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93%*!.*$(&36%3-1:!8'%1-'.,7!#/! ,:' !^1+-+21.3!J#$-+,1#.!M'$'!%'*#71,'%!iHGAA!C+!#.!+! *+7716'!109 

-+$1.'!-+$31. !1.!+!,$#*1&+2!7',,1.3X!) !R:'7 '!7'%1-'.,7!+$'!$'-+$;+Y24!M'22\*$'7'$6'%!/#$!,:'1$!+3'W!110 

7'%1-'.,! #$3+.1&! -+,,'$! 17! #/! 2#M! ,:'$-+2! -+,9$1,4(! 1.%1&+,1.3! ,:'! 7'%1-'.,! %1%! .#,! '[*'$1'.&'!111 

,'-*'$+,9$'7! '[&''%1.3!QAj d!+.%!,:'$'!17!.#! '61%'.&'!#/! :4%$#,:'$-+2!1./29'.&'!1.! ,:'!7'%1-'.,!112 

*+&;+3'X!%! R:'! ^1+-+21.3! J#$-+,1#.! :+7! Y''.! ,:'! 79Y='&,! #/! &#-*$':'.716' ! *+2'#$'%#[!113 

1.6'7,13+,1#.7!,:+,!:+6'!$'21'%!#.!,:'!+**21&+,1#.!#/!$'%#[\7'.71,16'!,$+&'!-',+2!*$#[1'7!,#!1./'$!#&'+.!114 

+.%!+,-#7*:'$1&!&#.%1,1#.7!+,!,:'!,1-'!#/!7'%1-'.,!%'*#71,1#.X)2!%2!&!!115 

!116 

R:'!^1+-+21.3!J#$-+,1#.!17!&#-*$17'%!#/!71[!7,$+,13$+*:1&!9.1,7(!#/!M:1&:!,:'!9**'$-#7,! /16'!9.1,7!117 

:+6'!Y''.!M'22 \7,9%1'%X)2!) ( !/ !5.1,7!H!,#!@!+$'!&:+$+&,'$1c'%!Y4!,:'!%1//'$'.,!7:+2'!,4*'7!$'/2'&,1.3!,:'!118 

&#.,$+7,1.3!%'*#71,1#.+2!&#.%1,1#.7X!5.1,!@!17!&:+$+&,'$1c'%!Y4!#$3+.1&\$1&:!Y2+&;!7:+2'!+2,'$.+,1.3!119 

M1,:!#$3+.1&\*##$!&:'$,!2+4'$7d!,:17!21;'24!$'*$'7'.,7!+!*$#%9&,16'!#[43'.! -1.1-9-!c#.'! ` BCk a(!120 

+2Y'1,!M1,:! ,:'!Y#,,#-!M+,'$7!$'-+1.1.3!#[43'.+,'%X!5.1,!?!17!%#-1.+,'%!Y4!Y2+&;!+.%!%+$;!3$+4!121 

7:+2'7(!21;'24!$'*$'7'.,1.3!+!,$+.71,1#.!,#!+.#[1&!%'*#71,1#.+2!&#.%1,1#.7(!M1,:!/'$$931.#97!&#.%1,1#.7!122 
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1.%1&+,'%!1.!,:'!2#M'$!*+$,!#/!,:'!9.1,!+.%!'9[1.1&!&#.%1,1#.7!1.!,:'!9**'$!*+$,X!02+&;!+.%!%+$;!3$+4!123 

7:+2'7! &#.,1.9'! ,:$#93:#9,! ,:'! 2#M'$! *+$,! #/! 5.1,! H! 9.,12! 3$''.\3$+4! 7:+2'7! Y'&#-'!/$']9'.,24!124 

1.,'$-1,,'.,! +,!iGA!-X!R:'!3$''. \3$+4!7:+2'7!$'/2'&,!+.!1.,'$-1,,'.,! ,$+.71,1#.!/$#-!'9[1.1&!,#!#[1&!125 

%'*#71,1#.+2!&#.%1,1#.7X!_'$'!M'! /#&97!#.! /#9$!7+-*2'7!/$#-!,:'!^1+-+21.3!J#$-+,1#. (! ,M#!/$#-!126 

5.1,!H!`^CL!UQX@!+.%!^CL!bHX>a!+.%!,M#!/$#-!5.1,!@!`^CL!?b?XQ!+.%!^CL!?OQXQa(!7*+..1.3!+!127 

$+.3'! #/!6+.+%19-! '.$1&:-'.,7! +.%! 21;'24!%'*#71,1#.+2! 7',,1.37! `" #,'W!7+-*2'! &#%'7! $'/'$! ,#! ,:'!128 

%'*,:7!#/!,:'!7+-*2'7!1.!-','$7a X!!129 

!130 

;28<!$'768*! (='&'(%*&3>'%3-1:!F9+.,1,+,16'!^ \$+4!%1//$+&,1#.!+.+24717!M+7!%#.'!#.!3$#9.%!79Y\131 

7+-*2'7!#/!&#$'!721&'7!7*1;'%!M1,:!+!&#$9.%9-!1.,'$.+2!7,+.%+$%!+,!?A!M,X!l X!̂ \$+4!%1//$+&,1#.!*+,,'$.7!132 

M'$'!&#22'&,'%!/#$!H!:#9$!*'$!7+-*2'!971.3!+!*#M%'$!%1//$+&,#-','$!`SI"+24,1&+2!^m*'$,!S$#a!+.%!<#!133 

no!$+%1+,1#.!1.!0$+33\0$'.,+.#!3'#-',$4X !S:+7'!1%'.,1/1&+,1#.!M+7!%#.'!971.3!6+$1#97!$'/'$'.&'!134 

