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Abstract 

Project Code: DPG5780002 

Project Title: Conformationally constrained pyrrolidinyl peptide nucleic acids: New 

functions and applications 

Investigators: Tirayut Vilaivan and co-workers 

E-mail Address:vtirayut@chula.ac.th 

Project Period: 3 years (17 March 2014 - 16 March 2017 extended to 16 September 2017) 

Peptide nucleic acid or PNA is a type of DNA mimic with electrostatically neutral 

peptide-like backbone that can bind strongly and specifically to DNA and RNA targets 

following Watson-Crick base paring rules. Based on our previous success in developing a new 

class of conformationally-constrained peptide nucleic acid bearing alternating a/~-peptide 

backbone derived from proline and cyclic ~-amino acids such as acpcPNA, acbcPNA and epi

acpcPNA, this research aims to expand this capability and applications of these new PNA 

systems further. New pyrrolidinyl PNA with have been designed, synthesized and evaluated 

for base pairing properties. New functions and properties have been incorporated into 

pyrrolidinyl PNA by chemical modification with unnatural bases, .fluorescence dyes, 

electroactive labels and chemically reactive groups. New optical and electrochemical 

methods for DNA/RNA sequence determination using pyrrolidinyl PNA as the sensing 

element in combination with enzyme- and non-enzyme-based Signal amplification 

technologies such as DNA-templated reactions, hydrophilic polymers, and nanomaterials in a 

simple-to-use platforms have been investigated together with their applications in medical 

and/or food/agricultural sciences. A DNA purification system based on pyrrolidinyl PNA 

probes immobilized onto magnetic nanoparticles has also be developed. In addition, 

structural basis of many unusual properties of pyrrolidinyl PNA was be investigated using 

combined experimental and theoretical approaches. The research, with our unique 

pyrrolidinyl PNA as a common focal point, has put together expertises from several research 

areas including organic synthesis, analytical chemistry, polymer chemistry, nanotechnology, 

computational chemistry as well as the interface between chemistry and biology. This 

resulted in more than 20 publications in high quality international journals, some of which 

are among the top tier ranks. In addition, high quality research personnel including 20 

researchers and at least 20 graduate students from 7 institutions and a long-lasting research 

network at national and international levels. 

Keywords: DNA; PI\JA; fluorescence; genotyping; diagnostic; functional probes 
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LL~~ G ~\I,r'U~\IhjLU'll~thlh::'VIm~h'VI1nViLa'llLEl~::LLi.'1~\li.'1lJ~LUV'l1~lli'lml.lV'lU1'Ui.'11'lL~EJ'ULLuum~ 
Ulfl~Bn'llU~ ~'ll L 'li'U nl'l~Y; La'UL€JtI 'l1 f'1 ~ 1fltl'l:: ~ u.~ ::fl11lJ Li.'1i.1 EJ'l~ Elnl 'l(1 n ~tJEJ~l EJUl fl~ Lfli.'1 , 	 " 
El ~l\lhnmlJ ~\I~lfi''1l~Elyha'ULEl'UElfl~l fl~::i.'11lJ1'lfl~U~nU~ La'll LEl m{La'llLEl LL~::vi'111'llLEl\l1'11lJn!j 
'U€J\ll(ilG1'U-f'l~mL~l m'lLoU1rl,rWJ\lLL~,:m'J\lLL~::iJfll1lJ'ii1LV'll::L~l~~\llJln nl1~V'lU1'U1.'11'J~'Uum'llJ1'U 

5';i'llJ'll1~ LL~::" 1'l"\1Lfl 'l1::~ L~ EJ'ULLUU" 1'J~'U~m'JlJ ~ 'll '1 ~1'U1 'VI'li "lJ,j~ L'VI~l-dvh1,xVi Li'llLmU'll 

llJL~~~~th"'llh.x-l1'll~1'llm'li~EJ~'UJi1'ULL~::fll'J'I111tl1i'tl'l::lEJ'llu 1'U~1'U~l\11 L'Ii'UL~EJlnU~La'llL€J 
• 	 LL~~El1{LB'UL€J 'UEl fl~ln-d ~ltJ"lJU1iU1-ltl'l:: m'J~LLI'1 fl~1-lElElfl1tlvh1,xen~'I11ViLa'llLtJ1tltl';i::~n(il1m'U 

~1'U~'U'l mll1.'11lJl'm 1 i'~Lii'UL€J'VI~€J€Jl{La'ULmL'VI'll1~ 
~lEJfll'l1.'1UUG'I'll'U€J~l\l(O)m~El\l~l n~lUn\ll'llflEl\l'VI'U1.'1Uu1.'1'U'llm'Ji~EJ~\lLL(o)iJ VU'1. 2545 ('VI'U 

~\IlJ'U1Ufli~EJ 2 'VI'll LL~~'VI'ULlJ5i~EJ€J1111.'1 1 'VI'll) flru::~r3~EJ1~G'I~1~?llJ€J\lrifl11lJ~L~EJ1nuY;Lii'llLEl~iJ 
fl€J'UyJ€J{LlJi'll~(1~'ii1n~'l~UU1'VIll~L1 EJ'nl1 Yin'l~~U~~La'llLEl~\ltl"j::flflU~l tJ'VI~ltJ1~LV'ltl1'VIv1~Ln~ 

" 
~lfl~-1V'l'l~'U U.~::LUtil1€J::in 'ULL€J'B~~mm\l"'h:nU'U1\1LLVll'U Yi11 'l~~U~ViLa'ULEl'VI~lEJ'llU~1~t:l fl 

" 
ElElflLLUU ~\lLfl'll::V; LL~::P!fl'\11"lJ~fll'J~uE'i~nu~La'UL'iJ 'iJl1LB'ULfl LL~::m'l~uIli'1n'UL€J\ll~~JV'lul1 

nl'lLtl~EJ'llLLtl~\I'U€J-l1fl'l\l~~l\lLY;EJ\lL~fliimJ I 't1'll m"j'VI~'VI~f)'lJEJ1EJ'lJ'll l~'lJ€J\ll\1 LL'VIl'U m'ltl~uLtJ~EJ'll1.'1 
L~'iJ~lmf'liJ iJ~~m::'VIu~€JG'llJu1i'U'iJ-.1Yin'l~~u~Y;LB'ULEl€J~l-.1lJln ~..:lvh1,xVl'Jlu(i\lfl!jLnru-ii oUmhn~ 
LL~~lElmG'l1 'Unl'lEl€Jn LL UUViLa'llLEl'll1J~1'VIll '1 ~"llJl'lt:lfllUflWmu~1,xLVllJ1::"lJ~El'VIii1~fll';i1i' ..:l1'U 

1li'1'iJ~l\l'U€J\I'l~uuYif("j~~u~Y;LB'UL'iJm~iJ fll'JPI fl111€J ~1-.1 ni'1-l'Ul1\1~ '1 ~~ 'iJ acpcPNA ~-l'-h:: fl'iJuih EJ 

'VI'\.htJ~'iJEJ'lJ'iJ\I D-prolyl-( 15,25)-2-aminocyclopentanecarboxylic acid ~\lLL1.'1~-lfll1lJ"llJ1'lt:l1 'U 
QJclQJd~.J~ Iq~-:;Q, dOl:; 

nl'J~U EJ~nu~ L'iJ'U L€JVlLL 'lJ\I LL 'J\I fll1Vi L'iJ'U Lm::uu ~\I L~lJ (aegPNA) LL~~lJfll1lJ~lLVi1::L~1::~-l~\I fl11 Vl\l 

1'UL~€J\I'lJ€J\lm 'lutJ n LLEJ::fllllJLL~n(o)l\l'l::'VI11\1~ LatILmth'VIlJlEJ~LU'llrl~lJ LL~::1llLu'Url1.'1lJ LL~::Vif'1'V11-.1 
" " 

'U€J-.1m'J~uv~ 1~tJflru::0~tJ1~'I11 acpcPNA Lvi€J 1tJ1i'Lu'lllVi'JU~l'VI-rUVl'Jl~i:l€JU£llvi'UL'Ui:l'lJf)\I~LB'llL€J 
~1l1fll1lJ11LL~::fl11lJ'ii1LVi1::L~1::~-l~-l~1 m'VIflUfl~ 1-.1 '1 L't1'U surface plasmon resonance, 

LblJ~"Ltin1V1'JLlJ~~, yJ~€Jm'lG'lL'1f'U~i:lLtinltil'J1vJl'VILlJtil~ Lb~::i5V1l\lLfli:i1yJvh LU'lltil'U 
" 

v 

I 



~lnrnllJ~ll~'iJ'UtJ,:j acpcPNA vi'11~flru~~1~tJl~l1~'Ul-umm"mLFl'),:jnl')i~tJd~'UL~EJ~ 
lih~lJltJ~~nfitJ 1) nl')tJflnUUU ~'1lfl,)l~~ llCl~PimmUJ'U~nlWrrl~lU~'UB,:jL'Vitll'V1~U1Fl~i)mltJ 

~~ (ifLB'UltJ) 'lJU~1~ll~iJFlv'U~v{UJi'U~()mhn~ L~tJiJLih~lJltJl~m~~nl,)Cl~ClltJlLCl~Cl~nl,)~U~~
" 

uuuhl-;ill'Vil~l~l~~~ L~EJEJ,:jFl~-rmn~~BiJ~lJu~m~~ufi~~~~'U 2) m,)l~lJ~lJ~LlCl~~ulm~ll 
1~Iln~::;uuvh5'ULB~iJB Elll~l ~lBEll-ll 'li'U m')vi11~Yl lii'UlBiJ~lJ~m~ltJ~EJ'UlltJCl~ nl~l~B,:jll~'l~

" 
~tJU~'UB~~Bm,)l-ul~nu~d)'Ulmih~lJ1tJ ~~tJi:\llJl')m~~tJDiHEJllfl~ l~m<hltltl'l::~n~1-&1'Um~ 
ml~l~~ lB'ULtJLVI EJiJm'l'UEJ1EJ~'Y'Ylru 3) nl,)w~'U1i51~ll~l~-rU nl'H,l'll ~~BU~l~UlU~'UB~~Lii'U 

lBL~tlH acpcPNA dJ'UL'Vi'lU ~llJnUlVlFlufl1V11l L'li'U DNA-templated or DNA-catalyzed reaction 

IlCl::;/V1~Bl~~~l1EJ1V1l.l l'li'U 'ViB~llJB{ U(;\::1i:\~'U1L 'U I~mll1tltl'l::;~n~1-&1'U~l'Uvil~1 l'ti'U nl'lLI'ViVlfJ 

BlV11'l U"::f11~lfl'\o}~'l 4) m'lvilfll1lJloUlhU~~uVI1'lLm'li.'l-rl~~"'-le.J(;\viBi:\lJ'U~n1'l~u£j~'UB,:jvhB'U IB 

lVlEJlioUm;lCl~l n fll'WIVlCltJ'l~llJ nUnl')fi'l'U1ruVllWIC]'\o}~ l~B1~m'l~lillV1lJ1EJV1~f1~-l 4 tl,)::nl'lO 

-;illiJ'Uvi'B~BlP1EJfl11lJ~llJiJvnu milJi~tI~'U~iirnllJl~tI1'!11ru~V1Cll flV1mEJ vi11~LilVlf11~i.'I~l'llFl~B'lh EJ 
• v 

i~tJ~5'l~'U~-l1'U'J~~U'!Il~U.Cl~'Ul'Ul'111~L~tl1off~~u'tJ'vha'UlmtJ'U~~ i.'I'Uh~llJ e.JClnlJ~l~'UBf1~ln~::• 
i.'IllJl'l()~YilJ'Vi1'Ul1'li.'ll'l~iJe.JCl f1')::;VlUi.'I-lll~l EJ'lV1~th1tl"'nl~litl ')::;ltJ'1l'U1'U l:U'l'Vil ill'1l ~ llCl::nl'le.J~V1 

" " 
UflCllf1')~iifl11lJl~ tJ1'Ul ru1 'Ui.'Il'Ul1 ~tJVI1~~l'U lfliJB'UVI~ ~ /lFliJilfl':il::;v1/lflii1i.'1Vl ~-l1'U)~ ~Utl~rurul.... , ... " 

LVI tl~'YqJ1L€lf1 LL(;\::;V1~-ltJ~'Y'Y1Lv-/l 'lllJn·.Jllluewnl1 30 Fl'U ~-l~~liJ'Unl~.:)alAqJ'llB,:jnl'l~~'Ul 
':)l'Ui~tI'UtI'ltl':i::; lV1l'ltJlv1tJ1'Uv'UlflVl 

'1IUVl1V111~iiflB'U'I'Iv{llJi'U~ () ml1nVl 
" 

2. L~m~lJi.'IlJU~llCl~~Ulvi1~lJ1~ufh::uuYl La'ULv~ii€lElll~lLl'1tJi5 nl~Vll'llflii 
" 

3. l~t1-W~'U11mV1llalV1-rUnl':iml'iJi.'IvU~l~ULUi.'I'llv'l~lB'U LvlVltJ10ffYl LB'ULmiJ'UL'Vi ':iUllCl::; 

ill1tltl'l:;~nVl1m'UVll'lf11'lLL'ViVleJ B1V11'l llCl~f11'Hn'\o}m 

4. L~vvilmllJ loUlht1~~ElVll':)lfl'l'li.'l-rl,:j.yj~,:je.J"tJlBi.'IlJ~nl'l~uEiVl'Uv'lYlLa'UL€llVl El1offoUtllJCl 
" 

~1f1 fll ':iVl VlCl tJ'l ~llJ nUnl':i fi'l'Ul ruVll,:jVlC]'\o}~ 
d ~ .. ~ ~..I.. Q..I....I 1

5. L'Wae.JCl~~Cl'll'U~'WlJ'W''Ul1'l"1,)Vll..I~m f1')::;V1Ui.'I~ LLCl::em~UflCllmVllJfl11lJl'lJtJl'111ru 'U~l'Ul 
v """, 

1~tJ~1'Ui1 

6. l~vi.'l-rl'llfl~v'lll EJi~EJ~ ~'l ~tI~-l1'U'J::;~U'Ul~LlCl::'Ul'lJ1'Ul~LVltl1-tl'l:;UUVlLB'ULVliJ'U~Vli.'l'U1~. 
'lllJ 

9. ):aiilJui5i~tJ 

Lfl'l'l f)1'l1 ~EJOllU'l LtJ'UV1f11fl'l.:)f)1'l ci vEJ 

~'l Lfl'll:;'" LlCl~ n 1 'lP; mn i.'IlJ~f11'l~U fiVl numVlUl fl~BmLCl~f11'l~U~l n'ULB'l'lltJ'lYlLa'ULa'llUVl1V1l.l~ii 
flv'U'I'Ia{ LlJ<U'U -;ilnVl f11'llY1lJV1Ulvi1V11l'll€l'lYll~'UL€ll\1lEJi5f)1,)Vll'lLflii f)1,)-W~'Ul1mV1llalV1-rum') 

vi 



o &:11.4 _ ......,.. """ ~ 

I'll tnru'Yll-'lVl'l'='!]LVi tl tlGUl EJ (;1lJU(;1'll tl -lViLtllJLtl 

lm-lfll'l"vtlEJ~ 1: Conformationally restricted PNA with new structures and functions 

lFl'l"-lfll'~;lL~EJl L~tl-'l nu nl'JtltlflLLuu~11 'lMiDflVidl'ULm ~uu1'VIl.! 'VI~tl~f['l~~ijflViLa'ULtl.yj 
I'lru~~~EJl~~fl'1:nlJlrltl'U'VIUldu.~lLL~ii n1'J~~LLU'JVIl-'l LFlih ~m~:J.J'VI':hvtl 'VIlJ ~-'lFl'l tJ'U FlfllJei'l 1) f11'J" . 
~'1 LFl'll~"v1LLfI~U'l~LiJlJ(;1lJmi n1'l~LI8~ fl'J ~ijl Fl~Bn'lltl-'l~11'J~~il(;lVi LalJLB'1lil~1'VIl.!.yjth~ntJLlvllEJ1Vi 

'J~'UU.fI ~LLI~ltl~m'ULLti~~~i'i1m'lC1~l-lL u'U 1"1IFl~ nBLYltl{ 2) f1l'J~'1 LFl'l 1~'" f11'l"U'l" ~Lij'UC1lJ'\j'~f1l'l"~LI 
fi~fl'J~D1Fl~Bn fll'l"ft~m8 LLfI~n1'JfI~f11'J~Llfi~LLLILI1.lJ':illLVil~L~l~~-'I LL(;l~FllllJ~ llJl'J(11'Uf11'J~1'U 

L-ii1L'l!fI~'lltl'l~f('l"~~il,rvh5'ULtl~~~LLthlm'l(;1~l-'lvll EJ'VIlJnlil~lJ 'VI~tl'VIlJtJ~m 'U 3) f1l'J~-lLml~",Ylf( 'l" 
" " 

~~ DftViL5'ULtl~~~Qmn (;11'J L~tl'l LL(;1'1'V1~'1(i'l(;1 tl'l'llil~ LLft ~~fl'='lm.J'U~ f11'J LtI~ EJ'U LL tI(;l-'l f11'J L~tl-'l LL(;1'1~ 
Ii1tJ'UCl'U tl.:j~ tJf11'JLn~1.!]'U~ ~ nLl~LB'ULtl 4) fll'l"~-l LFl'l"l~",Ylf('l"~~DftViL5'U Ltl~iiL 'U (;1~llJLU'UlJl li1'l")il'U 

tJV1,nJtJEJ 2 'ifil~ LL(;l~~n'='1(;1lJU~fll'l",yLlfi~nLl~L5uLtl LL(;l~ 5) fll'l"~-'lLf)'l"1~"v1-w11'J~~ilftViLa'ULtJ~~~ 
Qft 1 flvll EJ Cll'l"~ltl'l1.1Vl1-'1 LFlmyjV11Lv1mil1. tiL uu1Vi'l"'U ~1'VI-rU'l" ~'UUIi1'l"l~(;1tJ'U"l~'UL'U(;1'lltJ'I~'ha'ULtJ~ii 
FlTllJ~lLVil~L~l~~.:j(;1ol 
'I ,..I " 
LI'l'l"olfll'l"EJtJEJVl 2: New approaches to improve the sensitivity of PNA-based DNA sequence 

detection 

11'l'l".:jfll'l"dL~Em~tJ'In'Uf11'J~\l).JU1'l"~'ULI f11'l"'!JEJlEJ~'IJ'lJlruL~m~lJAll:W1.11'Un1'l"\i1'n~l~~hBu 
LtJl~EJtJ1P1EJl1LBlJLtJ U.fI~ fl1'l"~11.tlU'l"~EJ flli11oUt'U f11'l"Ii1'Jl~ Cl tJ'U"l~tJL'U(;1'!Jtlol(;11;~Ulifl'J'JlJ l~mLU'I. . 
tltJmuuu.U1Vll'l~1'l1 fitJ 1) f11'JBtJf1LL'U'ULL"~~'1LI'l'l"1~",ViLB'ULB~d-'luDn~EJ11vlLLfI~'tll1utI'l~~flIi11i 
1'Uf11'l\i1'l"l~(;1tJ'U"l~'UL'U~'!Jtl'l(;11'l"~Ulim'JlJLLLI'Uiif1l'J'llEJlEJ~rurulru 2) f11'J~\l).J'U1Vi L5uLtl 1 Vi'l"LI~ii

• ~ u 

(;1lJ,j'ffiufll'J~h~~'Uli~lAL1L(;lUvln'U~L5u LtJ L~B(1 n fl 'l"~~U1~EJi5f11'J.yj L'VIlJ1~(;1:W L~ml11tltb~EJn 1i11oUtU" . . 
n1'JL~lJf)lllJ111Uf11'J1i1'l"1~1~~L5lJLtl 3) f11'J~\l).J'UltiD n~EJl'll tJ'IVi LBULtJ1Vi 'l"'U.yjtJlPlEJ~LBlJLtlLVllJ LVifl(;1 

4) f11'l~\l).JlJl'l"~UUml~(;18L1"1~'U LLI(;1'!Jtl']~LBULtllVl8tJ1P\EJ'VI~nfll'J'llB'I strand displacement 

probe 5) f11'J~\l).J'Ul'l~U'Uf1l'J\i1'Jl~(;1B'U"l~'UL'UC1'!JtJ'I~iLB'ULtl)ilUfl'J~m,=, LL(;l~ 6) f1l'J~\l).JlJl'J~'U'U 

\i1'll'l"l~'UL,\R''lltJ'I~hB'ULtlLl;1EJ1i-WLBULtJ1Vi'l'U~l:wn'Ul(;1~'Ull 'ULL'U'U1'VIlJ.yjtJlPlEJf11'JL~tlmn~tlDn~EJ1~ 
I.., I 4 ~ d .:;: 

LL(;l n\Jll 'I fl'U'l ~'VI11'l ~ LB'U LtJ LL(;l~ViLBlJ Ltl 
'I ,..I
LA'l"'1fll'WtlEJVl 3: PNA-conjusated polymer brushes as platforms for DNA sequence 

determination 
'1 ~ ~I IV ~ Q ~ ~ ~ '" c::l..... I .HQ..I Qo CIt. ..,

LA'lolf11 ,)'UL u'Ufl 1')(;1 '1LA 'J1~'VILLft ~'tl(;1 ~'ULtl fl fI n,=,ru'lltl-'lVitJ(;l LlJtl ,)'U'l"'1lVlIi1 Vl tl EJLI'UViWn '1l tJ'Il(;1 ~ 
" ". 

~1'1'l L'11'U LL~'UVlB-l tJ'4JllFltll1'U'1ltl-'lVltJ'I 'VI1tJ~11yjV11Lf)~tl'UVltJ-l LL(;l~(;l~-'lViLB'ULm-iiln'U'~~''U~lL 'VIfhd 

L~B'\11hJ1oUt'Un1'J(;1,)1'l1~~L5'ULtlU.'U'U~lLVi1~L'l1~~'1l~EJtllp\mVlA-UA surface plasmon resonance 

LVI A-Uf)Vll'lLl'linyj~1 'VI~tlLVlA-UA fll'llVl~~fl~'ULL(;1'1'V1~ tJyj(;l€)tJ b'l"(1 b'1iU~ 
,..I " " 

1A'J-3f1l'lEJBVVI 4 : Signal enhancement in PNA based sensors by utilizing electron 

transfer/ener~ transfer upon target binding 

vii 
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11'1'l'ltlwdl~tl1l~eJ'In'U tl1'l~IilJ'\.n1.'U1eJl~'Ul'lleJ1~iimll.rleJ'Il1lL~~mllJ~1 L'l'ma~l~~'l'lJeJ'I 
tl1'lm1~1~~~\llL~~~1lJ1'lt:l(;l'l1~1~1.vi'u.'U'U 1~tleJl~tI wn'l~~U~Yh8'Ulmu'U1 Yl'l'U 1~tlmj\leJtltlLu'U 

" 
~v\l~1'UtieJtlfitl (9) n1'l1iftl'l1~'U'I-1~eJ1MH')tllJ1Yl~m~'I-111\1ml~'U-tl'Uml'1'Ul1'U'tl tl\l1~'I-I~l~vtll'l, , 
(iJ'l1~l(iJ~d)'Ultl1~mYlI'1UI'1Yll.:1Lflm'tlvh1(iJtltll~tlYhB'UlB1 Yl'l'U LL~~ Iv) tl1'l~1ilJ'U1Yid)'UlB1Yl'l'U~~~ 
tlm tll~ v\J u.~.:I'hlJtl'U~ LB'ULv lleJYl (;llLlJv1l~vlit'Utl1'l (;l'l1 ~1~1lJl~ tl~L{h'l-1lJlt11V1 tlm~tI'I-1~tltl1'l'lJeJ\J, 
FRET 1~tI~.:I~tl\J~1'U\I~l~mltltl1'leJBtlU.'U'U'l~'U'U ~m~/1BYl5Yl~'!Jtl\J~1u.'.hvh\Jl ~mnU'l~~'r16il1Yl 
'tleJ'l'l~'U'U u.~1~·:nilluu'l~t1tl(;l1if\Jl'U, 
1f1'l\ltl1'lcit)tJ~ 5: Bioconjugation of anionic magnetic nanoparticle with PNA for DNA 

purification 

1f1'l.:l tl1'ld~~l.l'lLU'U tl1'l~IilJ'Ul v'Ufllfllll.lL'1-1~ tl'!J'Ul~'Ul1'U~til1\1~1 tlWTI'l~~u"Yil5'UleJ1~tlcJl'U 
.ff'U'tlV'lYlV~llJeJ1~ih.l':i~~"'U L~milltJ1it'Utl1'lvh~LBULv1~'U~~Yl~ l~m~ml1nn1'l~\JLI'1'll:;~tl'Ufllfl 
lll.lL'I-1~n tl1Wl(;llLU'l~'U~~v'Umfl~1 tlYltl~LlJ tl1~iju 'l:; \I(lU l ~'U~tl~ eJ:;f)~~ nlltl~V1 n1'ltil1'lYilB'U~v tl'U, , 

'I-1liI'111'Ueln~L(l til hwl'l'l \J 'I-1~vcJ l'U ~'Umn~t11'l:;'1-111\11 'U1 v~'U -~ LI>l'l'll mi ~'U LL(l ~Ul1. 'llP; mil 
" 

'll'l:;~'r15fllYl1'Utl1'l~'U~lB'Um \11 n~1'l"~~lml"~mllJ~llJl':it:l1'Utl1'lUln~'UlJllcff.Jl 

11'1'l.:ltl1'ltitltl~ 6: A theoretical study of structural and energetic properties of peptide 

nucleic acid 

1m \I tl1'ldl u'Unl'l~~l\JlL 'U'U'ih" tl\l'tltl\JwiL 'l~~U(lYi LB'ULtl1~ tI m I'1tIL Yl AUf) Molecular 

Dynamics Simulation lL":;tl1'lrll'U1ru'r11'llflijmB'U~lJ L~ml11u(it'Un1'lv'il'Ult11m\J~11\Jll(l:; 
f11'U1ruYl~'l\Jl'U'!JeJ'l'l~'U'U L~eJU11.tJ1ifeJ6'Ult1~lJ~'U1'lU'l~ tl1'l'!ltl'lWTI'l~~U"yjLB'ULeJ LV1EJLilYll:;aEll\J 

~'l acpcPNA LL(l~ (4' -BWllJtl1'lJtl'l11'URtl epi-acpcPNA l~'U f'l11lJL~Citl'l~LL(iJn~1\Jtl'U'!la'l1~'U~(iJ 
'l:;'I-111'l PNA-DNA, PNA-RNA lL(l~ PNA-PNA LL(l:;tl1'lLnl'l charge transfer 1'U PNA duplex 

LU~tI'ULVitl'Uf)'U DNA duplex 

10. r.JGlm'l~llu'U·n'U 

!;.J(l n1'l~1L u'Utl1 'It'UJllYl'l1lJ~1'11'Ul~~~~lJ'U'l rumlJ';;m~'U tlLfI'l'ltll'l Ll":;U'l 'l(l1l'l f1'1.h :;~\J r1 
~vt.:Jl11'UL:a'l'!ltl'leJ'Ir1m1lJ~~Lil(iJ~'U m111Rtl 1) tl1'ltl"tlIlLL'U'U ~.:JLml~~ LL(l~Pln~l~lJ'U~'tl1'l:';;lFlL'U~

" " 
'!ltJ'lLYl'll1. 'r1~Ulf1aamLtl~V1 (YilB'Ultl) '!jul'll 'I-Il.l~ijAtl'Uvla1LlJ-a''U~f1n~ltll'l LV1t1ij LUl'1-1lJ1E.JL~m~lJtl1'l 

" 
"~"1t1 ll(l:;(lVl tl1'l~'U Ei~LL 'U'U11.1~1 LYll~L\ll:;~'l LVl tI eJ'lfl'l-rn~l'1-1~tlij ~lJ'U~ tl1'.i~U fi(iJvi~~'U 2) nl'l L~lJ 
~lJU~LL":;VpJlm 'I-IlJ1~lLfi'l:;u'U'¥h8'ULtl~ijeJtiLL~1 (;)1mh\JL~'U YiLa'ULaij~lJU~ nTH'll~ t1'ULL 'll(l.:J tl1'l 

" 
L~tl.:J u.i.'1'lv1tila'U~'Utl.:Jvitltl1'.iLcfflAtl'U~LB'UlmUl'1-1l.! 1tl Vi LB'ULeJLYl 'l'U~(iJtl'U ~'UeJ\JVll.:J LAmvlVl1 'I-1~vyj LB'U 

