~=RM=”i=Çêçé=Ñçê=
PM=ãáåìíÉë= EcáÖìêÉ= PKQJÇFI= íÜÉå= êáåëÉÇ=ïáíÜ=m_p= ~åÇ=ÇêáÉÇ=ïáíÜ= ~= ÖÉåíäÉ=kO= ÑäçïK=aìêáåÖ=ÄçíÜ=
~åíáÄçÇó=~åÇ=_p^=ÑìåÅíáçå~äáë~íáçåI=íÜÉ=ÉäÉÅíêçÇÉë=ïÉêÉ=âÉéí=~í=Q=ø`K=qÜÉ=ë~ãÉ=ï~ë=ÇçåÉI=ïÜáäÉ=
êÉëíáåÖ=ìåíáä=ÉäÉÅíêçÅÜÉãáÅ~ä=ãÉ~ëìêÉãÉåíë=~åÇ=Lçê=Ä~ÅíÉêá~=áããçÄáäáë~íáçå=éêçíçÅçäK==

^ää= íÜÉ= ÑìåÅíáçå~äáë~íáçå= ëíÉéë= ïÉêÉ= ÅÜ~ê~ÅíÉêáëÉÇ= íÜêçìÖÜ= bfp= ~åÇ= `s=ãÉ~ëìêÉãÉåíëK= qÜÉ=
ÉñéÉêáãÉåí~ä= ëÉíìé=ï~ë= Éèìáî~äÉåí= íç= íÜÉ= çåÉ= ìëÉÇ= áå= ÉäÉÅíêçÅÜÉãáÅ~ä= íÉÅÜåáèìÉëI= áå= ëÉÅíáçå= QKNK=
kçåÉíÜÉäÉëëI=Ñçê=ÄçíÜ=íÉÅÜåáèìÉë=íÜÉ=ÉäÉÅíêçäóíÉ=ÅçåëáëíÉÇ=çå=~=N=ãj=çÑ=hQxcÉE`kFSz=~åÇ=N=ãj=çÑ=
hPxcÉE`kFSz= áå= NM=ãj=m_p= ëçäìíáçåK=aìêáåÖ=bfp=ãÉ~ëìêÉãÉåíëI= íÜÉ= ëçäìíáçå=ï~ë= âÉéí= ìåÇÉê=
ëíáêêáåÖ=ERMM=êéãFK=páåÅÉ=íÜáë=íÉÅÜåáèìÉ=~ääçïë=íç=Å~éíìêÉ=êÉëéçåëÉë=Ñêçã=ÉäÉÅíêçÅÜÉãáÅ~ä=éÜÉåçãÉå~=
çÅÅìêêáåÖ=ÄçíÜ=çå= íÜÉ=tb= áåíÉêÑ~ÅÉ=~åÇ=çå= íÜÉ=Äìäâ= ëçäìíáçåI= áí=ï~ë=îÉêáÑáÉÇ= íÜ~í= áå= íÜáë= Å~ëÉI= ~=
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å~íìê~ä=ÅçåîÉÅíáçå=éÜÉåçãÉå~=ê~áëÉÇ=çå=íÜÉ=ÉäÉÅíêçäóíÉK=qÜÉ=ä~ííÉê=ÇáëíìêÄÉÇ=íÜÉ=ëóëíÉã=êÉëìäíáåÖ=çå=
åçåJëí~ÄäÉ=bfp= êÉëéçåëÉ= íÜêçìÖÜ= íáãÉK=qç= ëçäîÉ= íÜáë=éêçÄäÉãI= áí=ï~ë= ëìÖÖÉëíÉÇ= ëíáêêáåÖ= íÜÉ=Äìäâ=
ëçäìíáçåI= éêçîçâáåÖ= ~= ÑçêÅÉÇ= ÅçåîÉÅíáçå= çå= íÜÉ= ëóëíÉã= ~åÇI= ÅçåëÉèìÉåíäóI= ëí~ÄáäáòáåÖ= íÜÉ= bfp=
êÉëéçåëÉ=xSPzK=jçêÉçîÉêI=íÜÉ=bfp=ãÉ~ëìêÉãÉåíë=ïÉêÉ=éÉêÑçêãÉÇ=ìëáåÖ=~=R=ãs=^`=éÉêíìêÄ~íáçå=áå=
íÜÉ=NJNMQ=eò=ê~åÖÉ=ìéçå=íÜÉ=l`m=a`=Äá~ë=EúMKNV=s=îë=^ÖL^Ö`ä=ENjFFK=lå=íÜÉ=çíÜÉê=Ü~åÇI=ÇìêáåÖ=
`s=ãÉ~ëìêÉãÉåíëI= íÜÉ= ëçäìíáçå=ï~ë=åçí= ëíáêêÉÇK=qÜÉëÉ=ïÉêÉ=éÉêÑçêãÉÇ=~ééäóáåÖ=~=a`=éçíÉåíá~äI=
Ñêçã=JMKO=íç=MKS=s=~åÇ=Ä~Åâï~êÇëI=ïáíÜ=~=RM=ãsLë=ëÅ~å=ëéÉÉÇK=

qÜÉ=êÉëìäíë=Ñêçã=bfp=~åÇ=`s=ãÉ~ëìêÉãÉåíë=~êÉ=éêÉëÉåíÉÇ=~åÇ=ÇáëÅìëëÉÇ=áå=ëÉÅíáçå=RKOK=cêçã=
íÜáë= ÇáëÅìëëáçåI= ~= ÅçãéäÉíÉ= ÑìåÅíáçå~äáë~íáçå= éêçíçÅçä= ï~ë= ÅÜçëÉå= íç= ÉãÄçÇó= íÜÉ= áãéÉÇáãÉíêáÅ=
ÄáçëÉåëçê=éêçíçíóéÉ=íç=ÄÉ=íÉëíÉÇ=Ñçê=bK=Åçäá=éêÉëÉåÅÉ=~åÇ=áí=áë=éêÉëÉåíÉÇ=áå=cáÖìêÉ=PKQK=

=
cáÖìêÉ= PKQW= oÉéêÉëÉåí~íáîÉ= ëÅÜÉãÉ= çÑ= íÜÉ= ÑìåÅíáçå~äáë~íáçå= éêçíçÅçä= Ñçê= éêçÇìÅíáçå= çÑ= íÜÉ= áãéÉÇáãÉíêáÅ=
ÄáçëÉåëçêI=áå=ïÜáÅÜ=E~F=áë=íÜÉ=ifd=ÉäÉÅíêçÇÉI=EÄF=íÜÉ=^mqbpJÑìåÅíáçå~äáëÉÇ=ÉäÉÅíêçÇÉI=EÅF=íÜÉ=ÉäÉÅíêçÇÉ=ïáíÜ=
íÜÉ=áããçÄáäáëÉÇ=~åíáJbK=Åçäá=~åÇ=EÇF=íÜÉ=é~ëëáî~íÉÇ=ÉäÉÅíêçÇÉK=

4.3 E. coli immobilisation and tests 
e~îáåÖ=íÜÉ=ÑìåÅíáçå~äáë~íáçå=éêçíçÅçä=ëíìÇáÉÇI=íÜÉ=Ñáå~ä=ëíÉé=çÑ=íÜáë=ïçêâ=ï~ë=íç=íÉëí= íÜÉ=Ñìääó=

ÑìåÅíáçå~äáëÉÇ=ÉäÉÅíêçÇÉë=íçï~êÇë=ÇáÑÑÉêÉåí=bK=Åçäá=ÅçåÅÉåíê~íáçåë=áå=çêÇÉê=íç=éêçîÉ=íÜÉ=ÅçåÅÉéí=çÑ=
ÄáçëÉåëçêK=

qç= ëí~êíI= íÜÉ= bK= Åçäá= ëíê~áå= b`oNI= Ñêçã= ~= éêáî~íÉ= ÅçääÉÅíáçå= çÑ= íÜÉ= jáÅêçÄáçäçÖó= Öêçìé= áå=
råáîÉêëáíó=çÑ=^îÉáêç= EÜííéWLLÄáçãáÅêçä~ÄKïÉÄKì~KéíLF= xNOQzI=ï~ë= áåçÅìä~íÉÇ= áå=iìêá~=_Éêí~åá= Ei_F=
ãÉÇáìã=~åÇ=áåÅìÄ~íÉÇ=Ñçê=NSÜ=~í=PT=ø`K=få=çêÇÉê=íç=Éëí~ÄäáëÜ=íÜÉ=ëÉîÉê~ä=bK=Åçäá=ÅçåÅÉåíê~íáçåë=íç=
íÉëíI= çéíáÅ~ä= ÇÉåëáíó=ï~ë=ãÉ~ëìêÉÇ= ~í= SMM= åãK= få= Ñ~ÅíI= íÜáë=ãÉ~ëìêÉãÉåí= éêçîáÇÉë= ~å= Éëíáã~íáçå=
åìãÄÉê= çÑ= bK= Åçäá= ÅÉääë= áå= íÜÉ= ëçäìíáçå= EN= la= ~í= SMM= åã= ~ééêçñáã~íÉäó= ÅçêêÉëéçåÇë= íç=
U=ñ=NMU=ÅÉääëLãiFI=Éå~ÄäáåÖ=íç=éêçÅÉÉÇ=ïáíÜ=íÜÉ=ÄáçëÉåëçê=íÉëíë=ìëáåÖ=ÑêÉëÜ=ÅÉääëK=eçïÉîÉêI=íÜÉ=êÉëìäí=
ï~ë=ÅçåÑáêãÉÇ=ä~íÉê=íÜêçìÖÜ=éä~íÉ=ÅçìåíáåÖ=íÉÅÜåáèìÉ=~ë=éêçíçÅçäK=qÜÉåI=~ÑíÉê=~ÇÇêÉëëáåÖ=íÜÉ=bK=Åçäá=
ÅçåÅÉåíê~íáçå=çÑ=íÜÉ=áåçÅìäìãI=íÜÉ=ä~ííÉê=ï~ë=ÇáäìíÉÇ=áå=m_pI=êÉëìäíáåÖ=áå=T=ÅçåÅÉåíê~íáçåëW=RI=NMI=
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NMOI=NMPI=NMQI=NMRI=NMS=`crLãiK=`Éää=åìãÄÉêë=Éëíáã~íáçåë=ïÉêÉ=ÅçåÑáêãÉÇ=íÜêçìÖÜ=éä~íÉ=ÅçìåíáåÖK=
cçê= íÜáëI= íÜÉ= Ä~ÅíÉêá~ä= ÅìäíìêÉ= ï~ë= ëÉêá~ääó= ÇáäìíÉÇ= áå= m_p= ~åÇ= éä~íÉÇ= áå= íêáéäáÅ~íÉ= çå= i^= Ei_=
ëìééäÉãÉåíÉÇ=ïáíÜ=~Ö~ê=~í=NKRBFK=^ÑíÉê=NSÜ=çÑ=áåÅìÄ~íáçå=~í=PT=ø`I=íÜÉ=Åçäçåó=ÑçêãáåÖ=ìåáíë=ïÉêÉ=
ÉåìãÉê~íÉÇK=qÜÉ=Éñ~Åí=ë~ãÉ=éêçÅÉÇìêÉ=ï~ë=éÉêÑçêãÉÇ=Ñçê=pÜÉï~åÉää~=ëíê~áå=foOQ=xNORzI=íÜÉ=Ä~ÅíÉêá~=
ìëÉÇ=íç=éêçîÉ=ëÉäÉÅíáîáíóK=_çíÜ=bK=Åçäá=~åÇ=pÜÉï~åÉää~=Çáäìíáçåë=ïÉêÉ=âÉéí=~í=úQ=ø`=ÄÉÑçêÉ=~åÇ=ÇìêáåÖ=
íÜÉ=ÄáçëÉåëçê=íÉëíëK=

`çåÅÉêåáåÖ=íÜÉ=ÄáçëÉåëçê=íÉëíI=ÄÉëáÇÉë=íÜÉ=Ñìääó=ÑìåÅíáçå~äáëÉÇ=ÉäÉÅíêçÇÉëI=~=ëÉí=çÑ=ÉäÉÅíêçÇÉë=ï~ë=
éêÉé~êÉÇ= ïáíÜ= íÜÉ= áåíÉåí= çÑ= ÇáëÅäçëÉ= Ñ~äëÉJéçëáíáîÉ= êÉëìäíëK= eÉåÅÉI= íÜÉ= ëÉí= çÑ= ÉäÉÅíêçÇÉë= íÉëíÉÇ= áë=
éêÉëÉåíÉÇ=áå=q~ÄäÉ=PKNI=ïÜÉêÉ=Ñçê=É~ÅÜ=íÉëí=íÜÉ=ÅçêêÉëéçåÇáåÖ=í~êÖÉí=Ä~ÅíÉêá~=~êÉ=ãÉåíáçåÉÇK=

=
q~ÄäÉ=PKNW=pÉí=çÑ=íÉëíë=éÉêÑçêãÉÇI=áåÅäìÇáåÖ=íÜÉ=ÅçåíêçäëI=~åÇ=íÜÉ=ÇÉëáÖå~íÉÇ=í~êÖÉí=Ä~ÅíÉêá~=íÉëíÉÇK=

==
b~ÅÜ=ÉäÉÅíêçÇÉ=ï~ë=íÉëíÉÇ=Ñçê=íÜÉ=T=ÅçåÅÉåíê~íáçåë=çÑ=Ä~ÅíÉêá~=éêÉé~êÉÇI= áå=~ëÅÉåÇáåÖ=çêÇÉêK=qÜ~í=
ë~áÇI=íÜÉ=ÉäÉÅíêçÇÉë=ïÉêÉ=áåáíá~ääó=ÇáééÉÇ=áå=íÜÉ=R=`crLãi=ëçäìíáçå=Ñçê=QR=ãáåI=íç=~ëëìêÉ=ÉåçìÖÜ=
íáãÉ=Ñçê=Ä~ÅíÉêá~=áããçÄáäáë~íáçåK=^ÑíÉêï~êÇëI=íÜÉ=ÉäÉÅíêçÇÉë=ïÉêÉ=êáåëÉÇ=ïáíÜ=m_p=íç=êÉãçîÉ=åçåJ
ÄçìåÇÉÇ=ã~íÉêá~äI=ëìÅÜ=~ë=Ä~ÅíÉêá~=~åÇ=ÅìäíìêÉ=ãÉÇáìã=åìíêáÉåíëI=~åÇ=ÖÉåíäó=ÇêáÉÇ=ïáíÜ=~=kO=ÑäçïK=
qÜÉåI=íç=çÄí~áå=íÜÉ=íÉëí=êÉëéçåëÉI=É~ÅÜ=ÉäÉÅíêçÇÉ=ï~ë=ëìÄãáííÉÇ=íç=çåÉ=bfp=ãÉ~ëìêÉãÉåíI=ìåÇÉê=íÜÉ=
ë~ãÉ=ÅçåÇáíáçåë=ìëÉÇ=áå=íÜÉ=ëÉÅíáçå=ÄÉÑçêÉK=cáå~ääóI=íÜÉ=ÉäÉÅíêçÇÉë=ïÉêÉ=êáåëÉÇ=ïáíÜ=m_p=~åÇ=ÇêáÉÇ=
ïáíÜ=~=ÖÉåíäÉ=kO=ÑäçïK=`çåëÉèìÉåíäóI= íÜáë=éêçÅÉÇìêÉ=ï~ë=êÉéÉ~íÉÇ=Ñçê=É~ÅÜ=ÅçåÅÉåíê~íáçå=~åÇ=íÜÉ=
êÉëìäíë=çÄí~áåÉÇ=~êÉ=éêÉëÉåíÉÇ=~åÇ=ÇáëÅìëëÉÇ=áå=ëÉÅíáçå=RKPK=

= =
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V | Results and Discussion 

5.1 LIG electrodes Characterisation 
qÜÉ=~áã=çÑ=íÜáë=íÜÉëáë=ï~ë=íç=ÇÉîÉäçé=~=ifd=áãéÉÇáãÉíêáÅ=ÄáçëÉåëçê=Ñçê=bK=Åçäá=ÇÉíÉÅíáçåK=pçI=íç=

~ÇÉèì~íÉäó= ~ÅÅçãéäáëÜ= áíI= íÜÉ= ëí~êíáåÖ= éçáåí= çÑ= íÜáë= ïçêâ= ëÉííäÉÇ= çå= íÜÉ= éêçÇìÅíáçå= ~åÇ=
ÅÜ~ê~ÅíÉêáë~íáçå= çÑ= íÜÉ= ifd= ë~ãéäÉëI= ìëáåÖ= ~ë= ëí~êíáåÖ= ã~íÉêá~ä= ~= éçäóáãáÇÉ= EmfF= ÑçáäK= jçêÉ=
ëéÉÅáÑáÅ~ääóI= ~ííÉãéíáåÖ= íç= Éî~äì~íÉ= íÜÉ= áåÑäìÉåÅÉ= çÑ= íÜÉ= ä~ëÉê= ëÅ~å= ëéÉÉÇ= Eîä~ëÉêF= çå=ãçêéÜçäçÖáÅ~ä=
ÅÜ~ê~ÅíÉêáëíáÅë=~åÇ=ÉäÉÅíêçÅÜÉãáÅ~ä=éêçéÉêíáÉë=çÑ=ifdK=táíÜ=êÉëéÉÅí=íç=íÜ~íI=ë~ãéäÉë=Ñçê=É~ÅÜ=çÑ=íÜÉ=
ÑáîÉ=îä~ëÉê= ENRMI=OMMI=ORMI=PMM=~åÇ=PRM=ããLëF=ïÉêÉ= ëíìÇáÉÇ= íÜêçìÖÜ=ëÅ~ååáåÖ=ÉäÉÅíêçå=ãáÅêçëÅçéó=
EpbjF=~åÇ=o~ã~å=ëéÉÅíêçëÅçéó=~åÇ=Äó=ÉäÉÅíêçÅÜÉãáÅ~ä=ãÉ~ëìêÉãÉåíëK=

få= cáÖìêÉ= QKNI= pbj= áã~ÖÉë= ~ÅèìáêÉÇ= Ñçê= É~ÅÜ= îä~ëÉê= ~êÉ= éêÉëÉåíÉÇK=oÉÅ~ääáåÖ= íÜÉ= ä~ëÉê= éêçÅÉëë=
ÇÉëÅêáÄÉÇ=áå=ëÉÅíáçå=QKNI=íÜÉ=ë~ãéäÉë=~êáëÉ=Ñêçã=äáåÉ~ê=ëé~ÅÉÇ=é~ëë~ÖÉë=çÑ=íÜÉ=ä~ëÉê=ÄÉ~ã=çåíç=íÜÉ=
h~éíçå=ÑçáäK=få=Ñ~ÅíI=çåÉ=Å~å=åçíáÅÉ=ïÉää=íÜÉëÉ=é~ëë~ÖÉë=Ñçê=íÜÉ=äçïÉê=îä~ëÉê=EcáÖìêÉ=QKNJ~=~åÇ=ÄF=ïÜáÅÜ=
Å~å=ÄÉ=áåíÉêéêÉíÉÇ=~ë=íÜÉ=Ñçêã~íáçå=çÑ=î~ääÉóJ=~åÇ=ÜáääJäáâÉ=ãçêéÜçäçÖáÉëK=qÜÉëÉ=ãçêéÜçäçÖáÉë=~êÉ=
áåÜÉêÉåí=íç=íÜÉ=ÉÑÑÉÅí=çÑ=íÜÉ=ä~ëÉê=ÄÉ~ã=çå=íÜÉ=mfI=áåÅäìÇáåÖ=íÜÉ=íÉãéÉê~íìêÉ=ÇáÑÑìëáçåI=~ë=ÇÉéáÅíÉÇ=
áå=íÜÉ=ïçêâ=ÇÉîÉäçéÉÇ=Äó=páÇ~=Éí=~äK=xNMSzI=ïÜÉêÉ=íÜÉ=áåÑäìÉåÅÉ=çÑ=ä~ëÉê=éçïÉê=çå=íÜÉëÉ=ãçêéÜçäçÖáÉë=
ï~ë=ëíìÇáÉÇK=få=cáÖìêÉ=QKNI=çåÉ=Å~å=ëÉÉ=íÜÉ=áãé~Åí=çÑ=íÜÉ=îä~ëÉêI=ïÜáÅÜ=Å~å=ÄÉ=áåíÉêéêÉíÉÇ=~ë=íÜÉ=íáãÉ=
íÜ~í=íÜÉ= ä~ëÉê=ëéçí= áåíÉê~Åíë=ïáíÜ=mfI=çå=íÜÉëÉ=Ñçêã~íáçåë=~åÇ=çå=íÜÉ=éçêçìë=ÇáëíêáÄìíáçåK=fåÇÉÉÇI=
ïáíÜ=áåÅêÉ~ëáåÖ=ä~ëÉê=ëÅ~å=ëéÉÉÇI=çåÉ=çÄëÉêîÉë=íÜ~í=íÜÉ=ìåÉîÉå=ãçêéÜçäçÖó=íìêåë=äÉëë=~ÅÅÉåíì~íÉÇ=~åÇ=
íÜÉ=åìãÄÉê=çÑ=éçêçìë=íÉåÇë=íç=êáëÉK=qÜÉëÉ=ãçêéÜçäçÖáÉë=~êÉ=êÉä~íÉÇ=íç=ä~ëÉê=ëéçí=çîÉêä~ééáåÖ=çå=íÜÉ=
åÉ~êÄó= êÉÖáçåë= çÑ= íÜÉ= ifd= ëíêìÅíìêÉI= ãÉ~åáåÖ= åÉï= íÉãéÉê~íìêÉ= Öê~ÇáÉåíë= êÉëéçåëáÄäÉ= Ñçê=
êÉ~êê~åÖÉãÉåíë= çÑ= íÜÉ= ëíêìÅíìêÉI= ÉãéÜ~ëáòáåÖ= íÜÉëÉ= Ñçêã~íáçåë= ~åÇ= íÜÉ= åìãÄÉê= çÑ= éçêçìëK= ^=
ã~ÖåáÑáÉÇ=îáÉï=çÑ=íÜÉëÉ=ëìêÑ~ÅÉë=Å~å=ÄÉ=ëÉÉå=áå=cáÖìêÉ=QKO=íÜ~í=Éå~ÄäÉë=íç=çÄëÉêîÉ=áå=ÇÉí~áä=íÜÉ=íóéáÅ~ä=
ëìêÑ~ÅÉ=~åÇ=íÜÉ=éçêçìë=ëíêìÅíìêÉ=áåÜÉêÉåí=íç=ifd=ë~ãéäÉëK=

=
cáÖìêÉ=QKNW=pbj=áã~ÖÉë=çÑ=íÜÉ=ifd=ë~ãéäÉë=éêçÇìÅÉÇ=Äó=ä~ëÉê=áåíÉê~Åíáçå=ïáíÜ=íÜÉ=h~éíçå®=Ñçáä=ìëáåÖ=íÜÉ=
ÑáîÉ=îä~ëÉêI=E~F=NRM=ããLëI=EÄF=OMM=ããLëI=EÅF=ORM=ããLëI=EÇF=PMM=ããLë=~åÇ=EÉF=PRM=ããLëK==
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=
cáÖìêÉ=QKOW=j~ÖåáÑáÉÇ=pbj=áã~ÖÉë=çÑ=íÜÉ=ifd=ë~ãéäÉ=éêçÇìÅÉÇ=ïáíÜ=PMM=ããLëK=få=E~FI=áí=áë=ÜáÖÜäáÖÜíÉÇ=íÜÉ=
ëìêÑ~ÅÉ=ãçêéÜçäçÖó=~åÇ=íÜÉ=éçêçìë=ÇáëíêáÄìíáçåK=få=EÄFI=çåÉ=ÑçÅìë=çå=~=éçêçìë=ëíêìÅíìêÉK==

få=çêÇÉê= íç= ëíêìÅíìê~ääó= ÅÜ~ê~ÅíÉêáëÉ= íÜÉ=ifd= ë~ãéäÉë=éêçÅÉëëÉÇ=ìåÇÉê=ÇáÑÑÉêÉåí= îä~ëÉêI=o~ã~å=
ëéÉÅíêçëÅçéó= ï~ë= éÉêÑçêãÉÇK= qÜáë= áë= ~= ïÉääJÉëí~ÄäáëÜÉÇ= ÅÜ~ê~ÅíÉêáë~íáçå= íÉÅÜåáèìÉ= Ñçê= Å~êÄçå=
~ääçíêçéÉëI=éêçîáÇáåÖ=áåÑçêã~íáçå=~Äçìí=ëíêìÅíìê~ä=~åÇ=ÉäÉÅíêçåáÅ=éêçéÉêíáÉëI=é~êíáÅìä~êäó=áå=Öê~éÜÉåÉ=
ë~ãéäÉëI= áå= ~= åçåJÇÉëíêìÅíáîÉ= ï~ó= xNOSzK= cçê= É~ÅÜ= ë~ãéäÉI= ÑáîÉ= ê~åÇçã= ëáíÉë= ïÉêÉ= ÅÜçëÉå= Ñçê=
~Åèìáëáíáçå=çÑ=ëéÉÅíê~K=^äëçI=ïáíÜáå=íÜÉëÉ=ÑáîÉ=ëáíÉëI=~å=ÉÑÑçêí=ï~ë=ã~ÇÉ=íç=çÄí~áå=ëéÉÅíê~=Ñçê=î~ääÉóJ=
~åÇ=ÜáääJäáâÉ=äçÅ~äáë~íáçåëK=cçê=ÉîÉêó=îä~ëÉêI=íÜÉ=ëéÉÅíê~=çÄí~áåÉÇ=~êÉ=îÉêó=ëáãáä~êI=ÉîÉå=ÄÉíïÉÉå=î~ääÉóJ=
~åÇ=ÜáääJäáâÉ=ëáíÉëI=ïáíÜ=ÉñÅÉéíáçå=Ñçê=íÜÉ=ifd=ë~ãéäÉ=éêçÇìÅÉÇ=ïáíÜ=ORM=ããLëI=ïÜÉêÉ=íÜÉ=éêÉëÉåÅÉ=
çÑ=íÜÉ=aÛ=Ä~åÇ=áë=ëäáÖÜíäó=éÉêÅÉéíáîÉK=qÜìëI= áå=cáÖìêÉ=QKPI=íÜÉ=o~ã~å=ëéÉÅíê~=çÑ=ifd=ë~ãéäÉë=~êÉ=
éêÉëÉåíÉÇI=ÇáëíáåÖìáëÜáåÖ=íÜÉ=ifd=éêçÇìÅÉÇ=ïáíÜ=ORM=ããLë=EcáÖìêÉ=QKPJÄFK=få=ÄçíÜ=ëéÉÅíê~I=çåÉ=Å~å=
áÇÉåíáÑó= íÜÉ= íÜêÉÉ=ãçëí= éêçãáåÉåí= Ä~åÇëI= íÜÉ=dI= íÜÉ=a= ~åÇ= íÜÉ= OaI= íóéáÅ~ä= çÑ= Öê~éÜÉåÉJÄ~ëÉÇ=
ã~íÉêá~äëK=