%+,+Y+7'7!`S)JGp(! IC<8)(!<B)a! +.%!+Y7#29,'!*:+7'!+Y9.%+.&'7!M'$'!%','$-1.'%!61+!D1',6'2%!135 

$'/1.'-'.,!971.3!RBSI8!7#/,M+$'!`T'$71#.!U(!0$9;'$aX!136 

!137 

R#,+2!'2'-'.,!&#.&'.,$+,1#.7!M'$'!%','$-1.'%!Y4!1.%9&,16'24!&#9*2'%!*2+7-+!g!-+77!7*'&,$#-',$4!138 

`I312'.,!bQAA!P<S\C8a!/#22#M1.3!-1&$#M+6'!+7717,'%!7+-*2'!%177#29,1#.!`<KC!C+$7!Ua!#/!AXH!3!139 

3$#9.%!7+-*2'!1.!+! -1[,9$'!#/! _"B #' `HX>! -La(!_J!`H! -La!+.%!_<2!`AX>! -La! `52,$+*9$d!813-+\140 

I2%$1&:aX! 8+-*2'7! M'$'! $+-*'%! ,#! ?AAj! #6'$! ?>! -1.9,'7! +.%! :'2%! +,!?AAj! /#$!@A! -1.9,'7X!141 

J#22#M1.3!,:'!%177#29,1#.!7,'*(!HA!-L!#/!Gl!Y#$1&!+&1%!7#29,1#.!̀ 89*$+*9$d!813-+\I2$1&:a!M+7!+%%'%!142 

,#! '+&:!7+-*2'!6'77'2(!$+-*'%!,#!HbAj!#6'$!H>!-1.9,'7!+.%!:'2%!+,!HbAj!/#$!@A!-1.9,'7!g!,:17!143 

.'9,$+21c+,1#.! 7,'*! M+7! .'&'77+$4! ,#! $'%177#26'! 1.7#29Y2'! /29#$1%'7! ,:+,! /#$-'%! %9$1.3! ,:'! 1.1,1+2!144 

7+-*2'!%177#29,1#.!7,'*X!I22!$'*#$,'%!&#.&'.,$+,1#.7!M'$'!+Y#6'!-',:#%!%','&,1#.!21-1,7!`R+Y2'!8HaX!145 

R:'!+&&9$+&4!#/!,:'!,#,+2!'2'-'.,!+.+24717!M+7!6'$1/1'%!Y4!%13'7,1#.!+.%!+.+24717!#/!&'$,1/1'%!$'/'$'.&'!146 

-+,'$1+27W! 0$97:! <$'';! 7:+2'! `80<\Ha! +.%! 0#]9122+7! 7:+2'! `8:0BF\Ha! /$#-! ,:'! 5.1,'%! 8,+,'7!147 
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E'#2#31&+2!89$6'4!g!,4*1&+2!$'&#6'$1'7!#/!,:'!7,9%1'%!'2'-'.,7!M'$'!Y',M''.!OOl!+.%!HAUl!#/!,:'!148 

&'$,1/1'%!6+29'7!`R+Y2'!8?aX!149 

!150 

?3(&-@-(2$*.!9+1(=&-%&-1!AB&'+!@82-&*$(*1(*!7'6631C:!8:+2'!7+-*2'7!M'$'!*$'*+$'%!+7!$'71.\151 

1-*$'3.+,'%(!%#9Y2'!*#217:'%!,:1.!7'&,1#.7!#.! ]9+$,c!32+77!721%'7!`?O!--! [!GO!--a!+,!H>\?A!h-!152 

,:1&;.'77X!R$+.7-1,,'%\213:,!*:#,#-1&$#3$+*:7!M'$'!+&]91$'%!M1,:!+!"1;#.!K&21*7'!OA1!-1&$#7&#*'X!153 

K2'-'.,+2!-+*7!M'$'!&#22'&,'%!/$#-!'+&:!,:1.!7'&,1#.!Y4!7&+..1.3! \̂$+4!/29#$'7&'.&'!-1&$#7&#*4!154 

`8^JCa!+,! ,:'! ^JC!Y'+-21.'!#/! ,:'! I97,$+21+.!84.&:$#,$#.X!02"1!P.&1%'.,! '.'$34!M+7!&#.,$#22'%!155 

971.3!+!81\`HHHa!%#9Y2'\&$47,+2! -#.#&:$#-+,#$! `q.G. !i! @!r!HA*$a!+.%! /#&97'%! ,#!+!Y'+-!71c'!#/!156 

+**$#[1-+,'24!?!h-!971.3!+!n1$;*+,$1&;\0+'c!-1$$#$!-1&$#*$#Y'X!J29#$'7&'.&'!%+,+!M+7!&#22'&,'%!157 

Y4!+!C+1+!`D'6X!) a!@OG\'2'-'.,!7121&#.!+$$+4!%','&,#$!#*'$+,'%!1.!#.\,:' \/24!-#%'X"!2"" !8+-*2'7!M'$'!158 

*2+&'%!1.71%'!+.!+$3#.\'[&2971#.!&:+-Y'$!`*9$3'%!M1,:!.1,$#3'.a!,#!-+[1-1c'!,:'!%','&,1#.!#/!2#M!159 

'.'$34!/29#$'7&'.&'!/$#-!213:,!'2'-'.,7!̀ 'X3X!792/9$aX!K2'-'.,+2!-+*7!M'$'!1.1,1+224!&#22'&,'%!#.!2+$3'!160 

+$'+7!̀ 1X'X!f!?>!-- "a!+,!2#M!$'7#29,1#.!̀ 1X'X!>\HA!h-a!,#!1%'.,1/4!$'31#.7!#/!1.,'$'7,!/#$!:13:\$'7#29,1#.!161 

-+**1.3X!_13:\$'7#29,1#.! -+*7!M'$'! ,4*1&+224!&#22'&,'%!+,!H\?!h- " !$'7#29,1#.!#.!@\>!-- " !+$'+7X!162 