" 
Ltl L'W'l'U ~ ~1lJ1 'l mn ~'llll n~ till~tllJ 'lJ11.:1 tl'U ~ La'U LeJ 'VI ~\J f1l '.i f1'l ~~'U~ L'VIlJ 1~ G'llJ ~.:J G'lllJl 'l f1 '1.111. 'll 

U'.i~ tln~1-tll'Uf11'l\1l'l1\11(iJ~L5'Ultlv1:W'll'l:;~Yl5.tl1Yl~.:I 3) 15n1'.i1 'I-11.1(\1'V1-r'Utl1'l(iJ';j1~~tl'U!;\'1~'UL'U~'1Itl-l, " 
~La'ULtlLV1tJ1i acpcPNA L tI'U 1Yl'.i'U ~1lJtl'ULYl flU fl1 'VIl.i L'li'U DNA-templated or DNA-catalyzed 

reaction LL"~/'VI~tll~~~l1t11 'I-Il.i L -du Vi€l~LlJtlf LL~~1~~'U1LU L~ml11'll'll'l~~ntil1-ifl'U~l1'Uvh,'j1 L~'U 

viii 
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nl'HLy.jVl~ tnVm LL"::nl'iLn'tHil'j 4) f1')llJL'li'lhtl~~tJVll.:jlf1'j.:j~·h:j~~'H:mvimllJ'u~nl'~~uEi~'lJv·rVi 
L~'ULtl1~ EJ1off'li'tllJ"~lnf)1'jVl~"tl-l~'".llJnUf)1')ri'1'U1ruVil-lVlCJ~~ 

j;.J"ay.j6L:a.:jtl'j::~n,j~1v1~ln.:jl'Ui~EJ~Rtlt:m.:jl'U~~lJ~~1'U1'Un11 20 L~tl.:j1'Ul1,)~I')i'!Jlf)1'j 
'1:: ~U'Ul'U l'tll ~~il f1 ruflly.j~.:j UU ~.:j l''U ~ '11 EJ ·J1'Uilt:l".:j l'U ~~~lJ~LL"::hH'u f)1 ')~ tlu-ru1~~~lJ~~-l1''U~. " 
,)lEJ-ll'U~l'U1'U,)'".llJ 22 UVlfll llJ LL"::: tl ~'j:::l-ril.:j'j tl t:l" n1 'jVj~l 'jrul LL"::: L~~fJlJvl'UtlUUUVl f111lJ anhi 

" 
umJnll 8 UVlfl11lJ 1 'UL iJ.:jtJ~lJ1ru t:l"'lI'U~1v11Un1'j~VjlJ~'VI~tl~tlU1ULL~1 LtJ'Ut:l"'lI'U~lnhmnl'i 

~tlEJ~ 1 ~1'U1'U 14 UVlfllllJ lf1').:jn1'j~mJ~ 2 ~1'U1'U 3 UVlfllllJ Lf1')'ln1')~tlEJ~ 3 ~1'U1'U 2 

UVlfllllJ Lfl,)'lf)1')~mJ~ 4 ~1'Ul'U 1 UVlfI11lJ lm'lf)1')~tlEJ~ 5 ~1'Ul'U 2 UVlfI11lJ lf1'l'lf)1')~tlEJ~ 6 

8'1hiilt:H:l'll'U~~lJ~ 1'ULiJ'll')ruflly.j ilUVlf111lJm~"'l~VjlJy.j1'U11'j~1')~il IF2016 lJ1nn11'V1~m'Vhnu 
10 ~1'U1'U 2 UVlf111lJ, tl~'j:::'VI'll'l 6.00-9.99 ~1'U1'U 2 UVlf111lJ, tl~'):::Vdl.:j 4.00-5.99 ~1'UTU 6 

" " 
UVlfl11lJ, tl~'j::'VI11.:j 2.00-3 .99 ~1'U1'U 10 UVlfl11lJ , ~lnl1 2.00 ~1'U1'U 2 UVlfl11lJl~EJ'VI~'l1'U~ 

" 
LtJ'U11,)~1'j1'V1lj ~'1tJ'Ihjil'li'tllJ"1'U.;11'U<UtllJ" 151 <UtllJ"~~tJ output 1'U~1'U5'U 'l LtJ'U~'1 LL~~'11'U~I'jl'1~ 
1 LL"::: 2 tl'lrlfllllJ~~l~'U tln:iJ1 n'iJ:::~IlJ1,)C1~WlJy.j1'U11'j~I'j~ilt:l"m:::VlU~'l LL~1 tJ..:Jill'1n EJfIly.j1 'ULi1.:j

" " 
"In ru'tl ii 1~ fJ fl ru::: ~i ~tll~y.j fJI fJllJ Iii tl EJ tlV11~ fJ f)1')~-rl.:j fl11lJ~1lJil tl nu~.:j,rni ~Em":::fIl fl L tl n'll'UL~tl 
~\ilJ'Ul~n1'jUl1offtJ"'j::LtI'll'U1'ULij.:jy.jl ru'llEll~f.1hi'ilU~~Vlvi1'l'lh:::LVI!'1m~f111lJ~'Uh L Vlfll 'U1"EH1LL~1 2 

" 
U~~VI LL"::; nla.:jtl~'j:::'VI11..:Jnl'lVl~~ tlU f)1'j1 off.:jI'UY;L~'ULtJ

" 
1 'U~l'U'lJtl..:J n1')~-rl'lA'U lA 'j 'I n1')i~tJ~tl1l'1tJVi~l')~ ~iJ"y; L~'ULm tJ'U 'iJ~~'U1'iJ~1lJ1 'Un1,)~'l. . 

t1'ni~fJ~ilf111lJL~fJ1'!Jlry'iJln'VImE.J~1'IJ11~LLn LflilB'UVI~ii~'l Lml:::~ LfliliLml::~ Lflily.jtl~LlJtl~ 'Ul1'U 

L Vlfll 'U1" EJ '~hiVlEJ11lJL"n". LAilri'l'Ul ru LL":::f)1'jL~tllJLCJ'I ')::Wl1'1 Lfli1nuihi'VIfJllJ1Vl1 'l1'U~1lJn'U 
'Utln~lndtJ'll~ih:h'U1l.Jnl'j~~1.:j~f1"lmv1l'Ji~E.J~'l'j1lJ~'1uni~CJ 20 fl'ULL,,::,rnPlm;l'j:::~utJ~cyryl 
LVI-Ltlntl~l..:JumJ 20 fl'U 'iJln 7 ~mu'U LL":::Ln~Lfl~tl'lilfJ'Il'Ui~fJ~et.:jEi'U~.:j1'U'j:::~U'1l1~LL~:::'Ul'U1'!11~ 
LL"::: nl'j~~Ii1Uflm m~ilfllllJL~E.J1"1!1 ru1'U~I'tJ1i~CJVll'lv11'ULfl i18'U'V1%/Lfli1iLfl'jl:::"';/Lflil1'~~ ~'11 'U 

• u • 

'):::~utJ1CYCY11Vl tJ1CYCY1Ltln LL"::'VI"'ltJ1CYCY1Ltln 'jllJn'UhiutlfJnll 30 fl'U ~.:J~::dJ'Ufha.:j~IAry'IJv.:j 
n1'j~\ilJ'Ul'lI'Ui~fJ'lJv'ltJ'j:::LVI!'1vitl1 tfl'Uv'Ulf11i1 

ix 
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m~l.:j~ 1 i.'1TtJ~~.:j1tJvtt~lilc;lelVl11'l':i..:lnl':iL:a..:lU~1J1ru (vllLc;l'lJ1'Ul..:1L~'Ufim'lhVl1J1l1~~..:Iln'U.um"''Uel, 
11'l":i..:lnl":i) 

~iI~i!i~ ":i111 

1 ~1'Ul'Uun%1I~11~1.:j'V1n1m':)fm 
1.1 I1Cl1U'UL~lIJn'U 6 

1.2 l'll'lI1Cl1U'U 15 

1.3 un?ln~1":i~~umqJty1LeJn
1 

11 
~ d ~ ~ L 21.4 tJnf'ln~l':i~VlU ':iqJty1 'VI 7 

1.5 ~'liJEJ1~1I 2 

2. ~1'UJ'U~c;l'l1'U~~lIw1'Ul1':i~1":ii~ln1':i'U1~1~1~3 22 (23) 

3. ~1'UJ'tl~c;l'l1'Unl':i'VVl~'VI5UIil':i1'UU':i~L'VIf'l 
4 

1(1) 

I U'ULu"fll~eJ~~'UY1UeJ'lill1i~1I'V1n1m'ln1":i Vl1 nu'Uun?lm~1~vi1'l1'UL u'U,h'UVlu'l'lJeJ'l1m'lnl'ml'l ~UV1'U 
,\J "\I II ... 

\llmLVlci..:lB'U\l~ihh'U1'Umnn':hi1eJcil..:1,reJEJ 1 Lvhvi'l 

2u'ULuYn~eJ~~'U'VI'UeJ'liJlIi~lI\l1n LI'l'J'lnl":i Vl1 flutJun PI n~l~vi l'l1'LI L u'UlJ'U'v'I,j'l'lJeJ..:ILI'l":i 'l nl":iLLl'l~U'VI'U 
\.I "\J , 

I ~ dOl ~ 
\l1 fILLVI(;1':)eJ'U'V~lJ\ll'Ul'UlJlnml'U 

3LiJ'Vil~~~~lJ'w'v'l~el1~~'U~eJtJ~tJ1~~~lJ-WLL~J cJ..:Iij~B~':i~Yr:ll..:1'JeJ ~~ f11'J~\l1':iru1LL(;1~LIil1EJlJ'U'Vlfl11lJ 
" an 8 L1eJ.:J 

\)'4~'VI5U(i)'J 

, --' 

1F1~..:Inl":i 

~h:lE.I 

• d.. . 1 'll d
"1'U1'UtJ'VIFl11UVI1I Impact factor 2016 'U 1'l'VI~::'l! 

<2.00 2.00-3.99 4.00-5.99 6.00-9.99 2 10.00 Total 

1 - 7 5 - 2 14 

2 1 1 - 1 - 3 

3 - 1 1 - - 2 

4 - - - 1 - 1 

5 1 1 - - - 2 

6 - - - - - 0 

Total 2 10 6 2 2 22 

x 

I 



., d 
i.'lqjqjllC1'1JV1 DPG5780002 

lfl'J'lfll) Vif[)a~UC1 lvnJlVl~Ull'l~~fmEl~(;J~ill'lel'UvJ tJ4LlJi'Ut:ln:ijl n(;J:
\J 

'Vllhv11'VIlJ LLC1 ~ fll )\h~ EJ n ~1i, 
... I 

'alV'I''UilUtHllJU'HU 
\J 

~v\1"l\"ul1fl'a'lnl'j~himH'tJ'wu 'U1EJ5)tJVl5 l1frrC1~
\J, , 

'jlf.1'11'Ul'U'ti1'1:'ILL~1'U~ 17 il'Ull'llJ 2559 Ci"1'U~ 16 iJ'Ulf1lJ 2560 '1JE.J1mlC11E1'l 16 n'UE.J1EJ'U 2560 

J/ .....
1. l'Uv'lll1'11'U1;)V 

11'l)'lm)l~EldmJ'lLUUVIf11f1)'I fll) 8 El EJ ~'lI'l)ElUftC1lJ'll'Ul~m~ tn nu fll) ~1'lJ'Ul~f['Ja~uC1L'VflJ1Vl~, 

Ulft ~~n UEl'1lVl ~il fI El'UvJB4LlJ-tl'U t:l n:ijl n l'l ~il i.'llJ ~ LLC1 ~"nJlvtt'lllli 'U tJ m'Vl'uEl ~1 n f11) ~UEi (;J n'U ~LD'U LEl ~'l ~LfI EJ 
" l~iJm)Pin'l!lllJl ri tJ'U'VIl.JldLL~l )llJ~'l f11'Jul1 'lhJ 'J ~EJ n (;l1-HL~tJ f11 )~)l~i.'l€lmh~u lUi.'l'1J El'l ~ LD'ULe:J UC1~n1), 

l-H~l'U~l'U5'U 1 L'll'Uf11)"nl'lUEln~LD'ULtJ )1 EJC1~L~ EJl'lf11)~l LU'U'll'U'1JEl'l LL~C1~1m'l f11)"llJl)t:li.'l~ul~~'ld 

'I,d 
~fl)·:ml'nJtlf.l'VI 1 : Conformationally restricted PNA with new structures and functions 

Lft)'l f11TQLMEllL ~tl'lnUf11)e:JtJf1 LL U'U~f[)~~UC1l'lLD'ULEl)~'U'U1 'I-1l.1 )llJ~'lVif[) ~~tiC1vhD'ULtJ~ 
f1ru~~~Ell~~n'l!lll.J1 ritJ'Um.JldLL~lLLviiJ f11'J~l'l LL U'JVll'lLflilL~m~lJ'I-1Ulvtt'I-1l.1 ~'l u)~ntJ'U~lElLfI).:Jm)8B EJ 

" \J 

~.:JU 

1.1) Vif( )~~UC1l'llDULB'!lUl'l1'V1l.1~u)~nB'U~lEl1'Vi)a'ULLC1~LU~'B~mUlLtl~Vl~iJlm'l"~l'lLu'Ul'11f1~n~LVlB{: 

.:J1Ul~EJdill~t:lU'J~i.'l'lrlL~El~.:JLml~l-1llC1~~m:ni.'llJU~f11'l~uEi(;Jnu~LD'ULtJUC1~m{LDULtl'lJe:J.:JWLDULm~uu, 
,d.. "~'l ~ ( (1'VIlJV1lJm(;JL'Ume:J~lJ ~U'IlUl'l 25,35)-3-aminotetrahydrofuran-2-carboxylic acid ATFC) UC1~ (25,35)

3-amino-oxetane-2-carboxylic acid (AOe) ~U'UvllL~BlJ Ll'lElil"'lJlJ~~l'Ullf11'lL~lJtJ~(;ltJlJ'1JmtJtJn'BL~u 
l<Ul1tJ1ULFl)'li.'l~l'l'VI"n\l~vh1m~~f( 'Ja ~tiC1Vi lDUltl~ilMn'Vi.rrlL~lJ~'Uau ~:;lUUf11'l'lll Ell~lJmllJ i.'lllJ 1)t:l 

1Unl'lC1:; C11 mlllLC1 ~ C1 (;J nl) Lfll'l LL).:J f1 'l ~vh LL U U ll.1:ij1 L'Vi 1:; L~ 1 ~ ~ 'I nu li.'ll1l~hj'!l e:JU J 1 hwll.1vh1~ 
f111lJi.'l1l.J1'l()1Uf11)~'UEil'l nU~LD'UL'ilLU~tJ'UlLUC1'llU Ll'lEJ1~"1l.J1'lt:l~.:J LfI)l~'vIl'lLDuLm~u'U1'VIli~.:J(ltl'l'!lUl'l 
l~LLri atfcPNA LLC1~ aocPNA MLU'Ue.JC1;;11L~~ LLC1~1~Pim:lle.JC1f11'l~uEil'lnU~LDuLe:J/tJ14LD'ULe:J ~.:J'ViUl1 
atfcPNA il"lJU~n~L~El.:Jnu acpcPNA LL~ aocPNA ~uEi(;Jl~l.iLL~.:JLL'l.:JLvh acpcPNA ~':)tJ6U1tJl~~1El 
Ll umhC1e:J.:JLlJlC1 nC1 )llJ~.:J EJ.:)l~fii m:ll e.J C1 f11)C1:;C11mLC1:;nl'lC1(;JlL 'l'lm;:vllLLuull.i:ijll'Vil:-;l~l:-;~.:J 'lJtl.:J, 
atfcPNA ~.:J'ViUl1iJf11)C1~C11EJ1n~L~tJ.:J nu acpcPNA Ll~iJU).:Jm:-;vhLL'UUll.i,jlL'Vil:-;L\ll~~~~C1(;JC1.:J 
1.2) ~f[)~~UC1Vi LDULtJ'!lUVll",l.I~illfl).:J"~l.:J'I-1"mUUU):-;~'Uln: ,n'Ul~EJlu~lud~:-;lu'Uf11'l~(;J LLU'l, 
backbone 'lJEl.:J acpcPNA ~lEl modifier ~ili.'ll.J'\j'~'i!tJUJl LLC1:-;/'I-1~Bilu'l:-;~Uln l~LLri 'I-1~ll!(;J)tJn'1lC1 
'I-1l.1BdllU LLC1:-;'VIl.inlu~L 'U lVltJ~lUvllL~EllJ~LUU"lEll~fl1{Ue:JU"'~B'Vie:J~ LElVi~ Ulni;lflElC1 (PEG) ;;11'V1-¥U nl'l 

\J " 

~l'l\ UUULfI'l.:J~~l.:J'VI~n'1JtJ~ acpcPNA Ll'lEJlhul",mm~B1m~~LD'ULB~C1:-;C11EJJll~~~'ULLC1:-;BT;)-.5'u~l'lnu~ 
LBuLal~LL~.:J LL'l '1;'UL~a'l~l nlL ).:J~.:J~Vl'l :;V!ll.:JD'l ~~Ul nUU(ll El'lJ El'lVi LD'ULEl nUU'l:-; ~~U'lJB.:J ~ LDuLa 

\J, , 

'UEln~l ndu'J:; \lUl f1LLC1 :-;"1 El'ViB~ LtJV1~ 'UIn i;l AElC1 al ~~1 tJ1V!~ LD'UL tJ"llJ1) l:1;lJeJ l'UL-ih L'11C1 C11~~;'U 1U, 
.:J1Ul~EJ1~~l'lJu115 f11'l~'1LA'll:-;'vI~f['l~~ui;lVilBuLe:J~~l'lLLU'lv11EJ modifier ~L tJu hydroxyalkyL, 

aminoaLkyL LLC1~ guanidinoalkyl LLC1~~n'l!llmJlliinll~U~l'lnU~LDULe:J Ll'lEJ'ViUllViL~hJLB~~1'Uf11)~~LLU'J 
V.:Jf1.:JfI11lJ"llJl 'l 1:11'U nl'l ~U Ej l'l nu ~LD'U Ltl~ ~ lLC1 :-;iJA11lJ~II'Vi 1:; L ~1~ ~.:J~ tJ nl 'l ~U Ej Vl~ i.'l.:J LL~:-;ilf11) C1~~ lEJ 

" 
Jl~~;'U UEln~l ndv.:Jl~~.:JLfI·n~'vIVi lBU LB~ eJ1U nl'l~l'l LL tb LLC1:-;~Vl tlC11 f1~1 Elvhwm'J~;'UL~BUllDfiin'l!ll 

\J 

I 

http:f1ru~~~Ell~~n'l!lll.J1


2 

nl'H-rrl~L'!Imi1V1£JLVlfI'UfJ flow cytometry LL"~ fluorescence microscopy LVlfJ"'\J·hvhBULB~c.hufn:i 
~VlLLtl~~1El guanidine (-(CH2)4NHC(=NH)NHz) ?lllJl~m-rrl~L'!I"~'lJ8':!lJU~tJ (HEK293T) 1~~nll'~hBUL8~" . 
1lJ1~~llJf11~~VI LL tl~ ~.:! LU'U f11~tlvm1tl~ f11~l-tlvHt~~~U(;lV; LB'UL8 tlmlul~Ell'UL'!Iml~81tl'llJ8Ulflln 

" " 
1.3) f11~~.:! LfI~l~~~f[~~~u"V; LB'U Ltl~~VlQ"l n?ll~L~tl.:!LL?I~ Ll" ~ f11~Pimmmu~fll~Ltl~EllJLLtl,,~ f11~ L1B~ 
LL?I.:!~1n tl\J?I'Utl~~ tl f11~ Ln Vl1~U~Vltlu~LB'ULB: ,:nUl~Ellu~1lJdLUU n1~~\flJ'U1V; LB1JLtl~~Vlilm nL~tl~ LL?I~~ 
?ll:1J1~t:ILtl~ElULltlG'l~n 1 ~ L~B~Ll?l~~lntlU"'UB.:!(;)Bfl1·HnVl1~u~VI~~'Vdl.:!VhBULtl nU~LB1JLtl LVI El.:Jl'Ui ~Eld1~ 
~~'Ul doubly-end-labeled acpcPNA beacon LVlElm~Elfll':i~Vlil"lm~8~Ll?l.:J11lJtluI'i'1~ULL?I~~ii 
f111lJ?lll.m(l1'U f11~LnVl end-stacking ~~lLL'Vltl'ltl"1El ?I1El'lJ tl'l acpcPNA ~ LL?I~.:Jf111Ltl~El'ULLtlG'l'ln1~L~B~ 
LL"'1~iVlL~1JLL,,~iimllJ~lL'Vil~L~l~~'1 L~8~U E'iVl nU~LB'ULmth'Vl:lJ1EJ L~B.:J~lfln1~LnVl end stacking 'lJB.:J 

quencher ~~L'U?lm.:JtlmEJ'lJ8.,:j PNA-DNA duplex lJeJmnntlu.:J1~iifl11lJ'ViEJ1ElllJ~\flJ'U1V;LB'ULBL'Vi~'UL1B'l 
LL".:J~1n 8'U?ltJtl'l(;)Bfll~ Ln~1~u~Vln'U~ LB'UL8~1 n acpcPNA ~~~il"l fl~1El"1~L~eJ'lLL"'1~(;1eJ'\J"'U8'l(;) eJ 

~.:JLL1Vl~tllJ MLLrl Nile red, 3,6-diaminocarbazole (DAC) LL"~ styryl dyes LVlE.l'Vi'U·hV;L~'ULtl~~Vlll"ln 
~1El DAC Ll?lVl'ln1~LtI~ElULLtI(;l'lf11~L~tl'lLL".:J~iVlL~'U (> 1 0 Lvi1) LL(;l~"llJl~mLm1LLEl~fl11lJLL(;1fl(;)1':!'lJm 
single mismatch DNA ~ln complementary DI\JA 1~~ 1'U'lJru~~ Nile red LL(;l~ styryl dye L~tlii 
single base mismatch 'Vl1eJ insertion/abasic site 1'U"lEl'lJtl~~LBULB~~1~~qJ~lru~~'1flll1umru~LU'U 
complementary ~'l~1'\JLL(;)LUlJtl'lr1f111lJ~vtl'VlllLL"~1.h1tititl~dEl'lJlJ1~ 

" 
1.4) f11~~'1Lfl~l~l-hHl~~~U(;lV;L~lJLeJ~iiL'U,,~hn 'liL'U":IJ1(;1~~llJ LL"~~f)~l"lJU~f11~~'UEiVlnu~L~'Ultl:.. 
'1Tui~Eltl'lllJl~tldLUUf11~~'1Lfl~l~~ acpcPNA ~iiU1 fl~Lm'U?I~ (l n~Vl LL tl ':i ~1 EJv.J" tltlL ':iyhrhL(;l:; f11 ':i Pi n~l 

" " 
"lJ~L:a~LL"'l'lJ8'1l1'U LVlmLU'lLu'U?ltl'lLL'U1V11~FieJ n1~~.:JLfl':il~v1~l'U acpcPNA monomer ~iiu1fJ~Lm'U" 
.,i ~ tl " •.1 'i •.1 • (l .,i J'.. PyE 0 tl44Q 

coupling LVlEl'l1'U1'U~1'ULL'm"l:1J1~t:I~'1LfI~l~~V;L~'UlB~iil'U" APyE 1~~ll~":\l 1.L(;l~Ei'UeJlJ1~11L'U?I A 

Vl~flVlVlU. ~VI"WY'l~tlB L~Y'lm 'UVl'UflB 8-pyrenylethynyl adenine (A )) LL(;l~fll~Vll !]fl1EJl post 

synthetic modification 'lJtl'lV;L~'ULtl~iiLU" iodouridine (U') L~EltlDil1t11 Pd-catalyzed cross 
PYE 

1'UV; 

L~lJLmL"Vl~f11':i(;1BU"'Utl'l(;)tln1':iL-rrl~L 'U?I':i:;'Vlll.:J APyE 'U'U(;\lEl~L~'ULtln'U dT 'U'U"lEl~L~'ULtltl~l'1~lL'Vil~ 
" 

L'<\l1~":\l'llVlEl'Vi'll~n1':iL1tl'lLL?I.:JL~l.!~'U LL(;l~Lil8n mismatch base n1':il~B'lLL"'1'<\l:;1n~L~El'ltlUL~lJ'Vl1tl(;lVl(;l'l 
L~tl.:J'<\llnn1':ilnVl IT-IT stacking ':i~'Vlll'11'Vi~'U1'U APyE tlu~L'U,,1 'U PNA-DNA duplex '11'U1'U~1'U'Vl~'l1~ 

\J 

LL"Vl'l1~L':;tJll(;\l:1J1~(lH'15n1':i~'lncil1l'Un1':i~.,:j Lfl':il~v1Yh~lJLB~n modified base 1~tl~1'l'VI"ln'V!mEl 
LL,,~iitl':i:;~Vl5.rn'Vi"'1hwhiY)B'I~'1 Lml~'VlllJLlJll.! tl4LLEJ mll 'I 'VI 1 n lVl Ell'i'1 tl~l'1'lJ eJ'I'VIllV1'l ni'U~(;\l lJl':i fl~Vl1~ 

" " 
~lL~":\l1~LLrlVllJ1VIlB~'U LU'U1'!l1VIltl~'U LU'UL'!IYJ1LL':i'U LL(;l~ 1'Vi~U"BV11C1l1 'Vi~tll.!vt'lu'l1~Pin~1"lJiJ~lii~LL?I'l 

" 
L-deJ'lY)'U'lJtl'l':i~uuvh~ULm'Vlcild L~El'Viu".h~L~'ULB~ii'V!~ 1'Vi~U"BV11Ell1 ~€Jnu U 1~fl1~Ltl~mJLLtl(;l'lfl1':i

" l~eJ'lLL~'lLL'UUL~l.!~'U (signal on) tl~~lJlru 5 LvilLdmnVl1!'lu~Vlnu~iL~'ULeJ 
1.5) fl1':i~..:JLfl':il~v1YHl':i~~UfI~L~'ULtl~~ Vlllfl1n~1El?ll':i~lB~11Vl1'1 LfliJ1 'VlVlll ~mjl1tlL t1'U1'Vi':iU~lV1-r'U 
':i:;'U'U~)1'<\l~tl'U~1~'ULU~'lJtl'l~LB'ULtl~iifl11lJ~1 Lyn:;L":\ll~'<\l.,:j?l'l : .:Jl'Ul~Cll'U~l'UtlL~EJ1-rrtl'lnu fl1~~\flJlJl 

.o:::Jq v 4 c! " 0 4..1 0 QJ d 

apcpPNA VI(;1VlllmnmtJ anthraquinone L'VimiJu redox-active probe "'1'Vl~U(;1~1'<\l?ltJU"1~ULU?I'lJB'lVl 

La'ULtlLV1£JLVlflUflVll'lLflffiv.JVll lVltl?lllJl':i(lH redox-active probe ~'lmh1~1l.!nu.ff11v.JVll'llUVl screen 

printed carbon electrode (SPCE) ~~VlLLtl':i~ltJ'Vf~~LlJtli~iitl':i~~U1n U"~n1~'Lh1tltl~~E{n~1m'Ufl1':i 
m1'<\l~L~'ULeJ'lJeJ.:I11-rahfJtl~ (WSSV) ~~hUfl1':iL~lJtl~:IJ1ru~1ElLVlflUfI LAMP lVlClii'lil'l~LtI'UL~'Ut'l':i'l~mll.!. 
L-Vl.!-V'U'lJtl'l~L~'ULtl':i~'V!';h'l 0.35-50 nM lVlCliil'll LOD (3SDb1oniSlope) bU'U 0.1. nM (SIN = 10) 1'i'1LfI'lJtl 

LLl.j'~~1l.J~1l.!1 mYn LL~nm.il.'U'li1'l1n~LAEl'l nULVI flU fl n1':i ~':i1'<\l" tlucil~mU?I'lJ tJ'l~LB'Ulm:a~1'VlVll'v11lJ1~ellPi'El 
" 
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m'j'lltl1EJ«CYCYlru~'U1 u.,,~ Li1v~~1 n.rrl'vn ilj'll'Ul~L~n L VlrlU rll1~.:J1i~"mVl~tJ~lJ1ruuvmJ1n LVi EJUL'Vh n\J 
<10 fmol Vl1el <1 ng ci'lwfu ssDNA ~iifl111.'f.J11 300 LU~ ~.:Jtll'iJdv.:Jl1V'jv~~~ulhJ1itil'jTiJl~~L~'ULv 
~~l'\.Jnl'jL~lJtPhJ1rulJ1mIl LLm;~~lRruRmVlf1Ufll1LLa~~m'jL~vmilLYn~~~.:JlJ1n t! tln~ lnl1v,:Jl~ulY1 L~'U 
Ltl~~~il"lmi'1EJ redox-active label 1~L~'Ul~'1'ju~lV11Uf)1'jlLrl'jl~l1~L8'UL~~'UL'tit! HPV, miRNA LtJt!~'U 
1~mtJ'U.:Jlt!1~EJ11lJt1umllJl~EJ~'U L'ti'U t1ulf1'j~n1'jVtlEJ~ 4 u.,,~t1U !'I.~'j. v'j1'j'jru otlEJ"[)1n" fI1f11't11Lrlii. . 
I'lru~lVltl1!'11~l'1i 'ilW1".:J mrulJVll1VlEJ1clEJ (LlJ6i~EJtl111" ~m.) 