=

=

cáÖìêÉ=QKPW=o~ã~å=ëéÉÅíê~=çÑ=ifd=ë~ãéäÉëK=E~F=oÉéêÉëÉåí~íáîÉ=o~ã~å=ëéÉÅíêìã=Ñçê=ifd=éêçÇìÅÉÇ=ïáíÜ=NRMI=
OMMI=PMM=~åÇ=PRM=ããLëK=EÄF=o~ã~å=ëéÉÅíêìã=çÄí~áåÉÇ=Ñçê=ifd=éêçÇìÅÉÇ=ïáíÜ=ORM=ããLëK==

qÜÉ=ãçëí=áåíÉåëÉ=Ä~åÇI=~ééÉ~êáåÖ=~í=úNRTP=ÅãJNI=áë=íÜÉ=d=Ä~åÇ=~åÇ=áë=~ëÅêáÄÉÇ=íç=çåÉJéÜçåçå=
ëÅ~ííÉêáåÖ=çÑ=íÜÉ=ëíêÉíÅÜáåÖ=ãçÇÉ=çÑ=ëéO=Å~êÄçå=ÄçåÇë=xNOTzK=jçêÉçîÉêI=íÜÉ=éêÉëÉåÅÉ=çÑ=íÜÉ=a=Ä~åÇI=
~í=úNPRU=ÅãJNI=áåÇáÅ~íÉë=íÜÉ=ÉñáëíÉåÅÉ=çÑ=ÇÉÑÉÅíë=çå=Öê~éÜÉåÉ=ëíêìÅíìêÉK=qÜáë=Ä~åÇ=áë=çêáÖáå~íÉÇ=Äó=
ÇçìÄäÉJêÉëçå~åÅÉ=ãÉÅÜ~åáëã=ÅçãéêáëáåÖ= íÜÉ=ëÅ~ííÉêáåÖ=çÑ=çåÉJéÜçåçå=çÑ= íÜÉ=ÄêÉ~íÜáåÖ=ãçÇÉ=çÑ=
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ÇÉÑÉÅíáîÉ=~êçã~íáÅ=êáåÖëI=ïÜáÅÜ=éêÉëÉåí=~å=~ÇÇáíáçå~ä=ëÅ~ííÉêáåÖ=~í=íÜÉ=ÇÉÑÉÅí=ëáíÉë=xNOSzK=qÜÉ=ê~íáç=
ÄÉíïÉÉå=áåíÉåëáíáÉë=çÑ=íÜÉ=a=~åÇ=d=Ä~åÇëI=faLfdI=Éå~ÄäÉë=íÜÉ=Éî~äì~íáçå=çÑ=íÜÉ=ÇÉÑÉÅí=ÇÉåëáíó=çå=íÜÉ=
Öê~éÜÉåÉJÄ~ëÉÇ=ã~íÉêá~äK=få=Åçåíê~ëíI=íÜÉ=Oa=Ä~åÇI=ïÜáÅÜ=áë=íÜÉ=a=Ä~åÇ=çîÉêíçåÉI=ÇçÉë=åçí=êÉèìáêÉ=
ÇÉÑÉÅíë=Ñçê=áíë=~Åíáî~íáçå=ëáåÅÉ=áí=êáëÉë=Ñêçã=íÜÉ=ëÅ~ííÉêáåÖ=çÑ=íïç=éÜçåçåëI=ïáíÜ=ëóããÉíêáÅ=ãçãÉåí~I=
çÑ= íÜÉ= ÄêÉ~íÜáåÖ= ãçÇÉ= çÑ= EéÉêÑÉÅíF= ~êçã~íáÅ= êáåÖëK= få= íÜáë= Å~ëÉI= íÜÉ= ÇçìÄäÉJêÉëçå~åÅÉ= éêçÅÉëë=
~ëëçÅá~íÉë=íÜÉ=éÜçåçåë=íç=íÜÉ=ÉäÉÅíêçåáÅ=Ä~åÇë=çÑ=Öê~éÜÉåÉ=xNOSzK=pçI=Ñçê=ëáåÖäÉJä~óÉê=Öê~éÜÉåÉI=íÜÉ=
Oa=áë=~=ëÜ~êé=éÉ~â=ïáíÜ=íÜÉ=ÜáÖÜÉëí=áåíÉåëáíó=çÑ=íÜÉ=ëéÉÅíêìãK=fåÅêÉ~ëáåÖ=íÜÉ=åìãÄÉê=çÑ=Öê~éÜÉåÉ=
ä~óÉêë= íÜÉ=éÉ~â=ïáää= Äêç~ÇÉå=~åÇ= áíë= áåíÉåëáíó=ÇÉÅêÉ~ëÉëK=qÜÉ= áåíÉê~Åíáçå=ÄÉíïÉÉå=Öê~éÜÉåÉ= ä~óÉêë=
Å~ìëÉë=~= ëéäáííáåÖ=çÑ= íÜÉ=ÉäÉÅíêçåáÅ=Ä~åÇë=~åÇI= ÅçåëÉèìÉåíäóI= ëéäáííáåÖ= íÜÉ=Oa=ëáÖå~ä= xNOSzI= xNOUzK=
kçåÉíÜÉäÉëëI=íÜÉ=ëéäáííáåÖ=çÑ=íÜáë=éÉ~â=çÅÅìêë=Ñçê=ë~ãéäÉë=ïÜÉêÉ=íÜÉ=Öê~éÜÉåÉ=ä~óÉêë=Ñçääçï=_Éêå~ä=
ëí~ÅâáåÖK=cçê=ÇáëçêÇÉêÉÇ=ãìäíáä~óÉê=Öê~éÜÉåÉ=ë~ãéäÉëI=~ë= áåÅçããÉåëìê~ÄäÉ=Öê~éÜÉåÉI=~=ãìÅÜ=äÉëë=
áåíÉåëÉ=ëáåÖäÉ=Oa=éÉ~â=áë=éêÉëÉåíÉÇ=xNOSzI=xNOVzK=eÉåÅÉI=íÜÉ=ëÜ~éÉ=~åÇ=áåíÉåëáíó=çÑ=íÜáë=Ä~åÇ=Éå~ÄäÉë=
çåÉ=íç=êÉéçêí=~Äçìí=íÜÉ=åìãÄÉê=çÑ=Öê~éÜÉåÉ=ä~óÉêë=~åÇI=ëáãìäí~åÉçìëäóI=íç=ëí~íÉ=~Äçìí=áíë=ëí~ÅâáåÖK=
rëì~ääóI=íÜáë=áåÑçêã~íáçå=áë=áåíÉÖê~íÉÇ=áå=íÜÉ=ê~íáç=ÄÉíïÉÉå=áåíÉåëáíáÉë=çÑ=íÜÉ=Oa=~åÇ=d=Ä~åÇëI=fOaLfdI=
áÇÉåíáÑóáåÖ=íÜÉ=åìãÄÉê=çÑ=Öê~éÜÉåÉ=ä~óÉêëI=Ñçê=ë~ãéäÉë=ìé=íç=ÑáîÉ=ä~óÉêëK=få=cáÖìêÉ=QKPI=íÜÉ=Oa=~ééÉ~êë=
~í= úOTNV= ÅãJN= éêÉëÉåíáåÖ= ~= Äêç~Ç= ëáåÖäÉ= éÉ~â= ëÜ~éÉ= ïáíÜ= äçïÉê= áåíÉåëáíó= íÜ~å= íÜÉ= d= Ä~åÇK=
^ÇÇáíáçå~ääóI=çåÉ=Å~å=ëéçí=çíÜÉê=Ä~åÇë=áå=cáÖìêÉ=QKPI=ëìÅÜ=~ë=aÛI=çåäó=éÉêÅÉéíáîÉ=áå=cáÖìêÉ=QKPJEÄFI=
OaÛI=aHaÛÛ= ~åÇ=aHaÛK= páãáä~êäó= íç= íÜÉ=a=Ä~åÇI=aÛ= áë= ÖÉåÉê~íÉÇ= Ñêçã=ÇçìÄäÉJêÉëçå~åÅÉ= çÑ= çåÉJ
éÜçåçå= éêçÅÉëë= ~äëç= ~Åíáî~íÉÇ= Äó= íÜÉ= éêÉëÉåÅÉ= çÑ= ÇÉÑÉÅíëI= Äìí= áí=ï~ë= ÉñéäçêÉÇ= íç= çìíëí~åÇë= ìéçå=
î~Å~åÅóJíóéÉ= ÇÉÑÉÅíë= xNPMzK= få= cáÖìêÉ= QKPI= aÛ= ~ééÉ~êë= ~í= úNSOM= ÅãJN= ~åÇ= áíë= çîÉêíçåÉI= OaÛI= ~í=
úPOMP= ÅãJNK= ^ë= Oa= Ä~åÇI= OaÛ= áåîçäîÉë= íïçJéÜçåçå= ëÅ~ííÉêáåÖI= åçí= êÉèìáêáåÖ= ÇÉÑÉÅíë= Ñçê= áíë=
~ééÉ~ê~åÅÉ=çå=íÜÉ=o~ã~å=ëéÉÅíêìãK=_ÉëáÇÉë=a=~åÇ=aÛ=Ä~åÇëI=íÜÉ=éêÉëÉåÅÉ=çÑ=ÇÉÑÉÅíë=~äëç=ÖáîÉë=êáëÉ=
íç=íïçJéÜçåçå=éêçÅÉëëÉë=~ëëáëíÉÇ=Äó=ÉäÉÅíêçåJÇÉÑÉÅí=ëÅ~ííÉêáåÖI=çêáÖáå~íáåÖ=ÅçãÄáå~íáçå=Ä~åÇëI=ëìÅÜ=
~ë=aHaÛÛ=~åÇ=aHaÛ=xNOSzK=få=cáÖìêÉ=QKPI=íÜÉëÉ=~ééÉ~ê=~í=úOQOV=~åÇ=úOVQV=ÅãJNI=êÉëéÉÅíáîÉäóK=cìêíÜÉêI=
áå=çêÇÉê=íç=Ü~îÉ=~=ÖççÇ=ÑáííáåÖ=çÑ=íÜÉ=çÄí~áåÉÇ=ëéÉÅíê~I=áí=ï~ë=åÉÅÉëë~êó=íç=~ÅÅçìåí=ïáíÜ=íÜÉ=Äêç~Ç=
Ä~åÇ= ~ëëáÖåÉÇ= íç= ~ãçêéÜçìë= Å~êÄçå= ~í= úNQQM= ÅãJN= xNOSzK=i~ëíäóI= çåÉ= Å~å=åçíáÅÉ= ~= ëã~ää= éÉ~â= ~í=
úOPOT=ÅãJN=~ëÅêáÄÉÇ=íç=~íãçëéÜÉêáÅ=åáíêçÖÉå=áå=íÜÉ=ä~ëÉê=ÑçÅìë=êÉÖáçå=xNPNzK=

qç=Éî~äì~íÉ=íÜÉ=ÇáÑÑÉêÉåÅÉë=ÄÉíïÉÉå=íÜÉ=ifd=éêçÇìÅÉÇ=Äó=íÜÉ=ÇáÑÑÉêÉåí=îä~ëÉêI=ÄçíÜ=faLfd=~åÇ=fOaLfd=
ïÉêÉ=ÇÉíÉêãáåÉÇ=~åÇ=~êÉ=áåíêçÇìÅÉÇ=áå=q~ÄäÉ=QKNK=qÜÉëÉ=î~äìÉë=ïÉêÉ=Éëí~ÄäáëÜÉÇ=Äó=íÜÉ=ãÉ~å=çÑ=íÜÉ=
ê~íáçë=Ñçê=É~ÅÜ=çÑ=íÜÉ=ÑáîÉ=ëáíÉë=~å~äóëÉÇI=Ñçê=É~ÅÜ=îä~ëÉêK=

=
q~ÄäÉ=QKNW=fåíÉåëáíó=ê~íáçë=faLfd=~åÇ=fOaLfd=Ñçê=É~ÅÜ=ä~ëÉê=ëÅ~å=ëéÉÉÇK=

= NRM=ããLë= OMM=ããLë= ORM=ããLë= PMM=ããLë= PRM=ããLë=

faLfd= MKPM=œ=MKMQ= MKPP=œ=MKMQ= MKOV=œ=MKMU= MKPT=œ=MKMT= MKPS=œ=MKMT=

fOaLfd= MKQO=œ=MKMP= MKQP=œ=MKMO= MKQM=œ=MKMQ= MKQP=œ=MKMP= MKQN=œ=MKMP=
=

^å~äóëáåÖ=q~ÄäÉ=QKNI=áí=áë=åçí=åçíáÅÉ~ÄäÉ=ëáÖåáÑáÅ~åí=ÇáÑÑÉêÉåÅÉë=ÄÉíïÉÉå=ifd=éêçÇìÅÉÇ=Äó=íÜÉ=ÑáîÉ=
îä~ëÉêK= qÜìëI= çåÉ= ÅçåÅäìÇÉë= íÜ~í= íÜÉ= ä~ëÉê= ëÅ~å= ëéÉÉÇI= Ñçê= íÜÉëÉ= ÑáîÉ= ëéÉÉÇëI= ÇçÉë= åçí= áåÑäìÉåÅÉ=
ëáÖåáÑáÅ~åíäó=íÜÉ=ÇÉåëáíó=çÑ=ÇÉÑÉÅíë=~ë=ïÉää=~ë=íÜÉ=çêáÉåí~íáçå=~åÇ=åìãÄÉê=çÑ=ä~óÉêë=çÑ=ifdK=^Åíì~ääóI=
íÜÉ= ìåáèìÉ= ÇáÑÑÉêÉåÅÉ= åçíÉÇ= ï~ë= íÜÉ= ã~åáÑÉëí= çÑ= ~= ëã~ää= aÛ= Ä~åÇ= Ñçê= íÜÉ= ifd= éêçÇìÅÉÇ= ïáíÜ=
ORM=ããLëK=^ÅÅçêÇáåÖäó=íç=íÜÉ=éêÉîáçìë=êÉëìäíëI=çåÉ=Å~å=ëí~íÉ=íÜ~í=ifd=ë~ãéäÉë=~êÉ=áå=Ñ~Åí=ÇÉÑÉÅíáîÉ=
Öê~éÜÉåÉI=~ë=áí=áë=~å=~ëéáêÉÇ=êÉëìäí=Ñçê=íÜÉ=ã~áå=~áã=çÑ=íÜáë=ïçêâK=^ë=ãÉåíáçåÉÇ=áå=ëÉÅíáçå=OKPI=íÜÉ=
éêÉëÉåÅÉ=çÑ=ÇÉÑÉÅíë=ê~áëÉë=íÜÉ=âáåÉíáÅë=áå=ÉäÉÅíêçÅÜÉãáÅ~ä=ëóëíÉãëI=ÅçåÅÉÇáåÖ=ÖêÉ~í=ëÉåëáÄáäáíó=íçï~êÇë=
áãéÉÇáãÉíêáÅ=ãÉ~ëìêÉãÉåíëK=
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båîáëáçåáåÖ=íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=ÅÜ~ê~ÅíÉêáë~íáçåI=ifd=ÉäÉÅíêçÇÉë=ïÉêÉ=éêÉé~êÉÇ=~ë=ÇÉëÅêáÄÉÇ=áå=
ëÉÅíáçå=QKNI=áå=ïÜáÅÜ=ÉäÉÅíêáÅ~ä=Åçåí~Åíë=ïÉêÉ=Éëí~ÄäáëÜÉÇI=ìëáåÖ=~=ÅçééÉê=ïáêÉ=~åÇ=ëáäîÉê=áåâI=~åÇ=íÜÉ=
ÉäÉÅíêçÅÜÉãáÅ~ä=~êÉ~=çÑ=É~ÅÜ=ÉäÉÅíêçÇÉ=ï~ë=ÑáñÉÇK=qÜáë=ÅçåëíáíìíÉÇ=~å=áãéçêí~åí=ëíÉéI=ëáåÅÉ=íÜÉ=~áã=
çÑ=ëìÅÜ=ÅÜ~ê~ÅíÉêáë~íáçå=ï~ë=íç=ÇÉíÉêãáåÉ=~åÇ=Åçãé~êÉ=íÜÉ=î~äìÉë=çÑ=íÜÉ=ÜÉíÉêçÖÉåÉçìë=ê~íÉ=íê~åëÑÉê=
Åçåëí~åí=EâMFI=íÜÉ=ÉÑÑÉÅíáîÉ=ÉäÉÅíêç~ÅíáîÉ=~êÉ~=E^ÉÑÑF=~åÇ=íÜÉ=Å~é~Åáí~åÅÉ=éÉê=ìåáí=~êÉ~=E𝛾"#F=Ñçê=É~ÅÜ=
îä~ëÉêKI=ïÜáÅÜ=ïáää=ÄÉ=Éñéä~áåÉÇ=áå=íÜÉ=ÑçääçïáåÖ=é~ê~Öê~éÜëK=qÜÉ=ÉäÉÅíêçäóíÉ=ìëÉÇ=íç=~ÅÅçãéäáëÜ=íÜÉ=
îçäí~ããÉíêáÅ= ~åÇ= ÅÜêçåçÅçìäçãÉíêáÅ=ãÉ~ëìêÉãÉåíë= êÉèìáêÉÇ= íç=ÇÉíÉêãáåÉ= íÜÉ=âM= ~åÇ=^ÉÑÑ= î~äìÉëI=
êÉëéÉÅíáîÉäóI= ï~ë= ~= Nãj= xcÉE`kFSzQJ= áå= éÜçëéÜ~íÉ= ÄìÑÑÉê= ë~äáåÉI= m_p= ENMãjFI= ëçäìíáçåK= qç=
ÇÉíÉêãáåÉ=íÜÉ=𝛾"#I=íÜÉ=ÉäÉÅíêçäóíÉ=ÅçåëáëíÉÇ=çåäó=çå=m_p=ENMãjF=ëçäìíáçåI=ïáíÜçìí=êÉëçêíáåÖ=íç=~åó=
êÉÇçñ=ëéÉÅáÉëK=qÜÉ=ìëÉ=çÑ=NM=ãj=m_p=ëçäìíáçå=~ë=ëìééçêíáåÖ=ÉäÉÅíêçäóíÉ=áë=ÅêìÅá~ä=íç=ëÉííäÉ=íÜÉ=ée=
~åÇ=áçåáÅ=ëíêÉåÖíÜ=ÅçåÇáíáçåë=çÑ=íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=ãÉ~ëìêÉãÉåíëK=`çåëÉèìÉåíäóI=Éëí~ÄäáëÜáåÖ=íÜÉ=
çñáÇ~íáçåJêÉÇìÅíáçå=éçíÉåíá~ä=~åÇ=ìåáÑçêãáíó=çÑ=áçåáÅ=ëíêÉåÖíÜ=íÜêçìÖÜçìí=íÜÉ=ëçäìíáçåI=ã~áåí~áåáåÖ=
íÜÉ= ÇáÑÑìëáçå= ä~óÉê= ëìÑÑáÅáÉåíäó= íÜáÅâ= EëÉãáJáåÑáåáíÉF= áå= Åçãé~êáëçå= íç= íÜÉ= ÇçìÄäÉJä~óÉê= çå= íÜÉ=
ÉäÉÅíêçÇÉëÛ=ëìêÑ~ÅÉI=Ñçê=ã~ëë=íê~åëéçêí=éìêéçëÉë=xSPzI=xNPOzK=

qÜÉ=ÜÉíÉêçÖÉåÉçìë=ÅÜ~êÖÉ=íê~åëÑÉê=ê~íÉ=Åçåëí~åíI=âMI=ÇÉëÅêáÄÉë=íÜÉ=âáåÉíáÅë=~í=ÉäÉÅíêçÇÉJÉäÉÅíêçäóíÉ=
áåíÉêÑ~ÅÉK=`çåîÉåáÉåíäóI= íÜáë= ê~íÉ= áë= áåíáã~íÉäó= êÉä~íÉÇ= íç= íÜÉ=ÅÜ~êÖÉJíê~åëÑÉê= êÉëáëí~åÅÉ= áå= Ñ~ê~Ç~áÅ=
áãéÉÇáãÉíêáÅ= ÄáçëÉåëçêëK= eÉåÅÉI= íÜÉ= ÇÉíÉêãáå~íáçå= çÑ= íÜáë= é~ê~ãÉíÉê= Éå~ÄäÉë= íç= Éî~äì~íÉ= íÜÉ=
ëìáí~Äáäáíó= çÑ= ifd= áå= íÜáë= íóéÉ= çÑ= ÉäÉÅíêçÅÜÉãáÅ~ä= ëÉåëáåÖ= íÉÅÜåçäçÖóK= cìêíÜÉêI= Éëí~ÄäáëÜáåÖ= íÜÉ=
ÉäÉÅíêçÅÜÉãáÅ~ä=~ÅíáîÉ=~êÉ~I=^ÉÑÑI=~ääçïë=íç=~ëëÉëë=íÜÉ=ÉÑÑÉÅíáîÉ=~êÉ~=çÑ=íÜÉ=ÉäÉÅíêçÇÉë=Ñçê=ïÜáÅÜ=Ñ~ê~Ç~áÅ=
éêçÅÉëëÉë=í~âÉ=éä~ÅÉK=cáå~ääóI=íÜÉ=Å~é~Åáí~åÅÉ=éÉê=ìåáí=~êÉ~I=𝛾"#I=ÅçåÅÉÇÉë=~å=Éëíáã~íáçå=çÑ=íÜÉ=ÇçìÄäÉJ
ä~óÉê=Å~é~Åáí~åÅÉI=ïÜáÅÜ=íìêåë=ìëÉÑìä=ïÜÉå=ÑáííáåÖ=íÜÉ=kóèìáëí=éäçíë=íç=íÜÉ=Éèìáî~äÉåí=ÅáêÅìáíK=

m~êíáÅìä~êäóI= âM= Éå~ÄäÉë= íç= ìåÇÉêëí~åÇ= áÑ= íÜÉ= ÅÜ~êÖÉJíê~åëÑÉê= éêçÅÉëë= áë= ëìÑÑáÅáÉåíäó= Ñ~ëí= áå=
Åçãé~êáëçå=ïáíÜ=íÜÉ=ê~íÉ=Ñçê=ïÜáÅÜ=ÇáÑÑìëáîÉ=éêçÅÉëëÉë=í~âÉ=éä~ÅÉK=`çåëÉèìÉåíäóI= áí= áë=~äëç=~=ÖççÇ=
áåÇáÅ~íçê= çÑ= íÜÉ= êÉîÉêëáÄáäáíó= çÑ= íÜÉ= ëóëíÉãI= Åä~êáÑóáåÖ= íÜÉ= ~éíáíìÇÉ= çÑ= íÜÉ= ÉäÉÅíêçÇÉë= íç= ïçêâ= çå=
êÉîÉêëáÄäÉI= èì~ëáJêÉîÉêëáÄäÉ= çê= áêêÉîÉêëáÄäÉ= êÉÖáãÉë= xSPzK= qç= ÇÉíÉêãáåÉ= âMI= çåÉ= êÉëçêíÉÇ= íç= ÅóÅäáÅ=
îçäí~ããÉíêó=E`sF=~í=ÇáÑÑÉêÉåí=ëÅ~å=ê~íÉë=ENMMI=NRMI=OMMI=ORMI=PMMI=PRMI=QMMI=QRMI=RMM=~åÇ=SMM=ãsLëFK=
qÜÉëÉ= ïÉêÉ= éÉêÑçêãÉÇ= Äó= ~ééäóáåÖ= ~= a`= éçíÉåíá~ä= Ñêçã= JMKO= íç= MKS= sK= ^å= Éñ~ãéäÉ= çÑ= íÜÉ=
îçäí~ããçÖê~ãë=çÄí~áåÉÇ=áë=áåíêçÇìÅÉÇ=áå=cáÖìêÉ=QKQJE~FK=