R4*1&+2!,$+.71,!,1-'7!*'$!*1['2!M'$'!?!-7 !/#$!2#M\$'7#29,1#.!7&+.7!+.%!$+.3'%!/$#-!?!,#!O!-7!/#$!:13:\163 

$'7#29,1#.! 7&+.7(!%'*'.%1.3!#.! ,:'! $']91$'%!7'.71,161,4X!C+**1.3!M+7!1.1,1+224!%#.'! +,!HO>AA! 'T!164 

1.&1%'.,!'.'$34d! :#M'6'$(! ,:17! %1%! .#,! *$#61%'! 79//1&1'.,! 7'.71,161,4! /#$! 6+.+%19-! %9'! ,#! ,:'!165 

%'3$+%+,1#.!#/!%','&,1#.!21-1,7!+77#&1+,'%!M1,:!7121&#.!'7&+*'!*'+;7!/$#-!1.,'.7'!J'!/29#$'7&'.&'X!R#!166 

#6'$&#-'! ,:17!1779'(! -+*7!M'$'!+27#!&#22'&,'%!+,!>UU>! 'T!1.&1%'.,! '.'$34X!K2'-'.,+2! -+*7!M'$'!167 

3'.'$+,'%!971.3!E'#SP^K!bXG!+.%!+.+247'%!1.!P-+3's!`6'$X!HX>@&aX"#( ") !N'!$'/'$!,:'!$'+%'$!,#!0'..',,!168 

)+&$#'!`?AHOa!/#$!/9$,:'$!%',+127!#/!,:17!+**$#+&:X!" !169 

!170 

C1&$#/#&97'%!^I"K8!`t^I"K8a !1-+31.3!M+7!%#.'!#.!7'2'&,'%!+$'+7!M:'$'!713.+2!,#!.#17'!M+7!171 

79//1&1'.,!,#!#Y,+1.!7*'&,$+!#/!79//1&1'.,!]9+21,4!/#$!+.+24717!̀ ,4*1&+2!+$'+7!$+.3'%!/$#-!AXAH>!,#!AXAUA!172 

-- "aX!^I"K8!1-+3'7!M'$'!&#22'&,'%!+,!H!h-!7,'*!71c'!M1,:!,$+.71,!,1-'7!*'$!*1['2!#/!Y',M''.!?!,#!>!173 
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- 7X!^I"K8 !1-+3'!7,+&;7!M'$'!&#22'&,'%!+,!QO!'.'$31'7!#6'$!,:' !6+.+%19-!n \'%3'X!^I"K8!7*'&,$+!174 

M'$'!&#22'&,'%!1.!>!'T!7,'*7!#6'$!,:'!*$'\'%3'!$'31#.!`>GA@!'T!g!>G>O!'Ta(!1.!H!'T!7,'*7!#6'$!,:'!175 

'%3'!$'31#.!`>G>O!'T!g!>>?O!'Ta(!1.!>!'T!7,'*7!#6'$!,:'!/1$7,!*+$,!#/!,:'!*#7,\'%3'!$'31#.!`>>?O!g!176 

>>UO!'Ta!+.%!1.!HA!'T!7,'*7!#6'$!,:'!7'&#.%!*+$,!#/!,:'!*#7,\'%3'!$'31#.!`>>UO!g!>UUO!'TaX!E'#SP^K!177 

M+7!97'%!,#!'[,$+&,!^I"K8!7*'&,$+!/$#-!$'31#.7!#/!1.,'$'7,(!M:1&:!M'$'!,:'.!*$#&'77'%!+.%!+.+24c'%!178 

1.!I,:'.+!+7!%'7&$1Y'%!Y'2#M!1.!,:' !(A#5&=;*8940+40*&HIJ.7 !7'&,1#.X!179 

!180 

D-8-('83>'%3-1!'1'8+$3$:!K2'-'.,+2!1-+3'7!M'$'!'[*#$,'%!/$#-!E'#SP^K!1.!&#--+!7'*+$+,'%!6+29'!181 

`X&76a! /#$-+,!+.%!1-*#$,'%!1.,#!P-+3's! `6'$X!HX>@&a!+7!@?\Y1,! ,'[,! 1-+3'7X!I.+24717!#/! '2'-'.,+2!182 

1-+3'7!/#$!'2'-'.,!+77#&1+,1#.7!/#22#M'%!+!,:$''\7,'*!*$#&'77W!183 

HX! S$'21-1.+$4!+.+24717!M+7!%#.'!Y4! 3'.'$+,1.3!7&+,,'$*2#,!-+,$1&'7(!&#.717,1.3!#/!+22!*+1$M17'!184 

&#-*+$17#.7!#/!,:'! '2'-'.,+2!1-+3'7(!M1,:!,:'!8&+,,'$s.!*2931.!/#$!P-+3'sX"%!R:17!+22#M'%!185 

,:'!]9+21,+,16'!1%'.,1/1&+,1#.!#/!+.4!$'2+,1#.7:1*7!Y',M''.!'2'-'.,!&#.&'.,$+,1#.7(!+7!M'22!+7!186 

+.!1.,'$/+&'!,#!1.6'7,13+,'!,:'7'!$'2+,1#.7:1*7!M1,:1.!$'31#.7!#/!1.,'$'7,X!187 

?X! E2#Y+2!7,+,17,1&+2!&#$$'2+,1#.!+.+24717!M+7!%#.'!/#$!'+&:!*+1$!#/!'2'-'.,+2!1-+3'7X!S'+$7#.m7!188 

&#$$'2+,1#.!&#'//1&1'.,!̀ S'+$7#.m7!4a!M+7!&+2&92+,'%!/#$!'+&:!@?\Y1,!'2'-'.,+2!1-+3'!*+1$!971.3!189 

,:'!<#2#&?!*2931.!/#$!P-+3's!`:,,*7Wee1-+3'=X.',e*2931.7e&#2#&\?aX!190 

@X! <#2#&+21c+,1#.!/#$!1-+3'!*+1$7!#/!1.,'$'7,!M+7!&#./1$-'%!Y4!&$#77\&#$$'2+,1#.!+.+24717!̀ <<Ia(!191 