[:.J,mt!1~~~LMEJ1Li1tl'lt1ull'l'j.:Jm'jcim./'d'~~VllJ~m~1Ufll'j~~lJ~LL"llj 14 L~tl.:J l~uri [:.J"~lt!~l~U 
.,; 
Vl 2.1.1.1,2.1.1.2,2.1.1.4,2.1.1.6,2.1.1.7,2.1.1.8, 2.1.1.9,2.1.1.10, 2.1.1.15, 2.1.1.17, 2.1.1.18, 

'lou d d ~I c:I~ d."J ~ u
2.1.1.19, 2.1.1.20, 2.1.1.22~~tJ[:.J".:J1'U"1~'IJVl 2.1.1.6 VlL u'U'lJVlFl11lJ'jllVlLnEJ1L'UtHn'IJc·m'l1'U'll'il.:JVlf1 

lm~fl1'jLL"~[:.J".:Jl'U~iilJlntl'UVlull1 u.(;l~1~~'LI~~tl'U~Vl6,rm 1 L~tl~ (2.1 .3.1) 'LItln~lnl1v.:Jil[:.J"'ll'U~~V. " 
I ..,.. "'" .d CII ou.d I I ..:::I I.J U «=:II 

'j~Vll1,:Jfl1'j'jtlV'j"1'jrultln 2 L 'jtl.:Jrltl[:.J".:Jl'L1c;ll~UVl 2.1.1. b, 2.1.1.e tlEJ'j~Vll1~LmEJlJtil'LIilUU'lJVlfl11lJtlfl 1 
4 
. 

4 v ..,.d.... q V Q ~ " ,
0 QJ I CJ 

L'jtl~rltl 2.1.l.f U."~fl1c;l~'jlmllJ'lJtllJmV'jtl'il~LmtJlJ~'LI\J'IJ'lJtJneJtI1-l'LItlEJ 1 L 'jtl.:J
" 

~ • d 
~Fl'l-1n1'aJvf)'V1 2 : New approaches to improve the sensitivity of PNA-based DNA 

sequence detection 

lfl'j'lf11'j.QLMrJ1 L i1 tl.:J n'IJ m 'j~1'U 'Ill 'j ~'JUml"a tlU ~1~'IJ L U ?l'lleJ'l?ll 'j~'LI5m 'jlJ ~ilfn llJltl-lll LLc;l ~ 
- . 

~lLV'jl~L~l~~-la.:J1~ EJv1I'1EJ~TI'j~~uc;lYiL~'LILv1'Y'/'jU~vilV1ti'l~~LP1'li 1~EmU'l tl tl m u'LIlfl'j'lm'j8tJtJR tl 
" 

2.1) f11'jeJtlflLLU'IJLLc;l~~'lLml~~v1L8'L1Ltl'VI1v~\ 8'L1Ltl~L-;l.:ltJlFi~tI11~lLc;l~ul1tJtJ'j~~mi1m 'LIm'jml~av'IJ 
~l~UL'IJ1'I'llv'lal'j~'LIq fl'j'jlJLLU'lJljnl'~'llCJ1CJ~CYCYlru: ~l'Ul~EJ-dilll'l ~tJ'j ~~'l ri~ ~~~1'U'LI11'Y'/'ju~ii 
rll1lJ~1lJl'jo1'LIfl1'j~'IJ Ej~t1'IJ~L~'LILmihVllJlEJvV l.:l~lL 'Y'/1 ~L~1~".:J LL"~ LL~ ~.:Jm llJallJl'jo1'LI m'jL 1 ~tJ!i fi~ tJl 

l~tJfll'j~~u.'\hY1L~'LILeJ(Vl1tl~L~'LILtl)1~il catalytic function 1'Y'/'j'IJ~.:lnr.=ill m~'il~U11'1.11m 'LIfl1'jtil'j'J'ill~ 

~1~uL'IJ~'llm~1'j~'U5 fl'j'jlJ LL'IJ'IJilfl1'j'llEJ1EJ~ru 1:u1 ru1~ l~EJhi tJltl.:JEl1l'1CJlv'LIl'Il:U ~1mlEJ~l'U I'l~'l nv'LIVlul11 
• u u 

1~'jlEJ.:Jl'L1(i-lf11'j~.:JLrl'jl~~tl'LImrl'll'LI1~\J11'U'll tl-l Pt (PtNP) ~ClflVh1~La~EJ'j~lEJ~h5'L1LeJ (PtNP-DNA)1. " 
LL(;l~l~Pin'lilLi1v.:J~'LI(i,ml'H1'1tJ~n~EJll.n~~~FlrA'lEJt1'IJLv'Ul'1!l1LutJ{tltln~L~a LL~v-lllJ1~~lLU'LI.:J1'U1'LI~l'Ull 
L~lJL~lJL~V'l'illnu'j~~uiJCYVl-11'Uf11'j~-lLml~~ PtNP-DNA ~il well-defined sequence 1'L1U1lJlrulJln 

'Y'/v 

2.2) nl'j~1'U'U1Y1L~'LILtll'Y'/'ju~il~lJ,r~1'Uf11'ja{l'l~'LI'B:::lflLlL"'LIvlt1U~L8'ULtlL~mlnn'j~~'U1~EJ16f11'j~" . 
LVI lJ1:::?llJ Lvlvul1tJtJ~:::EJn~1m'LIf11'jL~lJrll1lJl11'U n1'jml'ill~~L~'ULtl : 1'UnU1~tJl~-WYlJ'Ul functional. 

c:J v <j" q Q,lqld I d 
acpcPNA probe Vl~fl modify mEJ 3-(2-furyl)propionic acid ~~tJf11'jLn~ crosslink nU~Lv'LILtl!J"lJLlJv 

~1'Uf11'jf1'j:::til'LI~1EJ N-bromosuccinimide (NBS) 1~tJijLul'V1lJ1mvlm~lJmllJLL~'lLLd~1'Unl'~~uEj~t1U~. 
LB'ULeJ ~.:l€l1~UlhJ1 m Uf11'jL~lJtJ'j~~Vl6Jl1V'j1'LIf11'jmT\l~tlU~l~UL'IJC'I'lJtl,:j~ LB'LILtll~ .:ll'U~l~~lLU'LIf11'j1tJ 

~vm'jPin'lilf11'j Ln~ crosslink 'j~Vlll 'lVi L~),.Jltl~ () n~~ LLtJ'j~l EJvh LL 'j'U~V)1 LL 'VItJ-ln"l.:lC'llEJ nU~LB'U LtJ~i1 
" 

~1~ULU"~~lJn'LI1~mVlfluA HPLC, gel electrophoresis LL"::: mass spectrometry ~'ll:Wj'j'IJllLn~f11'j 
crosslink LL~L~vihCJV)1LLVltJ.:J'lltl.:JYllLL".i'UlJ1~(>1 ~tJmEJ(llEJ'lltl,:jY1LBULeJj'j'IJ";h?lllJ1".imn~f11'j crosslink 1~ 
'illnf11'jr1n'lill~EJ HPLC, Tm LL"::; gel electrophoresis LL"~'il~r1n'lil'1JU~LL~~v)llL'VItl.:J'lJtJ'lLU(l~i1[:.J~~v 
fll'jLfi~ crosslink l~tJ'V'IullL'IJ" C ~~Ln~ crosslink 1~~~a~ 1ll1lJ~lm'IJa A, G LL~:::lU?l T lJ.iLn~f11'j. 
crosslink 'Utlml1n-dV-liimllJV'jEJ1EJ1lJvil1~Ln(>l crosslink nu DNA duplex LL~V-lhju'j~(lUFll1lJ~lL1~ 
eJ~l'll 'jnmlJ ViLS'LILeJ~ln~f11d crosslink 1~-di1~nEJJl1'W~'il~'\.h1trLm 'LIf11'jml~l~~LB'LILtl~v1tJ 

http:1~-di1~nEJJl1'W~'il~'\.h1
http:2.1.1.20
http:2.1.1.19
http:2.1.1.18
http:2.1.1.17
http:2.1.1.15
http:2.1.1.9,2.1.1.10
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I '" t1.Q~ d ~ 't c:l "" ClII ~ oQ, u J IV d
2.3) m';j~IilJ'Ul !lmtJ1'(J€l~~L€l'UL€lL~';jU'VImi'1EJ~L€l'ULm'VllJL~"I'I: ~1'IJ1~EJ'U~EJ1EJ1lJ\)~~1ilJ'U1';j~UU'Vl\l~L';j~ 

fl1';jvhtliJ n~ tJ1'i~'\,rh.:JViLB'lJLtI"'€l~"'l CJ ;~ ~~U~lfl~1EJ'VI~~1€l~b(l)€ltliJn1EJ111~tIm CJ fI'IJ"~~l'U l~m:m1'EJ 

DNA template ;.:J\I~1l1~ LB'UL€l~~"'eJ~"'lEJlJ1€l~1fl~n'U ~~ Ln~tI~n1tJ11~L11~'U l~CJ1~'YiEJ1EJ1lJ~~'U1 
';j~UU DNA-catalyzed reaction ';j~uut'VIlJ \llfl'VImEJ'l ~tliJn~EJ1 LL(I)tmm';jlLf1';j1~'VI1~m'VIf1uf1 MALDI

TOF mass spectrometry 1'UVjflmrueJ~~eJl1Ln~t:-.J~I'\.nru";~~eJ~m'i1'IJU1lJ1w.JmJlJlfl LL"~m'i~'VI~allJ~ 
DNA template 1l1vh1~\n~tliJn1EJ1~~f111lJLLl'\fl(l)l~n'U€lci1~~umhR'Y ,nflu'Y'VI1~~fl~11 tI'i~flaUnU 
impact '(Ja.:J.:Jl'IJ~eJl\1\1:::hj"'~lJ1 flUnL~mViEJUnU-.11'U~1-u DNA ~ij~~mnn'UlJ1fia'IJil-.1lJlflLL~1 

. 
~ ~ 

fI ru:::~:ijEJ~-.11p)'VIEJ~~lLij'Ufl1';jlm~fl1';j8eJ EJdu.,,~1tiL~lJLd a~l'U1'U~1'IJ~'lJLL 'VI'U 
~ 

2.4) m';j~IilJ'Ul'i~'\..JUI'\'i1\1",aU~1~U LU"''(JeJ-.1~L~'ULeJl~EJmI'1EJ'VI~flm ';j'(JeJ-.1 strand displacement probe: 

~1'Ul~vd~11'1~tI';j~"'.:JriLvia-K~'U1 self-reporting fluorescence PNA probe ~1'V1-rUfl1';jm1\11V1~1~U 
Lu"''(JeJ~~La'IJLeJl~EJmI'1EJ'VI~flfl1';j'(Ja-.1 strand displacement ;-.1~11'Yi';jU'<il~tI';j:::fl€lU~1EJ"'eJ~~1'U~€J 
sensor strand ~-.1LiJ'UYh~'ULeJh'l';jU~~~iJ"lflL~mLL"'~ nu quencher strand ~~LU'U~LB'UL€l~~~~1EJI'i'1 
~ULL"'-.1 l~v1'Yi'iUd\l~eJeJflU. '1..1'1..11~Lil~n'U ;-.1~:::'Vh1~Ln~f\1';j';j:::~U~'Y'Ylruvl~€lm';j"'L'1l'U1'I1'U.rn1:::t1fl~ L~v 
~~LB'lJLv~ij~l~uLU"'~"'lJnu PNA ~LiJ'IJ sensor strand v8~1EJ ~LB'ULtI'<il~Lil1t1LL'Vl'U~ quencher 

~ ~ 

strand d1~LiJ'lJl~'\..J1~~1'V1lJ fl1';jLL'VlU~'(Jv-.1 quencher strand 11\l~'Vh1~~'Y'Ylruvl~€Jm';i"'L'1!'IJ~L~lJ~U 
1~v~eJ.:JtleJflLL'\..Ju1~ displacement probe ~f111lJL"'~v';jumJnl1 hybrid ~Ln~~'U1'V1lJ ;.:Jvh1~~EJfl1';j1i 
quencher strand "'lEJ~U 'VI~a~~ base mismatch t1~~1EJ t:-.J~fl1';i~m~1'Wul1 strand displacement 

probe ~l~\llm~u'\..J acpcPNA \I~Ln~fl1';iLL'VlU~~1E.1~'hiJuLv~"'lJ 'Yi~t1lJnu~'Y'Ylruyj~€Jm';im'1!u~~ 
L~lJ~U\llnl'Yi'iuL~m~mi'u 8.3-14.6 LVll tU'(Jru~~~LiJ'UL€l~llJLtJ'U~"'lJ ';i1lJvr~~il~1~ULUC1~~1t1'V1~.:J

" 
~lLL'VItl~'<il~1~m';j~'IJ~llifiJ1ru~Um.lfll1lJ1n 1~EJ€lE.l1'U-d1.:J 1.0-2.4 

~ ~ ~ 

2.5) fl1';j~«ru'Ul';j~'\..JUfl1';j1'\';j1\1"'vU~1~UL'\..J"''(JtI.:J~LBULtI~1'Ufl';j:::m~: ~lUl:ijE.l1U~1ul1LtJUfl1';i~IilJUl.... 

€JtI mrul'l';i1 '<ili'~~LB'ULeJ'<ill n m:::~l~L'1!""l~", ~.:J L~E.I1i€l~nu fl1';j~IilJ'lJl m:::U1U f\1';j 1'\~.:JY;dhHtI1'Yi';i'UU'U, ~ 

m~ ~l~L'1!""l~", LL"~ f\1';jm1 \l1~ f\1';i:ijuti~ n'U~ LB'UL8~~~il"lflL~€l-.1U."'-.1 LL~ ~ nU~L~UL€l~1lJ~~u"1 fl 
~ 

~1lJn'\..Jf\1';iVmJ~1EJ~ Azure A ~.:J\I::::iju1~n'l'LU'Wl~~L~'ULtI 'Vh1"'Lil~~J1L~'U~UU1L1ru~~~diUL€lv8UU 
" 

fl'i:::~1~ vh1"''''1lJ1';jfllJv.:JLi1'U1~~1E.1I'11LtI~l hlE.ll~&iYllJ~t:-.J"fl1';j'VI~"€l-.1Ldv.:J~U~~LiJ'Ufl1';iYl"'\ltJ'VI~flm';j
~ 

1 tI U.~111"'llJl'ifl~';i1\l1~~LaUL€l~-.1 Lml~'VI1~881~L~ €J n;ij1 L 'Yi1~ LL(I)ijUqJ'VI1Av fI11lJ 11 '(J V.:J m';il'\ ';j1 \li'~ EJ.:JllJ 

LY; E.I~'Yi 8(1)t) fl1';j1offn'Un'U~1 881-.1\11.:J ~.:J l~il nl';j~IilJUl ';j:::uum1'<il1~1",litl ';j :::~'Vl6fll'WlJ1 n~'UhW€llP1E.I 

L'VlflUi'1f\1';i'1.lE.l1E.1~rullilru~1mvu1'1!:U ~.:JLiJ'IJ.:Jl1.Jl~td1JJnumh/J~EJ'!JtI.:J i'1 .m. "'V1PltJ ..fj L\l1lli i'1'U~i ~E.l51~'" 
u u ", '-I U \J 

"dLliEJ "'mU'IJ~11'VlEJ1i'11",wf[JJL"~" JJ'VI11'VlEJ1"E.llJi1~" l~E.lf\1';jI'\~.:JTIL~'ULtJl~';ju"'€J.:J'1lUV1~l'V1-ruLLCJmLEJ~&'i 

L~'lJLtl HbE (G->A mutation vi~lLL'VItl.:J codon 26) \llfl~LEl'IJlvUfl~'I..J'Um:::~l~L'1!""l"", \llmru~~111hJ 
" 

1~u11~"I1nu biotinylated oligodeoxynucleotide target LL":::'VhtliJn1EJ1"'~1.:J~~"JEJ ALP-streptavidin 

lliltJ"'1lJ1';jmLvnUCJ:::fI11JJlLl'\fl(l)l.:J';i:::'VI11.:J~La'ULtJtJfl~nu HbE 1'U~1€l81-.1~LEl'IJLtl~L\J'U PCR product vi 
f111JJEJ11 279 LL~~ 600 ril'U",1~v~1.:Ji~L\l'U~tJru'VIfliJ"'€J~ .g-.11:U"'lJJ1';jflvhl~~1E.1~LEl1.JLtJl'Yi';iu Uvn\lln.Q 

~ ~, 
eJ.:J1~~mllJ'YiE.l1 E.I1JJ'1.If..I1E.1'Uv'UL'(JI'I'lJv~.:J1U(I)~1ut~E.lfl1';j~.:J Lml:::""LL":::I'\~.:J~LElUlv1'Yi';j'U~vtlflLLUUlJl~l'V1~U 

.., .." '" ~ d"" d ... ~ d "" '1. 1 1 '" fl1';j1'\';i1'o\l1~fl1';ifl~lEJ'Yi'UqUU~L€l'ULv'VlLflV1LUtl.:JflU thalassemia '1J'U~tl'U"l 'Vl'W'UUtlV 'Uu';j:::L'VlPl 'VlEJ8fl 3 

~lLL'VItl.:J (4 base pair deletion, Codon17 LL"~ IVS54 (654» U'IJ~tlmrum1\l1~~'UL~mnULvitlnl';i 
1'\';i1'il~vU~tlu.UU'!.I€l.:Jhfl thalassemia '1liJ~(I)l-.111~'UfI~.:JL&'iEJ1 t:-.J"fl1';iml'o\l"'vUldv.:J~'U'Wu11nl';j1m'Yi';jU 

I 

http:eJ.:J1~~mllJ'YiE.l1
http:hlE.ll~&iYllJ~t:-.J"fl1';j'VI~"�l-.1L
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~.:J~ ~~llJn'UEJ.:Jhli.'lll.J1)t:ltlEJflLltJ:::ftlllJ llV1 miwutl.:J ~l~'UleJhlbi l u'U~lh~'leJhl1Jn ~.:J EJ.:J ~v.:Jij nl'j\.J1'U.flll:::
" 

'lJeJ.:J nl'~1~u~1~iu."':::nl'wh1'~\nVlGlqJ'Yl rub~lJL~hJl~v1~LltJn llEJ::: rn llJ LLliln~,.:JMiVl L"il'U~..:J~U 
2.6) nl)~~U'):::Uuml"il~'vlUlUi.'I'lJeJ..:J~l~'UleJLVlEJ1offYlla'Ulv L y.j'j\.dllJnU1G1VllJllu: 'll'Ul ~ tJ f) 1tJ 1~~1-ii() d, 
L~tJ1'U()'lnUnl''j~YlJ\Jl'i~UU~'n~~l vi'u LUWlJ ()~~ L~\JL()hw1oij1~ ~\Jll\J ~llJ nuv1L~\Jm1't'j'iU ;'1vY'IVllJVl~ ~ml'i'tJ..,fi'nnl'i 

L~tJln\JFivnl'iLfiVlEl\J\Jl'in~tJ1vml1'1Y11~i)\Jlv1u.\Jln~1'1ntl'i~Vl11'l1~lNtlll\J~ih.l'i~~~unuviL~\JLv~ih.l'i~~U1n u.~~n1JVl 
L~tlL(]-~L~\JL(]lDu~ Vl~'I~th~~~1J ;'lLUtinl'i1i~lJ~ffiVlVlLvitJ'!J v'l Vi L~\JL()yj'b.i ~llJ~'iClvi11~ n1J~ L~\J LvVl~ ~lv~lniJl flaL v, 
lY1~1Yi'i1J5\J1.g'lihh::~nu 1~vlvi'Plmnn1J1~~\Jll\J £I 'tlUIN lvi'LLn mlYluvtln1'll~ (GO) leJ~ln~veJn'linllu'liu 

(dGn) eJUJIlflUllu'lJeJ.:JV1eJ.:Jf'11 (AuNP) ll"':::flltlU~lJ~eJV1, 
·nul~EJ1u~lU'!leJ.:J GO 'nUll GO i.'Ill.Jl'jm:::~Unl)l1eJ..:JLlG1.:J'lJeJ..:J fluorescein-labeled acpcPNA 

1~ ll(;1:::l~m~lJ~l~uLeJ~ij~lvlUl'U~fii.'llJfll1L1eJ.:JlLi.'\.:Jf)~'UL~lJ~'U1\.J"iJ'ULneJulVhnUL~m)eJ'UL~lJ GO ~lUL~€l 
" 

ij~L~'ULeJ5'Unl)l1tl.:JlLi.'I.:J"il:::hi L\.J~ EJ'I.J lL \.J(;1.:J1\.J"illnL~lJlJlmrn lli.'lVl.:JO..:Jftl'lJ,j'L y.jl:::l"ill:::"il.:J ~~'lJ€l.:jnl1 
lil'jl"il1Vl Ll(;l:::ij detection limit mJ~ 4.4±O.3 nM LL"':::b~t)1offYlLi)Ult)lVi1u~ij\.J):::"il'U1nL~lJ~U (Flu-PNA" , 
Lys5) "il:::'Y111~fll1)~~'Uu.i.'I.:jL~tJ GO :n\.J'j:::~V15J1ly.jl.Jln~'Uldv..:J"illnu.).:Jm:::vilV11.:J1yjvh~()Y\ ~.:J~.:Je.J(;11~ 
detection limit ~~,a.:Jfi.:J O.11±O.3 nM ut)n"illndEJ..:J1~rluy.j'ULVltJ,r..:JL€hylldGn ijftlllJi.'Ill.Jl1t:l1Unl) 

1:::~Unl'jL1v.:JLl?l\l'lJm fluorescein-labeled acpcPNA LVlEJyjnl'j'j:::~\mi.'l.:Jd"ilWill~"il\llily.jl:::nuYll~uleJyj:n 
\.J):::~u1n~\llvht1u (Flu-PNA-Lys5) ll"':::'I.h:::t1'V15.flly.j 1l.Jfll)1::::rU Lli.'l..:J"il:::(;1Vl(;1..:J ~ftlllJl-UlJ-UU'lJeJ.:JLn~eJ~\I 
nll 50 mM ~\llli.'lVl\lllnl11::::rULLi.'I.:jLnVl"iJln tJ'Umn~ tJl'V1l\llyjVh?l~Iil'j:::Vlll\lYll~UleJ nu~ l~'UleJ LluuhJ 
~'ly.jl::: l "ill :::"il.:J lL'" :::L~ m~m~lJ~LBl.J Lvyj:n~lvl'Ul 'Ui.'\ A?llJ (;1..:J1\.J "iJ::: 'Y111vl~ruUJlruyj(;lvm)m'1l'U~ n~uf)'UlJl

\J LI" \I 

1l.J'lJru:::~~l~uleJ~llJlu'U~i.'IlJ"il:::LnVlnl'jf)U~qj'YlrutfeJtJnllmn e.J'" nl'j'VIVl(;1eJ.:j LVI~ldli:lUeJ~ll.Jdl€ll"il1off 

oli~o(dG) LUU~1';1::::r'ULl"..:J1l.J~m:lru:::L~EJlnU graphene oxide VI~eJ1~~'Ullu5U'll~eJ1off~1lJn'Uyh~'UleJ 
LYl';l'U~ ~~il "" m ~ V.:J Lli.'l.:J~' 'VI1''U fllW'11~~lvl'Ul'Ui.'I'tJeJ.:J~ l~'U leJ .:j l'UB n~ll.J'VI~.:J fi €I fll ';I1.ffYllBULeJvl~Vlmnn 

L~eJ.:JLLi:l.:J~1lJnUeJ'Umfl'VIeJ'If'11'lJ1.J1Vl'U11 'U (AuNP) Vl1eJv'Umfll~U'lJU1~'U1LU (AgNP) ~.:ji.'lll.J1';1t:l~i.'I"ilu1'U , , " 
'VI~nfll';l1v1l1~lm';lt:lH AuNP/A~NP L~eJ';I~:r'U~qjqjlru'lJeJ..:J Flu-PNA-Lys51~L'Il'UL~tJ1nu GO lla~ dGn 

LL(;l:::"1m'j()A'UGl rurulru Hi\~ t)ij~LB'ULByjlU'UA i.'IlJ Ll~ijfl11lJ~ Lf'll:lnl If)t)'UeJ n "ill n n l';lml"il1 Vlfll ';I l1eJ.:j u.~.:J 
u u " 

LL~lEJ..:J~llJl';lt:l1i1'i1"illVl1~U L VllJVlfll';lliln~:::neJUl~~lEJ n~'1f)eJ AuNP / A~NP "il:::dlVlfll';l';lllJn~lJl~eJ:nYllB'U 
Lt)~ij\.J';I~~'Uln eJ~~lEJ lL~ L~eJYll~'U lmnVllel'U~Vl n'U~ L~UleJ~i:llJ"il:::~qj L~tJfll'lJ"'lJ' ';I t:l1'U nl'j IilnY\:::neJ'U'tl eJ.:J 

eJ'UmflL"'VI~l.Jl1u1\.J vi-It vlLnlilf\l';lL \.J~EJ'Uu.\.Ja\l~eJciwnVll"il'U lL",:::'I1,1\.J\.J'j::: EJnlil1itUfll';lml "il~'vlU l 'Ui:l'lJeJ.:j~, , 

L~\JLml(;1:::m1lil\JLeJ1~ lVltJ 1umru'lJeJ.:jB'lFllfl A~NP 1~'I111\.J~<rul.J'lUUtl\.Jmrum1"illVl~laULeJ!'U 
m:::m~.:Jl~1''Unl';l~YllJYiLl~l (lU'U.:Jl'Ul~tJ~llJnU f'l.Vl';l.m1'j';lru itJ",mn(;l llJ61~EJmlli.'1), , 

,:nuBn~1'UVI,j.:jlU'Ufll';l'l11 quantum dots (00) lJ11i~llJnuYll~'UleJLm'Uvl~Vl0(;11m1v\lLLi:l.:J l~eJ 
H1l.J nl';lVl';ll~lLml~~~1 vl'Ul 'U;;<I'lJ t).:j ~lBl.JLOLVl tJ €II i'1tJVI~n f\l 'j ~, tJ LeJl.Jy.j~ .:J\ll'ULL'U'U Fluorescence 

resonance ener~y transfer (FRET) Vl1eJn(;11nfll';lvlu~qjqjlru (quenchin~) LVltJl~~.:Jlml:::~ ZnO ODs 

~Y\~\I~1EJy.jeJ~llJe:l1\.J1:::~'Uln PMETAC LLm~t111\.JH~llJnU TAMRA-labeled acpcPNA probe L~eJ1.ntu 
nl'jml"iJi:leJ'U~lvl'U'lJB.:J~la'U beJ lL~ i:l ruVll~y.j'UAv f\l)VlVl.n'U II'U'uhhh Ly.jl~ l"ill ~"il.:J';I:::VI";)l.:J PMETAC-

u " 

capped citrate ZnO ODs lla::: TAMRA-PNA ~.:Jl~Ltl~EJu15f\l"jvl~u.\.Jd~U~1'lJB..:J ZnO ODs lUUfll'j1off 

LflYlt)~LlJv1'tJeJ\I METAC flU polyethylene ~lycol methyl ether methacrylate (PMTAC-co

PPEGMA) vl:ntJlil';llal'U'lJeJ..:JlJeJ'UmlJt)1 MTAC LL"'~ PEGMA ~'\l '1 nULl'VIl.J LVltJy.jUll ZnO QD ~Ly\1tJlJ1til 
lLi:l~\lfll';ll1t).:jlli:l\lvlfl11l.JtJllfl~l.J 550 nm LL"':::LLi:lVl.:Jfll';ln';l:::"illtJIl111l.JJ1~~ LVlEJfll';lij~VlaTU'lJv.:J PEGMA 