=

=
cáÖìêÉ=QKQW=E~F=lÄí~áåÉÇ=îçäí~ããçÖê~ãë=ìëáåÖ=íÉå=ÇáÑÑÉêÉåí=ëÅ~å=ê~íÉë=çå=çåÉ=çÑ=íÜÉ=ÉäÉÅíêçÇÉë=éêçÇìÅÉÇ=ïáíÜ=
ORM=ããLë= ä~ëÉê= ëÅ~å= ëéÉÉÇI=ãÉ~ëìêÉãÉåíë= ìëáåÖ= xcÉE`kFSz

QJ= áå= m_pK= EÄF=^åçÇáÅ= éÉ~â= ÅìêêÉåí= ÄÉÜ~îáçìê=
êÉÖ~êÇáåÖ=îçäí~ããÉíêáÅ=ëÅ~å=ê~íÉK=qÜÉ=íÜêÉÉ=ëóãÄçäë=êÉéêÉëÉåí=íÜêÉÉ=ÉäÉÅíêçÇÉë=éêçÇìÅÉÇ=ïáíÜ=ë~ãÉ=îä~ëÉêK==

qÜÉ= îçäí~ããçÖê~ãë= ÅçåëáëíÉåíäó= ëéçí= íïç= éÉ~âëI= íÜÉ= ~åçÇáÅ= ~åÇ= íÜÉ= Å~íÜçÇáÅ= éÉ~âëI=
ÅçêêÉëéçåÇáåÖ= íç= íÜÉ= çñáÇ~íáçå= ~åÇ= êÉÇìÅíáçå= çÑ= íÜÉ= êÉÇçñ= ëéÉÅáÉë= ExcÉE`kFSzQJLPJFI= êÉëéÉÅíáîÉäóK=
cìêíÜÉêI= áåÅêÉ~ëáåÖ= ëÅ~å= ê~íÉI= ~å= Éîçäìíáçå= çÑ= íÜÉ= ÅìêêÉåí= êÉëéçåëÉ= ~åÇ= êÉëéÉÅíáîÉ= éçíÉåíá~ä= áë=
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åçíáÅÉ~ÄäÉK= cçê= Ñ~ÅíI= íÜÉ= ÇáÑÑÉêÉåÅÉ= ÄÉíïÉÉå= íÜÉ= ~åçÇáÅ= ~åÇ= Å~íÜçÇáÅ= éÉ~âë= éçíÉåíá~äI= ∆𝐸� =

𝐸�Cp�"Kv − 𝐸�vCw��"Kv	I=~ë=ïÉää=~ë=íÜÉ=ÅìêêÉåí=ê~íáçI=
K�������
K���������

I=ÉîçäîÉ=êÉÖ~êÇáåÖ=íÜÉ=ëÅ~å=ê~íÉI=ìëì~ääó=

íçï~êÇë= áêêÉîÉêëáÄáäáíó= Ñçê=ÜáÖÜÉê= ëÅ~å= ê~íÉëK= få= íÜÉ= áÇÉ~ä= Å~ëÉI= áKÉK= Ñçê= êÉîÉêëáÄäÉ= ëóëíÉãëI= íÜÉ=éÉ~â=
ÅìêêÉåí=E𝑖�Cp�"KvF=áë=ÇÉëÅêáÄÉÇ=Äó=íÜÉ=o~åÇäÉëJpÉîÅáâ=Éèì~íáçå=xSPzI=

= 𝑖� = 2.69×10� 𝑛�/u𝐴𝐶(𝐷𝜐)t/u= EÉèK=QKNF=

ïÜÉêÉ=å=áë=íÜÉ=åìãÄÉê=çÑ=ÉäÉÅíêçåë=áåîçäîÉÇ=áå=íÜÉ=êÉÇçñ=ÉîÉåíI=^=EÅãOF=áë=íÜÉ=ÉäÉÅíêç~ÅíáîÉ=~êÉ~=çÑ=
íÜÉ=ÉäÉÅíêçÇÉI=`=EãçäLÅãPF=áë=íÜÉ=êÉÇìÅÉÇ=ÉäÉÅíêç~ÅíáîÉ=ëéÉÅáÉë=ÅçåÅÉåíê~íáçåI=a=E6.67×10|�=ÅãOë=
Ñçê=xcÉE`kFSzQJLPJF=áë=áíë=ÇáÑÑìëáçå=ÅçÉÑÑáÅáÉåí=~åÇ=𝜈=EsLëF=íÜÉ=~ééäáÉÇ=ëÅ~å=ê~íÉK=`çåëíêáÅíáåÖ=åI=^I=`=
~åÇ=a=íç=áåî~êá~ÄäÉ=ÄÉÜ~îáçìêI=çåÉ=çÄëÉêîÉë=íÜÉ=éÉ~â=ÅìêêÉåí=ÇÉéÉåÇÉåÅÉ=çå=íÜÉ=ëèì~êÉ=êççí=çÑ=íÜÉ=
ëÅ~å=ê~íÉ=EcáÖìêÉ=QKQJÄFK=eçïÉîÉêI=íÜÉ=∆𝐸�=áë=Åçåëí~åí=Ñçê=íÜáë=ïçêâáåÖ=êÉÖáãÉI=∆𝐸� ≈ 57	𝑚𝑉/𝑛I=
ãÉ~åáåÖ=íÜ~í=íÜÉ=ÜÉíÉêçÖÉåÉçìë=ÉäÉÅíêçå=íê~åëÑÉê=ê~íÉ=áë=ëìÑÑáÅáÉåíäó=Ñ~ëíI=ëç=íÜ~í=íÜÉ=ÇáÑÑìëáçåI=ã~ëë=
íê~åëéçêí=çÑ=íÜÉ=ëéÉÅáÉë=íç=íÜÉ=ÉäÉÅíêçÇÉI=ÖçîÉêåë=íÜÉ=åÉí=ÅÜ~êÖÉ=êÉ~Åíáçåë=ÅçãéäÉíÉäó=xSPzI=xNPPzK=få=
Ñ~ÅíI=íÜÉ=ëÜáÑí=çÑ=∆𝐸�=áë=çåäó=ÇÉíÉÅíÉÇ=ïÜÉå=íÜÉ=ëóëíÉã=ëí~êíë=íç=ãçîÉ=~ï~ó=Ñêçã=êÉîÉêëáÄáäáíó=EÑêçã=
𝜈Z=MKNM=sLëI=áåÅäìëáîÉFK=få=cáÖìêÉ=QKQJE~FI=íÜáë=ëÜáÑí=áë=éÉêÅÉáîÉÇ=~åÇI=Ñçê=~ää=íÜÉ=ëÅ~å=ê~íÉë=ìëÉÇI=íÜÉ=
∆𝐸�= í~âÉë= î~äìÉë= ÄÉíïÉÉå=RT= ~åÇ=OPM=ãsI= Öì~ê~åíÉÉáåÖ= ~= èì~ëáJêÉîÉêëáÄäÉ=ïçêâáåÖ= êÉÖáãÉK= fí= áë=
áãéçêí~åí= íç=ÜáÖÜäáÖÜí= íÜ~í= íÜáë=ï~ë= îÉêáÑáÉÇ= Ñçê= íÜÉ= ë~ãéäÉë=éêçÇìÅÉÇ=ïáíÜ= íÜÉ= ÑáîÉ= îä~ëÉêK=^=îÉêó=
Åçããçå=ãÉíÜçÇ=Ñçê=ÇÉíÉêãáåáåÖ=íÜÉ=âM=áë=íÜÉ=káÅÜçäëçå=ãÉíÜçÇ=xSPzK=qÜÉ=ä~ííÉê=~ééäáÉë=íç=èì~ëáJ
êÉîÉêëáÄäÉ= ëóëíÉãë= ~åÇ= ~ääçïë= íç= ÅçååÉÅí= íÜÉ= Éîçäìíáçå= çÑ= ∆𝐸�= ~Ö~áåëí= íÜÉ= ëÅ~å= ê~íÉ= ïáíÜ= ~=
ÇáãÉåëáçåäÉëë=é~ê~ãÉíÉêI=ΨK=pìÄëÉèìÉåíäóI=çåÉ=Å~å=ÇÉíÉêãáåÉ=âM=íÜêçìÖÜ=íÜÉ=ÑçääçïáåÖ=Éèì~íáçå=

=
Ψ =

𝑘F

𝑛𝜋𝐹𝐷𝜐
𝑅𝑇

t
u
= EÉèK=QKOF=

áå=ïÜáÅÜ=c=áë=íÜÉ=c~ê~Ç~ó=Åçåëí~åí=EVSQURKPP=`LãçäFI=o=íÜÉ=ìåáîÉêë~ä=Ö~ë=Åçåëí~åí=EUKPNQ=gLhãçäF=
~åÇ=q=íÜÉ=íÉãéÉê~íìêÉ=EhFK=káÅÜçäëçå=ÇÉíÉêãáåÉÇ=îÉêó=Éñ~Åí=~åÇ=éêÉÅáëÉ=î~äìÉë=çÑ=Ψ=Ñçê=ÅÉêí~áå=∆𝐸�K=
_ó=ãÉ~åë=çÑ=ÑáííáåÖ=~=éêçéÉê=ÑìåÅíáçå=íç=íÜáë=ïÉääJâåçïå=ëÉí=çÑ=éçáåíëI=çåÉ=Å~å=íÜÉå=ÇÉíÉêãáåÉ=íÜÉ=
Ψ= Ñçê= ÉîÉêó= ∆𝐸�= çÄí~áåÉÇ= Ñçê= É~ÅÜ= ëÅ~å= ê~íÉ= EcáÖìêÉ= QKRJ~FK= cáå~ääóI= íÜÉ= äáåÉ~êäó= éêçéçêíáçå~äáíó=

ÄÉíïÉÉå=íÜÉ=Ψ=~åÇ=íÜÉ=𝜈|
�
�=EcáÖìêÉ=QKRJÄF=ÅçåÅÉÇÉë=íÜÉ=~ëëÉëëãÉåí=íç=íÜÉ=âM=çÑ=íÜÉ=ÉäÉÅíêçÇÉK=

=

=
cáÖìêÉ= QKRW= E~F= cáííáåÖ= ÑìåÅíáçå= EÄä~Åâ= äáåÉF= ìëÉÇ= íç= ÇÉíÉêãáåÉ= íÜÉ=Ψ= é~ê~ãÉíÉê= íçï~êÇë= ∆𝐸�= ~åÇ= íÜÉ=
káÅÜçäëçå=ãÉíÜçÇ=ëÉí=çÑ=éçáåíë=Eçê~åÖÉ=ëèì~êÉëF=íÜ~í=çêáÖáå~íÉÇ=íÜÉ=ë~ãÉK=EÄF=Ψ=é~ê~ãÉíÉê=äáåÉ~ê=ÇÉéÉåÇÉåÅÉ=

ÅçåÅÉêåáåÖ=𝜈|
�
�=Ñçê=íÜÉ=íÜêÉÉ=ÉäÉÅíêçÇÉë=éêçÇìÅÉÇ=ïáíÜ=ORM=ããLëI=~ë=~å=Éñ~ãéäÉK=

=
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qÜáë=~å~äóëáë=ï~ë=éÉêÑçêãÉÇ=çå=íÜêÉÉ=ÉäÉÅíêçÇÉë=Ñçê=É~ÅÜ=çÑ=íÜÉ=ÑáîÉ=îä~ëÉêI=~ëëìêáåÖ=êÉéêçÇìÅáÄáäáíó=çå=
íÜÉ=ãÉ~ëìêÉãÉåíK=få=cáÖìêÉ=QKSI=áí=áë=áåíêçÇìÅÉÇ=íÜÉ=âM=Ñçê=É~ÅÜ=îä~ëÉêI=ïÜáÅÜ=î~äìÉë=~êÉ=íÜÉ=ãÉ~åë=çÑ=
íÜÉ=âM=çÄí~áåÉÇ=Ñçê=É~ÅÜ=çÑ=íÜÉ=íÜêÉÉ=ÉäÉÅíêçÇÉëK=
=

=
cáÖìêÉ=QKSW=eÉíÉêçÖÉåÉçìë=ÅÜ~êÖÉ=íê~åëÑÉê=ê~íÉ=Åçåëí~åíI=âMI=Ñçê=É~ÅÜ=ä~ëÉê=ëÅ~å=ëéÉÉÇI=îä~ëÉêK==

fí=áë=åçíÉïçêíÜó=íÜ~í=íÜÉ=ÜÉíÉêçÖÉåÉçìë=ÅÜ~êÖÉ=íê~åëÑÉê=ê~íÉ=Åçåëí~åí=ï~ë=îÉêó=ëáãáä~ê=Ñçê=~ää=íÜÉ=
ifd=éêçÇìÅÉÇI=éêÉëÉåíáåÖ=î~äìÉë=áå=íÜÉ=çêÇÉê=çÑ=NMJO=ÅãLëK=få=Åçãé~êáëçå=ïáíÜ=çíÜÉê=Å~êÄçåJÄ~ëÉÇ=
ÉäÉÅíêçÇÉë=çÑ=êÉÑÉêÉåÅÉI=ëìÅÜ=~ë=ÄçêçåJÇçéÉÇ=Çá~ãçåÇ=E_aaFI=Ä~êÉ=Öä~ëëó=Å~êÄçå=Ed`FI=Öê~éÜáíÉ=
~åÇ= Å~êÄçå=å~åçíìÄÉë= E`kqëFI= ~ãçåÖ=çíÜÉêëI= íÜÉ=éêÉëÉåíÉÇ=ifd=ÉäÉÅíêçÇÉë= ÉñÜáÄáí= ~å= ÉñÅÉääÉåí=
ÜÉíÉêçÖÉåÉçìë=ÉäÉÅíêçå=íê~åëÑÉê=ê~íÉ=Åçåëí~åíK=få=q~ÄäÉ=QKOI=áí=áë=éêÉëÉåíÉÇ=~=ÄêáÉÑ=äáëí=çÑ=Å~êÄçåJÄ~ëÉÇ=
ÉäÉÅíêçÇÉë=~åÇ=íÜÉ=ÅçêêÉëéçåÇÉåí=âMI=ìëáåÖ=xcÉE`kFSzPJ=çê=xcÉE`kFSzQJ=áå=m_p=çê=éçí~ëëáìã=ÅÜäçêáÇÉ=
Eh`äF=ëçäìíáçåK=

=
q~ÄäÉ= QKOW= iáëí= çÑ= ëçãÉ= êÉäÉî~åí= Å~êÄçåJÄ~ëÉÇ= ÉäÉÅíêçÇÉë= ~åÇ= êÉëéÉÅíáîÉ= âM= î~äìÉëI= ìëáåÖ= xcÉE`kFSz

PJ= çê=
xcÉE`kFSz

QJ=áå=m_p=çê=éçí~ëëáìã=ÅÜäçêáÇÉ=Eh`äF=ëçäìíáçåK=
bäÉÅíêçÇÉ= âM=EÅãLëF= oÉÑK= bäÉÅíêçÇÉ= âM=EÅãLëF= oÉÑK=

d`= PKOO=ñ=NMJR=

xNPQz=

_aa= úNMJO= xNPRz=

`kqë= RKMV=ñ=NMJS= d`= OKV=ñ=NMJO=
xNPSz=

dê~éÜáíÉ= NKTS=ñ=NMJQ= êdpÅ= QKV=ñ=NMJO=

k`~= PKPM=ñ=NMJP= jdÇ= NKO=ñ=NMJP= xNPTz=

cdpJjiÄ= R=ñ=NMJO= xNPUz= jt`kq= R=ñ=NMJN= xNPVz=
~k~åçéçêçìë=`~êÄçåX=ÄcìåÅíáçå~äáëÉÇ=Öê~éÜÉåÉ=ëÜÉÉíë=ãçåçä~óÉêX=ÅoÉÇìÅÉÇ=Öê~éÜÉåÉ=ëÜÉÉíëX=Çjçåçä~óÉê=
Öê~éÜÉåÉK=
=

qç=ÇÉíÉêãáåÉ=íÜÉ=^ÉÑÑI=áåëíÉ~Ç=çÑ=ìëáåÖ=íÜÉ=o~åÇäÉëJpÉîÅáâ=Éèì~íáçåI=ïÜáÅÜ=Å~å=çåäó=ÄÉ=~ééäáÉÇ=
áå=êÉîÉêëáÄäÉ=ëóëíÉãëI=áí=áë=éêÉÑÉê~ÄäÉ=íç=ìëÉ=~=êÉîÉêëáÄáäáíó=áåÇÉéÉåÇÉåí=ãÉíÜçÇ=íÜ~í=í~âÉë=~Çî~åí~ÖÉ=
çÑ=ÅÜêçåçÅçìäçãÉíêó=E``F=íÉÅÜåáèìÉK=få=íÜáë=íÉÅÜåáèìÉI=~=éçíÉåíá~ä=ëíÉéI=ëäáÖÜíäó=çîÉê=íÜÉ=çñáÇ~íáçå=
éçíÉåíá~äI=áë=~ééäáÉÇ=íç=íÜÉ=ëóëíÉã=Ñçê=~=ÅÉêí~áå=~ãçìåí=çÑ=íáãÉ=EMKNJOKM=ëFK=qÜìëI=Öì~ê~åíÉÉáåÖ=íÜÉ=
çñáÇ~íáçå=çÑ= íÜÉ=ëéÉÅáÉë= Ñçê=~ää= íÜÉ=ÉäÉÅíêç~ÅíáîÉ=~êÉ~=çÑ= íÜÉ=ÉäÉÅíêçÇÉ=ìåÇÉê=~=ÅçåíêçääÉÇJÇáÑÑìëáçå=
êÉÖáãÉ= xSPzK= ^ë= íÜÉ= å~ãÉ= çÑ= íÜÉ= íÉÅÜåáèìÉ= áåÇáÅ~íÉëI= çåÉ= ãÉ~ëìêÉë= íÜÉ= ~ãçìåí= çÑ= ÅÜ~êÖÉ=
EÅçìäçãÉíêóF= ~ÅÅìãìä~íÉÇ= çå= íÜÉ= ÉäÉÅíêçÇÉÛë= ÉäÉÅíêç~ÅíáîÉ= ëìêÑ~ÅÉ= ~ë= ~= ÑìåÅíáçå= çÑ= íáãÉ= EÅÜêçåçF=
xNQMzK=qÜÉ=íáãÉ=EíF=ÇÉéÉåÇÉåÅÉ=çÑ=íÜÉ=~ÅÅìãìä~íÉÇ=ÅÜ~êÖÉ=E𝑄CvvF=áë=ÖçîÉêåÉÇ=Äó=íÜÉ=áåíÉÖê~ä=Ñçêã=
çÑ=íÜÉ=`çííêÉä=Éèì~íáçå=xSPz=
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= 𝑄Cvv =
2𝑛𝐴i��𝐹𝐶(𝐷𝑡)

t
u

𝜋
t
u

+ 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡= EÉèK=QKPF=

áå=ïÜáÅÜ=íÜÉ=Åçåëí~åí=áë=~ëëçÅá~íÉÇ=ïáíÜ=íÜÉ=~ÇëçêÄÉÇ=ëéÉÅáÉëI=ÇÉÑáåáåÖ=íÜÉ=äáåÉ~ê=ÇÉéÉåÇÉåÅÉ=çÑ=𝑄Cvv=

íçï~êÇë=𝑡
�
�=~åÇI=ëìÄëÉèìÉåíäóI=Éå~ÄäáåÖ=íÜÉ=ÇÉíÉêãáå~íáçå=çÑ=íÜÉ=^ÉÑÑK=

få=íÜáë=ïçêâI=~=ÅçãéäÉíÉ=ÅÜêçåçÅçìäçãÉíêó=ï~ë=éÉêÑçêãÉÇK=pçI=ÅçåÅÉêåáåÖ=íÜÉ=ìëÉÇ=ëìééçêíáåÖ=
ÉäÉÅíêçäóíÉ=ExcÉE`kFSzQJ= áå=m_pFI=~=MKQ=s=éçíÉåíá~ä=ëíÉé=ï~ë=~ééäáÉÇI=çñáÇáòáåÖ=íÜÉ=ëéÉÅáÉëI=Ñçê=O=ë=
ÑçääçïÉÇ=Äó=~=M=s=éçíÉåíá~ä=ëíÉéI=êÉÇìÅáåÖ=íÜÉ=éêçÇìÅí=çÑ=íÜÉ=Ñáêëí=ëíÉéI=Ñçê=O=ë=EcáÖìêÉ=QKTJ~FK=qç=åçíÉ=
íÜ~í=çåäó=íÜÉ=Ç~í~=êÉä~íÉÇ=íç=çñáÇ~íáçå=çÑ=íÜÉ=ëéÉÅáÉë=ï~ë=ÑìêíÜÉê=ìëÉÇ=Ñçê=íÜÉ=~å~äóëáëK=páãáä~êäó=íç=
íÜÉ=âM=~å~äóëáëI=íÜêÉÉ=ÉäÉÅíêçÇÉëI=Ñçê=É~ÅÜ=îä~ëÉêI=ïÉêÉ=ëìÄãáííÉÇ=íç=íÜáë=íÉÅÜåáèìÉ=Ñçê=íÜêÉÉ=íáãÉë=É~ÅÜK=
jçêÉçîÉêI=íÜÉ=ÉäÉÅíêç~ÅíáîÉ=~êÉ~=ï~ë=~å~äóëÉÇ=Ñçê=íÜêÉÉ=ÉäÉÅíêçäóíÉ=ÅçåÅÉåíê~íáçåëI=NI=O=~åÇ=R=ãj=çÑ=
xcÉE`kFSzJQK=

=
cáÖìêÉ=QKTW=E~F=lÄí~áåÉÇ=ÅÜêçåçÅçìäçãÉíêáÅ=éäçí=ìëáåÖ=çåÉ=çÑ=íÜÉ=ÉäÉÅíêçÇÉë=éêçÇìÅÉÇ=ïáíÜ=îä~ëÉê=Z=ORM=ããLëI=

~ë=~å=Éñ~ãéäÉK=EÄF=mäçí=çÑ=íÜÉ=~ÅÅìãìä~íÉÇ=ÅÜ~êÖÉI=𝑄CvvI=~Ö~áåëí=𝑡
�
�=çÄí~áåÉÇ=Ñçê=íÜÉ=ÑáîÉ=îä~ëÉê=ìëáåÖ=~ë=ÉäÉÅíêçäóíÉ=

N=ãj=hQxcÉE`kFSz=áå=m_p=ENM=ãjI=éeZ=TKQFK=
=
qÜÉ=äáåÉ~êáòÉÇ=ÅÜ~êÖÉ=êÉëéçåëÉ=Ñçê=Nãj=hQxcÉE`kFSz=ÉäÉÅíêçäóíÉ=áë=áåíêçÇìÅÉÇ=áå=cáÖìêÉ=QKTJ