+7! %'7&$1Y'%! Y4! 6+.! 8,''.7'2! )+& $#'! `HQQUa"&! +.%! 1-*2'-'.,'%! 1.! ,:'! sI<#S! *2931.! /#$!192 

P-+3'sX"/2"0 !R:17!+**$#+&:!7:1/,7! ,:'!1-+3'!*+1$7!`#.! ,:'! [ \+[17a!$'2+,16'! ,#! '+&:!#,:'$!+.%!193 

&+2&92+,'7!,:'!S'+$7#.m7!4&/#22#M1.3!'+&:!7:1/,X!R:'!*2#,!#/!S'+$7#.m7!4!6'$797![\7:1/,!&+.!Y'!194 

97'%!,#!1%'.,1/4!&#2#&+21c+,1#.(!-9,9+2!'[&2971#.(!+.%!9.&#$$'2+,'%!1-+3'7X!195 

!196 

;28<!$+1(=&-%&-1!A"E49:!T+.+%19-!n\'%3'!^I"K8!7*'&,$+!M'$'!&#22'&,'%!+,!Y#,:! ,:'! ^ \$+4!197 

IY7#$*,1#.! 8*'&,$#7&#*4!0 '+-21.'! `H?\P)a!+,! ,:'! I97,$+21+.! 84.&:$#,$#.! +.%!+,! ,:'! CD<IR!198 

Y'+-21.'! `HA\0C a!+,!,:'!I%6+.&'%!S:#,#.!8#9$&'X#1!89Y\7+-*2'7!#/!7:+2'7!M'$'!3$#9.%!,#!+!/1.'!199 
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*#M%'$!1.!+!c1$&#.1+!-#$,+$!+.%!*'7,2'(!+.%!-#9.,'%!1.!H!-- \,:1&;!+&$421&!7+-*2'!:#2%'$7!&#6'$'%!200 

M1,:!n+*,#.!,+*'X!I,!,:'!I97,$+21+.!84.&:$#,$#.(!^I"K8!7*'&,$+!M'$'!&# 22'&,'%!+,!@!'T!7,'*7!#6'$!201 

,:'!*$' \'%3'!$'31#.!`>@>?!'T!g!>GU?!'Ta(!+,!AX?>!'T!7,'*7!#6'$!,:'!'%3'!$'31#.!`>GU?!'T!g!>>Hb!'Ta!202 

+.%!1.!7,'*7!&#.7,+.,! 1.!5\7*+&'! `AXA@>!u*! a!#6'$! ,:'! *#7,\'%3'!$'31#.X!8*'&,$+!M'$'! $'&#$%'%!1.!203 

/29#$'7&'.&'!-#%'!971.3!+!HAA\'2' -'.,!_S \E'!%','&,#$!̀ E$*2)44$KX!R:'!Y'+-!'.'$34!M+7!&#.,$#22'%!204 

M1,:!+.!L" " \&##2'%!81`HHHa!%#9Y2'\&$47,+2!-#.#&:$#-+,#$(!#*'$+,'%!+,!,:'!*'+;!#/!,:'!$#&;1.3!&9$6'!205 

`v/9224!,9.'%waX!_13:'$!:+$-#.1&7!M'$'!&#.,$#22'%!M1,:!,:$''!-1$$#$7!1.!,:'!Y'+-!*+,:!`81(!D:(!81B"aX!206 

R:'!7'&#.%!-1$$#$!`,#$#1%+2a!M+7!97'%!,#!79**24!+!7-+22!Y'+-!`@!--!M1%,:(!AX>!--!:'13:, a!+,!,:'!207 

*#71,1#.!#/!,:'!7+-*2'X!8+-*2'7!M'$'!-'+79$'%!+,!$##-!,'-*'$+,9$'!1.!+!_' \*9$3'%!7+-*2'!Y#[X!I,!208 

,:'!I%6+.&'%!S:#,#.!8#9$&'(!^I"K8!7*'&,$+!M'$'!&#22'&,'%!/$#-!+!b!--!%1+-','$!*$'77'%!*'22',!+,!209 

HA!'T!7,'*7!/$#-!>?U>!'T!g!>GH>!'T(!>!'T!7,'*7!/$#-!>GH>!'T!g!>G@>!'T(!H!'T!7,'*7!/$#-!>G@>!'T!210 

g!>GGA!'T(!AX@!'T!7,'*7!/$#-!>GGA!'T!g!>>H>!'T(!+.%!1.!7,'*7!&#.7,+.,!1.!5\7*+&'!`AXA>!u*! a!#6'$!,:'!211 

*#7,\'%3'!$'31#.X!8*'&,$+!M'$'!&#22'&,'%!1.! /29#$'7&'.&'! -#%'!M1,:!+!G\'2'-'.,!81! )$1/,!%','&,#$!212 

`T#$,'[ \CKGaX!R:'!L"" \&##2'%!81`HHHa!%#9Y2'\&$47,+2!-#.#&:$#-+,#$!#*'$+,'%!M1,:!>Al!%',9.1.3!213 

+.%!&+21Y$+,1#.!971.3!+!6+.+%19-!-',+2!/#12X!R:'!Y'+-!71c'!9,121c'%!M+7!G!-- !1.!M1%,: !+.%!H!--!1.!214 

:'13:,X!8*'&,$+!M'$'!&#22'&,'%!+,!$##-! ,'-*'$+,9$'!M1,:1.!+!_'\*9$3'%!&:+-Y'$X!R:$''! $'*21&+,'!215 

7&+.7!M'$'!+&]91$'%!/#$!'+&:!7+-*2'X!D'*21&+,'!̂ I"K8!7*'&,$+!M'$'!+6'$+3'%(!'.'$34!&+21Y$+,'%!+.%!216 

.#$-+21c'%!1.!I,:'.+!`6'$X!AXQX?X>aX#! !8+-*2'!7*'&,$+!M'$'!&#-*+$'%!%1$'&,24!,#!7*'&,$+!&#22'&,'%!#/ 217 

commercially-available (Sigma-Aldrich) 6+.+%19-!̀ PPPa!#[1%'!`T"B#(!QQXQQla(!6+.+%19-!̀ PTa!#[1%'!218 