I 
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L~lJ1lJlf'lV'lel~LlJtl{~~~a'Vhll1rl1'H1'EmL~':}LLa::1'l11lJL~~fJ1 '!Jtl~ Zn0 ODs LYilJ;lJ LL(1)f1EJ~Yflr.hlj non

specific interaction nu TAMRA-labeled PNA tl~ ~':}VlEWlnullJ~1lJ'llB,:}VlL~lJLtlhJriBlJ LLm:~w,Jl~m~l" , 
ellJmn1m'!Jtl~ (PMTAC-co-PPEGMA)-capped ZnO nU~L~lJLBLL'VllJ lVlfJ'ViU';11fl11H 00 ~1lJnU DNA ~ 
~Vl\m1n~llJl'H)U Bnf'111lJLL~n~h~'!JB':) ~ LBlJLBI'i~lJnU~ LBlJLB~bht1lJl'i~lJvilj~l~ULu~~Vl1'thnn 1 vfiUvr,:}u,l'i

" " 
2 LU~;lJ1tl1~ ~,:}th'il::1~~n~11L~lJL~lJ(1)tl1tl L~B~m~I1'li'tl~lnVlLL"::n,,1nn11LnVlfl1'lLtl~mJ LLtJa~n1'lL1B':} 
LL~~,1lJtln'il1nifEr~1~r1l.J'Viul~fJu~Larul11::u'tJ ZnO 00 ~Lf'1~BUe:J1tJ1~'il'\.J1n'llU~ P(METAC-PEOMEMA)v , 

o 1 CIt, ~ 2+ 'i ..::4 q 2+ I V Q LI Q,) 4 

LL~Vl,:}m1lJ'il1LYn::L'il1::'il':} l.Jfl1'l1Lf'l'n::VI Fe b~mlJulJ Fe tlEJVl1 fJ'il::LnVlnl'iVlu~ruru1run1'lL'H),:}I.L~~ 
" ~ v 

'llB':} ZnO ODs ~,:} lVlfJ~ metal ion 'IlU~~l.J'1 hjvhll1fl11L1mLL~~'!Jtl~ ZnO ODs Ltl~fJl.JLLtl~~ l.Jtln'il1n,1 

Er':}~1lJ1'lmLtlnI'l11lJLL~nl'il~'llB~ Fe2+ LL~~ Fe
3
+ BtJn'il1nnlJ1~tJ~1.:JiVlL'ill.J lVlfJlj limit of detection 

(LOD) LLa:: limit of quantitation (LOO) L'Vilnu 0.34 IJM LLn:: 0.51 IJM j;l1mi1~U 

':}llJl~f.J1'Uill'Vi11lJiim1lJ n11V1ulil nl1LLe.J'U~1'UL~ tl.:J'il1nU CYVll1lJ!l1'l~rlJ'Ul1::'tJ'tJ L~~tlnn~t11 
LLa~ DNA-templated reaction ~iitJ'i~~'VlITJl1'Vi~'Vitl~,:}~n~11H'li\:!I11'U e:J~l~bfimlJ lf1'i.:lm'i,1~llJl'it:l 
~rlJ'U l'i::-'\j'tJ ml 'ill~~ LB'U LB1Vl1l1~U 'n~1(;1 t:ltJ'l::~':) ri5,:} ~'Ulje.J ~':}1 'U ~Vim~ LL~,) 3 L~tl.:l Ae:J strand. . 
displacement probe (2.1.1.16) LLn~!l1'i~rlJ'Ul'i~UUI'1'i1'il~B'tJ~1V)UL'tJ~'llB~~ dhJLB1~EJH~tJmru21u 

m~~1'1j~m~[J1'l11lJLL~nl'iW!JB,:}tJ'i~'il'lJtl,:}VlLB'ULe:JnU~LBlJLe:J (2.1.1.3, 2.1.1.21) lJe:Jn'illn.Qf1.:lii.n'Ul'U~1'U. 
'lJB.:l nWWrlJ'UlVlL B'ULtll 'Vi 'iUvi~llJl'it:l ~ ~1':}~U6::Lrn') L~lJ!?ln'tJ~LB'UL tl LLn ~ !l1'iWrlJ'Ul'i~'U'Un1'im1'il ~tJ'U 
~l~'UL 'U ~'lJ tJ~~ LB'U LBLLuu1Vlll~ e:J1~tI fl1'iL~e:J nLnVltl ~n1 EJ1~LL~nl'i1.:1 n'U'i~'vdl.:1~LB'ULBLLn::VhB'ULB hw 
m~EJ1"~U11lJ L'll'U graphene oxide, gold nanoparticles LL":: dGn LiJ'UI11'U ~fhc;i'':}e:J~1~VI'h:!11'U'lllJ 
-UBlJn111~lJ'U'lru ~,:}'Lil'il::1vi'~m·.nlJ~VilJwanmh.:lUelEJ 3 L~tJ.:l 

" '\J 

lfl'l.:jnl'HjmJ~ 3: PNA-conjugated polymer brushes as platforms for DNA sequence 

determination 

lf11,:}!l1'il1LU'Ufl1'iWrlJ'U1fl1'i~VlLLtl'i~~'U~1'UB':}1~~(1)1':} '1 L'll'U B'4Jl11i1l.J11l.J'U B\I'Vle:J.:l 'VI~e:J m~Vll'1j 
L'll~~Ln~ ~1EJ'Vitl~LlJB{U-r'll~L-Ulnu1~'Vl1.:l:a1Jl1'Vi LL~~(;1~,:}VlLB'ULe:JL-UlnU~'U~lL'VI~lifL~m.h1tJ1m'Urn'i 

" 1'1'l1'illVl~hBlJLtJVl1ml1ci~L'li'1~L'lln~ L~fJn\.lj~mLtJ\lLUlJ 4 -Xl-UB~e)EJ v),:}l'ie:JhJif 
" 

3.1) fl11~~'U1Lf'l'Vitl~LlJui~ClllJ11t:1~\i1~LB'ULtlL'Vi'lU~1EJtJnn~E.n li1~mL~ ::n1'i(11'l1'ill~~L~l.JLV: \l1'Ul~£J.Qii 
mllJ~'UhllJnl's~~'U1 LL 'Vi"'Vl~e:JilJ~~llJ1'lt:ll.ul 'Unl'l1'11.:lVl L~lJLB 1 'V'l'lUlVltltl1~EJ'V'l tl~ LlJe:J{'\.J-r'll'!Jtl~ 
poly(propagyl methacrylate) (PPgMA) ~1lJnU poly(2-methacryloyloxyethyl phosphorylcholine 

(PMPC) L~ml11tJ1-uiLIi111~'I.1n1'i~uEi\i1n'U~L~lJLt)vi'1EJL'Vlf'lUf1 surface plasmon resonance (SPR) ·:n'U1lJ 

"1lJ-dL~~'il ~lJmruLLn::1~-r'\.J nl'.i~VilJwL~~1 
" 

3.2) n11WlfUlJ1 mJrmUI'1'll'illmhK'UL'U~'lJe:J.:I~LB'ULtlu'Um::~1'1j~1'11'1~1 f.JVlLBlJLe:J1'V'l'l'U ~llJlf1'Vitl~LlJt){'U, 
-r'l1: .:l1'Ul:5'EJl1~::W~'U1n11(;11~~LS'U~B1'V'l'l'Uuu m::~l'1jL'll(;lnL"~~V)~LLtJ'l~'U~1m~~1'1j~1EJLf1'V'ltJ~ LW.l{'!l

\J 

UVl poly[glycidyl methacrylate-co-poly(ethylene glycol) methacrylate] L~m.h1tJ1mun1'i~~.:lVl 
LB'ULe:J1~£J~1'U'llnn~EJ1'l:;'VI11~'VI:UtJ::ii1'U'UB'l~LB'U~Bfi''U'VIlla'V'ltJn1"/J~ LL,,:;'I111tJ1m lJml~Vl1~1v1'tJ~'\.J~'lJt),:}~ 

LB'ULt)L(;1£Je:J1~EJVI~nnl'J'lJt).:l sa~dwich hybridization ~ssay l(;1f.Jm~EJVlLBlJLe:J1'Vi1'U~m)1'V1~.:l~~(;1Il"ln 
~1£J1uLu~'Ub~e:JH~llJ.oU streptavidin-HRP lUn1'l'lJE.J1t1~'l1CYlru e.J~~1~~1lJ11f1V1~'il11'V1~nn1'i1~11 
lTIn1'l~~~'Ul:ff'U~ llJl'lt:lml'ill\i1~ L8'L1 Le:J LU1'V1lJl f.J1~'il~':} LVl tlClllJ l'lt:l '\.Jt)n A11lJLLI'1 n~h'l'l::Vll1~~L8lJLe:JR~lJ 

" 

I 

http:e:JH~llJ.oU
http:Vi"'Vl~e:JilJ~~llJ1'lt:ll.ul
http:2.1.1.21
http:2.1.1.16
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LL~:::~LBtlLvvi'bJLtJtlf'l~lJ 'J1l.Jvf-3viii~1vi'ULU~~~1Lll'ilLLVlti-3 L~EnM '1lru:::dril~-3eJ ~'J:::\-til-3n1'J L~~fJlJ I'ltlOUU 
u u 

d qQ ~ 
UVlFnll.JL'VieJ~'Vil.J'Vi 

3.3) n1'J~~tllLLvi~'V1v~'lJtll~tllLtI (AuNRs) vivi'VlLL'\.h~tI~l~lt1 (poly[(methacrylic acid)-ran-(2

methacryloyloxyethyl phosphorylcholine)]; PMAMPC) Lvim~lJfl11l.JL"'~t1'JLL":::mllJL-Vl rltl1~V11-3 
;J11l1'Vi tleJfl':illfldcJ~"'llJ1'J()1i~1-3"'1'JvvmlV1~L-citlVhBtlLv VI~a~eJvlJ L~eJ-3LL"'~ LV:afl1'Jth:::~fl~1mtln1'J 

lh"-3"'l'JUUfl{]V1~L-Vl~L'Il~" L~t1~1t11~t11t1~lt1'IJv-3fl1'J~1~LL~:::til~-3YhBtlLv~lt1 AuNRs ~1t1 cleavable 

peptide linker (-GFLG-) ~~':ilu\-t~flfl1'Jil"'llJl'J(lVl1-31~ LL~:::tJ~~tJi'leJtlYhatlLeJaanl.J11~':il~~ LL~ 'ViUil 

tJ'J:::~V161l1'Vi'IJeJ~ fl1'JLl~~tJi'lv t1ViLBtlLa ~1meJ'U1'1l11 cathepsin B cJ-3h]~-3,rflLL~:::cJ-3HL1~lf'leJtI-Vl~'Ult1 

~1t1n1'J~~omnL1a~LL"'~ 'ViUil"'llJl'J(l~~~eJe:llJ1'Un~lJ styryl dye (1f1'J~fl1'JcivEJvil) ltJutl AuNRs vi~~ 
LLtJ'J~tI~1~ltl'Vitl~LlJv1U'r'llLL~::: cysteamine (Cys-PMAMPC) l~~t1c.htltJ~n~tI1 thiol-ene 1~fJtl'41l1f1vi~Vl 
LLtJ'Jvi''1n~11U'''~~mllJLtJtI~~~lLL'':::'''llJl'J(ltil~~L-V1L'Il~" HepG21~~ LL~:::"'llJl'J()~~~llJ1~~mV1F1UfI 

fluorescence microscopy lVltl'ViuiT;]:::Ln~fl1'J"':::"'lJ'lJa~eJ'41l1f1 AuNRs 1t1 cyytoplasm LtJ'UVI~fl 

3.4) fl1'J~':] Lf1'J 1:::~'Vi tl~ LvVi ~tllmH"v~v1 L~mJ~mlfi ltlvf~"'eJ~-Vl':] L-VlrlU~n'J~~U"YhatlLtl'llUVl epi

acpcPNA v1(;\llJl'Jmn~ self-duplex ~':]"llJl'Jmn~fl1'J crosslink vi~eJu"'tla~rlU~~LL1~~mJ L'lltl 

~ruVlJJjJ ~lvll":::mtl -WLv'll LL"::: acpcPNA m~"'ll.J1'JmnVl self-duplex LL~"'llJl'J(l-a'ntiI1~Ln~n1'J 
crosslink L~t1fl1'JL~lJ DNA ~~tll':iltil1tJtJ'J:::t1 n~1-ffLtJtl1"'~\lm~Vl1m:::uutil~~~LBtlLv ~1'U1'U~1'Udnl~~, . 
tlci'J:::Vll1~ nl'JYi?1':ilUVl~n fl1'J ~'1'ViUl1(;\1lJ1'}(l«~LfI'Jl :::MhBtlLvv1L ~tllJ~ tlrlUYltl~heJVi~'Ulm'lflv~1~ 'l~~ 

u u 

LL":::~'UcJtln1'JLii~1~U~VlrlU~lLa~ (mru'IJv~ epi-acpcPNA) LL~:::rlU~LatlLv (mru'lJv.:J acpcPNA) 1~ 

t:-m~lt1,~t1m~-rUn1'J~~lJ'rhL~lii~~~'U 2 L~tl.:] ~~LMtn-veJ~rlUfl1,}~~'Ul161LfI'JI:::~~1~ULU"'lJv~ 
~LBtlLtl~lt1 quaternized chitosan ~llJrlULVlflUfi MALDI-TOF mass spectrometry LL~:::fl1'J~OOJtll 

LL 'Vi ~ VI Yl tl1lJ vi ?1llJ 1 'J Cl1-ff1 'U f) 1 'J 91 ~ ~ Vi La 'U Lv1'Vi 'J U1~ tI tll Pi't1 'Vi tl ~ LlJ tl1U -r'1f 'lJ a ~ poly(propagyl 

methacrylate) (PPgMA) ~ll.JrlU poly(2-methacryloyloxyethyl phosphorylcholine (PMPC) LviaH 

1t1fl1'J1Lml:::~~LBtlLeJvllmVlflufi SPR (2.1.1.5, 2.1.1.11) LL,,:::ril~~v~'J:;Vlll~~VlL~~t1lJ~'U\lUUBf) 1 L~a~ 

. " 
LMtl1rlUfl1'J~~tllv'\Jmru~'JT;]1Vl~1vi'ULU"''lJv'':]~LatlLau'Um:;~I~v1(jJ~~~ltlLf1'Vitl~ LlJ v4u-r'1f (2.1.1.e) 

~lt1.:Jl'Ul~t1V1Ln tn-Vv.:JrlU AuNRs til':il:;?11lJl'J(lvllfl1'JVI~~tl~L~lJ L~lJLyjm1U'J1lJ-ValJ~1~~YilJ'Vi1~Bf) 1 
u 

lfl~.:jn1~fimJv1 4: Signal enhancement in PNA based sensors by utilizing electron 

transfer/energy transfer upon target binding 

lf1'J~fl1'JdL~Em~v'lrlufl1'J~(llJtI11uLv L'1f'UL'lfv1viiifl11lJ111 Lml:::~LL~:::mllJ~IL'Vi1:::L':ill:::':il~1tlfl'l'} 

ml':ill~"'..:IL~t1vlPi't1Yif!.'J~~U~Yh~'ULmtJ'UL',nu l~mL'l1~tltlflLtJtI?11lJ~1t1~mJ~tl 
" 

4.1) fl1'J~OOJtll EiL~ f)1m ~vi~~LL tJ'Jvl1t1fl'JIYltl-atlf11f1t111tI'lJ tl ~l~VI :::"1V1 ~unl'J(jJ'J1 '\11Vl nl 'J Lii~1~U~Vl. 
'J :::Vlll..:]-r; La'ULtl-~LamvL~ tI tllPi'tI ~qJqJl ill ':ill n ~ ~ tl niBtI~ Lfl L~ eJ 1: ..:I1t11 ~t1dL tJ tI fl1'J~OOJ'U 1~LatlLv 
1 U ltlL'1ftlL'l!tl1 (DNA biosensor) LL uu~~om f) lVltlfl1'J(;I~~ acpcPNA-AQ probe v1iiLLv'UVI'Jlf11L'U'U 

(anthraquinone, AQ) ~Vlm~~lLLVlU..:]tJ~lt1L '\f'j'JU utI~11Ylvh fI14UtltlYilJ~~fl~'U (screen printed 

~flalJ1'Vi ~ LlJ tl1'1li1~ti11YlYlI 'VieJ~ tl:::u~tIcarbon electrode, SPCE) viii fl1 'JtJ-rutJ 'J.~vl1 tJ1~ , VlVW ~ 


(polyaniline, PANI) PANI ~llJrlUmlVJtI (graphene, Gr) LLc;'l:::il'4i11f1'Ul1t1L~tI (silver nanoparticles, 


AgNPs) LdtlLn~1~u~1~L'1f-tltl'J:::Vlll~ acpcPNA-AQ probe rlU~LB'ULtlLU1V1lJlt1 (target DNA) vll1~~ltl 


I 

http:2.1.1.11


8 

'll€l'l AQ ~~~li\J~ltllVi,)U€l~'l-11'l~1f)~h~1hh~lVl€l'l f)1,)~'1~l'U~L~f)mmJ'll€l'l AQ lJl~'1~h~L~f)lVl,)~
\J 

~'1Ln~1~CJ1f)~'U ~'Y'Y1ruf)1')(;I,)1~i'~~'1iJrh"~~'1(;11lJfll1lJL-ii'lJ-ii''U'!J€l'l target DNA l~t1Pim~l(;]lLL'tb I'l1'1 1 

l~LLriL'li'U fll1lJL-ii'lJ-ii''U 'lltl'l Ag rl':nm-ii'lJoif'U'll€l'llViTU PNA LL"~ Ll~11'Uf)1')ltJu~1~L'!l-B''U mtl1tJ1f111~~ 
L'VtlJ1~G1lJdl~'lil'1f111lJLtJ'UL"'Um\l'IJ€l'lf)1')(;I,)1';Ji'~~LB'ULtl€l~')~'Vt'h'l 10-

11 
- 10-

5 
M LL~~ Pimn 

\J 

't..l,)~~V15mVi'!J€l'l,)~'U'U L-tl'U fll1lJ'}lLVi1~L~1~~'1 ~~~ltl~'llu'lf)1')(;I,)l';Jl~~lG1~ 10-
11 

M LL~~fll1lJG11lJl,)() 
1 'Uf)1') 1off\ll'UJ1l~~'1 37 fI.f'l LL"~m1lJG11lJl'){11tJf)1,)'YhJ1l~ 'Utlf)';J1f)d5'11~Pif)'\~1~~'!Jtl\l'}1'U1'UL 'UG1 LL"~ 
'U~Llru~~'U fi~nu1Vi')'U~vh'ltl'U1'U target DI\lA ~iJt:J~vltl~'Y'Y1ruf)1,)V1,)1 ';Jl~ 1~1CJlvi't:J~rn,)V1~~€l'lLtJ'U~tl1 
vm1';J LL~~fh;i'\ltl~')~'Vti1'lLV11t1lJtJ1'UQU'UUVlfl11lJL~El~~lJvi

" 
4.2) rn,)w~'U1 L'!l'UL"1f€l{L ~tlf)1')(;I,)l';Ji'~~iLB'ULtll~mVI f1UflVIl\lLfiffi 'v'Ji'h 1~tltl1Pltl~LB'UL€llVi')'U'hlJtl'U1G1 ~. 
f1€llJ lVi~(;I')~'Vti1'lm1YJ'U-€l'UfI1f1'Ull'U'!Jtl'll~'Vt~ '11'Ui~tldLtJ'Urn,)W~'U1 DNA biosensor LL 'U'Uhj~~Qmf). 
1~tlf)1')u-r'U'tJ~'1~11'v'Jvh~lm~'U~ffii'mG1-r1'lLtJ'U'U1l 'Ul 'v'JlJ (silver nanofoam, AgNF) ~1t1ilhf)1~~~V11'l 
1vlvh (electrode position) ~llJtl'Urn')1i'Vitl~LlJtl{'l111vl~lAuViu~~fb~ (polypyrrole, PPy) '11tJ~1~ 
,)ltl'll'U11..11'U,)€l'U,) 1 tI'I1'UfI.r'lri€l'UA€l rn')Pim~lf)1')u-r'U't..l~\I~hvl':h~l~l tli'U 'll€l'l AgNF LL~~ RPy ~l'Vt-rU 
(;11'1 PI\JA probes L~tl1m'Uf)1')ml';Ji'~ DNA 1~tll~~'U5'Uf)1,)Ln~i'U'll€l'l AgNF LL~~ PPy LViflUfi SEM 

LL~1~\I'l11,rlh'ivh PPyI AgNF/Au ~L(;I~t1lJ1~lJlV11'1~L~'UL€l~llj&i~Qmn LL~:;1~Pin1j1Viq~ m ,)lJ VI I'llyj~l 
'll € l'lil PPy/AgNF/Au ~lmVlflUfi electrochemical impedance spectroscopy (EIS) 1~t1~';J1')ru1i'h 
m1lJtJ11'UVl1'U1'Ufm~\I~1'U~lL~f)mtl'U (electron transfer resistance, Ret) ';Jlmr'U~\ll~'l11~11'v'J~1~(;I1'1 
~1t1~LB'UL€llUVI~i?ltl'U f)1')m1';J1V1~'Y'Y1ru'lltl'l DNA ~L~tJ'ULL 'U'U miRNA-21 ~lmVlflUfl1'1!f1~n11~LLVlmlJ 
(;I~ (cydic voltammetry) Viuili'hm:mc;'fh~Vi1"V1~'1vnlJmllJL-ii'lJ-rr'U'll€l'l target DNA ~L~lJ~'U LL~~ 
fI1t11~Jlll~~~~~~i?lllJl,)f1V1,)1';Ji'~ target DNA ~lJ'lil\1m1lJLtJ'UL~'Um'l~'1LLvl 2.0x10-

16 
(0.20 fM) ~'1 

1.0xlO·
9 

M (1.0 nM) LL~:;1~i'h LOD Lvhtl'U 2.0x10-
16 

(0.20 fM) 1~tJ1~m1lJ,}'ILVil~L';J1:;';J'I~~iL~tJlJ 
(;I~tlV1';1'1f111m-ii'lJ-rr'U 1 fM 0.1 pM LL~~ 0.01 nM LL~~1~'l111uu')~~n(;l1otll.'Uf)1,)V1,)1';Ji'~ miRNA ~1f) 

Q../ I Qo .110 CLI I Iud V Q.) d d.o:::. ~ 
m tlCJ1'1';J')'1 '!Jru~'U f)1~'1tlm~'Vtl1\l';J V1Lm t1lJV1'UQ'U'U'UVlfI11lJ LVi€l(;lVilJVi


" 

4.3) f)11W~'U1L'!l'UL'1!€l{V11'lLLG1'1~1'Vt-r'Uf)1'l(;l,)1';JlV1 DNA lV1t1€lll"ltJ PNA LL'U'UlJf)1'l'!JmtJ~'Y'Ylru: \l1'Ui~t1 

diJLth'VtlJltl~';J~€ltlf) LL 'Um~'U'Um1 'll~~LB'ULtll~ EJ1ifLVI f1UflyJ"€lm 'li?l L'1!'U~~llJtl'U f)1'l'lltJl m,ru ru1rul~tI 
" u u 

i5f)1,)~L'VIlJl:;c;'flJL'1l'U hybridization chain reaction (HCR) 'VI1€l catalyzed hairpin assembly (CHA) 

L~tl1ifL~lJmllJ111'Uf)1')ml';Jl~llJL~n~Lth'VtlJlEJ~LtJ'U~LB'UL€l 'Vt~€l small molecules (€llPltJ~LB'ULmL€lVi. 
mLlJ€li) 1~tJ1'U'1i1'1LL')f)1~€l€lnLL'U'U'l:;u'U HCR LL~:; CHA ~l'Vt-r'U(;I,)l';Ji?ltl'UV'U BReAl ~\lL~EJ1-ii'tl'ltl'UlJ:;L1'1 
LtJ11'UlJ lV1t1€llPltlYiLB'ULtll Vi,)'U LL(;I1:wu,)~i?l'UfI11lJ~1 L1';J L'Yh~f11,) m~EJl~€ltlmL'U'U'l~'U'U CHA 1'Vt:W~1'Vt-r'U 

" 
ml';J1V1 cysteine ~'1LU'U biomarker ~~1r1qJ'Vt~'1,h'Vt-r'Uf)1')ti'l~U'Y'Vt1~1'U~'!JfI1Vi lV1EJ1~L~lJvl'U';J1nf)1') 
V1~i?l€l'U'VI~nrn'ltlm~'U'U catalyst ~LU'U DNA ~l'Uritl'U LL~:; LU~EJ'ULVitJ'Utl'Uf)1')1-ii' PNA catalyst LU'U 

~1m~~'U1~LnV1 CHA lV1md€l'lvl'UVi'Ul1f)1,)L~lJ DNA 'Vt~€l PNA ';J~vh1~LnV1u5n~m CHA 1vi'';J1'1';J1f)f)1') 

L~lJ~'U'!J€l'lG1'rurulruvJm)m,)i?lL'1!'U~ LL~vl€l'l1-ifU1lJlru PNA lJlnnl1 DNA ~'1~:;vh1,xL~lJG1'\lLn(;lt:J~1~ nl,) 
u u " 

~mJl;;j'lLUU~'):;'U'U~H DNA LUU catalyst ntl'U ';Jlmr'U;;j'l1~t:J'U1f)T.l:W~1'U target binding LL~:; signal 
1.1 v QJ &'.~ I I 0::. IOJ I 

amplification L'lJ1V11t1 n'U ~~nl'lVl(1l(;1€l\lL'U€l'l(;l'UVi'Ull,):;'U'ULLi?lV1'1nl')(;Itl'Ui?l'U€l'l(;l€l cyteine ';J') ~LLV1t1'1€l~ 

1'U'li1\1f111lJL-rrlJ-ii''U~~'1 (600 ~M) ;;j':]EJ\lvltl'lU-r'U.flll:;vl€l1 UL~m~:wm1:W111~\l'l~'Uri€l'Unl')th1UVI~(;\€l'U _ 

nl'l1-ti.:Jl'U';J1\1 
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LI'1'i.:Jm'iill~e.J~(>I~H'I.:Jl'U~Yhjw'1t1mi'1 1 l~t.N~lf1nl'itiYha'UleJ1W'iU~l'l~.:J~l'Ui'U'lJeJ.:J poly(p

phenylenediamine) 1'Unl'im1:ur;il~uLU~'lJeJ.:J HLA-B*:S801 LLC1~ HLA-B*:S701 ~1f1~1eJ~1.:J:U~.:Jl~E.J 

lVll'1UfI capacitance (2.1.1.12) eJ~'i~"vdl.:JLl'l~E.J:l.Jvl'UU'lrUU'VlI'111l..1L~eJ~~lJviBn 1 L~eJ.:J (2.1.l.d) LLC1~ 
o 'I.J' v ~ c:t .., ..., q .c::i 
f11C1.:J'ilU'ill.1't1eJlJmWml'l'iEJlJ~'UouueJn 1-2 L'ieJ.:J 

" 

'i • oJ 
~fl':i.:Jnl'aJijV'VI 5: Bioconjugation of anionic magnetic nanoparticle with PNA for DNA 

purification 

LI'1'i.:Jm'iil~~:U.:JLil'Unl'i~(;lJ'UleJ'U.f11mL:ULV!~n'll'Ul~'U1L 'U (MNP) ~\J11.:J~lEJ~f('i~~uC1vhB'ULeJL~EJ 
~l'Ui'U'tIeJ.:JYieJ~Ll.IeJ~~~t1'i~:UC1U L~mjl1,n'!i1'Unl'iv11 ~LB'U LeJ1,xu~r.'1V1B L~t1 L~lJ:Ulf1nl'i~.:JLI'1'il~vleJ'Uil1f1 
m,lLV!~ n n1'i~~LL\h~'UcheJ~ml'1~lt1weJ~LlJ~j'~~ljtl'i~ ~C1UL'l1'UYieJ~eJ ~f1~~ n LLeJ"B~ v!~eJWeJ~eJ~1miC1B~, , 
ln~'Ii'U n1'i\J1~.:JYh~'ULtlnuV!:Uf11{UeJf1"BL~\J1L~E.J\J1'i.:! 'VI1eJ~1'Ue)'U~'in~EJ1'i~V!'il.:J1 U leJ~'U-r.'1Lmtll'lli~'U LL~~ 

" 
ul1t1Pl mntl'i~~Vl5.1l1W1'Un1'i~U~LB'ULCl:Ul m'll'i~~m EJ LLC1~fll1lJr.'11lJ1'iCl1'Unl'iUln~UlJl1i~l 