EÄFI=~ë=~å=Éñ~ãéäÉK=få=Ñ~ÅíI=íÜÉ=ÅÜ~êÖÉ=êÉëéçåëÉ=çÄí~áåÉÇ=Ñçê=íÜÉ=íÜêÉÉ=ÅçåÅÉåíê~íáçåë=ÑçääçïÉÇ=íÜÉ=
äáåÉ~ê=éêçéçêíáçå~äáíó=ÇÉëÅêáÄÉÇ=Äó=EÉèK=QKPFK=pçI=~ë=ÉñéÉÅíÉÇI=íÜÉ=^ÉÑÑI= Ñçê=É~ÅÜ=îä~ëÉêI=éêÉëÉåíÉÇ=íÜÉ=
ë~ãÉ=î~äìÉë=Ñçê=íÜÉ=íÜêÉÉ=ÉäÉÅíêçäóíÉ=ÅçåÅÉåíê~íáçåëK=^ÅÅçêÇáåÖäóI=áå=cáÖìêÉ=QKU=~êÉ=ÇÉéáÅíÉÇI=~ë=~å=
Éñ~ãéäÉI=íÜÉ=î~äìÉë=ÇÉíÉêãáåÉÇ=ìëáåÖ=Nãj=hQxcÉE`kFSz=ÉäÉÅíêçäóíÉK=qÜÉ=î~äìÉë=çÄí~áåÉÇ=áåÇáÅ~íÉ=
íÜ~íI=Ñçê=íÜÉ=ÑáîÉ=îä~ëÉêI=íÜÉ=ÉÑÑÉÅíáîÉ=ÉäÉÅíêç~ÅíáîÉ=~êÉ~=áë=îÉêó=ÅäçëÉ=íç=íÜÉ=ÖÉçãÉíêáÅ=~êÉ~=EMKOR=ÅãOF=çÑ=
íÜÉ=ÉäÉÅíêçÇÉëK=^ë=~=ã~ííÉê=çÑ=Ñ~ÅíI=áí=ï~ë=ÉñéÉÅíÉÇ=~=ëáÖåáÑáÅ~åí=ÇáÑÑÉêÉåÅÉ=ÄÉíïÉÉå=íÜÉ=ÉÑÑÉÅíáîÉ=~åÇ=
íÜÉ=ÖÉçãÉíêáÅ=~êÉ~I= ëáåÅÉ=ifd=ÇÉí~áåë=~=éêçãáåÉåí=éçêçìë=ëíêìÅíìêÉI= ëÜçïå= áå=cáÖìêÉ=QKNK= fí=ï~ë=
íÜçìÖÜí= íÜ~í= íÜÉ= ëáãáä~êáíó=ÄÉíïÉÉå= íÜÉ=ÉÑÑÉÅíáîÉ=~åÇ=ÖÉçãÉíêáÅ=ÉäÉÅíêç~ÅíáîÉ=~êÉ~=ï~ë=ÇìÉ= íç= äçï=
ïÉíí~Äáäáíó=çÑ=íÜÉ=ifd=ÉäÉÅíêçÇÉëI=ïÜáÅÜ=ÅçìäÇ=ÇÉéêÉëë=íÜÉ=éçêçìë=ëíêìÅíìêÉ=éçíÉåíá~äáíó=íç=áåÅêÉ~ëÉ=
íÜÉ=ÉÑÑÉÅíáîÉ=ÉäÉÅíêç~ÅíáîÉ=~êÉ~K=pçI=áå=ëÉÅíáçå=RKOI=êÉÖ~êÇáåÖ=íÜÉ=cÉåíçå=êÉ~Åíáçå=êÉëìäíëI=íÜÉ=ÉÑÑÉÅí=çÑ=
áåÅêÉ~ëáåÖ=ïÉíí~Äáäáíó=çå=íÜÉ=ÉÑÑÉÅíáîÉ=ÉäÉÅíêç~ÅíáîÉ=~êÉ~=áë=ÇáëÅìëëÉÇK=
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=
cáÖìêÉ=QKUW=qÜÉ=ÉÑÑÉÅíáîÉ=ÉäÉÅíêç~ÅíáîÉ=~êÉ~I=^ÉÑÑI=Ñçê=É~ÅÜ=ä~ëÉê=ëÅ~å=ëéÉÉÇI=îä~ëÉêI=ìëáåÖ=íÜÉ=N=ãj=xcÉE`kFSz

QJ=áå=
m_p=~ë=ÉäÉÅíêçäóíÉK==

qÜÉ=~å~äóëáë=íç=ÇÉíÉêãáåÉ=íÜÉ=Å~é~Åáí~åÅÉ=éÉê=ìåáí=~êÉ~I=𝛾"#I=ëí~êíë=ëáãáä~êäó=íç=íÜÉ=âMI=Äó=~ééäóáåÖ=
ÅóÅäáÅ=îçäí~ããÉíêó=~í=ÇáÑÑÉêÉåí=ëÅ~å=ê~íÉë=ERI=NMI=OMI=PMI=RMI=NMMI=ORM=~åÇ=RMM=ãsLëFI=Äìí=ìëáåÖ=m_p=
ïáíÜçìí=~åó=êÉÇçñ=ëéÉÅáÉë=ExcÉE`kFSzPJLQJF=~ë=ÉäÉÅíêçäóíÉ=EcáÖìêÉ=QKVJ~FK=qÜÉ=~ééäáÉÇ=a`=éçíÉåíá~ä=
ê~åÖÉ=ï~ë=íÜÉ=ë~ãÉ=~ë=Ñçê=íÜÉ=âM=EÑêçã=JMKO=íç=MKS=sFK=få=íÜáë=~å~äóëáëI=íÜÉ=âÉó=éçáåí=áë=íç=ÇÉíÉêãáåÉ=
íÜÉ=ÅìêêÉåí=ÅçåíêáÄìíáçå=çÑ=íÜÉ=ÇçìÄäÉJä~óÉêI=ïÜáÅÜ=ÅçåíêáÄìíÉë=~ë=Ä~ÅâÖêçìåÇ=áå=Ñ~ê~Ç~áÅ=éêçÅÉëëÉë=
~å~äóëÉë=xSPzK=få=cáÖìêÉ=QKVJE~FI=áí=áë=åçíáÅÉ~ÄäÉ=íÜ~í=íÜÉ=ÅìêêÉåí=êÉëéçåëÉ=áë=åçí=äáåÉ~êäó=Åçåëí~åí=Ñêçã=
JMKO=íç=MKS=sI=áãéäóáåÖ=ëçãÉ=çñáÇ~íáçå=çê=~Çëçêéíáçå=êÉ~ÅíáçåëI=ã~áåäó=ÄÉíïÉÉå=JMKO=~åÇ=MKN=sK=pçI=
íç= ÉåëìêÉ= íÜ~í= íÜÉ= ÅìêêÉåí= êÉëéçåëÉ= áë= ëíêáÅíäó= Ñêçã= íÜÉ= m_pI= ãÉ~åáåÖ= Ñêçã= íÜÉ= ÇçìÄäÉJä~óÉê=
Å~é~Åáí~åÅÉI=íÜÉ=î~äìÉ=ÅÜçëÉå=ï~ë=MKO=sI=ïÜáÅÜ=~äëç=áë=îÉêó=ÅäçëÉ=íç=íÜÉ=çéÉåJÅáêÅìáí=éçíÉåíá~ä=El`mF=
çÑ=íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=ÅÉääI=ìëáåÖ=xcÉE`kFSzJPLJQ=áå=m_p=~ë=ÉäÉÅíêçäóíÉK=
=

=
`çåëÉèìÉåíäóI=Ñçê=É~ÅÜ=çÑ=íÜÉ=îçäí~ããçÖê~ãëI=íÜÉ=ÅìêêÉåí=î~äìÉI=áI=Ñçê=MKO=s=éçíÉåíá~ä=ï~ë=Éñíê~ÅíÉÇK=
qÜáë= î~äìÉ= áë= ìëÉÇ= íç=ÇÉíÉêãáåÉ= íÜÉ= ÅìêêÉåí=ÇÉåëáíóI= gI= Äó=ãÉ~åë=çÑ=ÇáîáÇáåÖ= áí=ïáíÜ= íÜÉ= ÉÑÑÉÅíáîÉ=
ÉäÉÅíêç~ÅíáîÉ=~êÉ~I=^ÉÑÑK=^ë=~=ÅçåëÉèìÉåÅÉI=g=Ü~ë=~=äáåÉ~ê=ÇÉéÉåÇÉåÅÉ=çå=íÜÉ=~ééäáÉÇ=ëÅ~å=ê~íÉ=ÇÉÑáåÉÇ=
Äó=íÜÉ=ÑçääçïáåÖ=Éèì~íáçå=

=
cáÖìêÉ=QKVW=E~F=lÄí~áåÉÇ=îçäí~ããçÖê~ãë=ìëáåÖ=ÉáÖÜí=ÇáÑÑÉêÉåí=ëÅ~å=ê~íÉë=çå=çåÉ=çÑ=íÜÉ=ÉäÉÅíêçÇÉë=éêçÇìÅÉÇ=
ïáíÜ=ORM=ããLë=ä~ëÉê=ëÅ~å=ëéÉÉÇI=ìëáåÖ=m_p=~ë=ÉäÉÅíêçäóíÉK=EÄF=mäçí=çÑ=íÜÉ=ÅìêêÉåí=ÇÉåëáíóI=𝐽I=~Ö~áåëí=íÜÉ=ëÅ~å=
ê~íÉI=î`sI=çÄí~áåÉÇ=Ñçê=íÜÉ=ÑáîÉ=îä~ëÉêK=

= 𝐽 =
𝑖

𝐴i��
= 𝛾"#𝑣l�= EÉèK=QKQF=
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få=cáÖìêÉ=QKVJEÄFI=áí=áë=éêÉëÉåíÉÇ=íÜÉ=ÅìêêÉåí=ÇÉåëáíó=äáåÉ~ê=ÇÉéÉåÇÉåÅÉ=çå=íÜÉ=ëÅ~å=ê~íÉI=Ñçê=É~ÅÜ=çÑ=
íÜÉ=îä~ëÉê=~åÇI=áå=cáÖìêÉ=QKNMI=íÜÉ=𝛾"#=Ñçê=É~ÅÜ=îä~ëÉê=áë=ëÜçïåK=qÜÉ=î~äìÉë=éêÉëÉåíÉÇ=ÅçêêÉëéçåÇ=íç=çåäó=
çåÉ=ÉäÉÅíêçÇÉ=éÉê=îä~ëÉêK=

=
få= ~= éê~Öã~íáÅ= éçáåí= ~= îáÉïI= íÜÉ= ã~áå= Öç~ä= çÑ= íÜáë= íÜÉëáë= áë= íç= ìëÉ= ifd= ÉäÉÅíêçÇÉë= ~ë= Ä~ëÉ= çÑ=
áãéÉÇáãÉíêáÅ=ÄáçëÉåëçêëI=ÉãéäçóáåÖ=ÉäÉÅíêçÅÜÉãáÅ~ä=áãéÉÇ~åÅÉ=ëéÉÅíêçëÅçéó=EbfpFK=oÉÖ~êÇáåÖ=íÜÉ=
âM=êÉëìäíëI=áí=ï~ë=Åä~êáÑáÉÇ=íÜÉ=éçíÉåíá~äáíó=çÑ=ifd=áå=Ñ~ê~Ç~áÅ=ÄáçëÉåëçêëK=^ë=Éñéä~áåÉÇ=áå=ëÉÅíáçå=OKOI=
íÜáë=íóéÉ=çÑ=ÄáçëÉåëçêë=ÅçãéêÉÜÉåÇë=ÄçíÜ=âáåÉíáÅë=~åÇ=ÇáÑÑìëáçå=éêçÅÉëëÉëI=ïÜáÅÜ=Å~å=ÄÉ=áåíÉêéêÉíÉÇ=
Äó=ãÉ~åë=çÑ=~å=Éèìáî~äÉåí=ÅáêÅìáí=EcáÖìêÉ=OKOFK=eÉåÅÉI=áí=áë=êÉèìáêÉÇ=~=äáãáíáåÖ=ÅêáíÉêáçå=ëç=íÜ~í=íÜÉ=
~å~äóëáë= Å~å=ÄÉ=ÇçåÉ= íÜêçìÖÜ= íÜÉ=ãçÇáÑáÉÇ=o~åÇäÉë= ÅáêÅìáíK=qÜ~í= ë~áÇI= íÜÉ=o`q= î~äìÉëI=ïÜáÅÜ= ~êÉ=
áåíáã~íÉäó=êÉä~íÉÇ=ïáíÜ=íÜÉ=âMI=ëÜçìäÇ=åçí=ÄÉ=íçç=ÜáÖÜ=ëç=íÜ~í=íÜÉ=ÅÜ~êÖÉ=íê~åëÑÉê=áë=Ççãáå~íÉÇ=Äó=íÜÉ=
`mb=Äê~åÅÜK=qÜÉêÉÑçêÉI=íÜÉêÉ=áë=~=âM=äçïJäáãáíI=ÉåëìêáåÖ=íÜ~í=íÜÉ=ä~ííÉê=ëáíì~íáçå=ÇçÉë=åçí=çÅÅìê=~åÇ=
áë=ëÉí=Äó=íÜÉ=ÑçääçïáåÖ=ÅçåÇáíáçå=

få=ïÜáÅÜ= l� 
¡¢££

= 𝛾"#=xSPzK=få=Ñ~ÅíI=íÜáë=ÅçåÇáíáçå=Åä~êáÑáÉë=íÜ~í=íÜÉ=𝛾"#=é~ê~ãÉíÉê=ëÜçìäÇ=ÄÉ=âÉéí=äçï=

ëç= íÜ~íI= ìéçå= bfp= ãÉ~ëìêÉãÉåíë= ~åÇ= ÄáçëÉåëáåÖ= êÉëéçåëÉI= çåÉ= Å~å= çÄí~áå= ãÉ~ëìê~ÄäÉ= ~åÇ=
ÇáëíáåÖìáëÜ~ÄäÉ=o`q=î~äìÉëI=ïáíÜ=ÖççÇ=ëÉåëáÄáäáíóK=

^ë=~=ã~ííÉê=çÑ=Ñ~ÅíI=íÜÉ=ÅÜ~ê~ÅíÉêáë~íáçå=çÑ=íÜÉ=ifd=ë~ãéäÉë=~åÇ=ÉäÉÅíêçÇÉëI=êÉÖ~êÇáåÖ=íÜÉ=îä~ëÉêI=
Ü~îÉ=ëÜçïå=íÜ~í=Ñçê=íÜÉëÉ=ä~ëÉê=ëÅ~å=ëéÉÉÇë=ENRMI=OMMI=ORMI=PMM=~åÇ=PRM=ããLëF=íÜÉ=éêçéÉêíáÉë=çÑ=íÜÉ=
ÉäÉÅíêçÇÉ= Çç= åçí= ÇáÑÑÉê= ëáÖåáÑáÅ~åíäóI= êÉëìäíáåÖ= áå= îÉêó= ëáãáä~ê= ÉäÉÅíêçÇÉëK= kçåÉíÜÉäÉëëI= íÜÉ= ifd=
ÉäÉÅíêçÇÉë=éêçÇìÅÉÇ=ïáíÜ=ORM=ããLë=éêÉëÉåíÉÇ=~=äçïÉê=𝛾"#I=áåëìêáåÖ=~=ãçêÉ=ãçÇÉëí=âM=äçïJäáãáí=íç=
éêçÅÉÉÇ=ïáíÜ=ÑìåÅíáçå~äáë~íáçå=ëíÉéëK=qÜÉêÉÑçêÉI=áí=ëÉÉãÉÇ=~ÇÉèì~íÉ=íç=ÅÜççëÉ=íÜÉ=ë~ãéäÉ=éêçÇìÅÉÇ=
ïáíÜ=ORM=ããLë=íç=éêçÅÉÉÇ=ïáíÜ=íÜÉ=ÑìåÅíáçå~äáë~íáçåK=

få=íÜáë=íÜÉëáëI=áå=çêÇÉê=íç=~íí~áå=~=ÄáçëÉåëçêI=íÜÉ=ÑìåÅíáçå~äáë~íáçå=çÑ=íÜÉ=ÉäÉÅíêçÇÉë=ÅçãéêáëÉÇ=
ÅÜÉãáÅ~ä=ãçÇáÑáÅ~íáçå=çÑ=áíë=ëìêÑ~ÅÉ=íÜêçìÖÜ=~=ëÉêáÉë=çÑ=ÅÜÉãáÅ~ä=êÉ~ÅíáçåëI=~ë=ëéÉÅáÑáÉÇ=áå=ëÉÅíáçå=QKOK=
páåÅÉ=íÜÉ=ã~áå=Öç~ä=çÑ=íÜáë=ëíÉé=ï~ë=íç=Åçî~äÉåíäó=ÄçìåÇ=íÜÉ=~åíáÄçÇó=ïáíÜ=íÜÉ=êáÖÜí=çêáÉåí~íáçåI=áí=
ï~ë=áãéÉê~íáîÉ=íç=Ü~îÉ=~å=~ãáåÉJíÉêãáå~íÉÇ=ëìêÑ~ÅÉK=qÜÉêÉÑçêÉI=~ÅÅçêÇáåÖ=ïáíÜ=íÜÉ=ëÉäÉÅíÉÇ=éêçíçÅçäI=
áí=ï~ë=ã~åÇ~íçêó=íç=Ü~îÉ=ÜóÇêçñóä=EleF=Öêçìéë=çå=íÜÉ=ëìêÑ~ÅÉK=qÜìëI=íÜÉ=ÅÜçëÉå=ifd=ë~ãéäÉ=ï~ë=
~å~äóëÉÇ=íÜêçìÖÜ=uJê~ó=éÜçíçå=ëéÉÅíêçëÅçéó=EumpFI=áå=çêÇÉê=íç=áÇÉåíáÑó=áíë=ëìêÑ~ÅÉ=ÑìåÅíáçå~ä=ÖêçìéëK=

=
cáÖìêÉ=QKNMW=`~é~Åáí~åÅÉ=éÉê=ìåáí=~êÉ~I=𝛾"#I=Ñçê=É~ÅÜ=ä~ëÉê=ëÅ~å=ëéÉÉÇI=îä~ëÉêK=

= 𝑘#Kk
F ≥

𝑅𝑇𝐶"#𝜔
𝐹u𝐶𝐴i��	

= EÉèK=QKRF=



 32 

få=cáÖìêÉ=QKNNI=íÜÉ=`=Në=E~F=~åÇ=l=Në=EÄF=êÉÖáçåë=çÑ=íÜÉ=ump=ëéÉÅíêìã=~êÉ=éêÉëÉåíÉÇ=~ë=ïÉää=~ë=íÜÉ=
êÉëéÉÅíáîÉ=ÑáííÉÇ=éÉ~âëK=

=
cáÖìêÉ=QKNNW=E~F=`=NëI=EÄF=l=Në=~åÇ=EÅF=k=Në=êÉÖáçåë=çÑ=íÜÉ=ump=ëéÉÅíêìã=EÄä~Åâ=ÅìêîÉëF=çÑ=ifd=éêçÇìÅÉÇ=ïáíÜ=
ORM=ããLëK=qÜÉ=ÅçêêÉëéçåÇáåÖ=ÑáííÉÇ=éÉ~âë=~êÉ=íÜÉ=ÅçäçìêÉÇ=äáåÉëK==
qÜÉ=`=Në=ëéÉÅíêìã=áë=Ççãáå~íÉÇ=Äó=íÜÉ=íïç=éÉ~âë=~í=úOUQKQ=És=EêÉÇ=äáåÉF=~åÇ=úOUQKT=És=EÖêÉÉå=äáåÉFI=
ÅçêêÉëéçåÇáåÖ=íç=ëéO=E`Z`F=~åÇ=ëéP=E`J`=~åÇ=̀ JeñF=ÄçåÇáåÖK=qÜÉ=ÑçêãÉê=Ü~ë=~=ÖêÉ~íÉê=ÅçåíêáÄìíáçåI=
ïÜáÅÜ=~ÖêÉÉë=ïáíÜ=íÜÉ=o~ã~å=ÅÜ~ê~ÅíÉêáë~íáçå=~åÇ=ÅçåÑáêãë=íÜÉ=Öê~éÜáíáÅ=å~íìêÉ=çÑ=ifd=xOSzI=xVQzI=
xNMMzI=xNQNzÓxNQRzK=qÜÉ=éêÉëÉåÅÉ=çÑ=çñáÇáëÉÇ=Å~êÄçå=áë=îÉêáÑáÉÇ=Äó=íÜÉ=ëìééêÉëëÉÇ=éÉ~âë=~í=úOURKM=És=
EóÉääçï=äáåÉFI=úOURKV=És=EÇ~êâ=ÄäìÉ=äáåÉFI=úOUSKV=És=Eéáåâ=äáåÉF=~åÇ=úOUUKN=És=EäáÖÜí=ÄäìÉ=äáåÉFK=qÜÉ=
ÑáêëíI= ~í= úOURKM= ÉsI= Å~å= ÄÉ= ~ëëçÅá~íÉÇ= íç= íÜÉ= éêÉëÉåÅÉ= çÑ= ÜóÇêçñóä= Öêçìéë= E`JleF= ~åÇ= Öê~éÜáíáÅ=
åáíêçÖÉå=E`JkF=xVOzI=xNQOzÓxNQQzK=`çåÑêçåíáåÖ=íÜáë=áåÑçêã~íáçå=ïáíÜ=íÜÉ=l=Në=~åÇ=k=Në=êÉÖáçå=çÑ=
íÜÉ=ëéÉÅíêìãI=éêÉëÉåíáåÖ=íÜÉ=ä~ííÉê=~=åçåJÇÉÑáåÉÇ=ÅçåíêáÄìíáçå=xNMMzI=çåÉ=Å~å=ÅçåÅäìÇÉ=íÜ~í=íÜáë=éÉ~â=
áë=ã~áåäó=ÇìÉ=íç=̀ Jle=ÖêçìéëK=qÜÉ=ëÉÅçåÇ=éÉ~âI=~í=úOURKV=ÉsI=áë=~ëëáÖåÉÇ=íç=Ééçñó=~åÇ=ÉíÜÉê=Öêçìéë=
E`JlF=xVQzI=xNQNz=~åÇ=îÉêáÑáÉÇ=Äó=íÜÉ=ÑáííÉÇ=éÉ~â=~í=úRPOKU=És=EÖêÉÉå=äáåÉF=xOSzI=xVQzI=xNQSz=áå=cáÖìêÉ=
QKNNJEÄFK=cìêíÜÉêI=~í=úOUTKV=És=Eéáåâ=äáåÉF=~ééÉ~êë=íÜÉ=ëã~ää=ÅçåíêáÄìíáçå=çÑ=Å~êÄçåóä=Öêçìéë=E`ZlF=
xNQQzI=xNQRzI=~äëç=ÅçåÑáêãÉÇ=áå=íÜÉ=l=Në=êÉÖáçå=ïáíÜ=íÜÉ=éÉ~â=~í=úRPNKQ=És=EêÉÇ=äáåÉF=xOSzI=xVQzI=
xNQNzI=~åÇ=~í=úOUUKN=És=EäáÖÜí=ÄäìÉ=äáåÉF=íÜÉ=ÜáÖÜäó=ëìééêÉëëÉÇ=éÉ~â=êÉä~íÉÇ=íç=Å~êÄçñóäáÅ=~åÇ=ÉëíÉê=
Öêçìéë=ElJ`ZlF=xNQOzK=qÜÉêÉÑçêÉI= áå= íÉêãë=çÑ=ëìêÑ~ÅÉÛë=ÅçãéçëáíáçåI= íÜÉ=éêçÇìÅÉÇ=ifd=ÉñÜáÄáíë=
îÉêó= ëáãáä~ê= êÉëìäíë= íç= êÉÇìÅÉÇ= Öê~éÜÉåÉ= çñáÇÉ= EêdlF= ëóåíÜÉëáëÉÇ= Ñêçã= Öê~éÜÉåÉ= çñáÇÉ= EdlFI=
ãÉåíáçåÉÇ=áå=ëÉÅíáçå=OKPI=é~êíáÅìä~êäó=Äó=íÜÉ=éêÉëÉåÅÉ=çÑ=ÜóÇêçñóä~íÉÇ=~åÇ=çñáÇáëÉÇ=Å~êÄçåK=

5.2 Functionalisation analysis 
e~îáåÖ= íÜÉ= ifd= ÉäÉÅíêçÇÉ= ÅÜ~ê~ÅíÉêáëÉÇI= íÜÉ= ëÉÅçåÇ= ãáäÉëíçåÉI= áå= çêÇÉê= íç= çÄí~áå= ~å=

áãéÉÇáãÉíêáÅ= ÄáçëÉåëçêI=ï~ë= íç= ÉñéäçêÉ= íÜÉ= ÉäÉÅíêçÇÉÛë= ëìêÑ~ÅÉ= ÑìåÅíáçå~äáë~íáçåK=qÜÉ= ~áã= çÑ= íÜáë=
éêçÅÉÇìêÉ= áë= íç= áåëìêÉ=~å=~ÇÉèì~íÉ=ÄáåÇáåÖ=çÑ= íÜÉ= ~åíáÄçÇó=çåíç=ifdÛë= ëìêÑ~ÅÉ= ëç= íÜ~íI= ä~íÉêI= íÜÉ=
bK=Åçäá=ÅÉääë=~êÉ=áããçÄáäáëÉÇ=çåíç=íÜÉ=ÉäÉÅíêçÇÉë=ëìêÑ~ÅÉ=íÜêçìÖÜ=ÄáåÇáåÖ=ÄÉíïÉÉå=áíë=~åíáÖÉåë=~åÇ=
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íÜÉ=~~Åíáî~íÉÇ=~åíáÄçÇóK=qÜÉêÉÑçêÉI=íÜÉ=ÑìåÅíáçå~äáë~íáçå=éêçÅÉëë=ï~ë=ëìÄÇáîáÇÉÇ=áå=íÜÉ=Ñçìê=ëíÉéëW=
ÜóÇêçñóä~íáçåI=^mqbp=ëáä~åáò~íáçåI=~åíáÄçÇó=áããçÄáäáë~íáçå=~åÇ=_p^=é~ëëáî~íáçåK=