`T "B$(!QQla(!+.%!6+.+%19-!`Ta!#[1%'!`T"B) (!QQXQQlaX!8+-*2'!7*'&,$+!M'$'!+27#!&#-*+$'%!,#!,:#7'!219 

&#22'&,'%! /$#-! +! $+.3'! #/! .+,9$+2! 6+.+%19-! -1.'$+27(! 1.&29%1.3W! 6+.+%1.1,'! x`SY) `T )+B$a#<2ay(!220 

&+6+.71,'!x<+`T$+Ba81$B!1zG_"By(!+.%!$#7&#'21,'!xn`T #+(I2a"`I281#B!1a`B_a"yX!221 

!222 

9'@*%+!9%'%*7*1%:!"#!9.'[*'&,'%!#$!9.979+224!:13:!7+/',4!:+c+$%7!M'$'!'.&#9.,'$'%X!223 

!224 

!225 
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F*$28%$!'1.!G3$(2$$3-1!226 

;28<! 9'768*! D='&'(%*&3>'%3-1:!S:#,#-1&$#3$+*:7! #/! +!$'*$'7'.,+,16'! +$'+! #/! '+&:! ,:1.! 7'&,1#.!227 

`J139$'! Ha! $'6'+2! ;'4! %1//'$'.&'7! Y',M''.! '+&:! #/! ,:'! 7,9%1'%! 7+-*2'7 (! +.%! +$'! &#.717,'.,! M1,:!228 

*$'61#97!#Y7'$6+,1#.7!-+%'!Y4!N+.3!+.%!&#\M#$;'$7!`?AHbaX!%!^CL!UQX@!/$#-!5.1,!H!&#.717,7!#/!229 

/1.' \3$+1.'%(!#$3+.1&!&+$Y#.\$1&:!2+-1.+,'%!Y2+&;!7:+2'(!&#.717,'.,!M1,:!%'*#71,1#.!1.!+!*$#%9&,16'!230 

+.#[1&! '.61$#.-'., X!̂ CL! bHX>(! +27#! /$#-! 5.1,! H(! &#.717,7! #/! /1.' \3$+1.'%! #$3+.1&! &+$Y#.\*##$!231 

3$''.e3$'4!7:+2'!M1,:!7#-'! #$3+.1&!&+$Y#.!2+-1.+,1#.X!C#61.3!,#!5.1,!@(!^CL!?b?XQ!&#.717,7!#/!232 

#$3+.1&!*##$!&:'$,!*$'&1*1,+,'%!+$#9.%!+!712,\&2+4!-+,$1[!M1,:!+9,:13'.1&!%#2#-1,'(!M:12'!^CL!?OQXQ!233 

&#.717,7!#/!&:'$,4!712,!M1,:!#&&+71#.+2!#$3+.1&!&+$Y#.!2+-1.+,1#.7X!234 

!235 

H3C2&*!I:!J&'1$73%%*.B83C=%!6=-%-73(&-C&'6=$!-@!A?K!LM:N!O"PQ!A?K!RI:S!O;PQ!A?K!TRT:M!ODPQ!236 

'1.!A?K!TUM:M!OGP!%=31!$*(%3-1$:!237 

!238 
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F9+.,1,+,16'!̂ \$+4!%1//$+&,1#.!̀ R+Y2'!Ha!7:#M7!]9+$,c!17!,:'!%#-1.+.,!&$47,+221.'!*:+7'!1.!+22!7+-*2'7(!239 

/#22#M'%!Y4!1221,'e-1&+!+.%!1221,'e7-'&,1,'! -1['%\2+4'$!&2+4! -1.'$+27X!8+-*2'! ^CL!?b?XQ! :+7! ,:'!240 

:13:'7,! +Y9.%+.&'! #/! ]9+$,c! +.%! ,:'! 2#M'7,! +Y9.%+.&'! #/! &2+4! -1.'$+27(! &#.717,'.,! M1,:! 1,7!241 

1%'.,1/1&+,1#.!+7!+.!#$3+.1&\*##$!&:'$,!2+4'$X!R:'!*$'7'.&'!#/!*4$1,'e-+$&+71,'!1.!,:'!5.1,!H!7+-*2'7!242 

`^CL!UQX@!+.%!bHX>a!17!&#.717,'.,!M1,:!,:'1$!%'*#71,1#.!9.%'$!-#$'!$'%9&1.3!&#.%1,1#.7!&#-*+$'%!,#!243 

,:'!5.1,!@!7+-*2'7X!244 

J'#8*! I :! V='$*! '#21.'1(*! O,*3C=%! WP! -@! A3'7'831C! H-&7'%3-1! $'768*$! .*%*&731*.! #+!245 

X2'1%3%'%3Y*!AB&'+!.3@@&'(%3-1:!J+63('8!21(*&%'31%3*$!@-&!7-.*88*.!6='$*$!'&*!Z!T[W:!246 

!"#$%&
!"#$%&#'()*#)+%&,-./&01&

234 &56/7& 234 &89/:& 234 &;8;/6 & 234 &;<6/6&

!"#$%&' ()*+ ' ((*, ' +-*. ' ,,*, '

/0$1%2' )*) ' )*( ' 3'' 3''

4#$5#61%2' )*( ' '3' 3'' 3''

47 3$158'9#:51%2' '3' ;*- ' 3'' 3''

<=:=>1%2' ?*(' -*) ' (*@' 3''

/:#71=5:#62'AB:C1%2D' .*?' )*. ' 3'' 3''

E3F2:G6H#$' (*, ' @*?' 3'' 3''

E#=:1I1%2' '3' '3' ?*.' ?*?'

98:=$1%2' .*( ' (*; ' 3'' ,*@'

J::1%23K>25%1%2'>1L2G':#02$' ))*. ' ).*) ' '3' @*.'