.:Jl'U~hi'~lLU'Unl'i1t1l'l~ eJ~LI'1'i.:Jn1'iLLU.:JeJeJfl LU'UC1eJ.:J LL 'Ul VI 1.:! 1'ULL'Ul VI 1.:J LL'in Lu'Um'i~~LLt1'i«'U~1 
eJ'4ml'1'Ul1'ULLlJnii1wii~1E.J PNAG L~eJUllJ11ilJll'l~.:Jnu acpcPNA lMnl'iHe)VI'in~EJ1'i~V!11.:J 
streptavidin LLC1~ biotin LV1m~lJ~lnn1'i~':)LI'1'il~vltl'U.Il1fl'U1L 'ULLlJf1ii1V1vl~~V1LL\.h~'U~l~lEJWeJ~LB'UtI~, 
lr1'iLC1B~ln~'Ii'U (poly (N-acryloyl-glycin_e, PNAG) LL~~n1'iUlt1'4.f11fl.Q\tI1-tll'Un1'iV1~ 'H1LV1'itlVlli~hlC1':) 
u'Uiff'U~1 'lleJ':)eJ'4.f11fl ~'U eJ'U nl 'i VI~ 'li:1 LVI 'itlvl1i ~'Uu'U eJ'4.1l1fl~l m VIA UI'1 UV-Vis spectroscopy LLm~nl 'i 

L~lJ~'U'tIeJ.:J'tI'Ul~l~L~'ilV1'Ulijn (Dh) ~lmVlAUf1 pes 'Illmr'U~':!Ul1t1V1~.:!~1E.J acpcPNA ~ljV!~t1C11mu'U 
biotin :Ulnn1'i~~V11lJnl'iV11.:)1~l'ImV1I'1UA UV-vts spectrophotometry WUllC11lJ1'iClV1~':) PNA t~eJ~vi 
126 pmoVmg 'tIeJ':) MNP LLC1~1~~.:Jult1'4ml'1'Ul1'ULLlJnii1V1'vi~~I'ILLtI'i~1E.J PNAG lJ1V1~'l~1E.J 
biotinylated acpcPNA lV1E.J~l'Ue)'U\J1'in~EJ1'i~'VIll.:! biotin-streptavidin LL~1UllJl~I'I~U DNA LV1EJ1~ 

LtI~E.JULViE.Ju~La'ULtl 3 'lJUWlvi~Wl0C11flL~eJ'lLLC1'l (rlr.'1lJ, ljr;il~ULUC1~~lt1 1 vllLL'VI'Il'l, LLC1~hILu'U~i.'1lJ) 'WUll 
" " 

eJ'U.Il1A~(il~'lY;La'ULeJ~~WI~.a'U LQW1~~ La'ULeJ~ijr;i1~UL U m U'Url i.'1lJ nu~ La'U LelL vhtY'U1~ E.J i.'11lJl'iCl~i.'1~'U1m~E.J 
''U \J v 

LVlI'1UI'1 fluorescence LLC1~ gel electrophor~sis 'Illmr'U~.:Jl~U1LeJ1eJ'4ml'1'Ul1'ULLlJf1ii1V1vlviV1~'l~1E.J 
pyrrolidinyl PNA-Biotin ~'lljr;il~ULUi.'1~i.'1eJ\ilI'1~t1'l ~'Ui.'1~1.:!lt1'i~'U zein 1'U-Ul1LW~ L~t1UllJlt1'i~~nVl1-u 
Lu'UeJ'U.Il1A1'Un1'ivj,1,x DNA U~i.'1V1~ 1~E.JC11lJ1'i()HtI'U.Il1A~.:)ncil11'Unl'i LLE.JnvlleJ~1.:!~LB'UleJ~ln'li'111W~, , , 
LLC1~i.'11lJl'iCl-na:u'U1ffi~E.J m'i'1l~~ LB'ULeJ~Cl nWlV1.a'u eJeJ fllJ1 v11 peR LL~l ~llJ ~'nJ f11 'i~'il ~i.'1 eJULV1 m YlI'1UfI gel

" " " 
electrophoresis ~.:!t11:uUleJ'4Jl1f1mtltI'i~~nl'l1m'Ufl1'iv11 enrich ~LB'ULeJ~i.'1'U1'IlLL~ljCl~'1'UvlleJ~l'lLU'U 

t1~lJ1ruileJEJ1~ e)'U:U~Luutl'ldEJ'llUlJ1n1'Ufl1'im1 ~"eJU nl'itl'U L~ eJ'U'1J t1'l eJl'V11'i L'l1'U eJ.:! AtI'i~ fleJU~ rl eJ 

j1ijLL-W\'l1'U-Ul1tWVl «1~".:! 'VI~t1 GMO LU'U~'U 
" 

€in LL 'U1V11'lV!~'l :u~m 1'1E.J fl1'i ~Vl bL tI 'i~'U~1 eJ'U Jl11'1'U1L'ULLlJn111Ylvl~1 E.J WeJ~ LlJtl1~ijtl'i~ ~C1u5 n '1lU Vl, , 
V!~'lA'fl polyacrylic acid (PM) L~eJU1HlJ1~~'lnu acpcPNA ~lmL'i'l'i~'VIll.:JtI'i~~ (electrostatic 

interaction) tVlm~lJ~l nfl1'iv11W tl~Ll.JeJ1Wll-tl'U'lIeJ'l eJ~ A~~fl LLeJ</iWlU'UeJ'UJl1I'1~~Vl LL t1'i~'U~1~1 E.J eJ~ 1'1~C11, 
llJ~ LLC1~Vl"~ULtlf)~n~ru1VlmV1I'1\1f1 FTIR, TGA, TEM LLC1~ pes ~'l"ll.Jl'iCl~'UeJ'Ufll'S~Vl'lJeJ':!W€l~Ll.JeJ{LLC1~

" 
1'111lJ LtJ'UtI'i~~C1u'lIeJ':!eJ'UJl11'11~ 'IllmT'U~'lUltl'UJl11'1lJ11m'Ufl1'i~~.:!YlL~'UL€lLLuU'UeJ'ULAL1LC1'Uvl lVltJ eJ11'1E.J" . 
LL 'i.:!m~v11'i~'VI11.:JtI'i~~ ~.:!v11M~lEJnll16LL 'ifl L YlEJ'l fl1'iU1YlLa'ULeJ~~~ILLt1'i~1EJl~'Ii'U~.:Jljtl'i~~U1nlJ1e.J"lJ, , 
nutl'4mflLvh~'U LVltJ"1l.Jl'lClV'UeJ'UA11l.J~lL ~:U'lleJ'l fl1'iI>l~.:!~LB'ULvlffiVlmVlI'1UA~l'l 'l offl':!vl'U LLC1~V/U':h 
eJ'UJl1A~~~.:JY;La'ULtlLL~lv.:!m~:UltJvll1~~'U,J1LL~~r.'11lJ1'lt1imh1,xVl n~~neJ'Ul~VltJ1-uLLllL"v1~nL~'UL~tn nu, 

http:2.1.1.12
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B~mflnB'UlPl~'l vlnnl'l~~lPlllJn1'jlPl~'ll~~mVlflUFI UV-vis spectrophotometry YfU"hG'11lJ1'jfllPl~'1 PNA 

l~mj~ 180 pmoVmg 'lJB'l MNP U~~G'11lJ1'jflt!IB'Umfl~lPl~'lViLa'ULB~'1mhJlt11m'Un1'j~~~\J~LB'ULtlvln
\I , \I 

,,')~::a't1 ~'1VlU:ilG'11lJ1'jfl~~si{u~ L~'ULB~ii~l~tJLtJG'1Lt1'UrlG'1lJ ti'tJViL~'U Ltl~(;l~'11~tl cil..:J L~ tl mil LVll~ LLa~1~ 
\I \I 

Pin~lLdB..:Jvl'U ntJv1ltlcil'1~ L~'ULB~~'1LYiml11 'lh.h::tlnl'l1-nL '1i'UL~ til ntJLL'U1Vll..:J LL'j n, 

..:Jl'U1~tldiit.H\~1 L~vLU'UhJl'lllJl\l1m.b~G'1'1fi 1~EJ1~c.J~-!l1'U~~lJ~LL~1 2 L~tJ'l1~unc.J~-!ll'U,h~tJ~, 
2.1.1.13, 2.1.1.14 B~'j~vdl'1Vl\ll)rulan 1 L~tl'lfitlc.J~'11'U~1~tJ~ 2.1.1.a LLn::fi'..:JB~)::vdl-!ln1'jLI?l~E!lJ 

q dodl OLl.d 
tJVlfl11lJeJn 1 L'jeJ'IfleJc.Jn'll'Unl~UVl 2.1.1.f 

'i' ,d
LfI'l·:JnTWtlVVl 6: A theoretical study of structural and energetic properties of peptide 

nucleic acid 

1m..:Jn1 'j ciBtldiillPl m.h~"..:J fiRm~Bnl)G1~'-!lLLumila tl-!l'UB-!l~l1'j~ ~UnYh~'ULtn~tJtJ (2'R,4'R), 
prolyl-(1S,2S)-ACPC-PNA (acpcPNA) LLn~ (2'R,4'S)-prolyl-(1S,2S)-ACPC-PNA (epi-acpcPNA) 1\l1EJ 

m~mVlflUflf)1)'oiilneJ..:JLLtJtJVll":]VlallPlL:a..:]1lJLa~a (molecular dynamics (MD) simulation) LLn~n1'j 

fll'UlruVll":]Lfliifl1tl'UvllJ L vi8t!11 tilm'Uf)1)vil'U IE!lm..:j G'1~'..:jLLa~fi''UlruVl~'':]'':]l 'U'U 8..:j'j::tJtJ LLa~t!11til'if 
eJ5tJ1EJG'1lJU~tJ1'ltl'j~f)1'j'Utl..:jVll1'j~~uavh~'ULB L'1i'U fI11lJLG'1~tI'j~U\llfl~1'l n'U'lJeJ":] lel'tJ~m~"vrh.:l PNA

DNA, PNA-RNA LLa~ PNA-PNA LU'Uvl'U 

1'U":]1'U1~tll~f)1'jG'111'lLLutJ'oiilaB'lLviBeJ5tJ1EJfll1lJL"nm'Utl..:j PNAPNA LLa~ PNADNA duplexes 

'l!U~~l..:J~ ;.:n.b::nBtJvllEJn1'j,,11'lVll'jliiLl?leJi (force field) 1~EJ16flaPll"\lI1rl1e:J'U(I)lJ n1'j'oiilamLLtJtJVll..:J 

Vlnl\l1L:a..:jllJ Lana LLa~nl'j1LfI'jl~vlG'1lJ~V11..:J1m.:J,,·h:l LLn~fIlin ruVl~.:J.:Jl'UB,,)::: f)1)Ei~ ~tJ'1I'tl..:JllJ La na G'11 EJ rl 
, , \I 

vlnf)1)fil'UlruVla..:j'll'UBG'1)~f)1)Ei~~tJ (binding free energy, D.Gbindin~) rl11lJLG'1ntl'j'lJeJ..:j antiparallel 

hybrids 'lJeJ.:J aegPNAaegPNA > ep;-acpcPNAepi-acpcPNA > acpcPNAacpcPNA LLn~ . ... 
acpcPNADNA > epi-acpcPNADNA ~..:j"B~flc;i'eJ..:]ntJc.Janl':iVl~aeJ.:J LLa~'U8flvlflU8.:JVlU11 backbone Vi 
LL\i1fl~,..:]n'U'lJeJ.:J DNA, aegPNA LLa~ acpcPNA bJijc.Ja~m~EJ::vil.:JLL~:::l.jlJ'tIeJ..:Jf)1)Ln~~'U6~l~l~wil'U'Utl'l~ 

LtJG'1 LL~iic.Ja~BfI11lJLL~.:JU'j'l'tlB":]~'U6~1eJ'lmLv'U l~EJ acpcPNA-DNA 1~fI11lJLL~.:JLL 'j.:J'lJB::J~'U6~1tJl~)Lv'U 

lJ1nn11 epi-acpcPNA-DNA 1'U'lJru::~LLn'U'VIan~dJ'U DNA LL"~ aegPNA iifl11lJLL~":]LL'j.:J'lJeJ":]~'Uli~ 
tel'lmLv'UrlB'U-ifl.:J~' 

~e:JlJ1~.:Jl~'oiilae:J.:JLLutJVll'lVlallPlL:a.:JllJLa~n'tlB..:J oX..:] antiparallel LLa~ parallel hybrids 'tIB-.3 

acpcPNAacpcPNA, epi-acpcPNAepi-acpcPNA LL n ~ aegPNAaegPNA VI ml'U ~'ll~i LfI) 1 ~".; 
LL'lItJ'oiilaeJ'l'tleJ-.3 acpcPNA LLa::: epi-acpcPNA duplexes LLtJU~'.:J ~ 8cil.:Ja~L~EJ~ l~tll~fll'UlruVla'l..:Jl'U 

LLn~1Lml~vlfl11lJfl11..:J'UB..:J minor groove 'UeJ.:JllJLa~n"'EJ~ PNA-PNA "lm~tJtJ L~eJHB5tJ1EJfi..:Jel'Ul'l) 
n~EJ1)~'VI11.:J PNA oX.:JG'1eJ":]~lEJ Vl'll11f)1'jfil'Ulru1~e.Ja~tl~flc;i'8..:]ti'tJe.Jaf)1'jVl~aeJ..:JeJcj,'l~ n~l'JRm~'lItJ~ii 
Tm \!'lnv~1~rh D.Ebind in~ ~,n11':i~tJtJ~i'1 Tm ~'fdl1~E!VltJ11'Vif'lVll..:Jnl'Hn~1lJLn~aG'11t1~LLtJtJ 
anti paralLel 1~an'ljrud8":]'UB":] LLn'U'VI~n~~flLLa~ufl'U'VI~floX..:J~B":]G'11EJlX'LIL-ifl~h'U1'UllJLa~~~I£J~ 1'U'lJru~~ 
Vii'1V11..:Jm)Ln~hILn~"~lt1~LLU'll parallel 1~afl'ljrudB..:J'UeJ..:JlLn'U'VIan~LLtJ'Ue:J8mJelnLlJLa ~mn£J~ ~lL'VI1?l~ 
acpcPNA hl~1lJ11m-iflrln'ULfi~Lu'U PNA-PNA 1'UViPlVll.:J antiparallel L~B.:jvln~n'ljru:::V11":]"LlPleJ~ltlLfllj 
'lIB":]Ul fI~ltlLtJ~~~ eJti''lIL~n'LI'VI~flU..:JA'lI11'V11nl'leJ-1fl111~L'lI~L-if'r1n'Ulvl~~~~v ~ v11l~LLn'U'VI~flci LoUl 'VI 1 n'U 

~, \I 

LLn~mrtn~n'UlJln (vil.:Jn'Utl1~lJlru 3.5 A) ~'lt1'ULijBv11fl1'j'oiilatl..:JlltJ'lI~.:Jv111~Lln'U'VI~fle.Jann'LIlJ1n~.:Je.Jn
\I 

1~LtJG'1LoUlrlti''U1~li~LLn~f11'jl1..:j~d'lJeJ..:JLLn'U'VI~flhlL'VIlJl~~lJ LL~~n'ljru:::~.:Jflcil1dhhn~ntJ PNA 'l!U~ epi
\I 

I 

http:2.1.1.14
http:2.1.1.13
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acpcPNA ;-liiaL\iltl~lml'liivl~'t-lfltlvil1~ epi-acpcPNA Ln~ LUtlllJL(;1~(;1alEJ~fltlVil'lVnmuu antiparallel 

'tvi' 

-lltl1~E.lBfl~1tlVlii~fitln11Pifl'l!n11'l1-l"11-l'!Jtl-lllJL(;1f)(;1i.'11E.1ti acpcPNA-DNA LL(;1:: acpcPNA-RNA 

L~EJ1i'n11~1(;1tl-lLLUUVi(;11(;l L:a-lllJL(;1 fl(;1 LL~::Pi fl'I~nillll~EJ~cl"lt:J(;1~aFnllJL"~EJ'J'lJ€l-lLlJ L~fl(;1i.'11E.1~~-la tl-lltl , , " 
~::~ULlJL~f)(;'\ ;-lth::ntluvi'l E.ln1~,i1ml"l LLUUVi(;'\1t11 L:a-lLlJ L(;'\ f)"'lJ€l-lllJL"f)"alE.1~ acpcPNA-RNA vlii~l~U 
LUi.'I~l~flU 2 ~::U'u MLLrl1::uu~ii %(G+C) LVl1tlU 40 LL"~ 70 ~llJ~~llJL"flm"lE.1fi acpcPNA-DNA ~ii , " 
~l~ULumVI ii'iltltltlL~mViEJU fltl IIll flJtl~,nl"Lrl ':i~"11'l~'tvi'lill flfl1T~lmN LLUUlJ 11 Lml::l1~fl'\~ru~m1L'lllfi 

ClIo ~ II 0 1 ~ d IJ 1 .d I " 
'!l€l'lL Ui.'I lLFl11::'I-1Fll1lJIl11~'Utl'l minor groove \lltlltl ~lJ L" f) (;,\'lJeJ~'Ul'Vl(;,\'illJ1€lU ~lJL"f)m'l1EJ~'Vl1::m~Vl1'l 

~1~'l LL"::~1'UltlllJL"f)(;,\'lJtml'11'U minor groove LL,,~r11tllruyj"'l~ltlBi.'I1:ml~fj~~u (llGbindin~) ~~Vlil~ 
i.'I1E.1 PNA tlUi.'I1EJ RNA LL(;'\::i.'I1EJ PNA tlUi.'I1EJ DNA (vi'lEJ15 MM/GBSA) LL(;,\~r11tllruVi~~~ltlfj~~U 

(f1Ebindin~) 1~V!il-li.'llE.1 PNA tlUi.'llEJ RNA LL"~i.'I1E.1 PNA nUi.'I1EJ DNA (vi"w15 B3LYP/6-31G(d» LL(;,\~ 

filtllruVi~~'lltlV~~U (llEbindin~) 'lJ€l'l1 ~LUi.'I'lJeH1~UU acpcPNA-RNA LL(;,\~ acpcPNA-DNA (vi'lE.115 

B3LYP/6-31G(d,p)) 'llmqt.lvtlvi'AeJ acpcPNA i.'I1lJ11fWih~tlu DNA Lii~LU'UllJL(;'\f)(;1i.'11EJ~ acpcPNA-DNA 

'1.vi'~fr~h RNA tJtlE1tl'1.vi'lIlln~l llGbinding 'lltl-l acpcPNA-DNA ~iifI1LUtl(;1UlJ1nn'h acpcPNA-RNA ;~ 
i.'I€l~Fl~eJ"lnUmllJLi.'I~EJ'JL:a"lFl11lJ1€l'U (Tm) ~M\llnfl1Wl~(;1eJ~ IIllflfl1~filtl1ruVi"'l~ltlV~~U (LlEbindin~) 
1~Vll1~ PNA flU RNA LL"~ PNA nu DNA ltli.'lml:mni.'l'Vi'\.JFnllJLL\ilnvh-ltltlLWE.l'lL~mj'mJ ltl'lJru:;~fl11 
filtllru~ltlltlllJL(;1f)"'lJeJ'lJl~~eJlJ1aULLi.'IVl'l1~\i1tll1 acpcPNA-RNA ~n solvate lvi'lJ1flnl1 acpcPNA

DNA L~a'lllllnlf11'li.'l11'l'lJ€l"l acpcPNA-RNA ii'lJtl1~'lJeJ~ minor groove n11-lfl11 acpcPNA-DNA cl-lt:J(;1 

1m€lfl1",vlJl\1~L'lllhleJ~1tlu~nru'lJ€l'l minor groove 'lJeJ'lllJL(;'\f)~iilJlnflil acpcPNA-DNA ~-li.'leJ~f1~eJ~ 
tlUfh llGsolvation ~riltllrulvi' ~'lJtl solvation ~'l,jl\1~LUtli1l1l~mhil~vlvi',1~FnllJLi.'I~ m'lJeJ'l acpcPNA

RNA nu acpcPNA-DNA LL(;lnvil~ntl 

'lltll~ud't111t.lciFl11lJL·ih111l'lJ'il"lUIll~m~~lm~i.'I11.,:j~cl'lt:J(;'\m~'VlUv1eJi.'IlJ,j'~fl11~U~t1l'lleJ'l acpcPNA
" 

LL(;1:: epi-acpcPNA .x'l1'ULd'lJB'lfl11~un'ULa'l fll1~UtlU DNA LL(;1~ RNA ~~IIl~LUtlt.l1~lEJ'1lU~'l1'ULd'lJeJ"l 
fl11'il5Ul EJt:J" n1~'Vlt1l" eJ'lLL(;'\:: fl1~ LU~lJlJlJ€l'l1VllJ1tlfl11 EleJ n LL UU ~::UUVh~tlL€lvlii"lJu~vl~~tl L'titl fl11, 
eJeJnLLum~uuvh~'ULa1V!lJ~L~€l~UnU DNA 'I-1~eJ RNA LL~111l~iif111lJn11'l'lJ€l~ minor groove "'l~~,jll1l~ 
L~lJI'l11lJL",(iEJ~'lJtl'lfl11~U~~'1.vi'5nllllnfl11(;'\t1l(;1-l'lJeJ~ solvation L Utlv1tl 'lJru:;;TIvi'cl"lU'VlFnllJL ~€l~~lJV'l1t.l 

, 
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2. ~anu 

2.1 ~a.:jl'U~vh.J~11J11~a1'j1"111n1~'Ul'Ul'tilil/'VI,r.:jatl!a'VI5t1{;1~ 

2.1.1 ~a.:jl'U~oWlJ~1'U11~al~1'tilnl~'Ul'Ul'til~ 

Published/Accepted 

~mJ~lV.:j1'U 6 L~v1J 

2.1.1.1 Stubinitzky, c.; Yilaivan, T *; Wagenknecht. H.-A* The base discriminating potential of 


pyrrolidinyl PNA demonstrated by magnetic FexOy particles. Org. Biomol. Chem. 2014, 12, 


3586-3589. (IF 2016 = 3.564) (Lth..l~.HHltHnfllR1'ln118em~ 1) 


2.1.1.2 Yotapan, N.; Charoenpakdee, c.; Wathanathavorn, P.; Ditmangklo, B.; Wagenknecht, H.


A*; Yilaivan, T * Synthesis and optical properties of pyrrolidinyl peptide nucleic acid carrying 


a clicked Nile red label. Beilstein J. Org. Chem. 2014, 10,2166-2174. (IF 2014 = 2.337) (LUU 


t:.l"'llt..1';llnlm.:Jf111ciem~ 1) 


~vtJ~lV.:jl'U { -2 L~tl'U 


2.1.1.3 Jirakittiwut, N.; Panyain, N.; Nuanyai. 1.; Vilaivan, 1.; Praneenararat. 1.* Pyrrolidinyl 


peptide nucleic acids immobilised on cellulose paper as a DNA sensor. RSC Advances 2015, 


5,24110-24114. (IF 2016 = 3.108) (LUwm.:jlWiJlnlf'11.:Jn1';jVmJ~ 2) 


~vtJ~ltJ.:jl1J 18 L~tl'U 


2.1.1.4 Arayachukiat, S.; Seemork, J; Pan-In, P.; Amornwachirabodee, K.; Sangphech, N.; 


Sansureerungsikul, 1.; Sathornsantikun, K.; Vilaivan, C; Shigyou, K.; Pienpinijtham, P.; Vilaivan, 


L Palaga, 1.; Banlunara, W. ; Hamada, 1.; Wanichwecharungruang, S. Bringing macromolecules 


into cells and evading endosomes by oxidized carbon nanoparticles. Nono Lett. 2015, 15, 


3370-3376. (IF 2016 = 12.712) (LUw.m.:J1U';llflLm'ln118mJ~ 1 ~llJnU 11'\.\111. I'IJlI'I1, TlhJL1't11~'ll1tl.:J)
. 
2.1.1.5 Meebungpraw, J; Wiarachai, 0 .; Vilaivan, T; Kiatkamjornwong, S.; Hoven, V. P * 

Quaternized chitosan particles for DNA absorption and applications as ion exchange supports 

for label-free DNA detection using PNA probe and MALDI-TOF mass spectrometry. Corbohydr. 

Polym. 2015,131,80-89. (IF 2016 = 4.811) (lUt..It;J"'llU~lnlR';j.:Jn11cimJ~ 3) 

2.1.1.6 Yilaivan, T.* Pyrrolidinyl PNA with a/~-dipeptide backbone: From development to 

applications. Ace. Chem. Res. 2015,48, 1645-1656. (IF 2016 = 20.268) (LtJUUV1f'111lJ'lI~V111I'1ti 

';jlmllJt;J~'llU':ill flVjflLf'11'lf111VtltJ u,,~l"m f1111~£Jfitlt..lVl,Jl~\l~l£Jnu) 
2.1.1.7 Sriwarom, P; Padungros, P.; Yilajvan. T* Synthesis and DNNRNA binding properties of 

conformationally constrained pyrrolidinyl PNA with a tetrahydrofuran backbone deriving from 

deoxyribose. J. Org. Chem. 2015,80, 7058-7065. (IF 2016 = 4.849) (LtJUt;J(;1'llt..1';llnLm'lf111citltJ~ 
1) 

2.1.1.8 Bohlander, P.R., Vilaivan, T..*; Wagenknecht, H.-A* Strand displacement and duplex 

invasion into double-stranded DNA by pyrrolidinyl peptide nucleic acids. Org. Biomo/. Chem. 

2015, 13,9223-9230. (IF_2016 = 3.564) (LtJUt;J~'llU~lnLA1'ln11VeW~ 1) 

, 
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2.1.1.9 Kongpeth, J.; Jampasa, S.; Chaumpluk, P.; Chailapakul, 0.; Vilaivan. T.* Immobilization

free electrochemical DNA detection with anthraquinone-labeled pyrrolidinyl peptide nucleic 

acid probe. Talonto 2016, 146, 318-325. (IF 2016 = 4.162) (LiJtJCH'l-.311.J\llfllI'l1-.3rn1clmJ~ 1) 

')i)'IJ'l1VnU 24 L~BtJ 

2.1.1.10 Bates, R. w.; Vilaivan. T.; Apparao, S. P.; Tu, H. T. Synthesis of a tetrahydrofuranyL 13
amino acid for PNA construction. Synlett 2016, 27, 93-95. (IF 2016 =2.151) (LtJtJ~HHltJ\llf) 

lfl1-.3fl11~mJ~ 1) 

2.1.1.11 Wiarachai, 0.; Vilaivan. 1.; Iwasaki, Y.; Hoven, V. P.* Clickable and anti-fouling 

copolymer platform of poly[(propargyL methacrylate)-ran-(2-methacryloyloxyethyl 

phosphoryLcholine)] for biosensing applications. Langmuir 2016,32, 1181-1194. (IF 2016 = 

3.833) (LUtJ~fl'll1.J~lfllf1'l.:Jfll'lcleW~ 3) 

'mm1V.:J1'U 30 L~BtJ 

2.1.1.12 Thipmanee, 0.; Numnuam, A; Limbut W.; Kanatharana, P.; Vilaivan, T.; Hirankarn, N.; 

Thavarngku\' P.* Screening test for the detection of HLA-B*5801 and HLA-B*5701 by a highLy 

sensitive label-free capacitive DNA sensor based on pyrrolidinyL acpcPNA probe. Biosens. 

Biae(edron. 2016,82,99-104. (IF 2016 = 7.780) (LUtJI:.m'lltJ\llfllFl1.:Jfl1'lclmJ~ 4) 

2.1.1.13 Rutnakornpituk. B.*; Theppaleak, 1.; Rutnakornpituk M; Vilaivan, T Recyclable 

magnetite nanoparticle coated with cationic polymers for adsorption of DNA J. Biomat. Sci

Polym. E. 2016; 27, 1200-1210. (IF 2016 = 1.900) (LUue.jfl.:JltJ~lfllm.:Jnl1clmJ~ 5) 

2.1.1.14 Khadsai, S.; Rutnakornpituk, B; Wichai, U ; Vilaivan, T,; Nakkuntod, M.; Rutnakornpituk, 

M.* Anionic magnetite nanoparticle conjugated with pyrrolidinyl peptide nucleic acid for DNA 

base discrimination. J. Nanapart. Res. 2016, 18, 263. (IF 2015 = 2.020) (LUtJ~~.:Jl'u\l1fllFl1.:Jnl1 
, d 

EJuEJV1 5) 

2.1.1.15 Dangsopon, A; Poomsuk, N.; Siriwong, K.; ViLaivan T; Suparpprom C* Synthesis and 

fl.uorescence properties of 3,6-diaminocarbazole-modified pyrrolidinyl peptide nucleic acid. 