^ë=~äêÉ~Çó=ãÉåíáçåÉÇ=áå=ëÉÅíáçå=QKOI=íÜÉ=ÜóÇêçñóä~íáçå=ï~ë=Å~êêáÉÇ=çìí=íÜêçìÖÜ=cÉåíçå=êÉ~Åíáçå=
ïáíÜ=íÜÉ=áåíÉåíáçå=çÑ=áåÅêÉ~ëáåÖ=íÜÉ=ÇÉåëáíó=çÑ=ÜóÇêçñóä=Öêçìéë=çå=ifdÛë=ëìêÑ~ÅÉK=pçI=íç=~å~äóëÉ=íÜÉ=
éÉêÑçêã~åÅÉ=çÑ=ëìÅÜ=êÉ~ÅíáçåI=o~ã~å=~åÇ=uJê~ó=éÜçíçå=ëéÉÅíêçëÅçéáÉë=ïÉêÉ=ìëÉÇK=_ÉëáÇÉëI=ëáåÅÉ=áå=
ëÉÅíáçå=RKN=íÜÉ=î~äìÉ=çÑ=íÜÉ=^ÉÑÑ=çÑ=ifd=ÉäÉÅíêçÇÉë=ï~ë=~ëÅêáÄÉÇ=íç=äçï=ïÉíí~Äáäáíó=çÑ=íÜÉ=ë~ãÉI=çåÉ=
~äëç= êÉëçêíÉÇ= íç= ÉäÉÅíêçÅÜÉãáÅ~ä= ÅÜ~ê~ÅíÉêáë~íáçå= çÑ= ifd= ~ÑíÉê= íÜÉ= cÉåíçå= êÉ~Åíáçå= íç= Åä~êáÑó= íÜáë=
èìÉëíáçåK=

oÉÖ~êÇáåÖ= o~ã~å= ÅÜ~ê~ÅíÉêáë~íáçåI= íÜÉ= ëéÉÅíê~= ~ÅèìáêÉãÉåí= ÑçääçïÉÇ= íÜÉ= éêçÅÉÇìêÉ= ìëÉÇ= áå=
ëÉÅíáçå=RKNK=qÜÉ=çÄí~áåÉÇ=êÉëìäíë=ïÉêÉ=ëáãáä~ê=íç=íÜÉ=ëéÉÅíêìã=áå=cáÖìêÉ=QKPJEÄFK=fí=ï~ë=ÉñéÉÅíÉÇ=~å=
áåÅêÉ~ëÉ=çÑ=íÜÉ=a=Ä~åÇ=áåíÉåëáíóI=ëáåÅÉ=áí=áë=âåçïå=íÜ~í=íÜáë=êÉ~Åíáçå=~íí~Åâë=íÜÉ=ëéO=Å~êÄçåI=ÄçåÇáåÖ=
le=Öêçìéë=íç=áíI=~åÇI=ÅçåëÉèìÉåíäóI=íìêåáåÖ=áí=ëéP=ÜóÄêáÇáëÉÇ=xNQTzI=xNQUzK=^ÅÅçêÇáåÖäóI= áí=ïçìäÇ=
éêçãçíÉ=~=ÜáÖÜÉê=ê~íáç=faLfdK=få=q~ÄäÉ=QKPI=ÄçíÜ=áåíÉåëáíó=ê~íáçë=çÑ=ifd=éêÉé~êÉÇ=~í=ORM=ããLë=ÄÉÑçêÉ=
~åÇ=~ÑíÉê=ÄÉáåÖ=ëìÄãáííÉÇ=íç=íÜÉ=cÉåíçå=êÉ~Åíáçå=~êÉ=éêÉëÉåíÉÇK=cêçã=íÜÉëÉ=êÉëìäíëI=áí=áë=éÉêÅÉéíáîÉ=
íÜ~í=íÜÉ=ÉÑÑÉÅí=çÑ=íÜÉ=êÉ~Åíáçå=ï~ë=åçí=~ë=ëíêçåÖ=~ë=ÉñéÉÅíÉÇK=

=
q~ÄäÉ=QKPW=fåíÉåëáíó=ê~íáçë=faLfd=~åÇ=fOaLfd=çÑ=ifd=éêÉé~êÉÇ=~í=ORM=ããLë=ÄÉÑçêÉ=~åÇ=~ÑíÉê=cÉåíçå=êÉ~ÅíáçåK=

= _~êÉ=ifd=EORM=ããLëF= ifd=EORM=ããLëF=~ÑíÉê=cÉåíçå=

faLfd= MKOV=œ=MKMU= MKPR=œ=MKMQ=

fOaLfd= MKQM=œ=MKMQ= MKQQ=œ=MKMO=
=
iáâÉïáëÉI= íÜÉ= ÉäÉÅíêçÅÜÉãáÅ~ä= ÅÜ~ê~ÅíÉêáë~íáçå= çÑ= íÜÉ= ifd= ÉäÉÅíêçÇÉ= ~ÑíÉê= ÜóÇêçñóä~íáçå=

ÉãéÜ~ëáëÉÇ=íÜÉ=ëáãáä~êáíó=ÄÉíïÉÉå=íÜÉ=ifd=ÉäÉÅíêçÇÉ=ÄÉÑçêÉ=~åÇ=~ÑíÉê=íÜÉ=cÉåíçå=êÉ~ÅíáçåK=få=q~ÄäÉ=
QKQ=íÜÉ=âMI=̂ ÉÑÑ=~åÇ=𝛾"#=çÄí~áåÉÇ=Ñçê=ÜóÇêçñóä~íÉÇ=ifd=~êÉ=Åçãé~êÉÇ=ïáíÜ=íÜÉ=çåÉë=çÄí~áåÉÇ=áå=ëÉÅíáçå=
RKN=Ñçê=Ä~êÉ=ifdK=få=~ÇÇáíáçåI=áå=íÜáë=í~ÄäÉ=áã~ÖÉë=Ñçê=èì~äáí~íáîÉ=Éî~äì~íáçå=çÑ=íÜÉ=Åçåí~Åí=~åÖäÉ=~êÉ=
ëÜçïåI=~ääçïáåÖ=çåÉ=íç=ÅçåÅäìÇÉ=íÜ~í=íÜÉ=çÄí~áåÉÇ=äçï=ÉÑÑÉÅíáîÉ=ÉäÉÅíêç~ÅíáîÉ=~êÉ~=áë=åçí=êÉä~íÉÇ=ïáíÜ=
íÜÉ=ëìêÑ~ÅÉÛë=ïÉíí~ÄáäáíóK=qÜÉ=ä~ííÉê=ÅçåëáëíÉÇ=çå=~=èìáÅâ=~åÇ=ëáãéäÉ=éêçÅÉÇìêÉ=Äó=éä~ÅáåÖ=~=RM=”i=
Çêçé=çÑ=af=ï~íÉê=çå=íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=~êÉ~=çÑ=íÜÉ=ÉäÉÅíêçÇÉ=~åÇ=éÜçíçÖê~éÜáåÖ=áí=ïáíÜ=~=ÅÉääéÜçåÉ=
Å~ãÉê~I=êçìÖÜäó=~äáÖåÉÇ=ïáíÜ=íÜÉ=ÉäÉÅíêçÇÉ=éä~åÉK=

=
q~ÄäÉ=QKQW=âMI=^ÉÑÑI=𝛾"#=~åÇ=áã~ÖÉë=Ñçê=èì~äáí~íáîÉ=Éî~äì~íáçå=çÑ=íÜÉ=Åçåí~Åí=~åÖäÉ=çÑ=ifd=ÉäÉÅíêçÇÉ=éêÉé~êÉÇ=~í=
ORM=ããLë=ÄÉÑçêÉ=~åÇ=~ÑíÉê=ÜóÇêçñóä~íáçå=EcÉåíçå=êÉ~ÅíáçåFK=

= _~êÉ=ifd=EORM=ããLëF= ifd=EORM=ããLëF=~ÑíÉê=cÉåíçå=

âM=EÅãLëF= NKQOœ=MKRO= NKQN=œ=MKPN=

^ÉÑÑ=EÅãOF= OKRT=œ=MKMT= OKSS=œ=MKMP=

𝛾"#=E”cLÅãOF= VMKPO=œ=SKNV= NMNKRQ=œ=VKUT=

=
= ==

`çåëáÇÉêáåÖ= íÜÉëÉ= ~å~äóëÉëI= áí= áë= ÅçåëéáÅìçìë= íÜ~í= íÜÉ= cÉåíçå= êÉ~Åíáçå= ÇáÇ= åçí= ÉåÜ~åÅÉ= íÜÉ=
åìãÄÉê=çÑ=ÜóÇêçñóä=Öêçìéë=çå=íÜÉ=ëìêÑ~ÅÉ=çÑ=íÜÉ=ÉäÉÅíêçÇÉK=eçïÉîÉêI=íç=ÇÉîÉäçé=~=ãçêÉ=ÇÉÑáåÉÇ=~åÇ=
ÅÉêí~áå=ÅçåÅäìëáçåI=ump=~å~äóëáë=ï~ë=éÉêÑçêãÉÇK==

`çåÅÉêåáåÖ=íÜÉ=ump=ëíìÇóI=áí=ï~ë=í~âÉå=áåíç=ÅçåëáÇÉê~íáçå=ëçãÉ=êÉéçêíë=íÜ~í=äáîÉäó=êÉÅçããÉåÇ=
íç= éÉêÑçêã= íÜÉ= ^mqbp= ÑìåÅíáçå~äáë~íáçå= áããÉÇá~íÉäó= ~ÑíÉê= íÜÉ= ÜóÇêçñóä~íáçå= ëíÉé= xNOOzI= íç=
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Öì~ê~åíÉÉ=íÜÉ=Ñçêã~íáçå=çÑ=~å=ìåáÑçêã=~ãáåÉJíÉêãáå~íÉÇ=ëÉäÑJ~ëëÉãÄäÉÇ=ãçåçä~óÉê=çå=íÜÉ=ëìêÑ~ÅÉ=
çÑ=íÜÉ=ÉäÉÅíêçÇÉK=^Åíì~ääóI=íÜáë=áë=íÜÉ=Ñáå~ä=éìêéçëÉ=çÑ=íÜÉ=ÜóÇêçñóä~íáçå=ëíÉéK=pçI=íç=ëíìÇó=íÜÉ=ÉÑÑÉÅíáîÉ=
áãé~Åí=çÑ=íÜÉ=cÉåíçå=êÉ~Åíáçå=ïáíÜ=umpI=íïç=^mqbp=ENBF=ÑìåÅíáçå~äáëÉÇ=ÉäÉÅíêçÇÉë=ïÉêÉ=~å~äóëÉÇW=
çåÉ=íÜ~í=ï~ë=ÜóÇêçñóä~íÉÇ=ÄÉÑçêÉ=íÜÉ=ëáä~åáò~íáçå=~åÇ=~åçíÜÉê=åçíK=få=cáÖìêÉ=QKNOI=íÜÉ=çÄí~áåÉÇ=ump=
ëéÉÅíê~I=~åÇ=êÉëéÉÅíáîÉ=ÑáííÉÇ=éÉ~âëI=Ñçê=ÄçíÜ=^mqbpJãçÇáÑáÉÇ=ÉäÉÅíêçÇÉë=~êÉ=ëÜçïåK=

=
cáÖìêÉ=QKNOW=`=Në=E~I=ÄFI=l=Në=EÅI=ÇF=k=Në=EÉI=ÑF=~åÇ=pá=OéWcÉ=Pë=EÖI=ÜF=êÉÖáçåë=çÑ=íÜÉ=ump=ëéÉÅíê~=EÄä~Åâ=äáåÉëF=
çÑ=ÄçíÜ=ifd=ÉäÉÅíêçÇÉë=~ÑíÉê=^mqbp=ÑìåÅíáçå~äáë~íáçåI=íÜÉ=åçå=ÜóÇêçñóä~íÉÇ=EäÉÑí=ëáÇÉF=~åÇ=íÜÉ=ÜóÇêçñóä~íÉÇ=
EêáÖÜí=ëáÇÉFK=qÜÉ=êÉëéÉÅíáîÉ=ÑáííÉÇ=éÉ~âë=~êÉ=íÜÉ=ÅçäçìêÉÇ=äáåÉëK==
oÉÖ~êÇáåÖ=íÜÉ=`=Në=êÉÖáçå=EcáÖìêÉ=QKNOJ~I=ÄF=~åÇ=Åçãé~êáåÖ=ïáíÜ=íÜÉ=Ä~êÉ=ifd=ÉäÉÅíêçÇÉ=EcáÖìêÉ=
QKNJ~FI=~äíÜçìÖÜ=áí=áë=ÅäÉ~ê=íÜÉ=áåÅêÉ~ëÉ=çÑ=ëéP=ÜóÄêáÇáëÉÇ=Å~êÄçå=EêÉÇ=äáåÉFI=Ééçñó=~åÇ=ÉíÜÉê=Öêçìéë=
EÇ~êâ= ÄäìÉ= äáåÉF= ~ë=ïÉää= ~ë= íÜÉ= Å~êÄçåóä= Öêçìéë= Eéáåâ= äáåÉF= ~êÉ=ãçêÉ= ~Äêìéí= Ñçê= íÜÉ= ÜóÇêçñóä~íÉÇ=
ÉäÉÅíêçÇÉK= få= Ñ~ÅíI= íÜÉ= ÜóÇêçñóä~íÉÇ= ÉäÉÅíêçÇÉ= éêÉëÉåíë= ~= ÜáÖÜÉê= ëéP= ÜóÄêáÇáëÉÇ= Å~êÄçå= éÉ~â= áå=
Åçãé~êáëçå=ïáíÜ=íÜÉ=ëéO=ÜóÄêáÇáëÉÇ=çåÉK=få=íÜÉ=Å~ëÉ=çÑ=íÜÉ=l=Në=êÉÖáçå=EcáÖìêÉ=QKNOJÅI=ÇFI=íÜÉ=åçåJ
ÜóÇêçñóä~íÉÇ=ÉäÉÅíêçÇÉ=EÅF=éêÉëÉåíÉÇ=ÉîáÇÉåí=^mqbp=ÅçåíêáÄìíáçåë=ïáíÜ=íÜÉ=ÜáÖÜ=áåíÉåëáíó=éÉ~â=~í=
úRPOKU=ÉsI=ÅçêêÉëéçåÇáåÖ=íç=páJlJ`=EÇ~êâ=ÄäìÉ=äáåÉFI=~åÇ=íÜÉ=ëìééêÉëëÉÇ=éÉ~â=~í=úRPQKM=És=~ëëáÖåÉÇ=
íç=lJpáJl=Öêçìéë=EÖêÉÉå=äáåÉF=xNQVzÓxNRNzK=páãáä~êäóI=íÜÉ=éÉ~âë=~ëÅêáÄÉÇ=íç=`Jl=EêÉÇ=äáåÉF=~åÇ=`Zl=
EäáÖÜí=çê~åÖÉ=äáåÉF=~äëç=Ñçääçï=íÜÉ=ë~ãÉ=íÉåÇÉåÅóI=áå=ïÜáÅÜ=íÜÉ=ÑçêãÉê=éêÉëÉåíë=~=ÜáÖÜ=áåíÉåëáíó=éÉ~â=
~åÇ=íÜÉ= ä~ííÉê=~=ãìÅÜ=äçïÉêK=få=Åçåíê~ëíI= íÜÉ=l=Në=ëéÉÅíêìã=êÉÖáçå=çÑ=íÜÉ=ÉäÉÅíêçÇÉ=ëìÄãáííÉÇ=íç=
cÉåíçå=êÉ~Åíáçå=EcáÖìêÉ=QKNOJÇF=ÉñÜáÄáíë=~=ãìÅÜ=ÜáÖÜÉê=ÅçåíêáÄìíáçå=çÑ=íÜÉ=Å~êÄçåóä=Öêçìéë=E`ZlI=
äáÖÜí=çê~åÖÉ=äáåÉF=~í=úRPNKP=És=xNROzK=få=~ÇÇáíáçåI=áí=~äëç=éêÉëÉåíë=çíÜÉê=íïç=éÉ~âëI=çåÉ=ÅçêêÉëéçåÇáåÖ=
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íç=Å~êÄçñóäáÅ=Öêçìéë=EäáÖÜí=ÄäìÉ=äáåÉFI=~í=úRPMKR=ÉsI=~åÇ=~åçíÜÉê=~ëëçÅá~íÉÇ=íç=íÜÉ=éêÉëÉåÅÉ=çÑ=áêçå=
çñáÇÉ=EcÉJlI=éáåâ=äáåÉFI=~í=úROVKV=És=xNRPzK=oÉÖ~êÇáåÖ=íÜÉ=ÜáÖÜ=áåíÉåëáíó=éÉ~â=~í=úRPOKP=ÉsI=íÜáë=
ï~ë=~ëëáÖåÉÇ=íç=ÄçíÜ=páJlJ`=~åÇ=`Jl=ÖêçìéëI=ëáåÅÉ=áí=ï~ë=åçí=éçëëáÄäÉ=íç=ÇáëíáåÖìáëÜ=ÄçíÜ=Ñçê=íÜÉ=
ÑáííáåÖK= qç= ÅçãéäÉãÉåí= íÜáë= áåÑçêã~íáçåI= íÜÉ= ~å~äóëáë= çÑ= íÜÉ= pá= Oé= êÉÖáçå= EcáÖìêÉ= QKNOJÖI= ÜF=
ÉãéÜ~ëáòÉë=íÜÉ=éêÉëÉåÅÉ=çÑ=Öêçìéë=ëìÅÜ=~ë=páJlJ`I=~í=úNMOKS=ÉsI=~åÇ=lJpáJlI=~í=úNMPKP=ÉsI=xNRMzI=
xNRQz=~ë=áå=íÜÉ=Å~ëÉ=çÑ=åçåJÜóÇêçñóä~íÉÇ=ÉäÉÅíêçÇÉ=EcáÖìêÉ=QKNOJÖFK=få=íÜÉ=Å~ëÉ=çÑ=íÜÉ=ÜóÇêçñóä~íÉÇ=
çåÉ=EcáÖìêÉ=QKNOJÜFI=çåÅÉ=~Ö~áå=íÜÉ=éêçéçêíáçåë=áå=íÉêãë=çÑ=éÉ~â=áåíÉåëáíáÉë=ÇáîÉêëÉ=Ñêçã=íÜÉ=çåÉ=
ÄÉÑçêÉK=líÜÉê=ÅçåíêáÄìíáçåë=~êáëÉI=ÄçíÜ=Ñêçã=^mqbp=éêÉëÉåÅÉ=~ë=áå=íÜÉ=Å~ëÉ=çÑ=páJ`I=~í=úNMNKS=ÉsI=
xNRQz=~åÇ=lJpáJ`=ÄçåÇáåÖI=~í=ú=NMOKV=ÉsI=~ë=ïÉää=~ë=Ñêçã=íÜÉ=éêÉëÉåÅÉ=çÑ=Åçåí~ãáå~åíëI=ëìÅÜ=~ë=
cÉJ=lI=~í=úVQKQ=És=xNRRzK=i~ëíäóI=íÜÉ=ëáÖå~ä=Å~éíìêÉÇ=áå=íÜÉ=k=Në=êÉÖáçå=ÅçåÑáêãëI=Ñçê=ÄçíÜ=ÉäÉÅíêçÇÉëI=
íÜÉ=éêÉëÉåÅÉ=çÑ=^mqbp=Äó=íÜÉ=ÉãÉêÖÉåÅÉ=çÑ=íïç=éÉ~âë=~í=úPVVKV=~åÇ=úQMNKS=És=~ÇÇêÉëëÉÇ=íç=~ãáåÉ=
Öêçìéë=EkeOF=~åÇ=éêçíçå~íÉÇ=~ãáåÉ=Öêçìéë=EkeP

HF=xNRSzI=êÉëéÉÅíáîÉäóK=
qç=Åä~êáÑó=íÜÉ=ÉÑÑÉÅí=çÑ=íÜÉ=cÉåíçå=êÉ~ÅíáçåI=~=èì~åíáÑáÅ~íáçå=çÑ=íÜÉ=Å~êÄçå=Öêçìéë=ï~ë=ìåÇÉêí~âÉå=

Ñçê=íÜÉ=íÜêÉÉ=ÉñéäçêÉÇ=ë~ãéäÉëI=Ä~êÉ=ifd=~åÇ=íÜÉ=íïç=^mqbpJãçÇáÑáÉÇ=ifd=ë~ãéäÉëK=få=cáÖìêÉ=
QKNPI=áí= áë=éêÉëÉåíÉÇ=~=ÜáëíçÖê~ã=Çáëéä~óáåÖ=ëìÅÜ=èì~åíáÑáÅ~íáçåI=ÅçåÑáêãáåÖ=íÜÉ=çñáÇ~íáîÉ=ÉÑÑÉÅí=çÑ=
cÉåíçå=çå=ifdK=få=Ñ~ÅíI=~=ëáÖåáÑáÅ~åí=áåÅêÉ~ëÉ=çÑ=ÉíÜÉê=E`JlF=~åÇ=Å~êÄçåóä=E`ZlF=Öêçìéë=áë=îÉêáÑáÉÇ=
Ñçê=íÜÉ=ÜóÇêçñóä~íÉÇ=EcÉåíçåF=ë~ãéäÉI=ã~áåí~áåáåÖ=íÜÉ=ÅçåíêáÄìíáçå=çÑ=íÜÉ=ÜóÇêçñóä=Öêçìéë=E`JleF=
îÉêó=ëáãáä~ê=íç=íÜÉ=åçåJÜóÇêçñóä~íÉÇ=ë~ãéäÉK=

=
cáÖìêÉ=QKNPW=nì~åíáí~íáîÉ=~å~äóëáë=çÑ=`=Në=êÉÖáçå=çÑ=íÜÉ=ump=ëéÉÅíê~=çÄí~áåÉÇ=Ñçê=íÜÉ=Ä~êÉ=ifd=ë~ãéäÉI=áå=
cáÖìêÉ= QKNNJE~F= EÄä~ÅâF= ~åÇ= ÄçíÜ= ^mqbpJãçÇáÑáÉÇ= ifdI= åçåJ= ~åÇ= ÜóÇêçñóä~íÉÇ= ë~ãéäÉëI= áå= cáÖìêÉ=
QKNOJ=E~IÄF=EêÉÇ=~åÇ=ÄäìÉFI=êÉëéÉÅíáîÉäóK==

få= ÅçåÅäìëáçåI= íÜÉ= cÉåíçå= êÉ~Åíáçå= ëÉÉãë= íÜ~í= ÇáÇ= åçí= ÉåÜ~åÅÉ= ëáÖåáÑáÅ~åíäó= íÜÉ= ^mqbp=
ÑìåÅíáçå~äáë~íáçå= çå= ifd= ë~ãéäÉëI= ëç= íÜ~í= ïçìäÇ= åçí= àìëíáÑó= íç= áåÅäìÇÉ= íÜáë= Éñíê~= ëíÉé= áåíç= íÜÉ=
ÄáçëÉåëçê=éêçÇìÅíáçåK=_ÉëáÇÉëI= íÜÉ=ump=~å~äóëáë= ÅçåÑáêãÉÇ= íÜ~í= ëçãÉ=Åçåí~ãáå~åíëI= ëìÅÜ=~ë= áêçå=
çñáÇÉ=EcÉJlFI=ïÉêÉ=áåíêçÇìÅÉÇ=áåíç=íÜÉ=ÉäÉÅíêçÇÉÛë=ëìêÑ~ÅÉI=ïÜáÅÜ=áë=åçí=ÇÉëáê~ÄäÉK=eÉåÅÉI=íç=éêçÅÉÉÇ=
ïáíÜ=íÜÉ=ÑìåÅíáçå~äáë~íáçåI=çåÉ=çéíÉÇ=íç=åçí=ÜóÇêçñóä~íÉ=íÜÉ=ÉäÉÅíêçÇÉK=

mçëíÉêáçêäóI=íÜÉ=^mqbp=ÑìåÅíáçå~äáë~íáçå=ï~ë=éÉêÑçêãÉÇK=qÜêçìÖÜçìí=íÜáë=ëíìÇóI=íÜêÉÉ=^mqbp=
ÅçåÅÉåíê~íáçåëI=MKNI=N=~åÇ=NM=BI=ïÉêÉ=ìëÉÇ=íç=ÑìåÅíáçå~äáëÉ=íÜêÉÉ=ifd=ÉäÉÅíêçÇÉë=~åÇ=íç=~å~äóëÉ=íÜÉ=
áåÑäìÉåÅÉ=çÑ=ëìÅÜ=é~ê~ãÉíÉêI=çåÉ=êÉëçêíÉÇ=íç=bfp=~åÇ=`s=ÉäÉÅíêçÅÜÉãáÅ~ä=íÉÅÜåáèìÉëK=få=cáÖìêÉ=QKNQI=
íÜÉ=êÉëéÉÅíáîÉ=îçäí~ããçÖê~ãë=~åÇ=kóèìáëí=éäçíë=~êÉ=éêÉëÉåíÉÇI=Åçãé~êáåÖ=íÜÉ=íÜêÉÉ=ifd=ÉäÉÅíêçÇÉë=
ÄÉÑçêÉ=~åÇ=~ÑíÉê=ëáä~åáò~íáçåK=
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=
cáÖìêÉ=QKNQW=sçäí~ããçÖê~ãë=EE~FIEÄFIEÅFF=~åÇ=kóèìáëí=éäçíë= EEÇFIEÉFIEÑFF=çÑ=Ä~êÉ=ifd=ÉäÉÅíêçÇÉë=EÄä~ÅâF=~åÇ=
ifd= ÉäÉÅíêçÇÉë= ~ÑíÉê= ^mqbp= ÑìåÅíáçå~äáë~íáçå= ìëáåÖ= MKNB= EäáÖÜí= éáåâFI= NB= EêÉÇF= ~åÇ= NMB= EÄêçïåF=
ÅçåÅÉåíê~íáçåëK=jÉ~ëìêÉãÉåíë=éÉêÑçêãÉÇ=ìëáåÖ=xcÉE`kFSz