J::1%2M4 15#' ),*. ' )-*N' @*N' )-*) '

B>=$H8="6' )-*N' ,*; ' +*;' ))*) '

!247 

R:'!^CL!UQX@!Y2+&;!7:+2'!/$#-!5.1,!H!17!:13:24!'.$1&:'%!1.!6+.+%19-(!9$+.19-!+.%!-#24Y%'.9- (!248 

&#.717,'.,! M1,:! 7'%1-'.,! %'*#71,1#.! 1.! +.! '9[1.1&! '.61$#.-'.,! #$! M1,:1.! ,:'! &#$'! #/! +.! #[43'.!249 

-1.1-9-!c#.'!#.!+!&#.,1.'.,+2!-+$31. !`R+Y2'!?aX#!P.!&#.,$+7,(!,:'!^CL!bHX>!3$''.e3$+4!7:+2'!/$#-!250 

5.1,!H!17!#.24!7213:,24!'.$1&:'%!1.!6+.+%19-!+.%!9$+.19-(!+.%!7:#M7!.#!'.$1&:-'.,!1.! -#24Y%'.9- (!251 

M:1&:!17!&#.717,'.,!M1,:!7'%1-'., !%'*#71,1#.!1.!+.!#[1&!7',,1.3X#!P.!5.1,!@(!Y#,:!̂CL!?b?XQ!+.%!?OQXQ!252 

7:#M!,$+&'!-',+2!&#.&'.,$+,1#.7!&2#7'!,#!,:'!&$97,+2!+6'$+3'(!&#.717,'.,!M1,:!%'*#71,1#.!1.!+.!#[1&!253 

7',,1.3X#!254 

!255 

256 
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J'#8*! T:!48*7*1%'8!(='&'(%*&3$%3($!-@!$*8*(%*.!$='8*!$'768*$!@&-7!\13%!I!OA?K!LM:NQ!A?K!RI:SP!257 

'1.! \13%! N!OA?K! TRT:MQ! A?K! TUM:MP! -@! %=*! A3'7'831C! H-&7'%3-1:!41&3(=7*1%! @'(%-&$! '&* !258 

&*8'%3Y*!%-!'Y*&'C*!*8*7*1%!(-1(*1%&'%3-1$!-@!%=*!266*&!(-1%31*1%'8!(&2$%!&*6-&%*.!31!F2.13(<!259 

'1.!]'-!OT[I^P: !260 

=#>?@%&AB&
CDE&
,01&

F@&
,01&

G&
,01&

E#!
,01!

CH&
,01&

I%!
,01!

3) &
,JK&K!"1&

L&
,JK&K!"1&

M&
,JK&K!"1&

3N&
,JK&K!"1&

O)PH+">%).&
I#+.NP!" &

L& M& 3N&

O4P'-N*?' -*+' ,*?' .*N' ;*N?' ;*.+ ' .*. ' )??' -;+ ' N*N' (,*- ' N*-' ,*- ' - ( '

O4P'+)*, ' ;*?N' -*) ' ?*+' )*, ' ;*.N' )*N' ),+ ' ).? ' ?*(' ;*@.' )*+' )*+' )*; '

O4P'.+.*N ' )*; ' .*, ' )*) ' )*; ' ;*;N' )*) ' ))? ' .;*( ' )*?' ;*?) ' ;*+; ' )*- ' ;*N,'

O4P'.@N*N' ;*+N' ,*+' .*. ' ;*?( ' ;*?. ' ?*,' +@*@' -@*N' .*. ' ;*+?' )*; ' )*. ' ;*N-'

!261 

?3(&-@-(2$*.!$+1(=&-%&-1! AB&'+! @82-&*$(*1(*! 7'6631C:!K2'-'.,+2! -+*7! /$#-! ^CL! UQX@! +$'!262 

7:#M.!+7!J139$'!?!+.%!'2'-'.,+2!-+*7!/$#-!^CL!bHX>!+$'!7:#M.!+7!J139$'!8H!1.!,:'!89**#$,1.3!263 

P./#$-+,1#.X!R:' !,#,+2!+&]9171,1#.!,1-'!$+.3'%!/$#-!H\?!:#9$7!*'$!-+*(!%'*'.%1.3!#.!%M'22!,1-'!+.%!264 

7,'*! 71c'X! 5./#$,9.+,'24(! ^CL! ?b?XQ! +.%! ^CL! ?OQXQ! ,:1.\7'&,1#.7! &#.,+1.'%! 6+.+%19-! +,!265 

&#.&'.,$+,1#.7! Y'2#M(! #$! 6'$4! &2#7'! ,#(! ,:'! %','&,1#.! 21-1,7! /#$! #9$! 7&+.! *+$+-','$7! `R+Y2'! 8@(!266 

89**#$,1.3!P./#$-+,1#.a!+.%!M'$'!.#,!&#.71%'$'%!/9$,:'$!1.!,:17!7'&,1#.X267 
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!268 

H3C2&*!T:!48*7*1%'8!7'6$!-@!_Q!)Q!'1.!J3!O,*3C=%!WP!31!%=*!A?K!LM:N!%=31B$*(%3-1:!`=3%*!#-5!31.3('%*$!8-('%3-1!-@!_!)B*.C*!A"E49!37'C*:!269 

?'6$!,*&*!'(X23&*.!'%!T !a7!$%*6B$3>*!-Y*&!%=*!N[[[ !b!I S[[ !a7!@3*8.!-@!Y3*,!OI:ITS!73883-1!.'%'6-31%$!6*&!7'6P:!270 
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!271 

H3C2&*!T!O(-1%c.P:!48*7*1%'8!7'6$!-@!H*Q!9Q!'1.!?1 !O,*3C=%!WP!31!%=*!A?K!LM:N!%=31B$*(%3-1:!?'6$!,*&*!'(X23&*.!'%!T!a7!$%*6B$3>*!-Y*&!%=*!272 

N[[[!b!IS[[!a7!@3*8.!-@!Y3*,!OI:ITS!73883-1!.'%'6-31%$!6*&!7'6P:!273 
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!274 