RSC Adv. 2016,6,74314-74322. (IF 2016 = 3.108) (LUtJ~fl.:J1WillnlI'l1.:Jfll1clmJ~ 1) 
.... t 

':iBm1 V-:J1'lHl'IJ'lJ6!l.IU'lru 
" 

2.1.1.16 Boonlua, C; Charoenpakdee, C; Vilaivan, 1.; Praneenararat, T * Preparation and 

performance evaluation of a pyrrolidinyl peptide nucLeic-acid-based displacement probe as a 

DNA sensor. ChemistrySeiect 2016,1,5691-5697. (IF 2016 = N/A) (LUtJ~fl.:Jl'U\llfllm.:Jfl11~uEJ~ 
2) 

2.1.1.17 Yotapan, N.; Nim-anussornkuL, D.; ViLaivan T.* Pyrrolidinyl peptide nucleic acid 

terminalLy Labeled with fl.uorophore and end-stacking quencher as a probe for highly specific 

DNA sequence discrimination. Tetrahedron 2016, 72, 7992-7999. (IF 2016 = 2.651) (LiJ'Uc.Jfl.:Jl'U 
'i ,d

\llflbI'l1.:Jfl11EJEltlV1 1) 

2.1.1.18 Teengam, P.; Siangproh, W.; Tuantranont, A.; Henry,S:. S.; Vilaivan. 1.; Chailapakul, 0.* 

ElectrochemicaL paper-based peptide nucleic acid biosensor for detecting human 

/ 
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papillomavirus. Anal. Chim. Acto 2017, 952, 32-40. (IF 2016 = 4.950) (Luuem..nu~lnlr1~.:jrn~~mJ 
~l) 

2.1.1.19 Seankongsuk, P.; Vchirawongkwin, V.; Bates, R. W; Padungros, p; Vilaivan, T.* 

Stereoselective synthesis of (2S,3S)-epi-oxetin and its incorporation into conformationally 

constrained pyrrolidinyl PNA with an oxetane backbone. Asian J. Org. Chem. 2017, 6, 551

560. (IF 2016 = 2.788) (LUU~".:jl'U~lnlm.:jn1';J~mJ~ 1) 

2.1.1.20 Kanokudom, S.; Vilaiyan. T; Wikan, 1\1 .; Ihepparit, C; Smith, D.R.; Assavalapsakul, W. 

miR-21 promotes dengue virus serotype 2 replication in HepG2 cells. Antivir. Res. 2017, 142, 

169-177. (IF 2016 = 4.271) (LU'Ut:-J".:jlWillnlf'l~.:jn1~~tlCJ~ 1) 

2.1.1.21 Teengam, P.; Siangproh, W; Tuantranont, A.; Vilaivan, 1.; Chailapakul, 0.; Henry, C.S. 

Multiplex paper-based colorimetric DNA sensor using pyrrolidinyl peptide nucleic acid

induced AgNPs aggregation for detecting MERS-CoV, MIB, and HPV oligonucleotides. Anal. 

Chem. 2017,89, 5428-5435. (IF 2016 = 6.320) (LtJ'I.J~".:jlWillfllm ..Hn1claE.l~ 2) 

2.1.1.22 Pansuwan, H.; Ditmangklo, B.; Vila ivan, c.; Jiangchareon, B.; Pan-In, P.; 

Wanichwecharungruang, S.; Palaga, 1.; Nuanyai, I .; Suparpprom, C. ; Vilaivan, 1. Hydrophilic 

anp cell-penetrable pyrrolidinyl peptide nucleic acid via post-synthetic modification with 

hydrophilic side chains. Bioconjugate Chem. 2017, accepted. 001: 

10.10211acs.bioconjchem.7b00308. (IF 2016 = 4.818) (ltJ'Ut:-J".:jl'U~lnlm\lrn1cltlE.l~ 1) 

Submitted 

2.1.1 .a Seeja, N.; Rutnakornpituk, M.; Vilaivan, 1.; Nakkuntod, M.; Rutanakornpituk, B. 

Poly(acrylic acid)-grafted magnetite nanoparticle conjugated with pyrrolidinyl peptide nucleic 

acid for specific adsorption with real DNA. (ltJw.m ..nwinnlm.:jfl11uaCJ~ 5) 

2.1.1.b ~im-anussornkul, D.; Vilaivan T * Synthesis and optical properties of pyrrolidinyl 

peptide nucleic acid bearing a base discriminating fluorescence nucleobase 8-(pyrene-1-yL)

ethynyladenine. (LtJ'U~".:jl'I.J~lnlf'l1'1fl11UtlCJ~ 1) 

2.1.1.c Poomsuk, N.; Remsungnen, 1.; Vilaivan. T; Hunt, A J. ; Siriwong K* Conformational and 

energetiC properties of pyrrolidinyl PNA-DNA duplexes: a molecular dynamics simulation. (LtJU 

~"'11'U,nnlf1'j'lfl11clmJ~ 6) 

2.1.l.d Jampasa, S.; Siangproh, w.; Laocharoensuk, R.; Yanatatsaneejit, P.; Vilaivao. 1.; 

Chailapakul, O. Influence of the DNA sensor design on the performance of the multiplex 

detection of HPV type 16 and 18 DNA (dJ\'Il:mnu~lnlf1'J.:jfl1"JclaCJ~ 1) 

In preparation 

2.1.1.e Kangkamano, 1.; Numnuam, A; Limbut, W; Kanatharana, P.; Vilaivan, T; Ih(warun~kul, 

1. Pyrrolidinyl PNA polypyrrole/silver nanofoam electrode as a novel label-free 

electrochemical miRNA-21 biosensor. (ltJ'U~"'11'I.J"'iIlnlf1'J'Ifll1UmJ~ 4) 
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2.1.1.f Leekrajang, M.; Sae-Ung, P.; Vilaiva!J T; Hoven, V P.* Epoxidized paper for activation

free peptide nucleic acid conjugation and its application for colorimetric DNA detection. (LtJ'U 

~"~l'U\llnlf1)~nl)VmJ~ 3) 

2.1.1.g Khadsai, S.; Rutnakompituk, B.; Vilaivan I.; Nakkuntod. M.; Rutnakornpituk M.* Poly(N

acryloyl glycine)-grafted magnetite nanoparticle conjugated with pyrrolidinyl peptide nucleic 

acid for pre-concentration of real deoxyribonucleic acid. (LtJ'U~fl~l'U\llnlf1)-lnt)vmJ~ 5) 

2.1.1.h Park, Y.; Nim-anussornkul, D.; Vilaivao. I.; Morii, T; Kim, B. H. Facile conversion of RNA 

ATP aptamer to quencher-free molecular aptamer beacon. (LtJ'Ue-Jfl.:n'U\llnlrmnt)vmJ~ 1) 

2.1.2 ~nr~~v 

2.1.3 a'VI5U~':i 

2.1.3.1 'U)1Yn i:llJ\pru'U~, 5)Q'VI5 11fl1fl8, 1mwl1 ~m)l, '4qji:1~ ~~l1':)fI~v, l))ru~n1 Li')£J)~tJ~lJ-tl£J, ~ 

)lmru 5UCJ1'U "m)lJ15nt)m1\l"'1~'Ulv'UL'VIuhvlun~'U'ljU~Lv"llv.:) Staphylococcus aureus rlv1':ifl 

m",l)LtJ'UYj~1UL:a-l tJ~lJ1ru~lCJ L'VIFl UFl(lU LlJ~iLv L~Vl1vl'ilLVltl1lJtlmLtllJ'V'l~Yl LFl-tlU'hlJ nu~ EJmJL~tl':)LL£1.:) " 
, ~ 

Lfl'!lViril"lluu'U~Vl5um 1703000138, 

2.2 fl1':J.JI)1')'VIU11'Un1'Hl~,~VilJi~tI 

1~£1~1.:)vhnj'nl~£J)~~tJU~rurulLvn~LtJu tJl\l1)CJ1'Ui:lmUUvVllJ¥in~T~lu1'U 20 F1'U~ljmllJi:I'U1'iJ" " , 
11lJn'U 1 'Uf1l)~1'lJ'U1LLfl~1itJ)~LE.I'lju\llnvh5uLv L~f.I~1",ul1m ~m)1~'V'ltJU~L~ v~tltJClllJmI1dlTl"'U1 

"lltl-lLFl).:J m)l~tJ LLfl~uru'Vn-vUi:I'l) FI tlVI.:Ji:lJILi:llJtl ..Jf.:)1'U)U LL UtJ~l ~tllli'l LL(I::m)1i~ LlJ~ )ltJ'UllJ"lltl.:J" , ~ 

,j'f)1~EJ~11lJLm.:J m)lJ~.:J;f
~ 

1. f'l.m.thEJ'VI5 i1fll"~• 
~ d Q ~ {Clio IV 

mF\1'lj1 LFllJ Flru~lVl Cllf'lI?l~') ~'Wl(1.:Jm rulJ",11Vl Cllfl tJ 

L'VI,): 022187627 ext 101 E-mail: vtirayut@chula.ac.th 

2. ~f'l . m.\l~'l.:Jr1 ".rn'V'l'V'l~vlJ, , 

mFll'ljl LFllJ I"lru~iVlCllI'11?l~{ lJ"'11VlEJI~E.I'UL)f'\1,) 

LVl,): 055963462 E-mail: chaturongs@nu.ac.th 

3. m.mrul~u CJVI~)?l ~'hlJl~tJ , . " 
ml"ll'ljILFllJ I"lru~lVl tJlI'11?l~1 \l'Wlfl.:JmrulJ"'11'V1m~EJ lF1').:)m)vVE.l~ 1, 


L'VI) : 022187582 E-mail: panuwat.p@chuLa.ac.th 


4. VI'l.5L'Uf'\1'l '\,n"ltJ 

F1ru::P1"U~1'11a~1 lJ""lVltJliKmYlfll'Ul!;1Ehl'lllJ-lFlG'l-r~'Uln~'UVl1 lVlCllL'U~1':)1nG'l 


n~lG'l u.~li1'U \l . U,)~'iJ1U~-U'UG 


L'VI,): 0814449908 E-mail: thanesuan_nuan@hotmail.com 

5. m.5U~~ U)lru'U)l-r~U 


mfll'ljILl"llJ I"lru~lVlmI'11a~{ 'iJ'W'''.:JmrulJ""lVlE.lI~E.I
, 

mailto:thanesuan_nuan@hotmail.com
mailto:panuwat.p@chuLa.ac.th
mailto:chaturongs@nu.ac.th
mailto:vtirayut@chula.ac.th
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lV1':i: 022187638 E-mail: thanit.p@chula .ac.th 

6. ~uhrm BtJ~tJ 
q QI ~ ~ ~..::Iito" 

Infl1"!11Lfll.I flru~TVltlli'll~VI':i 'l~1~~f)'j(\Jl.IVll1V1Emw, 
lV1':i: 022187581 E-mail: numpon.i@chula.ac.th 

7. tJ.~':i.LLYi':iVleH LVI~lIn 

'VI~nG1V1':iLflii'lh~ tlnl'i rl (\J :::iVltJ1i'\lG1~i LL~:::ii'\1 f)'j':il.li'llG1V1{" , 
c:Iio &I I'c" q ci 4 

lJ'VIllV1fJ1~mm~VI'li'\1~m 1V1tJ1L'tIViLOalJYi':i~LnmVl 'l . G1natJfI'l 

lV1':i: 042725000 ext 3511 E-mail: paethong@hotmail.com 

8. Dr. Christopher Smith 
c:. d q " "q u 

Infl1"!11LfllJ flru:::1V1tJ1i'\1G1m 'l~la-3f)'jrulJ'VI11V1tJ1atl, 
(ihtJ~vhn\J1tllJ'VIliVltJ1~tJlJ~~a~-3u.l'ilJlmfllJ 2558), 
lV1':i : 0806129497 E-mail: christopher.s@chula.ac.th 

9. 'li'\.~'l.l'lii lml\J 

Infli'!llLflii flru:::1VltJ1i'l1~Vli 'l~la~n'mjl.l'VIllV1tJ1~tJ, 
lV1'l: 022187627 ext 102 E-mail: vipavee.p@chula.ac.th 

10. 'li'\.~'l.tJru{;l ml~-3f)'j
" 

Infli"!llW~m1 flru:::1V1tJ1i'\1G1V1i lJ'VIliVltJ1~m'l'l'Um\Jfl~\JVI{ 

1VI'l: 074288753 E-mail: panote.t@psu.ac.th 

11. 'li'\.m.LW~i'I~"!Iqj flru151'lrul 

Infli"!llLflii fl ru ~iVl tJ1i'l lG1V1i lJ'VIliVi tJ1~tJ G1~'Um tJ fI~tJVI i 

lV1'l : 074288420 E-mail: proespichaya.k@psu.ac.th 

12. ~i'I.m.l'nf)'j ~lJum, 
In fli'1fliVi tJ 1 i'll ~VI itl 'l~ tI,nlli fI ru :::iVl tJ1 i'll"VI i lJ'VniVltJ1~EJG1~'tIaltJfl~tJVli 

lV1'l: 074288563 E-mail: warakorn.l@psu.ac.th 

13. Vl'l.tI1.rmU Ul.IUll.1 , 
Infli'lllLflii flru~lV1tJ1i'llG1V1i lJVIliVI tJ1~tJG1-3'11al\J F1~\JVli 

lV1'~: 074288457 E-mail: apon.n@psu.ac.th 

14. ~i'\.m. =til'ltJtJl1 U'lru-UEJ 
" 

mfll'1flW~n~ F1ru:::iVlEJli'11~l'li lJ'VIliVlEJ1~tI~~'1Ial\JFI~\JVI{ 

lV1'l: 074288728 E-mail: chittanon.b@psu.ac.th 

15. ~i'l .m . 'i1'l~ 5'l'll.lL'tI1'l 

mfll'lll LFlii F1ru:::iVltJ1i'l1~l'l1lJVlliVi tJl~EJ ,,-3 '11 a ltJfl~tJVl1 

LV1'l: 074288429 E-mail: chongdee.t@psu.ac.th 

16. 'li'l.Vl'HlJ51 ~l'ltJlf)'j~~n~ 

mfll'1flLflii flru:::iVlEJlf'l1"l'l1lJ'VIliVltJl~tJtJL 'If'll'l 

LV1'l: 055963464 E-mail: methar@nu.ac.th 

17. t;.If'1 . m.uru~'l11l'ltJlm~~n~ , v 

eJ~llJl:5'EJ 
" 

lm-3fll'lcieWvi 2 

eJ~ll.11:5'V 
" 

lfl'l'lfll'lcimJ~ 2 

eJ~llJi:5'EJ 
" 

lF1'l'lfll'lUeWvi 2 

~1'V1,.j'11fl'l'lfll'lUelEJ 

lF1'l'lfll'lUeW~ 3 

~1'V1,.j'11F1'l'ln1'ltimJ 

lfl'l'ln1'ltimJ~ 4 

eJ~'JlJi:5'v 
" 

lf1'l'ln1'lci€Jv~ 4 

eJ~ll.11~tJ 
" 

lf1'l~n1';iti€JtJ~ 4 

eJ~llJl~tJ.., 

lm'lfll';icimJ~ 4 

~1ll.11~V 
" 

lF1';i'lfll';itimJ~ 4 

~~llJi~EJ 
" 

lfl'l'lfll';icimJ~ 4 

tXl'V1Ul1m~m'lEl€JEJ 

lf1) '1 fll';i el€J tJ~ 5 

~~')lJi~tI
" 

lf1)-1fll)ci€JEJ~ 5 

I 

mailto:methar@nu.ac.th
mailto:chongdee.t@psu.ac.th
mailto:chittanon.b@psu.ac.th
mailto:apon.n@psu.ac.th
mailto:warakorn.l@psu.ac.th
mailto:proespichaya.k@psu.ac.th
mailto:panote.t@psu.ac.th
mailto:vipavee.p@chula.ac.th
mailto:christopher.s@chula.ac.th
mailto:paethong@hotmail.com
mailto:numpon.i@chula.ac.th
mailto:thanit.p@chula.ac.th
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LVI'l: 0865893736 E-mail: boonjrrab@nu.ac.th 

18. VluJ~hmu U1f1'!JtlVI~ c.J~llJi~tJ. " 
.fl1 Fll'lfl~11YltJ1 Flru~lYlEJll'1l(;1l'1i lJ'VIllVi tJ1~EJtlL'If'll'l Lf),~-3nJ~citlu~ 5 

LVI'l: 0882808717 E-mail: lotharmali@yahoo.com 

19. VlUlVltJ iiEJ. 
..,. q "" ~ IIVQ. 

.fl1Fl1'lflLfllJ Flru~1YlEJlf'l1~1'1'l lJ'VI11V1tJ1~EJtlL~f'l1~ 

LVI'l: 0817553772 E-mail: uthaiw@nu.ac.th 

20. t:Jf'l.VI~.ri''1l~\JVIi PI'11-31'1 
Q. .q ~ '~IV I 

.fl1fn'1l1LfllJ Flru~1V1EJlf'11~1'1~ lJ'VITlVltJ1mJ'I.ItltlLLntl 

LVI~: 0850007543 E-mail: skhatcha@kku.ac.th 

21. tl.m .1~)ru"ru ~Vl5l'l~ 


.fl1 fll'1l1Lf1~ f1ru~1V1EJlf'11~\il1lJ'VI11V1tJ1~mi':J'llJf'11~ \iii 


LVI): 0945531395 E-mail: wantanee.sit@gr:laiL.com 

2.3 n1':Jul~HHnnlR1·:ml1hll,jtJ1::ttJ'IIU 

2.3.1 tJ~';-V1 ISIS Innovations (U~~UtlL'\J~tJtI~mtltl Oxford University Innovation Ltd.) ~-3LtJ'U 
(;)lLLYltl~Vlm)Yl~VlU~tlYll-3UqJ!1Jl'l.ltl\l Oxford University ~\l1~-rtJlJtltJeil'Ul-;U~ln Zin1. LL~~~~li;1'lmru 
lJVlll'V1EJ1~EJ1~~hLijtlnl'~~VlLL~::H'\.h~lEJ'1l'lhln~'VI5U\iI':J Lowe, G.; Vilaivan, T. "Homologous 

peptide nucleic acids" United States Patent US7098321 (August 29, 2006) ~~LiltlVllL~EJ1L.QtJ\l 
ntJL'VIp.l'Ul~fj'l.ltl'l pyrrolidinyl PNA ~\l1~~tJfll)Zi,rtJ~'4t1tlcil'l~mtitl'l~ln (;1f11 . ~'lLL~h'!'Ui'Uni;11'l 1v\' 

license LV1Fll'Ul"fjm~LLritJ~~V1 AdvanDx (USA) ~\l LtJtlm~EJYl'\l~'t1ViLiltILtllVl1tJL~BmW1~1-;Ulij-;U\ltJ
" 

)1 EJ1VI q!'I.I tJ'l (;1'V1~~mlJ~ fll LL~::1~iJri1'ULLU'l ~'VI5'\J)::lu'1lu (royalty) lV1 EJ 1~(;1~"1l:.J"1'1 tltJLL'VI'U-;U 1 n fll) 

t:ilEJ'VItlVlLYlfllt1l~m~£JtJ1-J'VI ISIS Innovations LtJtllJ,,~,l'U~1'U~tJ)::L 'VIf'l1 'VIEJ1~~tJ~\lilJ 535,458.24 
" 

tllYl ~..:J1~~VI(;1':J':Jn~tJR'Uhl1~ntJ~lUn\l1'UntJ\l'Vl'U(;1,rtJ~'4'UnJ':Jl~EJ "f11. eJllJ~lUn'lltlYl~Vlvi1t1Yll'lU'1l!1Jl 
lJl':JllJ 3 'l111l ~'lJ1t1 77,941.75, 34,695.82 LL~:: 36,342.42 tllVi i'iVlLtJtllJi;1~1':J1lJ~'lilJ 148,979.99... 
UlYl ~'lCitl11LtJ'Ufll':JLL"~'ll'\n£J.fl1Vl'IJtl'lLYlFll 'Ul"fjil LL~Ltitl'l~l ntJ~~V1tJ':J~"'tJu ru'VI11'Unw~::V1lJYl'U~'l1~£J~ 

u •• 

fll':J license 1tl~'lLL~L~tltl6t111fllJ 2558 LL"::LtJtI~t11L~EJVllEJ11 ISIS Innovations 1v\'~VI~lJhEJ~fll'l~tl, 
tll~~'VI5um'l.ltl'llm'lnJ'lL~EJ1n'U~~~H~~b'\J (Pyrrolidinyl Peptide Nucleic Acids, EP1513871 B1) 

l.Qtl'l~lnhj"'lJl1'rVn potential licensee 1~ {VlEJ1tKttl'U~'VIBn~tJlJl~cn~EJ ~'l1~'\.h::(;11'U1tl~~~1"'lmru" , 
lJ'VI11YlEJ1~EJ LL~ L~tJ~lUn'lltlYl~Vl V~tlVll'lU!1Jqjl LL l-i'l~'1.41"'l mrulJ'VIllYlEJl ~EJ 1~'\.h ::Liitlfll1lJL tllJ hJ1v\''!Jtl'l 

nJ)1~V1'UA'ULtl~EJtJLVi EJtJn'Ufll1i~'EJ1tlrn)~m~1~'VI5U\il)LL~1~\1l~tll..l'vi~::bj~'ultJ'U~V1B ~'l,1'U1.1Yl5U\il'l'!Jtl'l, 
L'VIi'lltll"fjvhBlJL€l~EJhtJ~'l'VIlJ\1ltlltJ1tl~'lLL~l'U~ 31 1.1'lVllFllJ 2560 ru iJ~~u'U ISIS Innovations Citl" . 
~Yl5U\iI':J""wr]mlJ~fl111\ViEJ'l1.1V15uVl'lL~tJ') LL"::cJ'ltl~'l::vdl'l~lLijlJfl1'l'VIl potential licensee ~tl1'l..l1\1lEJ 

l~iJ fl1':J~I1l~ atl':J::Ziltl\lltln'Ui11'V1Ullm~ fll':J L UtI'l:: u:: 

2.3.2 c.Jl~EJ1~iJfl1)l.ul1'l..lVltJ'l..l::VlVlflm~m~~1'lf111lJ~llJiJ€lntJn~lJl~U'VI'" tJn~lJ1tltl':J~LV1f'l1V1~~iJLL 'U11UlJ 
\J '" 'I"'I 

~-;U~1 itl':J::LEJ'lJu ..nnvhS'ULtJ lV1moVll~€lcil..:J~'lltI~,tl diagnostic lL":: therapeutic applications lV1tJ 

tll'ln~lJl~iJfl11lJ~llJiJtlnlJbL~~1\ilt:J~'lltl~~lJWLL~1 L-dlJ ~.VI'i . m1'l·H\J -tlm'lilln~ (~~li), f'l.m.~.f1~1 
'I 'I" 'I 

lij'lJmni'll~tl'l (~Wli), 'If'l .VI).ltl-tlU elmmmlf'l" (~'1.41i), P1.'V'lqj.ru!J~tJ1 ~~qjfl1qj~U (~~li) tJl'ln~lJf1 

I 

http:148,979.99
http:36,342.42
http:34,695.82
http:77,941.75
http:535,458.24
http:wantanee.sit@gr:laiL.com
mailto:skhatcha@kku.ac.th
mailto:uthaiw@nu.ac.th
mailto:lotharmali@yahoo.com
mailto:boonjrrab@nu.ac.th
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fh~~mh~'Vr.h~vi1i~mL~~'llvVllJi~v~"nJtiul~LLrimilJi~v'lJv~ Pl.u'Yu'tv1!'111 VtL';)1ru (lJ'~~a) LLa~n~lJi~v 
'" , , '\J " , 

~UB n'V1a1V n~lJ~fh~-.lv~~~l,ri1~ f11Wil~~1 LLa~f11 ~tJ~~ LiJUt:.J af11~1i~1t1Ldtl~~lJ hi\Lfl !'1. ~uY1V11 V L~U~ (;). " 
1G1lJUG1 (lJi;~a), ~~.1~~ru~n1 dlv~~hJ]lJiv (BIOTEC), ~'u~nqJqJ1 V-.lLnEl~~(;)1~Qn (BIOTEC), ~1.Ud1'Vl1 

G1lJmruu~ (";)\411) L{]U~U t~vih1tm~LBtI~(;)1lJ~1-nv 3.3 v , 

2.3.3 ~i~v1~ijm1~~1"~1lJijvnun~lJl~v~~l1vn~lJ1ul'h~tJ~~ LVl!'1(;\1m1Vn~LBV~lU.x1-nv 3.3 'i1lJCi~jj
v •• 

u~~VlLvn'l1u,,;)1n~h~th~LVli'\G1v~LLl1"~~-.ll..l1'(JtlV1~nm1ivhBlJLVLVlfl1uln~Llilv f11'im1 'il~1~ULUG1'(J tl" ~ LBU 

Lv U~~VlLL'inRv Depixus ,,;)1mb~L'Vl!'1t1~~L!'1G1 ~~hliJm11~~1tl~1.rvhBuLtlltJG1v~fI~" LL~LdtlVl~G1tlU 
Ldtl~tii'lJLL"11:U(;\vuhV1~m11i"1U'lJtl~U~~Vl ;S~l:ulvl~1LUUn1Wlv anU~~Vl'VI~~Rv Access Sensor 

Technologies 'il1nth~LVl!'1G1Wr!mlJ~n1 ~,,~u1,,;)Vl~av~1iViLB'ULtl1'Uf11~~~u1ifif11'i~11'ill Lm1~Y;~LBU 

Lv LL UU1mJ 'lJru~;:lfh~"tlth~'VI")1"n11(;\na~L~v" 11 El"~L~V~1'Wm~cl~~1tl~1~Vl~G1 tlULL"~fh1i~1tJ~ 
, " " 

LnEn-nm'i1lJv1-.lm1vi1i1qJqJ1 Materials Transfer Agreement ~1um~~1LUum~'(Jv""1Un-.l1UVl-r'V'l~~'U 

V11~U ruru1 LL l1~'ilvna-.l mrulJ'Vl1l'Vl EJ1~v 1~EliJ fhvlU~ ci~lJ vU~1v~1-.lViLBULv Llilv'Vl ~n v~1imEl1u L~tlU
" " , 

(;)(l1f1lJ 2560, 

I 

http:l1"~~-.ll
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3. n~n-f~1J~lJVh~f.J1,jil-1 'ltlLLn 

3.1 ~a.:j1lJ~lJ"1 ~"li'Um'ihJ~~lJil~a.:j1lJ n1'l1~'i'\J~;)ru'l'htJlJ1'VltJ1m m'l'ltl'i'\J'l1.:J1a.. 