PJLQJ=ENWN=ãjF=áå=m_pK==
oÉÖ~êÇäÉëë=íÜÉ=ìëÉÇ=ÅçåÅÉåíê~íáçå=çÑ=^mqbpI=áí=áë=ÉîáÇÉåí=íÜÉ=Çáë~ééÉ~ê~åÅÉ=çÑ=íÜÉ=ëÉãáJÅáêÅäÉI=~ÑíÉê=
íÜÉ=ëáä~åáò~íáçå=EcáÖìêÉ=QKNQJÇI=ÉI=ÑFK=qÜáë=Å~å=~éé~êÉåíäó=ÄÉ=êÉä~íÉÇ=íç=íÜÉ=ÇÉÅêÉ~ëÉ=çÑ=íÜÉ=ÅÜ~êÖÉ=
íê~åëÑÉê=êÉëáëí~åÅÉI=o`qK=få=Ñ~ÅíI= áå=íÉêãë=çÑ=ëÉåëáÄáäáíóI= áí= áë=ÇÉëáê~ÄäÉ=íÜ~í=íÜÉ=ÄáçëÉåëçê=Ü~ë=~=äçï=
o`qK=eçïÉîÉêI=áÑ=íÜáë=áë=íçç=äçïI=~ë=áå=íÜÉ=Å~ëÉ=çÑ=åçí=ÄÉáåÖ=~ÄäÉ=íç=ãÉ~ëìêÉ=áí=~ë=ëÜçïå=áå=cáÖìêÉ=
QKNQJEÇI=ÉI=ÑFI=áí=Å~å=ÅçãéäáÅ~íÉ=íÜÉ=~å~äóëáë=çÑ=íÜÉ=êÉëí=çÑ=íÜÉ=ÑìåÅíáçå~äáë~íáçå=~åÇI=~ÑíÉêï~êÇëI=íÜÉ=
Éëí~ÄäáëÜãÉåí= çÑ= íÜÉ= ÄáçëÉåëçêÛë= äáãáí= çÑ= ÇÉíÉÅíáçå= EilaFK= eáÖÜäáÖÜíáåÖ= íÜáë= ÄÉÜ~îáçìêI= íÜÉ=
êÉëéÉÅíáîÉ= îçäí~ããçÖê~ãë= ëÜçï= ~å= áåÅêÉ~ëÉ= çÑ= íÜÉ= ÅìêêÉåí= êÉëéçåëÉ= EcáÖìêÉ= QKNQJ~I= ÄI= ÅFI= ìéçå=
^mqbp= ÑìåÅíáçå~äáë~íáçåK= qÜÉëÉ= Ç~í~= ëÉÉã= íç= áåÇáÅ~íÉ= íÜ~í= ~= ÖêÉ~íÉê= åìãÄÉê= çÑ= êÉÇçñ= ëéÉÅáÉë=
ExcÉE`kFSzPJLQJF= áë= ~ÅÅÉëëáåÖ= íç= íÜÉ= ëìêÑ~ÅÉ= çÑ= íÜÉ= ÉäÉÅíêçÇÉI= ÅçåÑäáÅíáåÖ= ïáíÜ= íÜÉ= ÉñéÉÅí~íáçåë= çÑ=
ÑìåÅíáçå~äáë~íáçåK=få=Ñ~ÅíI=íÜÉ=ÅçåÅÉéí=çÑ=ÑìåÅíáçå~äáë~íáçå=êÉäáÉë=çå=ãçÇáÑóáåÖ=íÜÉ=ëìêÑ~ÅÉ=Äó=ÄçåÇáåÖ=
çê=~Çëçêéíáçå=çêÖ~åáÅ=~åÇLçê=ÄáçãçäÉÅìäÉë=íç=áíK=pçI=áí=áë=ÉñéÉÅíÉÇ=íÜ~í=~äçåÖ=íÜÉ=ÑìåÅíáçå~äáë~íáçåI=
íÜÉ=ÅÜ~êÖÉ=íê~åëÑÉê=ÄÉíïÉÉå=çÑ=íÜÉ=êÉÇçñ=ëéÉÅáÉë=~åÇ=íÜÉ=ÉäÉÅíêçÇÉÛë=ëìêÑ~ÅÉ=áë=éêçÖêÉëëáîÉäó=êÉÇìÅÉÇ=
~åÇI=ÅçåëÉèìÉåíäóI=íÜÉ=o`q=éêçÖêÉëëáîÉäó=áåÅêÉ~ëÉëK=`çåíê~ëíáåÖI=áå=íÜáë=Å~ëÉI=íÜÉ=áåîÉêëÉ=~ééÉ~êë=íç=
Ü~ééÉåK= pçãÉ= ~ìíÜçêë= Ü~îÉ= çÄëÉêîÉÇ= íÜÉ= ë~ãÉ= êÉëìäí= Ñçê=^mqbp= ÑìåÅíáçå~äáë~íáçå= xNRTzÓxNSNzI=
Éñéä~áåáåÖ=áí=íÜêçìÖÜ=íÜÉ=éçä~êáë~íáçå=çÑ=íÜÉ=~ãáåç=Öêçìéë=EkeOF=áå=~èìÉçìë=ëçäìíáçåK=^ë=~=ã~ííÉê=
çÑ=Ñ~ÅíI=íÜáë=íÉåÇ=íç=éêçíçå~íÉ=~í=ée=TKQ=EkeP

HFI=éçä~êáòáåÖ=íÜÉ=ëìêÑ~ÅÉ=éçëáíáîÉäóI=ïÜáÅÜ=ïáää=~ííê~Åí=
íÜÉ=êÉÇçñ=ëéÉÅáÉë=íç=áíI=Äó=ÉäÉÅíêçëí~íáÅ=áåíÉê~ÅíáçåëI=~åÇ=áåÅêÉ~ëÉ=íÜÉ=ÅÜ~êÖÉ=íê~åëÑÉê=çå=íÜÉ=ëìêÑ~ÅÉ=çÑ=
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íÜÉ= ÉäÉÅíêçÇÉK= ^ë= ~= êÉëìäíI= íÜÉ= ÅìêêÉåí= êÉëéçåëÉ= áåÅêÉ~ëÉë= ïÜáÅÜ= Å~å= ÄÉ= çÄëÉêîÉÇ= ïáíÜáå= íÜÉ=
îçäí~ããçÖê~ãë=~åÇ=íÜÉ=áãéÉÇ~åÅÉ=ëéÉÅíê~K=kÉîÉêíÜÉäÉëëI=íç=ÅçåÑáêã=~åÇ=Åä~êáÑó=íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=
éêçéÉêíáÉë=çÑ=íÜÉ=^mqbpJãçÇáÑáÉÇ=ifd=ÉäÉÅíêçÇÉëI=çåÉ=çÄí~áåÉÇ=íÜÉ=âMI=^ÉÑÑ=~åÇ=𝛾"#=Ñçê=íÜÉ=MKN=~åÇ=
NB=^mqbpJãçÇáÑáÉÇ=ÉäÉÅíêçÇÉëI=ëáåÅÉ=íÜÉ=ÅìêêÉåí=~åÇ=áãéÉÇ~åÅÉ=êÉëéçåëÉë=çÑ=íÜÉ=NMB=ïÉêÉ=íçç=
~ÅÅÉåíì~íÉÇI=áK=ÉK=íÜÉ=îçäí~ããÉíêáÅ=êÉëéçåëÉ=ï~ë=îÉêó=ÜáÖÜ=~åÇ=íÜÉ=áãéÉÇáãÉíêáÅ=ëáÖå~ä=éêÉëÉåíÉÇ=~=
åÉÖäÉÅíÉÇ=o`qK=`çåëÉèìÉåíäóI=áãéäóáåÖ=äçëë=çÑ=ëÉåëáÄáäáíó=Ñçê=ÑìêíÜÉê=ÑìåÅíáçå~äáë~íáçå=ìëáåÖ=`s=~åÇ=
bfp=ãÉ~ëìêÉãÉåíëK=

páåÅÉ=Ñçê=íÜÉ=ëíìÇó=çÑ=^mqbp=ÑìåÅíáçå~äáë~íáçåI=~=åÉï=Ä~íÅÜ=çÑ=ifd=ÉäÉÅíêçÇÉë=ï~ë=éêçÇìÅÉÇI=
çåÉ=çÑ=íÜÉëÉ=åÉï=Ä~êÉ=ifd=ÉäÉÅíêçÇÉë=ï~ë=~äëç=ëìÄãáííÉÇ=íç=íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=ÅÜ~ê~ÅíÉêáë~íáçå=íç=
~ëëìêÉ=ã~áåíÉå~åÅÉ=çÑ=íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=éêçéÉêíáÉëK=qÜÉêÉÑçêÉI=áå=cáÖìêÉ=QKNRI=íÜÉ=çÄí~áåÉÇ=êÉëìäíë=
Ñçê= É~ÅÜ= ÉäÉÅíêçÅÜÉãáÅ~ä= é~ê~ãÉíÉê= âM= E~FI=^ÉÑÑ= EÄF= ~åÇ=𝛾"#= EÅF= ~êÉ= éêÉëÉåíÉÇI= Åçãé~êáåÖ= íÜÉ= íïç=
ÅçåÅÉåíê~íáçåë= ^mqbp= ÑìåÅíáçå~äáëÉÇ= ÉäÉÅíêçÇÉë= ~åÇ= íÜÉ= íïç= Ä~êÉ= ifd= ÉäÉÅíêçÇÉë= EëÉÅíáçå= RKNF=
ÉäÉÅíêçÇÉë=~åÇ=íÜÉ=åÉï=Ä~íÅÜFK=

=
cáÖìêÉ=QKNRW=bäÉÅíêçÅÜÉãáÅ~ä=ÅÜ~ê~ÅíÉêáë~íáçå=çÑ=íÜÉ=^mqbpJãçÇáÑáÉÇ=ifd=ÉäÉÅíêçÇÉëI=ïáíÜ=MKN=E●F=~åÇ=NB=
E●F=ÅçåÅÉåíê~íáçåëK=cçê=É~ÅÜ=çÑ=íÜÉ=é~ê~ãÉíÉêëI=âM=E~FI=^ÉÑÑ=EÄF=~åÇ=𝛾"#=EÅFI=íÜÉ=çÄí~áåÉÇ=êÉëìäíë=Ñçê=íÜÉ=Ä~êÉ=
ifd=ÉäÉÅíêçÇÉ=EíêáéäáÅ~íÉëF=áå=ëÉÅíáçå=RKN=E▲F=~åÇ=Ñçê=~=Ä~êÉ=ifd=ÉäÉÅíêçÇÉ=çÑ=íÜÉ=åÉï=Ä~íÅÜ=éêçÇìÅÉÇ=Ñçê=
ÑìåÅíáçå~äáë~íáçå=E▲F=~êÉ=ëÜçïå=Ñçê=Åçãé~êáëçåK=
=
`çåÅÉêåáåÖ=íÜÉ=Ä~êÉ=ifd=ÉäÉÅíêçÇÉëI=íÜÉ=êÉëìäíë=Ñçê=íÜÉ=åÉï=Ä~íÅÜ=~êÉ=îÉêó=ëáãáä~ê=íç=íÜÉ=çåÉ=~å~äóëÉÇ=
áå=ëÉÅíáçå=RKNI=ïáíÜ=ÉñÅÉéíáçå=çÑ=íÜÉ=ÜÉíÉêçÖÉåÉçìë=ÅÜ~êÖÉ=íê~åëÑÉê=ê~íÉ=íÜ~í=áë=ëäáÖÜíäó=ÜáÖÜÉê=Ñçê=íÜÉ=
åÉï=çåÉK=fåíÉêÉëíáåÖäó=~åÇ=ÅçåÑáêãáåÖ=íÜÉ=ÄÉÜ~îáçìê=çÄëÉêîÉÇ=Ñçê=`s=~åÇ=bfp=ãÉ~ëìêÉãÉåíëI=ÄçíÜ=
íÜÉ=^mqbpJãçÇáÑáÉÇ=ÉäÉÅíêçÇÉë=Çáëéä~ó=ëáÖåáÑáÅ~åíäó=ÜáÖÜÉê=âM=î~äìÉëK=oÉÖ~êÇáåÖ=íÜÉ=^ÉÑÑ=~åÇ=𝛾"#I=
íÜÉ=î~äìÉë=çÄí~áåÉÇ=Ñçê=íÜÉëÉ=ÑìåÅíáçå~äáëÉÇ=ÉäÉÅíêçÇÉë=~êÉ=îÉêó=ëáãáä~ê=íç=íÜÉ=çåÉë=çÑ=íÜÉ=Ä~êÉ=ifd=
ÉäÉÅíêçÇÉëK=eÉåÅÉI=áå=íÉêãë=çÑ=ÉäÉÅíêçÅÜÉãáÅ~ä=é~ê~ãÉíÉêëI=çåÉ=ÇáÇ=åçí=åçíÉ=ÅçåëáÇÉê~ÄäÉ=ÇáÑÑÉêÉåÅÉë=
ÄÉíïÉÉå=ìëáåÖ=MKNB=çê=NB=^mqbp=Ñçê=áíë=ÑìåÅíáçå~äáë~íáçåK=
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qÜÉêÉÑçêÉI=çåÉ=çéíÉÇ=íç=Ñçääçï=íÜÉ=MKNB=^mqbp=ÑìåÅíáçå~äáë~íáçåI=ëáåÅÉ=áí=Öì~ê~åíÉÉë=Ñçê=íÜÉ=
êÉëí=çÑ=íÜÉ=ÑìåÅíáçå~äáë~íáçå=~=ãÉ~ëìê~ÄäÉ=o`q=~åÇI=ÅçåëÉèìÉåíäóI=~=ãÉ~ëìê~ÄäÉ=ëÉåëáíáîáíóI=ìëáåÖ=çåäó=
t
tF
=çÑ=íÜÉ=èì~åíáíó=çÑ=^mqbpK=

cáå~ääóI=íÜÉ=ä~ëí=íïç=ëíÉéë=çÑ=ÑìåÅíáçå~äáë~íáçå=ïÉêÉ=áãéäÉãÉåíÉÇ=~åÇ=ÅÜ~ê~ÅíÉêáëÉÇK=_çíÜ=~åíáJ
bK=Åçäá=EÄáçäçÖáÅ~ä=êÉÅçÖåáíáçå=ÉäÉãÉåíF=áããçÄáäáë~íáçå=~åÇ=ÄçîáåÉ=ëÉêìã=~äÄìãáå=E_p^F=é~ëëáî~íáçå=
ïÉêÉ= éÉêÑçêãÉÇ= ìëáåÖ= Çêçé= Å~ëíáåÖ= íÉÅÜåáèìÉ= ~åÇ= ïÉêÉ= ÅÜ~ê~ÅíÉêáëÉÇ= íÜêçìÖÜ= bfp= ~åÇ= `s=
ãÉ~ëìêÉãÉåíëI=ÉãéäçóáåÖ=xcÉE`kFSzPJLQJ=ENWN=ãjF=áå=m_p=ENM=ãjF=~ë=ÉäÉÅíêçäóíÉK=cáêëíäóI=~=RM=”i=
Çêçé= çÑ= ~åíáJbK= Åçäá= EMKR= ãÖLãiF= ëçäìíáçåI= áåÅäìÇáåÖ= kep= ~åÇ= ba`= íç= ~ëëìêÉ= Åçî~äÉåí=
áããçÄáäáë~íáçåI=ï~ë=ÇÉéçëáíÉÇ=çå=íÜÉ=^mqbpJãçÇáÑáÉÇ=ifd=ëìêÑ~ÅÉK=pìÄëÉèìÉåíäóI=~=RM=”i=Çêçé=
ÅçåëáëíáåÖ=çå=NB=_p^=ëçäìíáçå=ï~ë=Å~ëíÉÇ=çå=íÜÉ=êÉëìäíáåÖ=ëìêÑ~ÅÉ=çÑ=íÜÉ=ÉäÉÅíêçÇÉI=íç=ÄäçÅâ=ÅÜ~êÖÉ=
íê~åëÑÉê= ~åÇ=Ä~ÅíÉêá~= ~Çëçêéíáçå= çå= íÜÉ= ÉäÉÅíêçÇÉëÛ= ëìêÑ~ÅÉI=ïÜÉêÉ= ~åíáÄçÇó=ï~ë=åçí= áããçÄáäáëÉÇK=
_çíÜ=éêçÅÉÇìêÉë=ïÉêÉ=ëéÉÅáÑáÉÇ=áå=ëÉÅíáçå=QKOK=få=cáÖìêÉ=QKNSI=íÜÉ=éÉêÑçêãÉÇ=îçäí~ããÉíêáÅ=E`sF=~åÇ=
áãéÉÇáããÉíêáÅ=EbfpF=ãÉ~ëìêÉãÉåíëI=Ñçê=É~ÅÜ=ÑìåÅíáçå~äáë~íáçå=ëíÉéI=~êÉ=ëÜçïåK=

=
cáÖìêÉ= QKNSW= `Ü~ê~ÅíÉêáë~íáçå= çÑ= íÜÉ= ÑìåÅíáçå~äáë~íáçå= ëíÉéëI= ÅçãéêáëáåÖ= ^mqbpI= ~åíáJbK= Åçäá= ~åÇ= _p^I=
íÜêçìÖÜ=E~F=ÅóÅäáÅ=îçäí~ããÉíêó=~åÇ=EÄF=ÉäÉÅíêçÅÜÉãáÅ~ä=áãéÉÇ~åÅÉ=ëéÉÅíêçëÅçéóI=ìëáåÖ=xcÉE`kFSz

PJLQJ=ENWN=ãjF=
áå=m_p=ENM=ãjF=~ë=ÉäÉÅíêçäóíÉK==

qÜÉ= áããçÄáäáë~íáçå=çÑ= íÜÉ= ~åíáÄçÇó= áåÅêÉ~ëÉÇ= íÜÉ=o`q=çÑ= íÜÉ= ÉäÉÅíêçÇÉI= ~ë=çåÉ= Å~å= îÉêáÑó= áå=
cáÖìêÉ=QKNSJEÄF=Äó=íÜÉ=~ééÉ~ê~åÅÉ=çÑ=íÜÉ=ëÉãáJÅáêÅäÉK=qÜáë=êÉëìäí=áë=ÅçêêçÄçê~íÉÇ=Äó=íÜÉ=ÅìêêÉåí=Çêçé=
çå=íÜÉ=îçäí~ããçÖê~ã=áå=cáÖìêÉ=QKNSJE~FK=páãáä~êäóI=áí=ïçìäÇ=ÄÉ=ÉñéÉÅíÉÇ=íÜ~í=~ÑíÉê=_p^=é~ëëáî~íáçå=
íÜÉ= o`q= ïçìäÇ= áåÅêÉ~ëÉ= ~åÇ= íÜÉ= ÅìêêÉåí= ïçìäÇ= ÇÉÅêÉ~ëÉK= eçïÉîÉêI= áå= cáÖìêÉ= QKNSI= íÜáë= áë= åçí=
éÉêÅÉéíáîÉK=få=Ñ~ÅíI=ÄçíÜ=o`q=~åÇ=ÅìêêÉåí=ã~áåí~áå=ëáãáä~ê=î~äìÉë=~ÑíÉê=íÜÉ=é~ëëáî~íáçåK=qÜáë=êÉëìäí=Å~å=
ÄÉ=~ëëçÅá~íÉÇ=ïáíÜ=íÜÉ=Ñ~Åí=íÜ~í=íÜÉ=ëáíÉë=ïÜÉêÉ=åç=~åíáÄçÇó=ï~ë=áããçÄáäáëÉÇ=ïÉêÉ=åçí=ÅçåíêáÄìíáåÖ=
ëáÖåáÑáÅ~åíäó=íç=íÜÉ=ÅÜ~êÖÉ=íê~åëÑÉê=éêçÅÉëëK=pçãÉ=~ìíÜçêë=Ü~îÉ=éìÄäáëÜÉÇ=éÉêÅÉéíáîÉäó=áåÅêÉ~ëÉë=çÑ=
o`q=~äçåÖ=ïáíÜ=îÉêó=ëáãáä~ê=ÅìêêÉåí=êÉëéçåëÉ=xNNOzI=xNNSzK==

qÜÉêÉÑçêÉI=~=ÑìåÅíáçå~äáë~íáçå=éêçíçÅçä=ï~ë=ÇÉÑáåÉÇ=~åÇ=ÅÜ~ê~ÅíÉêáëÉÇ=Ñçê=íÜÉ=ÇÉîÉäçéãÉåí=çÑ=~å=
áãéÉÇáãÉíêáÅ=áããìåçëÉåëçê=Ä~ëÉÇ=çå=ifd=ÉäÉÅíêçÇÉë=Ñçê=ÇÉíÉÅíáçå=çÑ=bëÅÜÉêáÅÜá~=ÅçäáI=ÅçåëáëíáåÖ=
çå=íÜêÉÉ=ëíÉéëW=^mqbp=ëáä~åáò~íáçåI=~åíáÄçÇó=áããçÄáäáë~íáçå=~åÇ=_p^=é~ëëáî~íáçå=EcáÖìêÉ=PKQFK=

5.3 Biosensing Response 
oÉÖ~êÇáåÖ=íÜÉ=ÄáçëÉåëáåÖ=êÉëéçåëÉ=çÑ=Ñìääó=ÑìåÅíáçå~äáëÉÇ=ifd=ÉäÉÅíêçÇÉëI=~=ëÉí=çÑ=bëÅÜÉêáÅÜá~=

Åçäá=Eb`o=NF=ÅçåÅÉåíê~íáçåë=ï~ë=Éëí~ÄäáëÜÉÇ=ERI=NMI=NMOI=NMPI=NMQI=NMRI=NMS=̀ crLãiF=~ë=ïÉää=~ë=Åçåíêçä=
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ÉäÉÅíêçÇÉëI= îÉêáÑóáåÖ= íÜÉ= ëÉäÉÅíáîáíó= ~åÇ= ëéÉÅáÑáÅáíó= çÑ= íÜÉ= éêçÇìÅÉÇ= ÄáçëÉåëçê= íçï~êÇë= íÜÉ=bK= Åçäá=
Eq~ÄäÉ= PKNFI= ~ë= ëí~íÉÇ= áå= ëÉÅíáçå= QKPK= ^ÅÅçêÇáåÖäóI= íÜÉ= ëÉí= ÅçãéêáëÉÇ= íïç= Ñìääó= ÑìåÅíáçå~äáëÉÇ=
ÉäÉÅíêçÇÉëI=çåÉ=íÉëíÉÇ=ïáíÜ=b`o=N=E_áçëÉåëçêF=~åÇ=~åçíÜÉê=ïáíÜ=pÜÉï~åÉää~=EpÉäÉÅíáîáíóFI=~åÇ=íïç=
ÅçåíêçäëI=çåÉ=ïáíÜçìí=~åíáJbK=Åçäá=E`çåíêçäkç=^åíáJbK=ÅçäáF=~åÇ=~åçíÜÉê=ïÜÉêÉ=ba`=~åÇ=kep=ïÉêÉ=åçí=
ìëÉÇ=ÇìêáåÖ=~åíáJbK=Åçäá=áããçÄáäáë~íáçå=E`çåíêçäkç=ba`LkepFK=cçê=É~ÅÜ=çÑ=íÜÉ=ãÉåíáçåÉÇ=ÉäÉÅíêçÇÉëI=
bfp=ãÉ~ëìêÉãÉåíë=ïÉêÉ=éÉêÑçêãÉÇ=ÄÉÑçêÉ=ÄÉáåÖ= áå=Åçåí~Åí=ïáíÜ=~åó=bK= Åçäá= ëçäìíáçå= EêÉÑÉêêÉÇ=~ë=
Ää~åâëF=~åÇ=~ÑíÉê=ÄÉáåÖ=ëìÄãáííÉÇ=íç=É~ÅÜ=çÑ=íÜÉ=bK=Åçäá=ÅçåÅÉåíê~íáçåëI=ìëáåÖ=xcÉE`kFSzPJLQJ=ENWN=ãjF=
áå=m_p=ENM=ãjF=~ë=ÉäÉÅíêçäóíÉK=få=cáÖìêÉ=QKNTJE~FI=íÜÉ=kóèìáëí=éäçíë=çÄí~áåÉÇ=Ñçê=íÜÉ=íÉëíë=éÉêÑçêãÉÇ=
ïáíÜ= íÜÉ= _áçëÉåëçê= ~êÉ= ëÜçïåI= ~ë= ~å= Éñ~ãéäÉK= råÉñéÉÅíÉÇäóI= áí= áë= åçíáÅÉ~ÄäÉ= íÜ~í= ìéçå= bK= Åçäá=
áããçÄáäáë~íáçåI=íÜÉ=ëÉãáJÅáêÅäÉ=êÉÖáçå=çÑ=íÜÉ=kóèìáëí=éäçí=ÇáãáåáëÜÉëI=ÅçêêÉëéçåÇáåÖ=íç=~=ÇÉÅêÉ~ëÉ=
áå=íÜÉ=ÅÜ~êÖÉ=íê~åëÑÉê=êÉëáëí~åÅÉI=o`qK=kçåÉíÜÉäÉëëI=çåÉ=éêçÅÉÉÇÉÇ=ïáíÜ=ÑáííáåÖ=íÜÉ=çÄí~áåÉÇ=êÉëìäíëI=
~ääçïáåÖ= ~å= Éî~äì~íáçå= çÑ= íÜÉ= åçêã~äáëÉÇ= ÄáçëÉåëáåÖ= êÉëéçåëÉI= ÅçåëáÇÉêáåÖ= íÜÉ= ÄáçëÉåëçêë= ~åÇ=
Åçåíêçäë=íÉëíÉÇK=få=Ñ~ÅíI=íÜÉ=ÄáçëÉåëáåÖ=êÉëéçåëÉI=~ë=ÉñéçëÉÇ=áå=ëÉÅíáçå=OKOI= áë=~ëëìãÉÇ=Äó=íÜÉ=o`q=
î~äìÉ= Éñíê~ÅíÉÇ= Ñêçã= íÜÉ= kóèìáëí= éäçíë= Äó= ÑáííáåÖ= áí= íç= ~å= Éèìáî~äÉåí= ÅáêÅìáíI= ïÜáÅÜ= Ñçê= Ñ~ê~Ç~áÅ=
áãéÉÇ~åÅÉJÄ~ëÉÇ=ëÉåëçêë=áë=Åçããçåäó=íÜÉ=ãçÇáÑáÉÇJo~åÇäÉë=ÅáêÅìáí=EcáÖìêÉ=OKOFK=eçïÉîÉêI=ÇìêáåÖ=
ÑìåÅíáçå~äáë~íáçå=~åÇ=bK=Åçäá=íÉëíáåÖI=íÜÉ=çÄí~áåÉÇ=kóèìáëí=éäçíë=ëÜçïÉÇ=~=éÜ~ëÉ=ÇÉîá~íáçå=çÑ=íÜÉ=é~êí=
êÉä~íÉÇ=íç=íÜÉ=ÇáÑÑìëáçå=ÅçåíêçääÉÇ=êÉÖáçå=EcáÖìêÉ=QKNTJ~FI=ïÜáÅÜ=áë=åçêã~ääó=ÇÉëÅêáÄÉÇ=Äó=~=t~êÄìêÖ=