H3C2&*!T!O(-1%c.P:!48*7*1%'8!7'6$!-@!D'Q!E3Q!'1.!D2!O,*3C=%!WP!31!%=*!A?K!LM:N!%=31B$*(%3-1:!?'6$!,*&*!'(X23&*.!'%!T!a7!$%*6B$3>*!-Y*&!%=*!275 

N[[[!b!IS[[!a7!@3*8.!-@!Y3*,!OI:ITS!73883-1!.'%'6-31%$!6*&!7'6P:276 
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D-8-('83>'%3-1!'1'8+$3$:!R:'!1.6'7,13+,1#.!#/!6+.+%19-!:#7,!*:+7'7!Y'3+.!M1,:!+!32#Y+2!7,+,17,1&+2!277 

+**$#+&:! ,#! 1%'.,1/4! '2'-'.,+2! $'2+,1#.7:1*7X! I! 7&+,,'$*2#,! -+,$1[! M+7! 3'.'$+,'%! 971.3! ,:'! '.,1$'!278 

'2'-'.,+2! -+*! %+,+! /#$! '2'-'.,7! #/! 1.,'$'7,! ,#! +22#M! 71-*2'! 6179+2! +77'77-'.,! #/! '2'-'.,+2!279 

$'2+,1#.7:1*7! `J139$'! @! +.%! J139$'! 8?aX! R#! &#-*2'-'.,! ,:17! ]9+21,+,16'! +77'77-'.,(! S'+$7#.m7!280 

<#$$'2+,1#.! <#'//1&1'.,! `S'+$7#.m7!$a! M+7! &+2&92+,'%! /#$! '+&:! *+1$M17'! &#-*+$17#.! ,#! *$#61%'! +!281 

]9+.,1,+,16'!1.%1&+,1#.!#/!,:'!7,$'.3,:!+.%!%1$'&,1#.!#/!'2'-'.,+2!$'2+,1#.7:1*7X!282 

!283 

R:'!7,$#.3'7,! *#71,16'!'2'-'.,!&#$$'2+,1#.!M+7!#Y7'$6'%!Y',M''.!1$#.!+.%!792/9$!`$!{!AXO@!/#$!^CL!284 

UQX@!+.%!$!{!AXOH!/#$!^CL!bHX>d!7''!89**#$,1.3!P./#$-+,1#.a(!M:1&:!17!&#.717,'.,!M1,:!,:'!*$'7'.&'!285 

#/!1$#.!792/1%'! -1.'$+27!`'X3X!*4$1,'(! -+$&+71,'a!1.! ,:'7'! 7:+2'7!%'*#71,'%!9.%'$!*$#%9&,16'!+.#[1&!286 

`^CL! UQX@a! #$! #[1&! `^CL! bHX>a!#6'$241.3! M+,'$!&#.%1,1#.7X! R:17! 17! /9$,:'$! 79**#$,'%! Y4! ^D)!287 

+.+24717(!M:1&:!&#./1$-'%!,:'!*$'7'.&'!#/!Y#,:!*4$1,'!+.%!-+$&+71,'!1.!,:'!^CL!UQX@!7+-*2'!+,!+!288 

&#-Y1.'%!,#,+2!+Y9.%+.&'!#/!i?X>!M,X!l!+.%!,:'!*$'7'.&'!#/!*4$1,'!+,!HXG!M,X!l!1.!,:'!^CL!bHX>!289 

7+-*2'! `R+Y2'!HaX!C+.3+.'7'!M+7!+27#!&#$$'2+,'%!M1,:!Y#,:!1$#.!`$!{!AX>@!/#$!^CL!UQX@!+.%!$!{!AXUb!290 

/#$!^CL!bHX>a!+.%!792/9$!`$!{!AXG?!/#$!^CL!UQX@!+.%!$!{!AX>@!/#$!^CL!bHX>a(!+2,:#93:!1,!M+7!*$'7'.,!291 

+,!+**$#[1-+,'24!,M#!#$%'$7!#/!-+3.1,9%'!2#M'$!&#.&'.,$+,1#.7X!292 

!293 

T+.+%19-!'[:1Y1,'%!M'+;!.'3+,16'!&#$$'2+,1#.7!M1,:!1$#.(!792/9$!+.%!-+.3+.'7'!`$!{! \AXAG!,#!\AXHQa!294 

1.!Y#,:!^CL!UQX@!+.%!^CL!bHX>(!1.%1&+,1.3!,:+,!*:+7'7!&#-*#7'%!#/!,:'7' !'2'-'.,7 !̀ 'X3X!*4$1,'a!+$'!295 

9.21;'24! ,#!*2+4!+.!1-*#$,+.,!$#2'!1.! :#7,1.3!6+.+%19-!1.! ,:'7' !7'%1-'.,7 X!P.!&#.,$+7,(!6+.+%19-!296 

'[:1Y1,'%!+!M'+;!,#!-#%'$+,'!*#71,16'!&#$$'2+,1#.!M1,:!*#,+7719-!`$!{!AX@U!/#$!^CL!UQX@!+.%!$!{!AX??!297 

/#$!^CL!bHX>a(!7933'7,1.3!,:+,!*#,+7719-\Y'+$1.3!*:+7'7!-+4!+&,!+7!+.!1-*#$,+.,!:#7,!/#$!6+.+%19-X!298 

_#M'6'$(!, :'$'!17!+!*#$,1#.!#/!,:'!&#2#&+21c'%!*#,+7719-!+.%!6+.+%19-!,:+,!%#'7!.#,!&2'+$24!/#22#M!+!299 