3.1.1 m"iltl~\J~'tiruLi]'U1'V1tl1m., 

'lil\J'i1f.J.:J1lJ 6 ~~il'U 

3.1.1 .1 ~TI/"J1tfl1·m1,) (iHl1.lh~'YI51hrr~~) 1~~\JL:aqjLtJlJ1V1t11mm1£J1fJL~v-3 Peptide nucleic acid 

(PNA): Development and applications -31'U~lJ1J'U11'1l1n11L~v.:Jhm,~~~jjRl1lJa1l.111C11'Um1~~~1 
(Target Recognition Molecules) L~mh::tV"lllJ1'U n1,)~~'U1 LfI~eJ'ljjv(;1':n~1~LLuml~L11LL~::L~eJm1 
-rm·n ~~t~EJal'Y1'l1 . LL~::a1'V1'U. 'il1lJ~~aLLfl1{ (25 a'l'VI1f1lJ 2557), 
3.1.1.2 ~1'V1U1tfl1-3f111 (f'1.Vl').51~'YIli 11~1~~) 1~-rUL:aqJLtJ'U1V1t11mU11V1m~v'l Pyrrolidinyl peptide 

nucleic acid with aJ~-peptide backbone: Synthesis, properties and applications lW;1lJlJ'U1 

uru;;~~n'\!ll (Topic of Current Interest in Chemical Biology) 'UB'la(11u'Uuru;;\il~m.n~l-nmru (16 

nWJ1£J'U 2557) 

'lv\J"i1fN1'U 12 L~e:JlJ 

3.1.1.3 ~1'V1U1LfI,)'lf111 (f'I.Vl1 .61£J'YI5 :n"1~~) 1~-ruL~1I:uLtJ'Ul'Y1EJ1mm1t11t1u11'UmilJ Chemical 
, u , 

Science 'l1'Uth::'l/lJ,rf11~tli'Ul'V111Y/uLlJ61~m111ta am. flf'l~ 14 L~eJ'I "Pyrrolidinyl peptide nucleic 

acid with a/~-peptide backbone: New structures and functions" 

3.1.1.4 ~'"J'VIU1Lfl1~f11'l (f'I.Vl').6,)~'YI511"1a~) 1~-ruL:aqJLiJ'Ul'Y1V1mm1t11t1YlLf'I'\!IL~eJ'l "Pyrrolidinyl 

peptide nucleic acid: A new DNA analogue with unusual properties" '11lJth::'l/lJl'1l1f111 

1'Y1EJ1f'11a\il{LL"::L'YIr1t'Ut~vLL~'ltb::L'YIf'll'Y1£J flf~~ 40 (1'Y1'Y1 40) l'l'lLL'llJVmmJ'U 'lJeJ'ULLn'U 
" 

'lil\J"ilt1.:JllJ 18 ~~h)lJ 

3.1.1.5 ~1'V1U1Lr11.:jm'l (f'\.~') .6,)~'YI5 :n"1~~) lMuL:aqJLiJ'Ul'Y1EJ1muTW1m~v'l "Pyrrolidinyl peptide 

nucleic acid: A new DNA analogue with unusual properties" The opening ceremony and the 

premier contest of The Hitachi Trophy 2015 flru::1V1£J1f'11a\il{ ~\'l1~'1f1')ru1J'\onl'Y1EJ1~EJ 1uVi 24 

LlJ'I:I1EJ'U 2558 

3.1.1.6 ,x':l'VIU1Lm'lf11'l (f'1.~') . 6,)~'YI5 lhl1~~) l~-ruL:aryLiJ'Ul'Y1EJ1mm'wlm~v'l "Pyrrolidinyl peptide 
th th 

nucleic acids: Development and Applications" '11u\.h:::'l/lJ XVI RGJ Congress 2015, 11 -13 

June 2015 11.:j LL'llJ~BlJLVitl'Utl1~lJ,j"ll ~aB{'YI 

3.1.1.7 ,xlV1thtm'lf11'l (i'1.~') .5,)~'YI5 11"1~~) 1~ruL~ryLiJ'Ul'Y1tJ1mm1£J1m~B'I "Synthetic organic 

chemistry as a tool for exploring the unnatural world" 1'U'l1'U 9 
th 

Asian Science Camp (ASC 
nd th 

2015), 2 -8 Aug 2015, Sirindhorn Science Home, NSTDA, Pathum Thani, Thailand 

'le:J\J"i1t1.:J1lJ 24 L~illJ 

'le:J\J"i1fN1'U 30 ~~e:J'U 

'" ,
'lil\J 'l1 t1.:Jl'U il\J\J ~1Jmru 

v 

3.1.1.8 ~1V!U1tm.:Jn1'l (f'I . ~1.th~'YIl'i 11~1~~) 1~WuL:aryLiJ'Ul'Y1t11mu'l'ltJ2m~eJ'I "Pyrrolidinyl peptide 

nucleic acids with a/~-peptide backbone: Synthesis, properties and applications" Department 

I 
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of Biomolecular Engineering, Graduate School of Engineering, University of Nagoya. (13 

'V'/~I'1~rnEJ'U 2560) 

3.1.2 n1·ml'Uv~a·n'U'l::i\JlJ1'U1"1~ 

'lmJ':mJ~1'U 6 L;lv'U 

3.1.2.1 Vilaivan, 1. Pyrrolidinyl peptide nucleic acid with aJ~-peptide backbone: Synthesis, 
th st

properties and applications.Telluride Workshop on Nucleic Acid Chemistry 2014, 28 July_1

August 2014, The Telluride Intermediate School, Telluride, CO, USA. (oral, participation by 

invitation only) ((m~nl''j~tlEJ 1) 

3.1.2.2 Hoven, V. P. Surface-grafted polymer brushes: Tunable platform for biosensing 
th 

applications.The 45 International Symposium on Macromolecules-IUPAC World Polymer 

Congress (MACRO 2014), July 6 - 11, 2014, Chiangmai, Thailand. (oral, invited presentation) 

((fI'j,:)rn'j ~ elEJ 3) 

3.1.2.3 Leekrajang, M.; Vilaivan, 1.; Hoven, V. P. Filter paper grafted with PNA-containing 
th 

copolymer brushes for colorimetric DNA sequence determination.The 45 International 

SymposilJm on Macromolecules-IUPAC World Polymer Congress (MACRO 2014), July 6 - 11, 

2014, Chiangmai, Thailand. (Poster) ((f1'j':)f)1''j~mJ 3) 

3.1.2.4 Wiarachai, 0.; Vilaivan, T.; Iwasaki, Y.; Hoven, V. P. Clickable and anti-fouling copolymer 

platform of poty[(propargyl methacrylate)-ran-(2-methacryroyloxyethyl phosphorylcholine)] 
th 

for biosensing applications.The 45 International Symposium on Macromolecules-IUPAC 

World Polymer Congress (MACRO 2014), July 6 - 11, 2014, Chiangmai, Thailand. (Poster) 

((f1'j,:)nT'j~eJEJ 3) 

'lvU'l1t1.:J1'U 12 b~v'U 

3.1.2.5 Leekrajimg, M.; Vilaivan, 1.; Hoven, V. P. Filter paper grafted with PNA-containing 

copolymer brushes for colorimetric DNA sequence determination.Pure and Applied 
st rd 

Chemistry International Conference 2015, January 21 _ 23 , 2015, Amari Watergate Hotel, 

Bangkok, Thailand. (Poster) ((f1'j'lrn'j~tlEJ 3) 

3.1.2.6 Pansuwan, H.; Vilaivan, 1.; Suparpprom, C. SyntheSis of pyrrolidinyl peptide nucleic 

acid carrying novel hydrophilic ~-amino acid spacer.Pure and Applied Chemistry International 
st ,d

Conference 2015 (PACCON2015), 21 -23 January 2015, Amari Watergate Hotel, Bangkok, 

Thailand. (poster) ((fI'j,:)n1'JUtlEJ 1) 

3.1.2.7 Dangsopon, A.; Vilaivan, T.; Suparpprom, C. Synthesis and fluorescence properties of 

3,6-diaminocarbazole-modified pyrrolidinyl peptide nucleic acid.Pure and Applied Chemistry 
st rd .

International Conference 2015 (PACCON2015), 21 -23 January 2015, Amari Watergate Hotel, 

Bangkok, Thailand. (oral) ((f1'J.:jn1'j~eJEJ 1) 

3.1.2.8 Yotapan, N.; Vilaivan, T. Doubly-labeled pyrrolidinyl peptide nucleic acid as 
th

hybridization-responsive fluorescence probes.The 14 Junior International Conference on 
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1h 1h
Cutting-Edge Organic Chemistry in Asia (JICCEOCA-4), 28 _30 November 2014, Chulabhorn 

Research Institute Conference Center, Bangkok, Thailand. (poster) ((f1,)~fl1'lcimJ 1) 

'H1U'i1tH1tJ 18 L~el'U 

3.1.2.9 Yotapan, N.; Vilaivan, T. DNA double duplex invasion by non-self pairing pyrrolidinyl 
. .. th . th th

peptide nucleic aClds.The 45 World Chemistry Congress (lUPAC-201s), 09 -14 August 2015, 

BEXCO, Busan, Korea. (poster) 

3.1.2.10 Khadsai, S.; Vilaivan, 1.; Rutnakornpituk, B ; Wichai, U.; Nakkuntod, M ; Rutnakornpituk 

M. Bioconjugation of Anionic Magnetite Nanoparticle (MNP) with Pyrrolidinyl Peptide Nucleic 

Acid (PNA) for Molecular Biology Technique.lnternational Polymer Conference of Thailand 
Ih th 

(PCTs), 18 -19 June 2015, Patumwan Princess Hotel, Bangkok, Thailand. 

3.1.2.11 Seeja, N.; Vilaivan. 1.; Rutnakornpituk. M.; Wichai, U.; Rutnakornpituk. B. PNA

conjugated Magnetic Nanoclusters for Purification of DNA.lnternational Polymer Conference 
Ih th 

of Thailand (PCTS), 18 -19 June 2015, Patumwan Princess Hotel , Bangkok, Thailand. 

'H)U'I1~N1tJ 24 L~vtJ 

3.1.2.12 Arayachukeat, 5.; Seemork, J.; Pan-In, P.; Amornwachirabodee, K.; Sangphech, N.; 

Sansureerungsikul, T.; Sathornsantikun, K.; Vilajvan, c.; Shigyou, K.; Pienpinijtham, P.; Vilaivan, 

T.; Palaga, 1.; Banlunara, W.; Hamada, T. ; Wanichwecharungruang, S ..Oxidized carbon 

nanoparticles as carrier to bring macromolecules across lipid bilayer membrane. Pure and 
• th Ih 

Applied Chemistry International Conference 2016 (FfACCON2016), 9 -11 February 2016, 

BITEC, Bangkok, Thailand. (invited lecture by S. Wanichwecharungruang) 

3.1.2.13 Charoenpakdee, c.; Unarunotai, S.; Vilaivan, 1. Demonstration of strand invasion of 

DNA duplex by pyrrolidinyl peptide nucleic acid using graphene oxide.Pure and Applied 
. th th

Chemistry International Conference 2016 (PACCON2016), 9 -11 February 2016, BITEC, 

Bangkok, Thailand. (poster, with best poster awards; 

3.1.2.14 Jirakittiwut, 1\1.; Supabowornsathit, K.; Faikhruea, K.; Praneenararat, 1.; Vilaivan, 1. 

Pyrrolidinyl PNA immobilized on cellulose membrane for DNA detection: A comparison of 

two different immobilization methods. Pure and Applied Chemistry International Conference 
th th .

2016 (PACCON2016), 9 -11 February 2016, BITEC, Bangkok, Thailand. (poster) 

3.1.2.15 Ratthachag, T. ; Vilaivan, 1. Anomalous stereochemistry-dependent thermal stability 

of pyrimidine-rich pyrrolidinyl peptide nucleic aCid-deoxyribonucleic acid hybrids. Pure and 
th th 

Applied Chemistry International Conference 2016 (PACCON2016), 9 -11 February 2016, 

BITEC, Bangkok, Thailand. (poster) 

3.1.2.16 Watcharobon, S.; Petthai, P.; Vilaivan, T.; Sittiwong, W. Synthetic investigation of 


cyclobutane-containing f3-amino acids via [2+2] thermal cycloaddition.Pure and Applied 

lh th 

Chemistry International Conference 2016 (PACCON2016), 9 -11 February 2016, BITEC, 

Bangkok, Thailand. (poster) 

3.1.2.17 Khadsai, S.; Vilaivan, 1.; Rutnakornpituk, B.; Wichai, U.; Nakkuntod, M.; Rutnakornpituk, 

M. Bioconjugation of anionic magnetite nz. noparticle with pyrrolidinyl peptide nucleic acid for 

http:3.1.2.17
http:3.1.2.16
http:3.1.2.15
http:3.1.2.14
http:3.1.2.13
http:3.1.2.12
http:3.1.2.11
http:3.1.2.10
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deoxyribonucleic acid pre-concentration application.The 11th International Conference on 
. . . th th

Advanced Polymers via Macromolecular En~lneenn~ (APME 2015), 18 -22 October 2015, 

Yokohama, Japan. (oral) 

'H)U';i1V~1t1 30 L~atl 

3.1.2.18 Seeja, N.; Vilaivan, T; Rutnakornpituk, M.; Rutnakornpituk, B. Poly(acrylic acid)-~rafted 

magnetite nanocluster conju~ated with pyrollidinyl peptide nucleic acid for DNA base 
th th st

discrimination.The 6 International Polymer Conference of Thailand (PCT6), June 30 _July 1 , 

2016, Patumwan Princess Hotel, Ban~kok, Thailand. (poster) 

3.1.2.19 Rutnakornpituk, M.; Khadsai, S.; Rutnakornpituk, B.; Nakkuntod, M.; Vilaivan, T PNA

conjugated ma~netic nanocluster for real DNA pre-concentration.The 11th International 

Polymer Conference (IPC2016), Oral, 13-16 December 2016, Fukuoka, Japan. (oral) 

3.1.2.20 Vilaivan, T Pyrrolidinyl peptide nucleic acids with alp-peptide backbone: Synthesis, 

properties and applications.Beilstein Or~anic Chemistry Symposium 2016: Nucleic Acid 

Chemistry, Oct 5-7, 2016, Prien am Chiemsee, Germany. (oral, invited lecture). 

3.1.2.21 Donthongkwa, R.; Vilaivan, T.; Hoven, V. P. Synthesis and Hybridization Prop.erty of 

Peptide Nucleic Acid-Functionalized Monomer.PPC & Petromat Symposium 2017, May 23, 

2017, Pathumwan Princess Hotel, Bangkok, Thailand, Poster. 

3.1.2.22 Ditmangklo, B.; Chang, Z.; Boddaert, T; Vilaivan, T.; AitKen, D. J. Synthesis of building 

blocks to improve water solubility and reduce non-specific a~~regation of pyrrolidinyl 

peptide nucleic acids.ICSN-UPSACLAY Natural Products Symposium (15eme Symposium 

ICSN). June 29th-30th 2017, CNRS Campus Gif-sur-Yvette, France. (poster) 

3.1.2.23 Vilaivan, T Pyrrolidinyl peptide nucleic acid: A conformationally constrained PNA 

with unusual hybridization properties.The 44th International Symposium on Nucleic Acids

Chemistry (iSNAC2017), Nov 14-16,2017, Tokyo, Japan. (oral, invited lecture) 

3.1.3 nTH~tla~"~1t1~::i'U'til~ 

';iaU';i1l1HIJ 6 LilimJ 

';itJU';ill1~lt1 12 L~tJtI 

3.1.3.1 Nuanyai, T; Vilaivan, T Modification of pyrrolidinyl peptide nucleic acid by 

poly(ethylene glycol) derivatives.The 40
th 

Congress on Science and Technology (STT40), ld_ 
th Ii ' 

4 Dec 2014, Pullman Khon Kaen Raja Orchid, Khon Kaen. (poster) \bm':lnl'HJElti 1) 

3.1.3.2 Yotapan, N.; Vilaivan, T Doubly end-labeled pyrrolidinyl peptide nucleic acid 
th nd th 

beacons.The 40 Congress on Science and Technology (STT40), 2 -4 Dec 2014, Pullman 

Khon Kaen Raja Orchid, Khon Kaen. (poster) (lfl'J':lnl'JUtltl 1) 

3.1.3.3 Seankongsuk, P.; Padungros, P.; Vilaivan, T SynthesiS of oxetane-containing J3-amino 
th 

acid as a building block of novel pyrrolidinyl peptide nucleic acid .The 40 Congress on 

http:3.1.2.23
http:3.1.2.22
http:3.1.2.21
http:3.1.2.20
http:3.1.2.19
http:3.1.2.18
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- 1 

. ~ ~ 
SCience and TechnoLogy (STI40), 2 -4 Dec 2014, Pullman Khon Kaen Raja Orchid, Khon 

Kaen. (poster) ((m~nl'l~mJ 1) 

~tl\J~1t1~1'\J 18 L~tl'\J 

~tl\J~1t1~1'\J 24 LRtl'\J 

3.1.3.4 Charoenpakdee, c.; Unarunotai, S.; Vilaivan, T. A rapid and specific DNA detection 
st

using pyrrolidinyl peptide nucleic acid probe and graphene oxide.The 41 Congress on 
. ~ ~ 

SCience and Technology (STT41), 6 -8 Nov 2015, Suranaree University of TechnoLogy, 

Nakhon Ratchasima. (oraL) 

3.1.3.5 Seankongsuk, P.; Padungros, P.; Vilaivan, T. AocPNA - A new pyrrolidinyl peptide 
st

nucleic acid with an oxetane-containing ~-amino acid linker.The 41 Congress on Science and 
th th 

Technology (STT41), 6 -8 Nov 2015, Suranaree University of Technology, Nakhon 

Ratchasima. (poster) 

~tl\J~1t1.:j1'\J 30 L~v'\J 

3.1.3.6 Kangkamano, T.; Kanatharana, P.; Numnuam, A; Limbut, W.; Vila ivan, T.; Thavarungkul, 

P. Label-free electrochemical detection of DNA using PNA probe functionalized on 

conducting polypyrrole/silver nanofoam modified electrode.PERCH-CIC Congress IX 2016, 26

29 June 2016, Jomtien Palm Beach Hotel & Resort, Pattaya, Chonburi, Thailand. (poster) 

3.1.3.7 ChuaynukooL, c.; Thipmanee, 0 .; ~~umnuam, A; Limbut, w.; Thavarungkul, P.l 

Kanatharana, P. Electrochemical DNA biosensor using PNA probes immobilized on 

polyaniline-graphene-silver nanocomposite modified electrode.PERCH-CIC Congress IX 2016, 

26-29 June 2016, Jomtien Palm Beach Hotel & Resort, Pattaya, Chonburi, Thailand. (poster) 

3.1.3.8 Seeja, N.; Vilaivan, T.; Rutnakornpituk, M.; Wichai, U.; Rutnakornpituk, B. Magnetite 

nanoparticles grafted poLy (acrylic acid) conjugated with peptide nucleic acid (PNA) for 
th 

biomedical applications.The 8 National Science Research Conference, 30-31 May 2016, 

Payao University. (oraL) 

3.1.1.9 Vilaivan, T. Pyrrolidinyl peptide nucleic acids: Synthesis, properties and applications. 
th

The 5 Burapha University International Conference 2016, Jul 28-29, 2016, Dusit Thani Hotel, 

Pattaya, Thailand. (oral, invited lecture) 

3.1.3.10 Chuaynukul, c.; Thavarungkul, P.; Numnuam, A.; Limbut, W.; Vilaivn, T.; Kanatharana, 

P. Development of an electrochemical DNA biosensor based on screen-printed carbon 
th 

electrode modified with polyaniline, graphene-silver nanocomposite.The 13 Asian 

Conference on Analytical Sciences (ASIANALYSIS XIII, The Empress International Invention 
th th 

Center,8 - 11 December 2016, Chiang Mai, Thailand. (poster) 

3J.3.11 Kangkamano, T.; Kanatharana, P.; Numnuam, A; Limbut, W.; Vilaivan, T.; 

Thavarungkul, P. A conducting polypyrrole/silver nanofoam modified electrode for a label
lh 

free electrochemical detection of DNA: Effect of PNA probe length.The 13 Asian Conference 

http:3.1.3.10
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th
on Analytical Sciences (ASIANALYSIS XIII), The Empress International Invention 'Center, 8 

Ih 
11 December 2016 Chian~ Mai, Thailand. (poster) 

3.1.3.12 Faikhruea, K.; Vilaivan, 1. Fluorescence and colorimetric detections of DNA by ~old 
rd

nanoparticles and pyrrolidinyl peptide nucleic acid probes. The 43 Congress on Science and 
th th 

Technology (STI43), 17 -19 Oct 2017, Chulalongkorn University, Bangkok. (poster) 

3.1.3.13 Ditmangklo, B.; Boddaert, T.; Aitken, D. J.; Vilaivan, 1. Synthetic studies of amino

modified cyclobutane amino acid as a building block for novel pyrrolidinyl peptide nucleic 
. rd. th th

aClds.The 43 Congress on SCience and Technology (STI43), 17 -19 Oct 2017, 

Chulalongkorn University, Bangkok. (oral) 

3.1.3.14 Muangkaew, P.; Vilaivan, 1. Selective cross-linking between furan-modified PNA and 
rd . th th 

DNA. The 43 Congress on Science and Technology (STT43), 17 -19 Oct 2017, 

Chulalongkorn University, Ban~kok. (poster) 

3.1.4 n1~1~~u'n~1a 

3.1.4.1 ~1""Ullfl)-ln11 (fH11.51t1Y16 ihl'r,,~) lvl~U'n-ll(luniYltJlf'll~(1j1~l~'U '\.h::!~ltJ V'U'\. 2557 ,nn• 
lJ"U5(\-lL~~lJiYlmPll~(1j1LL(l~LYlfll 'UL?1VLL""'I'lh:::L'VlPllVltJ1'U'Vf~~mm1'1ltlc1:1JJ1 (~'I""lf1lJ 2557)
~ ~ 

3.1.4.2 er~llJlf11'1n11 (JPI.Vl1 .1J1{ Lml'U) M-rml'll?1Unl\ltl~iie.J(l.n'UM-rum1eh~B'I~'I~Vl 'lh:::~ltJ 
~ v • 

2560 ~1'lJliYltJ1Pll~(1j{mtJ.rnV'm(;l:::flru~f'1l~(d ~lnflru~1V1t11Pl1~(1j{ 'Il~l"'ImrulJ""llY1m~t1. 
3.1.4.3 er~llJlf11'1n11 (JPI.Vl1.111{ tml'U) hWml'll?1c.J?1'11'Ui~t1~lJln \h:::L.nYlm~11~LL?1::!unl~t1 

~ 

'lh~~ltJ 2559 "lnntlWI'U~'ljVlliiL,\~ln~lJL.n'1l ~~l"-lmrumniYltll~t1. . 

3.3 nl':iL~tllJt£.l-l'VI1-l1't11n11nuUn1'ti1nl'~~tJ S) ~-l1'ULLa::~1-l'\.h::L'VIf\ 
3.3.1 Professor Dr. Hans-Achim Wagenknecht, Institute for Organic Chemistry, Karlsruhe 

Institute of Technology (KIT), Germany LU'U~L~tn'lllqj~1'Unl1~'1Lf111:::i.1ml~~mn~lJU~V11'1 
Q d ..J Q, v ...1 1 D.O.I ~ did ...,

photophysics Ll"~ bioloSical applications 'lJtl'lVlLtl'ULtlV1(1jVltl"lnmtln~tltl bJntlJ lJf1l1mllJlJtlnU 

~1""Ul1f11'1 n11tl~1-l~tl L~e)'l L~t11 nUm1~'I LflJl:::l-iLL"~'\.h~ t1n(;l1i-ll'Uvh~'ULtl~~VlLLtl1~ltlvl(;ltltJ11vltl1. ~ 

lVltllvli1unP!m~l'lllmh~LYlI'ILtlmlJU (Ms. Pegsy Bohlander) lJ1'Vhi~tJ~tl1:::LYlPllYltJI1ltllii1f1l1lJ~llJi1tl 
l'i'lncilllu'lh-lL~tl'UlJnJ1rtlJ - LlJ't-f·ltJ'U 2557 

3.3.2 P1 . 'UV'l.~Vi'P1U ~L"1ru 1'I'U~1\ltJ61~~~djtl "rnu'U:ali'Vltlli'\1~(1jnlJL~n" lJ""11Y1tJl~tJlJi;Vl" LU'U 
" 'U "" \J , 

ifL~tn'ljlruVlI-l~l'UL1fl61;;1"'ihii tJLLUUFl1Ul-l'll1 i1 mllJ~llJi1tlnU~1".,thlm-ln1J (1'1 .Vl1 .61tJ'VI6 ll?11"~)
" u • 

1'U nlJ\hrha'ULtlltl1idJ'U1V'l1U1'Ufll1ml'lllU'Il5tJ11fl61 ci'~'lidhJ~rltlLYlflUrt reversed dot blot ~'1LL~ 
L~mJ~'1""lfllJ 2557 lVltJc.J~ nl1Y1Vl?1 eNLdtl'l~'ULU'U~t.ilV'ltlh LL~~1~-W\ilJ'U1Lu'Ulm~nl)1~tll".,l.l~llJn'UlVltJ 

l~-run 11~t1U"'U'UYI'Ul~tI"lnPl'U~m1lJLUUL~i'1vl1'ULVlflL'U1~O:alI1lV'lVll-lnl1 LL 'WYI~ (Yi'lf'1~ nltJ'U 2559, , 'V _ 

(;l(;llfllJ 2561) L~ml11tl~tltJtlVl~nl11·ih.h~ltJ'll'U1'UnlJAVlnJtl-l11rt'VI1~G'l;gLijtJ. ~ 

http:3.1.3.14
http:3.1.3.13
http:3.1.3.12
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3.3.3 fHl'U)~1~'H1J -tlEJ~Illn~ Illfl1'l11Lflij flru~1VlEJ1f'11~~{ ~'I'I1tl~n·HlhJ'vl1ivH.l1"tl LLtl~ Professor. . 
Charles S. Henry, Department of Chemistry, Colorado State University ~..'I~B..'ILtJ'U~L~EJ1'l11ru 

" " 
Vl1..'1~1'Uf11~iLm1~vi1V\mVlflilflLflmYlYh LLtl~ paper-based devices ijfl11lJ~1lJijBn'IJ'\.hvlultfl~..'If111 
(!1L~1.thEJVl5 11~1mj) 1'Unl1ulYiLa'ULa 1 tJ1-tiLU'UtVi1tJ1'Urn1~11v1il~Qtlm1~~L~a HPV ~~Li~h.J~lLl-l~'Ua~. . 
t 1fllJ~L~..'Itl1 f1lJ~~ f1t~m'VIflUflVll..'llflffi Ylvh 

'U 

3.3.4 ~!'\ .m . I').f1f'\":i 1iJ'llL1'llli..'lL1a'l I11fl1'l11Lfln flru~1V1EJ1!'\1~(Pl{ 'l'W1(;1..'1n":irulJ'lJn1V1t1l"tl ltJ'U~L~EJ1'!llqj 
Vll..'1~1'U1~~'Ull 'Ul~Bnl1U1ci~tIlLLtJ'lJm'IJl'!lJf11'ltJtl~tlciatlhi ijmllJ~1lJliBn'IJ~1'V1Ullf1":i~f11":i (I"f.m .5":i 

EJVl5 11(;11~~) 1 'Uf11'lulci,n1La'ULaL o[lL"1!"~L~BUlhflit'Um":ifl1tJfllJnT5LL~~..'IaBf1'lJa'l~'UL~Btl":i~LEJ'l1'U1'U. . 
f11":i-rmnl":ifl 

3.3.5 Professor Dr. Yasuhiko Iwasaki, Faculty of Chemistry, Materials and Bioengineering, 

Kansai University, Japan ijmllJ~1lJliBntJ~1'V1Ul1m~nl1cimJ~ 3 (":iP1.~1.1":ii{ 1!Jb1'U) acil..'l~m~B~1'U 
ci1'U~ LM tl 1 0[ B..'I ntJ n 1 'l ~~ Lfl ') 1::: 'I--l LL~ ~tl 'l ~ tl n ~1 -tiVl1~ n1 1 ~11 ~1 VI Vll..'l~1.n 1~'lJ B~lfiVia ~ LlJB{~ij. 
methacryloyloxyethyl phosphorylcholine (MPC) LtJ'UB.:Jr)'l.h:::fla'IJ u~~u'Uijm~(i1tl~'Y'Y1LBn~ij 
~1'Ui~EJci1'U'VI\1~acimtl1mfl":i~fl1)-dFia 'Ul~~11tJ)Vi'l":iru L1EJ'lotltl L~'UVl1~ltJvh1~EJ~tJ":i~LVI!'\&tJ'Ulu'UL1m 

'U " • 

9 L~tJ'U (~..'I'VIlf1lJ 2557 - ij'UlfllJ 2558) 

3.3.6 Associate Professor Dr. Roderick W. Bates, Division of Chemistry and Biological 

Chemistry, School of Physical and Mathematical Sciences, Nanyang Technological University, 

Singapore l tJ'U~l;EJ1'l11'Y~1'Ufl1)~..'ILfl11:::'I--l ijfl11lJ~1lJijBn'IJ~1'V1U1Lm.:Jfl1) (l'1.m .5":i~Vl5 11(;11(;1~) 1'U 

f111~~Lfl'n~'VI1lJ1'ULlJa{'lJB.:JYil~'ULtlLL~~fl11~~~untl1nnl) LtJm.:J'lJtJ~ aocPNA III EJ1~Ill1~m~ 1~tl1~ci~ 
" il~(i1'\.I~rurulLVlfh)'U1EJ.nVl'lLnEJ'l~ LL;;''UfI..'Ii:1'lJ 1tJ'Vhl~EJ":i~ tl~~'UL~ EJ1n'IJf11'l«~ LfI'l1~'I--l~~l'li1ru"~Ln~~ln

" " . 
f11'lLtJm..'l'lJv~ oxetane amino acid ~ NTU ~~lLIiiL~a'UfllJ.Ill~'U5 - ~'ll1mfllJ 2559 

3.3.7 m.~nrurul EJ.:Jlnm~ti1':i:::n~ ~).1":i)ru~fl1 LnEJ1~tl~lJotltl LLtl::: m.~l~'UVI{ f1~Iill~~mmlEJ !'\'U~~'U5 
• .., IV \I ""' , '" , 

11'11m)lJLL"~LVI i'lL'U1(;1v:ti1i11Vi Llvi~'1l1~ ijfl11lJ~'Utv1 'Unl":i 1 -tiLVlfll'Ul"~'lJB..'I~La'ULm~Bfl1":i(Pl)1v1UvQEJ 
L'l1'U brlfl~ L~mJ1(;11L~EJ LtJ'U~'U 1~ijmllJ~1lJliBn'IJ'\.h'VIu11f1)..'Ifl1":i (l'1.m.5":iEJVl511(;11(;1~) 1'Uf11'l\h~la'U. . 
LBltJtJ'l~qn~1-tiL~Bm1~)1~lUv5tl 
3.3.8 f'1.VlU~Vl1EJ lEJ'U~~t;;'lJ,r;;, 'VI'I..hEJBru:ti11Vltllnl'lllViVlEJ ~m'U~~L~~lJnl":il~tl LL~:::~'li1tJflrutJ~C:htJ

" ~ 

i~EJ f1ru::: uVi VI EJf'll~(i11~~":il'l1~EJ1'IJ1~ ijfl11lJ~llJijBn'U1'U f111UTVi ~£'UlB1tlVl~~BtJ f11":ifJtJ 8"b-r~ Dengue 

3.3.9 Professor Byean~-Hyean Kim, Department of Chemistry, Pohang Institute of Science and 

Technology (POSTECH) LU'U~l;tl1'l11'Y~1'Ufl11«..'ILfl":il:::'I--lLL~~ biological applications 'lJB~~La'ULa~ 
~~iJmn~1EJrJ~aBbYl€l{ nfl11lJ~1lJijBn'IJ~1'V1U11m.:Jf11":i (1'1.~'J.15'JtlVl5 11"1~~) hwl~n-u~~tJ~rurulLvn 

\J ,"" 

A€l 'U . i:1 . ~1~1~U DlJB'U~"''':icifl~ ltJvh1~v~ Pc)STECH L~EJ1ntJf1l'lG1~Lfl'l1~V;UBVi(i1"Ll.m1L~a~Ll,m~BH. . 
l'Ufll1m1vl~ ATP 1'U'lh~L~€l'UlJmlAlJ - lJ'l'U1EJ'U 2559 

3.3.10 Professor David Aitken vln Institut de Chimie Moleculaire et des Materiaux d'Orsay, 

Universite Paris-Sud dJ'U~L:;jV1'1l1'Y!ii'1'Ufll'j~~Lfl":il~v1 cyclobutane amino acids ll~::; foldamers iJ 
fl11lJ~1lJijBntJ~1V1U1LfI":i~fll'j (I'1.Vl1.il":itlVl5 :,n~l~~) LVlvihr\lu'U m .1'l'Jru't1ru ~VI~1~~ (~~1l.11f11~fll":i~. . 
 ~ 

1) hJ'Vh1~EJ'l~tl:::~'UL~EJ1ntJf11'jG1~~ml:::V; cyclobutane amino acid 1'U'li1~L~B'U!J":inDlfllJ - n'UEJ1EJ'U 

2559 LL,,:;1~~.:JU~(i1tl~rurull8nFia 'U.i:1.'IJru~~ ~l1:U~fI~8 1tJvhl~EJ~ Universite Paris-Sud l~EJ1n'IJf111 
" ... " 4J 

~~LA":ii:::'I--l functionalized cyclobutane amino acids 1'U'l11~L~tl'UlJmlfllJ - lJ~'U1tl'U 2560 

, 
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3.3.11 I'1.'VHy.ru!]jrJ1 i11qjfmy,nJ .rnfli'1l1~~:gliVltl1 flru~U~VlfJI'11~l'li ,!\41~-lfl'H\hJ"vniVlVl~V ijmll.1 

11l.1ijB~l'Ufll1~9)J'Ul~Vlfl'Uf1f111ml';)1{j';)iJfJfI11LLWV1'illnfl11vi1 HLA genotyping t~Hml~uVi~B'ULtltvmj 

3.3.12 'HH11 .1'Uiv tll'11~lj)G1n~ .rnfli'1l1'il~:g11VlVl Flru~iVlE.J1l'11~l'li ,;)\41~~fI1rulJ"vniVlV1~V ijfll1l.1.. . 