ÉäÉãÉåíK=qÜÉ=ä~ííÉê=áë=ÇÉÑáåÉÇ=Äó=~=Åçåëí~åí=r
s
=éÜ~ëÉK=qÜÉêÉÑçêÉI=íç=~ÅÅçãéäáëÜ=~=ãçêÉ=ëìáí~ÄäÉ=ÑáííáåÖI=

~=åÉï=Éèìáî~äÉåí=ÅáêÅìáí=ï~ë=ÅçåëáÇÉêÉÇI=áå=ïÜáÅÜ=íÜÉ=t~êÄìêÖ=ÉäÉãÉåí=ï~ë=ëìÄëíáíìíÉÇ=Äó=~=Åçåëí~åí=
éÜ~ëÉ=ÉäÉãÉåí=E`mbFI=~åÇ=áë=éêÉëÉåíÉÇ=~ë=~å=áåëÉí=áå=cáÖìêÉ=QKNTJEÄFI=~äçåÖ=ïáíÜ=íÜÉ=kóèìáëí=éäçí=çÑ=
íÜÉ=_áçëÉåëçê=Ää~åâ=íÉëí=~åÇ=êÉëéÉÅíáîÉ=ÑáííáåÖI=~ë=~å=Éñ~ãéäÉK=

^ää=íÜÉ=ÑáííáåÖë=ïÉêÉ=ÉñÉÅìíÉÇ=ìëáåÖ=bfp=péÉÅíêìã=̂ å~äóëÉê=NKM=éêçÖê~ã=~åÇ=~ää=íÜÉ=ÑáííÉÇ=ëéÉÅíê~=
Ü~Ç=~=êÉä~íáîÉ=ÇÉîá~íáçå=Ñêçã=íÜÉ=çÄí~áåÉÇ=ÉñéÉêáãÉåí~ääó=äçïÉê=íÜ~å=OBK=

=
cáÖìêÉ=QKNTW=E~F=lÄí~áåÉÇ=kóèìáëí=éäçíë=Ñçê=íÜÉ=bfp=ãÉ~ëìêÉãÉåíë=éÉêÑçêãÉÇ=ïáíÜ=íÜÉ=_áçëÉåëçê=ÄÉÑçêÉ=EÄä~åâF=
~åÇ=~ÑíÉê=ÄÉáåÖ= áå= Åçåí~Åí=ïáíÜ=bK= Åçäá= ÅçåÅÉåíê~íáçåëI=ìëáåÖ= xcÉE`kFSz

PJLQJ= ENWN=ãjF= áå=m_p= ENM=ãjF=~ë=
ÉäÉÅíêçäóíÉK= EÄF= kóèìáëí= éäçí= çÄí~áåÉÇ= Ñçê= íÜÉ= _áçëÉåëçêÛë= Ää~åâ= íÉëí= ~åÇ= êÉëéÉÅíáîÉ= ÑáííÉÇ= ëéÉÅíêìãI=
~ÅÅçãéäáëÜÉÇ=ÅçåëáÇÉêáåÖ=íÜÉ=Éèìáî~äÉåí=ÅáêÅìáíK==
pìÄëÉèìÉåíäóI=íÜÉ=åçêã~äáëÉÇ=ÄáçëÉåëáåÖ=êÉëéçåëÉ=Eo`qF=ï~ë=Éëí~ÄäáëÜÉÇ=íÜêçìÖÜ=EÉèK=QKSF=~åÇ=áí=áë=
éêÉëÉåíÉÇ= áå= cáÖìêÉ= QKNU= Ñçê= íÜÉ= íÉëíÉÇ= ÄáçëÉåëçêë= E_áçëÉåëçê= ~åÇ= pÉäÉÅíáîáíóF= ~åÇ= Åçåíêçäë=
E`çåíêçäkç==ba`Lkep=~åÇ=`çåíêçäkç=^åíáJbK=ÅçäáFK=
= ∆𝑅l¥

𝑅l¥¦#Cpx
=
|𝑅l¥ − 𝑅l¥¦#Cpx|

𝑅l¥¦#Cpx
= EÉèK=QKSF=

=
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=
cáÖìêÉ=QKNUW=kçêã~äáëÉÇ=ÄáçëÉåëáåÖ=êÉëéçåëÉI=o`q=î~êá~íáçåI=çÑ=íÜÉ=Ñìääó=ÑìåÅíáçå~äáëÉÇ=ÄáçëÉåëçêë=E_áçëÉåëçê=
~åÇ=pÉäÉÅíáîáíóF=~åÇ=Åçåíêçäë=E`çåíêçäkç=ba`Lkep=~åÇ=`çåíêçäkç=^åíáJbK=ÅçäáF=ÄÉÑçêÉ=EÄä~åâF=~åÇ=ìéçå=Åçåí~Åí=ïáíÜ=
RI=NMI=NMOI=NMPI=NMQI=NMR=~åÇ=NMS=`crLãi=çÑ=bK=Åçäá=áå=NM=ãj=m_p=ëçäìíáçåK==
råÑçêíìå~íÉäóI=íÜÉ=åçêã~äáëÉÇ=_áçëÉåëçê=êÉëéçåëÉ=ÇçÉë=åçí=Åä~êáÑó=íÜÉ=çÇÇ=ÄÉÜ~îáçìê=~äêÉ~Çó=ëéçííÉÇ=
áå=cáÖìêÉ=QKNTJE~FK=^ë=~=ã~ííÉê=çÑ=Ñ~ÅíI=áå=cáÖìêÉ=QKNUI=íÜÉ=_áçëÉåëçê=êÉëéçåëÉ=áë=ìåÇáëíáåÖìáëÜ~ÄäÉ=
Ñêçã=íÜÉ=pÉäÉÅíáîáíó=~åÇ=`çåíêçäë=çåÉI=åçí=ÄÉáåÖ=ÅäÉ~ê=~=ëéÉÅáÑáÅ=o`q=î~êá~íáçåK=`çåëÉèìÉåíäóI=áí=áë=
åçí= ÅçåÅäìëáîÉ= áÑ= íÜÉ= éêçÇìÅÉÇ= ÄáçëÉåëçêë= Å~å= ÇÉíÉÅí= bK= ÅçäáK= qÜÉêÉÑçêÉI= áå= çêÇÉê= íç= ~ëëìêÉÇäó=
~ÅâåçïäÉÇÖÉ=áÑ=íÜÉ=éêçÇìÅÉÇ=ÄáçëÉåëçêë=~êÉ=~ÄäÉ=íç=ÇÉíÉÅí=bK=Åçäá=~åÇI=ëìÄëÉèìÉåíäóI=íç=ÉñéäçêÉ=íÜÉ=
çêáÖáå=çÑ=íÜÉ=o`q=êÉÇìÅíáçå=ìéçå=Åçåí~Åí=ïáíÜ=bK=Åçäá=ëçäìíáçåI=~=åÉï=ëÉí=çÑ=íÉëíë=ï~ë=éÉêÑçêãÉÇI=
ïÜáÅÜ=~êÉ=ÇÉëÅêáÄÉÇ=~åÇ=ÇáëÅìëëÉÇ=áå=íÜÉ=åÉñí=ëÉÅíáçå=ERKQFK=

5.4 Evidence of E. coli detection 
qÜÉ=Äáò~êêÉ=ÄÉÜ~îáçìê=çÑ=íÜÉ=ÄáçëÉåëáåÖ=êÉëéçåëÉI=äÉÇ=ìë=íç=éÉêÑçêã=~=ÅçåÑáêã~íçêó=~å~äóëáë=íç=

Öì~ê~åíÉÉ=íÜÉ=ÇÉíÉÅíáçå=çÑ=bK=ÅçäáI=ìëáåÖ=íÜÉ=éêçÇìÅÉÇ=ifd=áãéÉÇáãÉíêáÅ=áããìåçëÉåëçêëK=cáêëíI=~=
ÄêáÉÑ= ~å~äóëáë= ÅçåÅÉêåáåÖ= íÜÉ= çêáÖáå= çÑ= ëìÅÜ= ÄÉÜ~îáçìê= ï~ë= ÇçåÉK= páåÅÉ= åçíÜáåÖ= áå= íÜÉ=
ÑìåÅíáçå~äáë~íáçå= éêçíçÅçä= ëÉÉãÉÇ= íç= ÄÉ= Éêê~íáÅI= é~êíáÅìä~êäó= í~âáåÖ= áåíç= ÅçåëáÇÉê~íáçå= íÜÉ=
ÅÜ~ê~ÅíÉêáë~íáçå= ÉñéäçêÉÇ= íÜêçìÖÜçìí= ëÉÅíáçå= RKOI= ~= åÉï= éä~å= íç= Éî~äì~íÉ= íÜÉ= ÉÑÑÉÅíáîÉåÉëë= çÑ= íÜÉ=
~åíáÄçÇóJ~åíáÖÉå= áåíÉê~Åíáçå=ï~ë=ÇÉäáåÉ~íÉÇ=í~âáåÖ= áåíç=~ÅÅçìåí=íÜÉ=ëìÑÑáÅáÉåÅó=çÑ= íÜÉ=èì~åíáíó=çÑ=
~åíáÄçÇó=~î~áä~ÄäÉ=íç=ÄçìåÇ=~åÇ=íÜÉ=~Äáäáíó=çÑ=íÜÉ=ãÉÇáìã=Em_pF=íç=áåíÉê~Åí=ïáíÜ=íÜÉ=ÄáçëÉåëçêK=

qÜÉ=åÉï=Ä~íÅÜ=çÑ=ÄáçëÉåëçêë=ï~ë=éêçÇìÅÉÇ=ïáíÜ=íÜÉ=áåíÉåí=çÑ=ÄÉáåÖ=íÉëíÉÇ=íçï~êÇë=NMS=`crLãi=
çÑ=bK=Åçäá=ëçäìíáçå=Eáå=NM=ãj=m_pFI=ìëáåÖ=íïç=ÇáÑÑÉêÉåí=ëíê~áåëI=b`o=N=~åÇ=~=ëÉÅçåÇ=bK=Åçäá=ëíê~áå=
b`o=NR=ëáåÅÉ=ÄçíÜ=Ü~îÉ=íÜÉ=ë~ãÉ=íóéÉ=çÑ=~åíáÖÉåëI=h=~åÇ=lK=qÜÉ=éêççÑ=çÑ=bK=Åçäá=ÇÉíÉÅíáçå=ï~ë=
ëÉííäÉ= çå= ~= ëÉêáÉë= çÑ= íÉëíëW= ÉäÉÅíêçÅÜÉãáÅ~ä= áãéÉÇ~åÅÉ= ëéÉÅíêçëÅçéó= EbfpF=ãÉ~ëìêÉãÉåíëI= Ä~ÅíÉêá~ä=
ak^=íÉëí=~åÇ=ëÅ~ååáåÖ=ÉäÉÅíêçå=ãáÅêçëÅçéó=EpbjF=îáëì~äáë~íáçåK=qÜÉ=åÉï=ëÉí=çÑ=ÄáçëÉåëçêë=ï~ë=
ÑìåÅíáçå~äáëÉÇ=~ÅÅçêÇáåÖäó=ïáíÜ=íÜÉ=éêçíçÅçä=ÇáëÅìëëÉÇ=ÄÉÑçêÉ=EëÉÅíáçå=QKOFI=ÉñÅÉéí=Ñçê=íÜÉ=ë~ãéäÉë=
éêÉé~êÉÇ=Ñçê=ak^=íÉëíáåÖ=~åÇ=íÜÉ=íïç=ÄáçëÉåëçêë=éêçÇìÅÉÇ=Ñçê=~å~äóëáåÖ=íÜÉ=ëìÑÑáÅáÉåÅó=çÑ=~åíáÄçÇó=
èì~åíáíóI=Ñçê=ïÜáÅÜ=íÜÉ=ÅçåÅÉåíê~íáçå=çÑ=~åíáJbK=Åçäá=ìëÉÇ=ï~ë=ÇçìÄäÉÇ=EúN=ãÖLãiFI=~ë=ÇÉëáÖå~íÉÇ=
áå=q~ÄäÉ=QKRK=qÜÉ=éêçÅÉÇìêÉ=íç=çÄí~áå=íÜÉ=NMS=`crLãi=ÅçåÅÉåíê~íáçå=çÑ=ÄçíÜ=bK=ÅçäáI=b`o=N=~åÇ=
b`o=NRI=ï~ë=íÜÉ=ë~ãÉ=~ë=ÇÉëÅêáÄÉÇ=áå=ëÉÅíáçå=QKPK=páãáä~êäóI=íÜÉ=Ä~ÅíÉêá~=áããçÄáäáë~íáçå=çåíç=íÜÉ=
ÄáçëÉåëçêë= ~åÇ= ë~ãéäÉë= éêÉé~êÉÇ= Ñçê= ak^= íÉëíáåÖ= ~äëç= ÑçääçïÉÇ= íÜÉ= ë~ãÉ= éêçíçÅçä= ÇÉëÅêáÄÉÇ=
éêÉîáçìëäó= EëÉÅíáçå= QKPFI= Ñçê= ïÜáÅÜ= É~ÅÜ= ë~ãéäÉ= ~åÇ= ÄáçëÉåëçê= ï~ë= ÇáééÉÇ= áå= íÜÉ= êÉëéÉÅíáîÉ=
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NMS=`crLãi=ëçäìíáçå=Ñçê=QR=ãáåìíÉëK=qÜÉåI=íÜÉó=ïÉêÉ=êáåëÉÇ=ïáíÜ=m_p=~åÇ=ÇêáÉÇ=ïáíÜ=~=ÖÉåíäÉ=kO=
ÑäçïK=^ÑíÉêï~êÇëI=Ñçê=éêÉëÉêî~íáçå=éìêéçëÉëI=íÜÉ=ë~ãéäÉë=Ñçê=ak^=íÉëíáåÖ=ïÉêÉ=ÅçåëÉêîÉÇ=áå=m_p=~í=
úQ=ø`K=

=
q~ÄäÉ=QKRW=kÉï=ëÉí=çÑ=ÄáçëÉåëçêë=éêçÇìÅÉÇ=~åÇ=êÉëéÉÅíáîÉ=íÉëíë=éÉêÑçêãÉÇ=~ë=ïÉää=~ë=íÜÉ=ÇÉëáÖå~íÉÇ=í~êÖÉí=

Ä~ÅíÉêá~=ìëÉÇK=

=
`çåÅÉêåáåÖ= íÜÉ=bfp=ãÉ~ëìêÉãÉåíëI= íÜÉ=çÄí~áåÉÇ= êÉëìäíë= ~êÉ=éêÉëÉåíÉÇ= áå=cáÖìêÉ=QKNVK=qÜÉëÉ=

ÅçåÑáêã= íÜÉ= ÄÉÜ~îáçìê= ~äêÉ~Çó= ~íí~áåÉÇ= áå= ëÉÅíáçå= RKPI= éêçîáåÖ= íÜ~í= o`q= ÇÉÅêÉ~ëÉë= ~ÑíÉê= ÄÉáåÖ= áå=
Åçåí~Åí=ïáíÜ=bK=Åçäá=ëçäìíáçåK=cìêíÜÉêI=áí=~äëç=ÅçåÑáêãë=íÜ~í=íÜÉ=~ÅèìáêÉÇ=êÉëéçåëÉ=ÇçÉë=åçí=ÇÉéÉåÇ=
çå=íÜÉ=èì~åíáíó=çÑ=~åíáJbK=Åçäá=áããçÄáäáëÉÇ=çå=íÜÉ=ÉäÉÅíêçÇÉëÛ=ëìêÑ~ÅÉK=jçêÉçîÉêI=íÜÉ=ÄáçëÉåëçê=íÉëíÉÇ=
Ñçê=m_p=~äëç=éêçîÉÇ=íÜ~í=íÜÉ=êÉëéçåëÉ=áë=åçí=éêçîáÇÉÇ=Ñêçã=áåíÉê~Åíáçå=ÄÉíïÉÉå=m_p=~åÇ=ÄáçëÉåëçêK=
qÜÉ=çÄí~áåÉÇ=êÉëìäíë=ÅçåÅÉêåáåÖ=íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=íÉëí=çÑ=íÜÉ=ÄáçëÉåëçê=íÉëíÉÇ=~Ö~áåëí=b`o=NR=~êÉ=
åçí=éêÉëÉåíÉÇI=ëáåÅÉ=åç=bfp=ãÉ~ëìêÉãÉåí=ï~ë=í~âÉå=Ñçê=íÜÉ=Ää~åâ=ÄáçëÉåëçêI=ãÉ~åáåÖ=ÄÉÑçêÉ=b`o=NR=
áããçÄáäáë~íáçåK=

=
cáÖìêÉ=QKNVW=^ÅèìáêÉÇ=kóèìáëí=éäçíë=Ñçê=íÜÉ=åÉï=ëÉí=çÑ=ÉäÉÅíêçÅÜÉãáÅ~ä=íÉëíë=ÄÉÑçêÉ=EÄä~Åâ=ëèì~êÉëF=~åÇ=~ÑíÉê=
EêÉÇ=ÇçíëF=bK=Åçäá=áããçÄáäáë~íáçåI=áå=ïÜáÅÜ=E~F=ÅçêêÉëéçåÇë=íç=íÜÉ=ÄáçëÉåëçê=ÑìåÅíáçå~äáëÉÇ=ïáíÜ=ÇçìÄäÉ=íÜÉ=
~åíáJbK=Åçäá=ÅçåÅÉåíê~íáçå=EúN=ãÖLãiFI=EÄF=íç=íÜÉ=Åçåíêçä=ïáíÜ=åç=~åíáJbK=Åçäá=ÑìåÅíáçå~äáëÉÇ=~åÇ=EÅF=íç=íÜÉ=
ÄáçëÉåëçê=ïáíÜ=íÜÉ=êÉÖìä~ê=ÑìåÅíáçå~äáë~íáçå=éêçíçÅçä=EMKR=ãÖLãi=çÑ=~åíáJbK=ÅçäáFK=qÜÉ=ãÉ~ëìêÉãÉåíë=ïÉêÉ=
éÉêÑçêãÉÇ=ìëáåÖ=xcÉE`kFSz

PJLQJ=ENWN=ãjF=áå=m_p=ENM=ãjF=~ë=ÉäÉÅíêçäóíÉK==
oÉÖ~êÇáåÖ=íÜÉ=ak^=íÉëíëI=íÜÉ=éìêéçëÉ=çÑ=ëìÅÜ=íÉëíë=ï~ë=íç=îÉêáÑó=íÜÉ=éêÉëÉåÅÉ=çÑ=bK=Åçäá=~ÑíÉê=áíë=

áããçÄáäáë~íáçå= çåíç= íÜÉ= ÄáçëÉåëçêI= ÅçåÑáêãáåÖ= íÜ~í= íÜÉ= êÉëéçåëÉ= çÄí~áåÉÇ= íÜêçìÖÜ= bfp=
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ãÉ~ëìêÉãÉåíë=Å~å=ÄÉ=ÇáêÉÅíäó=êÉä~íÉÇ=íç=íÜÉ=bK=Åçäá=ÇÉíÉÅíáçåK=cìêíÜÉêI=íïç=ÇáÑÑÉêÉåí=ëíê~áåë=çÑ=bK=Åçäá=
ïÉêÉ=íÉëíÉÇI=b`o=N=~åÇ=b`o=NRI=ïáíÜ=íÜÉ=~áã=çÑ=éêçîáåÖ=íÜÉ=ÉÑÑÉÅíáîÉåÉëë=çÑ=íÜÉ=~åíáÄçÇóJ~åíáÖÉå=
áåíÉê~ÅíáçåI= ëáåÅÉ=ÄçíÜ=ëíê~áåë=éêÉëÉåí=~åíáÖÉåë=h=~åÇ=l=ëéÉÅáÑáÅ= Ñçê= íÜÉ= áããçÄáäáëÉÇ=~åíáJbK=Åçäá=
EéçäóÅäçå~ä= ~åíáJbK= Åçäá=hLlFK=qÜÉ=ak^= íÉëíë=ïÉêÉ= éÉêÑçêãÉÇ=Äó= íÜÉ=jáÅêçÄáçäçÖó= Öêçìé= Ñêçã=
råáîÉêëáíó=^îÉáêç=EÜííéWLLÄáçãáÅÉêçä~ÄKïÉÄKì~KéíLFK=qÜÉëÉ=íÉëíë=Å~å=ÄÉ=ÇáîáÇÉÇ=áå=íÜêÉÉ=ã~àçê=é~êíë=
ak^= Éñíê~ÅíáçåI= ak^= ~ãéäáÑáÅ~íáçå= ~åÇ= ak^= ëÉé~ê~íáçå= ~åÇ= ëí~áåáåÖK= fåáíá~ääóI= íÜÉ= ak^=
Éñíê~Åíáçå=ï~ë=éÉêÑçêãÉÇ=ìëáåÖ=jç_áç=mçïÉê=pçáä=ak^=mìêáÑáÅ~íáçå=háíI=~ÅèìáêÉÇ=Ñêçã=jç_áçK=
^ÑíÉêï~êÇëI=íÜÉ=Éñíê~ÅíÉÇ=~åÇ=éìêáÑáÉÇ=ak^=ëÉÖãÉåíë=ïÉêÉ=~ãéäáÑáÉÇ=íÜêçìÖÜ=éçäóãÉê~ëÉ=ÅÜ~áåJ
êÉ~Åíáçå= Em`oFI= í~êÖÉíáåÖ= íïç= ÉåîáëáçåÉÇ= ÖÉåÉë= Ñçê= É~ÅÜ= ë~ãéäÉW= ~= ÖÉåÉê~ä= çåÉ= íÜ~í= ÅçÇáÑáÉë= Ñçê=
êáÄçëçã~ä=ok^= ëìÄìåáí= NSpI= éêÉëÉåí= áå= ~ää= Ä~ÅíÉêá~X= ~åÇ= ~= ëéÉÅáÑáÅ= çåÉ= íÜ~í= ÅçÇáÑáÉë= Ñçê= ~= ÄÉí~J
ä~Åí~ã~ëÉ= çÑ=`quJj= íóéÉ= EÄä~`quJjFI= ÅçêêÉëéçåÇáåÖ= íç=ãçêÉ= ëéÉÅáÑáÅ= ~åíáÄáçíáÅ= êÉëáëí~åÅÉ= ÖÉåÉë=
éêÉîáçìëäó=ÇÉíÉÅíÉÇ=áå=ÄçíÜ=ëíê~áåë=ExNOQzI=Ää~`quJjJNR=áå=b`o=N=~åÇ=Ää~`quJjJPO=áå=b`o=NRFK=i~ëíäóI=
íÜÉ=êÉëìäí~åí=ak^=ëÉÖãÉåíë=ïÉêÉ=ëÉé~ê~íÉÇ=Äó=ÉäÉÅíêçéÜçêÉëáë=áå=~Ö~êçëÉ=ÖÉä=ENKRBF=ëÅ~ååÉÇ=ïáíÜ=
VM=s=Ñçê=NÜ=~åÇ=ëí~áåÉÇ=ïáíÜ=ÉíÜáÇáìã=ÄêçãáÇÉK=qÜÉåI=Äó=rs=ÑäìçêÉëÅÉåÅÉI=EdÉä=açÅ=ëóëíÉãI=_áçJ
o~ÇF=íÜÉ=~ãéäáÑáÉÇ=ak^=ëÉÖãÉåíë=Å~å=ÄÉ=ÇáëíáåÖìáëÜI=~ë=áå=cáÖìêÉ=QKOMK=