21.'+$!,$'.%(!M:'$'!*#,+7719-!6+$1'7!1.!&#.&'.,$+,1#.!M1,:#9,!+!&#$$'7*#.%1.3!&:+.3'!1.!6+.+%19-!300 

&#.&'.,$+,1#.X!P.! *+$,1&92+$(!+!79Y7',!#/! ,:'!%+,+! *#1.,7!%17*2+47!$'2+,16'24! :13:!&#.&'.,$+,1#.7!#/!301 

*#,+7719-!,#3',:'$!M1,:!$'2+,16'24!2#M!&#.&'.,$+,1#.7!#/!6+.+%19-X!R:17!21;'24!$'/2'&,7!,:'!*$'7'.&'!302 
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#/!+!6+$1',4!#/!*#,+7719-\Y'+$1.3!-1.'$+27!1.!,:'!7+-*2'7(!7#-'!#/!M:1&:!+$'!9.21;'24!,#!:#7,!-9&:!303 

6+.+%19-!̀'X3X!n\/'2%7*+$(!%',$1,+2!1221,'d!R+Y2'!Ha!+.%!#,:'$7! ,:+,!+$'!M'22\;.#M.! /#$! ,:'1$!7,$#.3!304 

+77#&1+,1#.!M1,:!6+.+%19-!1.!71-12+$!7',,1.37!̀ 'X3X!+9,:13'.1&!1221,'d!R+Y2'!HaX02!1!R#!/9$,:'$!1.6'7,13+,'!305 

,:'! $'2+,1#.7:1*! Y',M''.! *#,+7719-! +.%!6+.+%19-! M'! 3'.'$+,'%! &$#77\&#$$'2+,1#.! /9.&,1#.7!#/!306 

6+.+%19-!+.%!,:'!#,:'$!'2'-'.,7!#/!1.,'$'7, !`J139$'!G!+.%!J139$'!8@aX!307 

308 
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!309 

!310 

H3C2&*!N:!9('%%*&68-%!7'%&35!C*1*&'%*.!,3%=!9('%%*&d1!@&-7!*8*7*1%'8!37'C*$!-@!_Q!)Q!J3Q!H*Q!311 

?1Q!9Q!D'Q!E3!'1.!D2!31!%=*!A?K!LM:N!%=31!$*(%3-1!O,%:!WP:!4'(=!$('%%*&68-%!&*6&*$*1%$!I:ITS!312 

73883-1! 6'3&*.! (-1(*1%&'%3-1! 7*'$2&*7*1%$:! J=*! @&*X2*1(+! -@! -#$*&Y'%3-1$! 3$! X2'83%'%3Y*8+!313 

Y3$2'83>*.!2$31C! '! (-8-&7'6: !V*'&$-1c$!D-&&*8'%3-1!D-*@@3(3*1%!OV*'&$-1c$!&P!.*%*&731*.!@-&!314 

*'(=!6'3&!-@!NTB#3%!*8*7*1%'8!37'C*$!,3%=!%=*!D-8-(T!682C31!@-&!07'C*d :!315 
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!316 

H3C2&*!^:!D&-$$!(-&&*8'%3-1!@21(%3-1$!@-&!Y'1'.327!,3%=!6-%'$$327Q!%3%'1327Q!3&-1Q!7'1C'1*$*Q!317 

$28@2&Q!('8(327Q!13(<*8!'1.!(-66*&!31!%=*!A?K!LM:N!%=31!$*(%3-1:!D&-$$!(-&&*8'%3-1!'1'8+$3$!,'$!318 

.-1*! @-&! *'(=! 6'3&! -@! *8*7*1%'8! 37'C*$! ,3%=! %=*!d"D-V ! 682C31! @-&!07'C*d Q! '$! -&3C31'88+!319 

.*$(&3#*.!#+!Y'1!9%**1$*8!!"#$%&!OIMMLP:"&!320 

!321 

<$#77!&#$$'2+,1#.!+.+24717!&#./1$-7!,:'!&#2#&+21c+,1#.!#/!6+.+%19-!+.%!*#,+7719-!1.!Y#,:!,:'!^CL!322 

UQX@!+.%!^CL!bHX>!7+-*2' 7(!M1,:!+!&2'+$!-+[1-9-!1.!S'+$7#.m7!4!+,!+.![ \7:1/,!#/!c'$#!`$&{!AX@U!/#$!323 

^CL!UQX@!+.%!$!{!AX??!/#$!^CL!bHX>a!+.%!+!7:+$*!%'&21.'!,#!-9&:!2#M'$!6+29'7!+7!,:'!,M#!'2'-'.,+2!324 

1-+3'7!+$'!7:1/,'%!$'2+,16'!,#!'+&:!#,:'$X!P$#.(!-+.3+.'7'(!792/9$(!&+2&19-(!.1&;'2(!+.%!&#**'$!7:#M!325 

&$#77!&#$$'2+,1#.!/9.&,1#.7!M1,:!6+.+%19-!,:+,!+$'!&#.717,'.,!M1,:!'[&2971#.!#$!+!2+&;!#/!&#$$'2+,1#.(!326 

1.%1&+,1.3!,:+,!,:'4!+$'!9.21;'24!,#!Y'!+77#&1+,'%!M1,:!:#7,1.3!6+.+%19-!1.!,:'7'!7'%1-'.,7X !327 

!328 

R1,+.19-!17!M'+;24!&#\2#&+,'%!M1,:!6+.+%19-!1.!^CL!UQX@(!Y+7'%!#.!,:'!&$#77\&#$$'2+,1#.!/9.&,1#.(!329 

+2,:#93:! ,:'! -+[1-9-!S'+$7#.m7! 4!6+29'! 4̀!{!AXAOa!/#$!,:'!^CL!UQX@!7+-*2'!1.%1&+,'7!+!M'+;'$!330 

&#$$'2+,1#.!,:+.! /#$!6+.+%19-!+.%!*#,+7719-X!R:'!$'2+,1#.7:1*!Y',M''.!6+.+%19-!+.%!,1,+.19-!17!331 

7,$#.3'$!1.! ,:'! ^CL!bHX>!7+-*2'(!M1,:!+!&#-*+$+Y2'!&$#77\&#$$'2+,1#.! /9.&,1#.!+.%!+! -+[1-9-!332 
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