=

=
cáÖìêÉ=QKOMW=oÉëìäí=çÑ= íÜÉ=m`o=~ãéäáÑáÅ~íáçå=çÑ=ak^=Éñíê~ÅíÉÇ=Ñêçã=ÄáçëÉåëçê=ë~ãéäÉë= áããçÄáäáëÉÇ=ïáíÜ=
b`o=N=~åÇ=b`o=NRI=ëÉé~ê~íÉÇ=áå=~å=~Ö~êçëÉ=ÖÉä=ENKRBF=~í=VM=s=Ñçê=N=ÜK==
få=cáÖìêÉ=QKOMI=áí=áë=ÅçåÑáêãÉÇ=íÜÉ=ëíêçåÖ=éêÉëÉåÅÉ=çÑ=Ä~ÅíÉêá~=áå=ÄçíÜ=ë~ãéäÉëI=Äó=íÜÉ=ÜáÖÜ=áåíÉåëáíáÉë=
çÑ=íÜÉ=~ãéäáÑáÅ~íáçå=çÑ=íÜÉ=ÅçÇáÑóáåÖ=ÖÉåÉ=Ñçê=êáÄçëçã~ä=ok^=ëìÄìåáí=NSp=Eb`o=NJNSp=~åÇ=b`o=
NRJNSpFK=jçêÉ= ëéÉÅáÑáÅ~ääóI= íÜÉ= ~ãéäáÑáÅ~íáçå= çÑ= íÜÉ= ÅçÇáÑóáåÖ= ÖÉåÉ= Ñçê= `quJj= ÄÉí~Jä~Åí~ã~ëÉ=
ëíêçåÖäó= ëìÖÖÉëíë= íÜ~í= íÜÉ= Ä~ÅíÉêá~= éêÉëÉåí= áå= íÜÉ= ë~ãéäÉë= ÅçêêÉëéçåÇ= íç= b`o= N= ~åÇ= b`o= NRI=
êÉëéÉÅíáîÉäóK= qÜìëI= çåÉ= Å~å= ÅçåÅäìÇÉ= íÜ~í= íÜÉ= ÑìåÅíáçå~äáë~íáçå= éêçíçÅçä= ìëÉÇ= ~åÇ= ÅÜ~ê~ÅíÉêáëÉÇ=
íÜêçìÖÜçìí=íÜáë=íÜÉëáë=áë=ëìáí~ÄäÉ=íç=áããçÄáäáëÉ=bK=ÅçäáK=

cáå~ääóI=~ÑíÉê=íÜÉ=bfp=ãÉ~ëìêÉãÉåíë=É~ÅÜ=ÄáçëÉåëçê=ï~ë=ëìÄãáííÉÇ=íç=Ñáñ~íáçå=~åÇ=ÇÉÜóÇê~íáçå=
éêçíçÅçä=ïáíÜ=íÜÉ=Öç~ä=çÑ=îáëì~äáòáåÖ=bK=Åçäá=ÅÉääë=çå=íÜÉ=ÄáçëÉåëçêëÛ=ëìêÑ~ÅÉ=íÜêçìÖÜ=pbj=~å~äóëáëK=
pçI=íÜÉ=ÄáçëÉåëçêë=ïÉêÉ=ÇáééÉÇ=áå=~=Öäìí~ê~äÇÉÜóÇÉ=EOKRBF=ëçäìíáçå=çîÉêåáÖÜíI=~í=úQ=ø`I=áå=çêÇÉê=íç=
áåÜáÄáí=íÜÉ=Ä~ÅíÉêá~=Ñêçã=äóëáåÖ=~åÇ=íç=éêÉëÉêîÉ=áíë=ãçêéÜçäçÖó=íÜêçìÖÜçìí=ÇÉÜóÇê~íáçå=~åÇ=pbj=
~å~äóëáëK=qÜÉåI=É~ÅÜ=çÑ=íÜÉ=ä~ííÉê=ï~ë=ëìÄãáííÉÇ=íç=~=ÇÉÜóÇê~íáçå=éêçÅÉÇìêÉI=~ëëìêáåÖ=íÜ~í=íÜÉ=Ä~ÅíÉêá~=
ïçìäÇ=åçí=Ää~ëí=ïÜÉå=áå=î~Åììã=ÉåîáêçåãÉåíK=qÜáë=ÅçåëáëíÉÇ=áå=ÇáééáåÖ=É~ÅÜ=ÄáçëÉåëçê=áå=ÉíÜ~åçä=
ëçäìíáçåë=ïáíÜ=ÇáÑÑÉêÉåí=ÅçåÅÉåíê~íáçåëI=RMI=TMI=UMI=VM=~åÇ=NMMBI=áå=~ëÅÉåÇáåÖ=çêÇÉêI=Ñçê=PMI=NRI=NRI=
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NR=~åÇ=NR=ãáåìíÉëI=êÉëéÉÅíáîÉäóI=êÉéÉ~íáåÖ=íÜÉ=ä~ëí=ÅçåÅÉåíê~íáçåK=cìêíÜÉêI=íÜÉ=ÄáçëÉåëçêë=ïÉêÉ=ÇêáÉÇ=
ïáíÜ=~=ÖÉåíäÉ=kO=Ñäçï=~åÇ=âÉéí=~í=úQ=ø`K=oÉÖ~êÇáåÖ=íÜÉ=pbj=~å~äóëáëI=ëÉîÉê~ä=Ñ~Åíçêë=ïÉêÉ=êÉèìáêÉÇ=
íç=ÄÉ=í~âÉå=áåíç=ÅçåëáÇÉê~íáçåK=qç=ëí~êíI=íÜÉ=ÄáçëÉåëçêëÛ=ÉäÉÅíêç~ÅíáîÉ=~êÉ~=áë=R=ñ=R=ããO=~åÇ=~å=bK=Åçäá=
ÅÉää=Ü~ëI=~ééêçñáã~íÉäóI=N=ñ=O=”ãOI=ÅçåëíáíìíáåÖ=~=íêÉãÉåÇçìë=ÉÑÑçêí=íç=ëÅ~å=ãÉíáÅìäçìëäó=íÜÉ=ÉåíáêÉ=
~êÉ~=íç=ÑáåÇ=bK=Åçäá=ÅÉääëK=cìêíÜÉêI=íÜÉ=ifdÛë=ëìêÑ~ÅÉ=Ü~ë=îÉêó=éçêçìëäó=ãçêéÜçäçÖó=~äçåÖ=ïáíÜ=ÑáåÉäó=
ÇáëçêÇÉê= ëíêìÅíìêÉ= EcáÖìêÉ=QKONJ~FI= ÅçãéäáÅ~íáåÖ= íç=ÇáÑÑÉêÉåíá~íÉ= íÜÉ= ÅÉääë= Ñêçã= íÜÉ=ìåáèìÉ= ëìêÑ~ÅÉ=
ëíêìÅíìêÉK=eçïÉîÉêI=ÖêÉ~í=ÉåÇÉ~îçìê=ï~ë=éìí=çå=ëìÅÜ=~å~äóëáë=~åÇI=Ñçêíìå~íÉäóI=~=pbj=áã~ÖÉ=çÑ=~=
ëáåÖäÉ=bK=Åçäá=ÅÉää=ï~ë=í~âÉå=Ñêçã=íÜÉ=ÄáçëÉåëçê=í~êÖÉíáåÖ=b`o=N=~åÇ=áë=éêÉëÉåíÉÇ=áå=cáÖìêÉ=QKONJEÄFK=

=

=
cáÖìêÉ=QKONW=pbj=áã~ÖÉë=çÑ=E~F=íÜÉ=éçêçìëäó=ãçêéÜçäçÖó=~åÇ=ÑáåÉäó=ëíêìÅíìêÉ=çÑ=íÜÉ=ÄáçëÉåëçêëÛ=ëìêÑ~ÅÉ=~åÇ=
EÄF=~=éÉêÅÉéíáîÉäó=ÅìêîÉÇ=bK=Åçäá=ÅÉää=çå=íÜÉ=ÄáçëÉåëçêÛë=ëìêÑ~ÅÉK==

få=ÅçåÅäìëáçåI=íÜÉëÉ=ÅçåÑáêã~íçêó=íÉëíë=Éå~ÄäÉÇ=íç=ÉîáÇÉåÅÉ=íÜ~í=íÜÉ=éêçÇìÅÉÇ=ifd=áãéÉÇáãÉíêáÅ=
áããìåçëÉåëçêë=ÇÉíÉÅí=bK=ÅçäáK=eçïÉîÉêI= êÉÖ~êÇáåÖ=íÜÉ= áãéÉÇáãÉíêáÅ=ÄáçëÉåëáåÖ=êÉëéçåëÉI= ÑìêíÜÉê=
íÉëíë=åÉÉÇ=íç=ÄÉ=ÇçåÉ=áå=çêÇÉê=íç=çÄí~áå=~=ÇáëíáåÖìáëÜ~ÄäÉ=êÉëéçåëÉ=áå=íÉêãë=çÑ=ëÉäÉÅíáîáíó=~åÇ=Ñ~äëÉJ
éçëáíáîÉë=EÅçåíêçäëFI=ÅçåÑêçåíáåÖ=íÜÉ=çÄí~áåÉÇ=êÉëìäíë=áå=cáÖìêÉ=QKNUK=bîÉå=íÜçìÖÜI=íÜÉëÉ=íÉëíë=~äëç=
îÉêáÑáÉÇ= íÜ~í= íÜÉ= ÅçêêÉëéçåÇáåÖ= êÉëéçåëÉ= ã~åáÑÉëíë= íÜêçìÖÜ= ÇÉÅêÉ~ëáåÖ= çÑ= íÜÉ= ÅÜ~êÖÉ= íê~åëÑÉê=
êÉëáëí~åÅÉI=o`qK=qÜÉ=ä~ííÉê=ÅçåëíáíìíÉë=~å=ìåÉñéÉÅíÉÇ=êÉëìäíI=ëáåÅÉ=áí=ï~ë=ÉåîáëáçåÉÇ=~åÇ=îÉêáÑáÉÇ=Äó=
çíÜÉê=áãéÉÇáãÉíêáÅ=ÄáçëÉåëçêë=Ñçê=bK=Åçäá=ÇÉíÉÅíáçå=íÜ~í=íÜÉëÉ=Ä~ÅíÉêá~I=çåÅÉ=áããçÄáäáëÉÇ=çåíç=íÜÉ=
ÉäÉÅíêçÇÉÛë=ëìêÑ~ÅÉI=Åçåëáëí=çå=~=ÅÜ~êÖÉ=íê~åëÑÉê=Ä~êêáÉêI=íÜìë=áåÅêÉ~ëáåÖ=íÜÉ=o`q=î~äìÉK=eçïÉîÉêI=bfp=
ãÉ~ëìêÉãÉåíë=ïÉêÉ=éÉêÑçêãÉÇ=ìëáåÖ=~å=^`=áåéìí=ëáÖå~ä=çÑ=R=ãs=~ãéäáíìÇÉI=~äíÉêå~íáåÖ=~êçìåÇ=~=
a`=Äá~ë=íÜ~í=~ëëìãÉÇ=íÜÉ=ÉäÉÅíêçÅÜÉãáÅ~ä=ÅÉääÛë=l`m=î~äìÉI=úNVM=ãsK=råíáä=åçïI=íÜáë=a`=Äá~ë=Ü~ë=
ÄÉÉå=åÉÖäÉÅíÉÇI=Äìí=ëáåÅÉ=bK=Åçäá=ÅÉääë=~êÉ=~íí~ÅÜÉÇ=íç=íÜÉ=ÄáçëÉåëçêÛë=ëìêÑ~ÅÉ=íÜêçìÖÜ=~åíáÄçÇóJ~åíáÖÉå=
áåíÉê~ÅíáçåI= íÜáë= ãáÖÜí= ÄÉÅçãÉ= ~= éçáåí= íç= ÄÉ= åçíÉÇK= få= Ñ~ÅíI= ãçëí= çÑ= íÜÉ= a`= éçíÉåíá~ä= Çêçé= áë=
ÉñéÉêáÉåÅÉÇ=~í= íÜÉ=ïçêâáåÖ=ÉäÉÅíêçÇÉÛë= áåíÉêÑ~ÅÉ= xSPzI= ëçI= áí= áë=èìáíÉ=éêçÄ~ÄäÉ= íÜ~í= íÜÉ=Ä~ÅíÉêá~=~êÉ=
éÉêÅÉáîáåÖ=áíK=få=íÜ~í=Å~ëÉI=áí=Ü~ë=ÄÉÉå=íÜçìÖÜí=íÜ~í=íÜÉ=a`=Äá~ë=ãáÖÜí=ÄÉ=áåÇìÅáåÖ=~=íê~åëãÉãÄê~åÉ=
éçíÉåíá~ä=çå=bK=ÅçäáÛë=ãÉãÄê~åÉK=få=Ñ~ÅíI=áí=Ü~ë=ÄÉÉå=êÉéçêíÉÇ=íÜ~í=bK=Åçäá=ÅÉääë=ïáíÜ=áåÅìÄ~íáçå=íáãÉëI=
Ñçê= ÅìäíìêÉ= ÉåêáÅÜãÉåíI= ëáãáä~ê= íç= íÜÉ= çåÉë= ìëÉÇ= áå= íÜáë=ïçêâ= EúNSÜF=Ü~îÉ= ~=ãÉãÄê~åÉ=éçíÉåíá~ä=
ÄÉíïÉÉå= JNQM= ~åÇ= JNSM=ãsI= ~ééêçñáã~íÉäó= xNSOzK=qÜìëI= ìéçå=bfp=ãÉ~ëìêÉãÉåíë= íÜÉ= ÅÉääë=ïÉêÉ=
ëìÄàÉÅíÉÇ=íç=~=úNVM=ãs=a`=Äá~ëI=ïÜáÅÜ=ïçìäÇ=ÅÜ~åÖÉ=íÜÉ=ãÉãÄê~åÉ=éçíÉåíá~ä=~åÇI=ÅçåëÉèìÉåíá~ääóI=
Éå~ÄäÉ=íÜÉ=íê~åëéçêí=çÑ=ëçãÉ=Å~íáçåëI=ã~áåäó=éçí~ëëáìã=EhHF=~åÇ=ëçÇáìã=Ek~HF=xNSOzI=xNSPzI=íç=íÜÉ=
åÉ~êÄó=ÉñíÉêå~ä=ÉåîáêçåãÉåí=çÑ=íÜÉ=Ä~ÅíÉêá~I=ïÜáÅÜ=áë=íÜÉ=ÄáçëÉåëçêÛë=ëìêÑ~ÅÉK=`çåëÉèìÉåíá~ääóI=~äçåÖ=
ïáíÜ=íÜáë=ÜóéçíÜÉëáëI=áí=áë=ÅçåëáÇÉêÉÇ=íÜ~í=íÜÉëÉ=äáÄÉê~íÉÇ=ëìÄëí~åÅÉë=ïçìäÇ=ÉñÉêÅáëÉ=~å=ÉäÉÅíêçëí~íáÅ=
~ííê~Åíáçå=çå=íÜÉ=êÉÇçñ=éêçÄÉ=ExcÉE`kFSzPJLQJFI=~ë=îÉêáÑáÉÇ=Ñçê=^mqbpI=ÉåÜ~åÅáåÖ=íÜÉ=ÅÜ~êÖÉ=íê~åëÑÉê=
~åÇ=ÇáãáåáëÜáåÖ=íÜÉ=o`qK=

= =
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VI | Conclusions and Future Work 
qÜÉ= ã~áå= Öç~ä= çÑ= íÜáë= ïçêâ= ï~ë= íç= ÇÉîÉäçé= ~= ifdJÄ~ëÉÇ= áãéÉÇáãÉíêáÅ= áããìåçëÉåëçê= Ñçê=

bëÅÜÉêáÅÜá~=Åçäá=ÇÉíÉÅíáçåK=
^í=ÑáêëíI=ifd=ÉäÉÅíêçÇÉë=ïÉêÉ=éêçÇìÅÉÇI=Ñáñ~íáåÖ=~ää=íÜÉ=ä~ëÉê=é~ê~ãÉíÉêë=ïáíÜ=ÉñÅÉéíáçå=çÑ=íÜÉ=

ä~ëÉê=ëÅ~å=ëéÉÉÇI=îä~ëÉêI=Ñçê=ïÜáÅÜ=ÑáîÉ=î~äìÉë=ENRMI=OMMI=ORMI=PMM=~åÇ=PRM=ããLëF=ïÉêÉ=ÉñéäçêÉÇK=qÜÉ=
ÅçãéêÉÜÉåëáîÉ= ÅÜ~ê~ÅíÉêáë~íáçå= Éå~ÄäÉÇ= íç= Éëí~ÄäáëÜ= íÜ~í= áå= Ñ~Åí= íÜÉëÉ= ä~ëÉê= é~ê~ãÉíÉêë= ~ääçï= íç=
éêçÇìÅÉ=ä~ëÉêJáåÇìÅÉÇ=Öê~éÜÉåÉ=ÉäÉÅíêçÇÉë=ïáíÜ=ÜáÖÜ=ÜÉíÉêçÖÉåÉçìë=ÅÜ~êÖÉ=íê~åëÑÉê=ê~íÉ=Åçåëí~åíI=âMI=
ïÜáÅÜ=áë=ÇÉíÉêãáå~åí=Ñçê=ïÉääJëìÅÅÉÉÇÉÇ=áãéÉÇáãÉíêáÅ=ëÉåëçêëK=m~êíáÅìä~êäóI=çåÉ=ÅçåÅäìÇÉÇ=íÜ~í=íÜÉ=
ORM=ããLë=îä~ëÉê=ÖÉåÉê~íÉÇ=íÜÉ=ãçëí=ëìáí~ÄäÉ=ÉäÉÅíêçÇÉë=íç=éêçÅÉÉÇ=ïáíÜ=ÑìåÅíáçå~äáë~íáçåK=

pÉÅçåÇäóI=~=Ñçìê=ëíÉéë=ÑìåÅíáçå~äáë~íáçå=éêçíçÅçä=ï~ë=íÜçêçìÖÜäó=~å~äóëÉÇ=ïáíÜ=íÜÉ=éìêéçëÉ=çÑ=
Ü~îáåÖ=~å=ÉÑÑáÅáÉåí=ifd=áããìåçëÉåëçê=Ñçê=bK=ÅçäáK=oÉÖ~êÇáåÖ=íÜÉ=~ÇÉèì~Åó=çÑ=ifdÛë=ÜóÇêçñóä~íáçåI=
çåÉ=ÅçåÑáêãÉÇ=íÜ~í=íÜáë=ï~ë=åçí=~=ã~åÇ~íçêó=ëíÉéI=Ü~îáåÖ=ifd=ëìÑÑáÅáÉåí=ÜóÇêçñóä=Öêçìéë=íç=Ñçääçï=
ÑìåÅíáçå~äáë~íáçåK=qÜÉåI=íÜÉ=ÑçääçïáåÖ=ëíÉéëI=^mqbp=EMKNBF=ëáä~åáò~íáçåI=~åíáJbK=Åçäá=EMKR=ãÖLãiF=
áããçÄáäáë~íáçå=~åÇ=_p^=ENBF=é~ëëáî~íáçå=ïÉêÉ=ëìÅÅÉëëÑìääó=~ÅÜáÉîÉÇ=~åÇ=ÅÜ~ê~ÅíÉêáëÉÇI=èì~äáÑóáåÖ=
íÜÉ=ÑìåÅíáçå~äáëÉÇ=ÉäÉÅíêçÇÉë=íç=ÄÉ=íÉëíÉÇ=ïáíÜ=êÉëéÉÅí=íç=áíë=ÄáçëÉåëáåÖ=êÉëéçåëÉK=

cáå~ääóI=íÜÉ=éêÉé~êÉÇ=ÄáçëÉåëçêë=ïÉêÉ=ëìÄãáííÉÇ=íç=ÇáÑÑÉêÉåí=bK=Åçäá=ëçäìíáçå=ÅçåÅÉåíê~íáçåë=~åÇ=
íÉëíÉÇ= íÜêçìÖÜ=bfpI= êÉëìäíáåÖ= áå= ~å= ~ãÄáÖìçìë= ÄáçëÉåëáåÖ= êÉëéçåëÉI= áåÅçåÅäìëáîÉ= íçï~êÇë=bK= Åçäá=
ÇÉíÉÅíáçåK=qÜÉêÉÑçêÉI= Éñíê~= íÉëíë=ïÉêÉ=éÉêÑçêãÉÇI=ÉñéäçêáåÖ= íÜÉ=~Äáäáíó=çÑ= íÜÉ=éêçÇìÅÉÇ=ëÉåëçêë= íç=
ÇÉíÉÅí=bK=ÅçäáK=qÜÉ=çÄí~áåÉÇ=êÉëìäíë=ÅäÉ~êäó=ÅçåÑáêãÉÇ=íÜ~í=íÜÉ=éêÉé~êÉÇ=ÄáçëÉåëçêë=ïÉêÉ=~ÄäÉ=íç=ÇÉíÉÅí=
íÜÉ= í~êÖÉí= Ä~ÅíÉêá~K= eçïÉîÉêI= ÑìêíÜÉê= ëíìÇáÉë= íÉëíáåÖ= ëÉäÉÅíáîáíó= ~åÇ= Ñ~äëÉJéçëáíáîÉ= êÉëéçåëÉë= ~êÉ=
êÉèìáêÉÇ= áå=çêÇÉê= íç= ëÉÅìêÉäó=éêçîÉ= íÜÉëÉ= ÉäÉÅíêçÇÉë= ~ë=bKÅçäá=ÄáçëÉåëçêëK=_ÉëáÇÉëI= ÅçåëáÇÉêáåÖ= íÜÉ=
ïçêâ=ÇÉîÉäçéÉÇ=~åÇ=ÇáëÅìëëÉÇ=ÇìêáåÖ=íÜáë=íÜÉëáëI=ÑìêíÜÉê=ÉñéÉêáãÉåíë=~åÇ=íÉëíë=ëÜçìäÇ=ÄÉ=Éñ~ãáåÉÇ=
íçï~êÇë= íÜÉ=çéíáãáë~íáçå=çÑ= íÜÉëÉ=ÄáçëÉåëçêëK=qÜÉ= ÑçääçïáåÖ= ëìÖÖÉëíáçåë= ëÜçìäÇ=ÄÉ= ÅçåëáÇÉêÉÇ= ~ë=
ÑìíìêÉ=ïçêâW=

- oÉÇìÅÉ= íÜÉ= ÉäÉÅíêçÇÉëÛ= ÉäÉÅíêçÅÜÉãáÅ~ä= ~êÉ~= áå= çêÇÉê= íç= áåÅêÉ~ëÉ= íÜÉ=o`q= ~åÇ=Ü~îÉ= ~= ÄÉííÉê=
Åçåíêçä=çÑ=íÜÉ=ïÜçäÉ=ÑìåÅíáçå~äáë~íáçåI=ÉëéÉÅá~ääó=~ÑíÉê=^mqbp=ëáä~åáò~íáçåX=
=

- píìÇó=ÇáÑÑÉêÉåí=éêçíçÅçäë=çÑ=íÜÉ=cÉåíçå=êÉ~Åíáçå=~åÇ=çíÜÉê=ÜóÇêçñóä~íáçå=éêçÅÉÇìêÉëI=íç=~ëëìêÉ=
íÜÉ=ìééÉê=äáãáí=çÑ=ÜóÇêçñóä=Öêçìéë=çå=ifdÛë=ëìêÑ~ÅÉ=Ñçê=ÑìêíÜÉê=ÑìåÅíáçå~äáë~íáçå=ëíÉéëX=
=

- fåîÉëíáÖ~íÉ=íÜÉ=~Äáäáíó=çÑ=íÜÉ=ÄáçëÉåëçê=íç=ÇáëíáåÖìáëÜ=ÇáÑÑÉêÉåí=ÅçåÅÉåíê~íáçåë=çÑ=bK=Åçäá=~åÇ=
çéíáãáëÉ=áíX=
=

- råÇÉêëí~åÇ= ~åÇ= ÉñéäçêÉ= íÜÉ= áåíÉÖê~íáçå= çÑ= ëìÅÜ= ÄáçëÉåëçêë= áå= ï~íÉê= èì~äáíó= ãçåáíçêáåÖ=
ëóëíÉãëK=

= =
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