11l.1ijtl1 'UfI1'l1 off~LB'ULm~tlfI1'lJFllJfI1Wi'l-l1'U'tJtl~ miRNA LL~~ fI1'l Pi mnn~1nfl11LL~~fI1~,;)l V'tJtl-3111G1 L~-3. 
d 
fl 

3.3.14 ~l'1 . m.'Uvu..hdhJ 11':iruG1G1':i G'll'tJl1"1!ll'l';)iVlVl j)lfli"l!lt:llV1P11~1'l{ flru~U~VlVl'11~(i\i, 
l.I'Vl1iVlEJ1~EJ'UL11'111 ijmllJ11lJi'itlfl'U1'U fI11H~LB'U~B1Yi1U~ lV11Uml'ilL'lFi Steven-Johnson t~v10ff 

LVlflUfl Fluorescence in situ hybridization (FISH) 

3.3.15 Professor Hiroyuki Asanuma ,;)1f1 Department of Biomolecular Engineering, Graduate 
d v.J II ~ .c:IQ, d d 

School of Engineering, Nagoya University, Japan LiJ'UCJL"I!tn"l!lqjv\l'Unl'H)eJmLUUfI1v\'U1F1~t:lnVllJ 

VI1Jl~L\l~l~ lJfll1lJ(f'Uh~llJn'U1'Uf\1':iHvh5t1lmtl'U~1'!hv1'lXd1v\ invasion L~m~lJtb~i;1Vl6.rn~1tlfI1'l 

1'l11'il1V\&iL~'ULB~LiJwn~JFl1~v1m~'lUL~B~Ll"-3~V11-3 Prof. Asanuma 1~~9)J'Ul;'U
" 

http:lJtb~i;1Vl6.rn
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CJ" f\1)~llU1.Jf\1)1tJmVi':illJIPi'1--11tJt~~~;;1l.JU':iru(;11l.J'Ii'VL;;11.JB1~)--1 n1) Ll"~U)),,1(;1(l'lJ)~;;1.:1A~~.:I11" , , 
1'UL'8~'UB.:IB.:IA~11lJ1~L11~~U n~11~a 1) nl)BBmLUU «.:Itml~-.1 u,,~Plm:mU.JU~m)l'li'lI"iLU~'Ua.:lLVi'll

" " 
1Vl~,b~~~mLa&/l~ (vhaultl) 'IIilWl1vnJ~:i1~tl'U-wtl1ll.Jiu~(lmllfl~ l~EJ:i1lUT'v'l.J1tIL~m~lJm':i"~"lEJU"~"~ 

\I 

f11)~UV~LlUUhhhlVil~l~l~v-3 lWlmj','J~,'J~n'\:t1",,~aii~l.J~m':i~u ~~~~~'U 2) m'lL ~lJ~lJU~tl"~""u1vi1,,,,1l 
1~lLfh~uu~ la'Ultl~:i1mJLl"'l 1Pi'1 a ~1,'J b'liu Yll~'U La:i1~l.J~nl'i L'lI~EJ'ULL'IJ~--1m)L1a,'J u~,'J~~tlU~'U a,'J~a m)

" 
l,y1~flu~L~tJLmth",l.J1EJ YlLB'ULalVi'lU~(;1BUG1'Ua,'J'VI1,'JLflm-wvh "'~tlYlLB'ULa1Vi':iU~t=11l.J1)(l Ln~'lI!)n1EJ1 
l ;alJ'Ul1,'J flU ~ LatJlaVl"-3nl'im~~'Uv1L"'lJ1~ G1lJ ;~~1l.J1 'l (l u11 'IJ'lI':i~ tJn (;11 otl1 'Un 1':i(;l ':il~ 1~~ LB'ULtl~:i1, , 
'lI'l~a'VI5fl1Vi~,'J 3) 15f\1':i1",,1l~1"'~Unl';jml~t=1atJ~1~ULU~'Utl--1~la'UltllwIEJ1'Il acpcPNA LiJ'U1Vi'lU 

~llJnULVlfliifl1V111 L'li'U DNA-templated or DNA-catalyzed reaction It'':::I'''~tllt=1~G1JJEJ1'1-111l'litJ 'Vm~ 

tl.Ja4 LL"~1~~'Ul1'U l~au11t1'l1'l~~nvi1m'U~1'U~1,'J1 L'li'U f\1'lllVi'lMJ m""l':i U"~f11':iLn~m 4) fll1l.JL'Ii'11~ 
ih1~EJ'Vl1,'J1~':i,'J~11--1~~,'JCJ"~m'lJ'\.Winw~'U~~'UB,'JVil~'ULalWi tJ1iiiBl.J"~l n nl'Wl~ml,'J~ll.J flU nl)f\l'UlruVll,'J

" 

~m"Vilh'8':I1J'l~~n,;m~vln·n'U1,ytJ.Q~BCJ~~l'U~Yll.J~ ~l'Ul'Un-.h 20 L~a~1'Ull'H'I1)1'IJ1 f11':i':i~~U 
I U1U1'1l1~~:i1 ~ ru.fl1ViG1~ uui1~lU~)l tI~lu:i1~.m'll'U~~Ylm·hL~~1vWu n1':i(;lBtJ~U1~OiYll.J~()'11'U~'nml'U

• \I 

\ ~l'Ul'U)ll.J 22 U'VIfI11lJ Ll"~tl~'l~",-Jl~)Bt:.J~ m)~~1':iUJlll~:::lVl~EJl.J~'UQUUUVlmll.J5flhluatJnl1 8 
" 

\ 
UVlA11l.J l~tJen,ytI\J~~m1EJ-311.JL~l.J l~l.JLdBmUml.JLUl'1-1l.JltJ 1'Ul'8--1U1l.J1 ru e.J"'11'U~1~~um) ~Yll.J~'I-1~€J 

" I vmU~UU"'llU'Ue.J"~1'Uv1nl~)~m':iciBtJ~ 1 ~l1.Jl'U 14 UVlfll1lJ l~).:Jm':iciBtJ~ 2 ~l'WTW 3 UVlfl11l.J 

\ l~),'Jm':iEiatJ~ 3 ~l'Ul'U 2 U'VIri11lJ lfl).:Jn1':icJtlEJ~ 4 ~ltJ1TJ 1 UVlfl11l.J lfl)~m':iVBtJ~ 5 ~ltJl'U 2 

UVlfll1l.J lm~nl'j~mJ~ 6 V.:JW:i1e.J~,'Jl'U~Yll.J~ 1uL'8.:JflUJJl1YJ iiUVlfll1l.J~1~,,~~Yll.JVi1'Ul1)G11)~:i1IF2016. 
\ lnnnl1V11VLvhnu 10 ~lUl'U 2 UVlfl11lJ, €Jv):::VI',h~ 6.00-9.99 ~l'Ul1.J 2 UVlI'l11l.J, BV':i~'I-111~ 4.00

\I \I 

5.99 ~l'UltJ 6 UVl1'l11l.J, a~':i~Vll1,'J 2.00-3.99 ~l'Ul'U 10 UVlfll1l.J, ~lnl1 2.00 ~ltJl'U 2 UVlfI11l.Jl~EJ 
" 'I-1~,'J1'U.QLU'Ul1)t=11)1Vlll ~~V~111:i1iialJ"1'U~i1'Uiiam~ 151 €J,'JAfI11l.J1~1~'U €Jn~1nv:::t=11l.J1) f1~V/l.J'W1'Ul1)G11)

"IILII" " 
~:i1~" m~VlUG1~lt"'l v~:i1i'1nElfl1Vi1'UL:a 'IVi 1 ru'llV I'lru~en-&J1~ViU1EJ1l.JviatJBWIlWltlnl)G111.:1f1111..dll.J:i1aflu

\I \I 

vr~uni~tltl"~fl1l'lt€Jn'1lUt~€J~\ilJlJl ~ nl)U-,1ii'lh:;lt1'IJ'U'1'Ut:a~Yn ru'llV lWltl1~iiu~~Vlvl1,'J'lI) ~ tVI f'lm~fl11l.J 
\I 

~'UhlVlfll'Ul,,~.QLt~') 2 U1~'Vl LL,,~nl~--1a~)~Vll1.:1m':i'VIWl~BU1ii.:l11.JViL~'ULtl 
\I 

1'U~llJ'tImm)~11.:11'l1.J 11'l).:Inl)1~tI.Qtl1i'1t1Ml':i~~ih:l'vh~lJLmtJ1.J~~~'U1~~1l.J11.Jnl)~~un1,yEJ~:i1 
1'l11l.Jt~tJl'!ll'Y~l nVl"ltJ~1'U11~ltr1 tflii €)U'Vl ~ V«.:ILI'l':il~1.1 LI'lii1 Lfl) 1:;1.1 Ll'liiYJB~tl.J B { 'Ul 1 'U lVIi'll 'Ul"~ 
;G11VltllhlL"ni:l ll'l:i1A1'Ult:U Lt":;n1':iL~e:Jl.Jlt1~)~·vd1.:1l~:i1nu;gliVlEJll.J1vh~1'U~1l.Jn'U 'Utln~lndv~1~:i1~lu, 
1'Un1"j~11,'JUfl"lm~1'U1~tI~.:I)1l.J()--1uni,yEJ 20 fI'ULL,,:::un~n~l':i~~u'lI~rurul1 'VI-Lan€Jv1-lUatJ 20 fl'U 

vlrl 7 ~mu~ lm:::LnWlLI'l1D'!htl.:)l'U1~tI~E1'-lu'Uvr,'J11.J):;v1U'IJ1~tLi:l:::lJl'U1'1l1~ ~;:::n1':i(;J~(;lUl'lmm~iim1l.J. 
L~EJ1'!l1(\j1'U~ 1'lJl1~EJ'Vll'1~1'Utflii ~'U'V1%/Ll'lmlml~~/LI'l:i11?1~ vr-l1lJ)~v1U'll~(\j'Y11'VI 'lI~ (\j(\j1Lan Ll"~ 
"'''-l'll~(\j(\jlttlrl )ll.Jn'U 111u€JtJrll1 30 I'llJ ~~:U:::Lu'Un1".:I~lACY'lJB~m':i~\ilJ'Ul,'Jl'U1,ytJ'lJa.:l'lh:::L 'VIf'1v1€J1'IJ1'U 

eJlJlfl(;l 

http:1'l11l.Jt
http:v:::t=11l.J1
http:2.00-3.99
http:6.00-9.99
http:8--1U1l.J1
http:BmUml.JL
http:EJ-311.JL
http:tJmVi':illJIPi'1--11tJt~~~;;1l.JU':iru(;11l.J'Ii'VL;;11.JB
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5. Li>naTIU'U'IJ 

5.1 reprint VI~v manuscript 

5.1.1 reprint 'lJ€l-:Je.Jml'UVllJlt1Li;l'lJ 2.1.1.1 - 2.1.1.22 (.fl1Flt.!'UJn 2) 

5.1.2 'l.JVlA~citl'1Jtl-:J-:J1'UtJ~:;'l!lJi'l!1f11~~:;~'I.J'U1'U1'1l1~ (3.1.2.1 - 3.1.2.22) (.fl1Ae.J'lnn 3, electronic, 
version only) 

5.1.3 'l.JVlA~ci€l'1Jtl-:J-:J1'U'\.h:;'IllJi'll1f11~1~l?i''IJ'l!1~ (3.1.2.1 - 3.1.3.11) (il1A(:.J'U1f1 3, electronic version , 
only) 


VlmtILVlI1l: L~tl-:J"illnul-:Jt-Ji;lnu l~LLn 3.1.2.23, 3.1.3.12-3.1.3.14 EJ-:J'W()-:JnlV1'U~-.5'~'\.h:;'IllJ ~-:JEJ-:J111
, , 
mm1me..ltILLVi~'l.JVI~~civ11ii1'U ru L1i;ll~ci-:J'jlt!-:J1'U 

1m] 17 n.t!. 2557 

16 Vi .t!. 2557 
« ~ 

1 'Ul-:J?l11LViqJVlVi 17 il.A. 2557 

liiv-:JLLn1 16 ?I.A. 2557 

1 17 Vi.t!. 2557 

Urui:l111lli 

'Ul-:J?l11V1'lVlt! 

16 il.Fl. 2558 

17 il.A. 2558 

16 n.A. 2558 

'U1EJBA1Vii;l lL~-:J 

u, 

17 " .Fl. 2557 

L?lI1(u 16 n.t!. 2557 

17 n.El. 2557 

16 il.f1. 2558 

17 n.A. 2558 

16 n.A. 2558•, 
17 n.A. 2558 'U1EJru.2'W" ~b::: tJ~qJqJl 

• 
 n(1l~1~ 
 LVI 16 fl.El. 2558, 
17 n.t!. 2558 

16 n.A. 2559 

17 n.f1 . 2559 

16 fl .Fl . 2559 

1 'Ul-:J ?I11¥i'll 

'l!lU'U'~1 ?111::: 

~W1i;l-:Jmru 

JJVl1iVlEJl~t! 

17 il.A. 2557 -

16 ij.t!. 2557 

17 ij.t!. 2557 -

16 n.t!. 2557 

http:3.1.3.12-3.1.3.14
http:3.1.2.23
http:3.1.3.11
http:3.1.2.22
http:2.1.1.22
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1 

1 

2 

2 

3 

3 

l.ll"'~TJl'l~'1I!Jl 

-rVll.l~ni 

tl~qJqJl 

Ltln (llJ 
L~lJl1"n) 

'Ul"'~11m.,,-rvn1 tl~qJqJl 

\jlJtl'U""":irun~ Ltln, , 

'\n:ml1lJ1~ii 

m~~l'" 

'Ul"'(\ll'WlJ~"!Jl.ln tl~qJ'lJl ffimLAlJLl~:; ~Wl~."mru 

L5fJlJl~l'n'U L'Yl l'YlEJlPllr;1l'li lJml'Ylm~tJ 

17 fl.A. 2558 -

16 n.t!. 2558 

17 n.t!. 2558 -

16 lJ.A. 2559 

17 lJ .A. 2559 -

16 n.fl. 2559 

17 n.E:!. 2559 -

16 lJ.A. 2560 

17 n.A. 2559 -

16 n.fl. 2559 

17 n.fl. 2559 -

16 lJ.fI. 2560 

17 lJ.A. 2557 -

16 n.fl. 2557 

17 n.El . 2557 -

16 lJ .A. 2558 

17 lJ.A. 2558 -

16 n.A. 2558 

17 n.A. 2558 -

16 n.t!. 2558 

17 n.t!. 2558 -

16lJ.A.2559 

17 lJ.A. 2559 -

16 n.El. 2559 

17 n.t!. 2559 -

16 ij.A. 2560 

17 ij.A. 2557 -

16 n.El . 2557 

17 n.t!. 2558 -

16 ij.A. 2558 

17 lJ.A. 2558 -

16 n.El. 2558 

17 ij.A. 2557 -

16 n.El. 2557 

I 
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3 

3 

3 

3 

4 

d 
'Ul~"11'VmVlCY 

" u'lia.:J 

'Ul.:J"11P1~l'i'i 

'Jewwh1lJ' 
tl~CYCYl 
Ltln (W 

L~lJmn) 

'J1.:J"111~~tl1m 'll~qjCYl 

~tl'U1FI'1J11 1V1 

'Ult11,,~t'1l~ 

1'J'JillVl'U Ltln 

tJ1mLFliiu,,~ 

lV1t!lP11,,~1 

vm~LlJtl1 

17 n.t!. 2557 -

16ii.FI. 2558 

17 ii .FI . 2558 -

16 n.t!. 2558 

17 n .t!. 2558 -

16 ii.FI . 2559 

17 ii.FI. 2559 -

16 n.t!. 2559 

17 n.t!. 2559 -

16 ii.FI. 2560 

17 n.EJ. 2558 -

16 ii.FI . 2559 

17 ii .FI. 2559 -

16 n.EJ . 2559 

17 n.t!. 2559 -

16 ii.FI. 2560 

16 n .t! . 2557 

17 n.t!. 2557 -

16 ii.fl. 2558 

17 ii .fl . 2558 -

16 n.t!. 2558 

17 n.EJ. 2558 -

16 ii .fl. 2559 

17 ii.fl. 2559 -

16 n.t!. 2559 

17 n.t! . 2559 -

16 ii.fl. 2560 

I 
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5 

5 

6 

6 

.. 
LAlJ 

'Ul'1(l11ellJ'I'lltJ U~t1lryl LAn 

llJV1-rI'llJ La n 

17 n.l'). 2557 -

16 n.t]. 2557 

17 n.t]. 2557 -

16 n.l'). 2558 

17 n.l'). 2558 -

16 n.El. 2558 

17 n.El. 2558 -

16 n.fl. 2559 

17 n.l'). 2559 -

16 n.v. 2559 

17 n.t] . 2559 -

16 n.l').2560 

17 n.R. 2557 -

16 n.t]. 2557 

17 n.t) . 2557 -

16 n.R. 2558 

17 n.R.2558 -

16 n.t]. 2558 

17 n .£). 2558 -

16 n.R. 2559 

17 n.R. 2559 -

16 n.£) . 2559 

17 n.E!. 2559 -

16 n.l').2560 

17 n.l'). 2557 -

16 n.E!. 2557 

17 n.t). 2557 -

16 n.R. 2558 

17 n.l'). 2558 -

16 n.v. 2558 

17 n.v. 2558 -

16 n.R. 2559 

17 11 .1'1. 2559 -

1.6 n.t) . 2559 

17 n.£). 2559 -

16 11.1'1. 2560 

\ 

-\ 
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... ·.".1 '" .. 1'" d ..{ .1 • d5.3 '\..I'Vlfl~t.m 'Wm'\..l'Vlalu1Jil~U'Vlfl'l1lJ'l1l1n1'l VI'lvLtlmI1'l 'lHln'bfru::mJ"l ~av~~'U~vu'l::IJ)'VlA1~"l 'Vl 
'i 111 ... 0 3 
~fI'l~n1'l ~~~'Vl11J1J 

5.3.1 vnr-3~tl)llJ'\..IVlI'i'~citNl'ULl)::'I1lJl'111n1)th::~lU fI~-3~ 1 l'UYif\i(1'\..1~~ 26 mJm~'U5 2558 ru ~tl-3 , "I, 

th::'1IlJ fi!.~UL{)U u,,::llG n1f11'111bfli'i flru~1'VltJ1f'11(1l1li ~Wl~·:m)rulJ"nlV1tJ1"tJ (mfle.J'U1n 4,, , 
electronic version only) 

5.3.2 'VI,r-3~tl)llJUVlI'i'~citl-31'ULl)::'I1lJl'111n1)t1)::;~lij flf~~ 2 l'Ui'1ni~ 26 nlJm~'U5 2559 ru ~tl-3. ., 
t1)::;'1I:W)l'11:W-3f1(;1'11lJfI~'U lJ'VI11VlCJ1;;rm'Vlfll'Ul"Ehl'11lJ-3f1~-rI1l'Uln~'UVli lV1tJ1b'Il11l1-31mH1-31" tl.~l~'U ~ .. 
t1)::;~lU~~.u'U6 (mR~'Uin 4, electronic version only) 

5.3.3 'VIU-3~tJ)llJUVll'i'l1lcitl~1'ULl)::'I1lJl'111n1)t1)::;,hu fI~-3~ 3 l'Ui'1n{~ 24 nlJm~'U5 2560 ru ~a-3. ., 
Yi))rulUfI:W tl1f1l) 7 flru::;lV1CJ1i'11~l'IibL~::;1i'11m)lJi'11C1l1li lJ'VI11V1tJ1"mn'\!lI1l)i'11G'111l11VltJW1Jl'ILtJ~lJYi)::; 

LiitJ)~C1f1"'Ufl) ~. C1mnJf)'l (.rnfl~i.nn 4, electronic version only) 

d d d II

5.4 ~iH1'UviJ"l VlLnV11Jtl~ 

5.4.1 )ltJ~::;L~tJ~fl1,)~lLU'Un1)'Utl-3i.:) 61fl':J':)fl1,)tltltJ (mfle.J'Uln 1) 

5.4.2 Ltlmn:iLLC1~':)fl1)~\Je.J"t1)::;ltJ'lJU-;Ulf1fl1)ciltJVltl~LVlfll'Ulfl ~~LEhm) (mRe.J'Ulf1 5) 

c;,~'lJ1lJ .. ~.... ............. ..... ........ ........... . 


(~1V1,Jl1f1 ').:) fI1,)l~tJer-ruVI'U)" , 

http:rnfl~i.nn
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~v11'l~·m1'ivmJ Conformationally restricted PNA with new structures and functions 

~::V::L1",1f'l~~m~ 17 lJ'\Jlf1lJ 2557 - 16 ij'UlfllJ 2560 lM'Utl~lJ~1~'U!Jl!Jn~11'i~ 16 nU!J1EJ'U 2560 

".iltt.:jl'\J1'\J'Ii'N~~LL~1'U~ 17 lJUlfll.J 2557 ~.:j1'\J~ 16 nUVlv'tJ 2560 

\1'mu11f'l~.:jn1~VeJEJ 

1'l.V1'l .5'iflYlli ~l~-r(lv 

~'i1lJlf'l'i~01'i 
'U 

e.Jf'l. Vl'i. 'iJVl'j~fi '1mYfl'/~1)lJ fllf'l1'lJ1Lf'lil f'lru~lYlEJlm"'Vl~ l.J'YnlYl!Jl~EJ'UL".i1'\1".i 

v\'j.m~-r\llJU t.J~-l'j'" ml'l1'lJ1Lflii flru::1YlEJlI'\1.wd ~~l(l-lm"hJ'l,n1YlVl~V 

Vl'i.5LUf'l1'i 'tJ1~1EJ f'lru::~mJ::l'll"'(1\~ l.JVlllYlVl~EJLYll"ll'tJl(1v'n'lJl.J.:jf'li;l~(il'tJlf1~uYl~ 

lYlEJll'lJ (illollfli;l n,rm 

mf'll'!.lllfllJ flru::1YlVlm"'(l)~ lJVnlYl!Jl~m)'j'ilJI'I1~Vl1 

~1lNl'\J1'l11l.J,h"JVlUl'!Jv.:jLfI".iolf11".i 

lf1'iolnl".idL~u")-Utl~n'Unl'l~(;lJU1-r1LBum~ml"l".i;J(1~1~LL(I::~lJ'U~1V1J.i ~~~llJl".ifl~'itJfl'lllJnT)Vliil'lJ1);J.:jl'Ul~EJ~, 
l~~lLiJ'tJfll".iIi1~1)v\If'l'j~nl'j1~~~,j' 

1. Synthesis and DNA binding properties of pyrrolidinyl peptide nucleic acid carrying cyclic ether 

backbones 

ollU1~EJ,j'iil(/l ~tJ 'i:; (1.:jfi~ 'iJ::"olLfI'i l~~ Lb f.1:: ~ fl~l(1l.J~ rm ~lJ VVl n'U~LSuLtl/tll1LS Um'lJtH~Hi'l ~~u (I-r1 LB'tJ L1)~ij 
1'(jf'l~ flBL Yltl~LLYl'Uyjl ·mVll'Ufll~ lJ1'(jf'l~fl1'Ulf'l'i.:j~~l.:jVl~fl (".itJvI 1) lVltJl"lru::m~!JlJ(1l.JlJ~151Ullfll".i L~l.J1)::li1tll.J'lJiH 
tlufl:VL'iJ'tJ l'!lll tJ1 'tJ1m~(1~l.:jVl~fl'iJ::vh1'\01'1~.;1~".i~~ii~YhS'UL1J~~~fll'l'l~l L~l.J:fi'Ue)~'iJ:: ltJurm'll;~l~l.Jfl'l1l.J~1l.J1".ifl1 'tJnl'i 

f.1::f.11EJJ1LLf.1~ Mlfll".i Li'i1i1 LL 'i 'lfl".i::vh LL'UlJhill1 L'I'll:: L 'iJ1~'iJ.:jnlJ')~~ ffiJ.i'U'VlJJ, lvlUhivh1 t.1fl'lll.J"ll.Jl'i fit'Ufll'j ~lJvV\nlJ~ 
l5'tJLmtJ~EJULL tJ(I;JltJ 

acpcPNA X =CH2 
atfcPNA X =0 

Base

" h ...,I;°
NH N ' 

!JA0' 
Xn n 

acbcPNA X =CH2 
aocPNA X =0 

~l'Um~vh1tJ~~LL~ L~l.Jtl1ULf'l'i ~nl'iAufll'i "~LI"l'll:::V;YllBw)yjii~1l~tll.Jyjl tJ'UllJtl11 u::m UlW~v\ll 'U'U'l'1lfl~ flB L Yltl~ 
'tlUVl 5 LVI~EJlJl~LLri (25,35)-3-aminotetrahydrofuran-2-carboxylic acid (atfcPNA) lLf.1:::'!lUVl 4 \VI~EJl.J1~LLri (25,35)

3-amino-oxetane-2-carboxylic acid (aocPNA) ~lnJ'U~~'I111tJ~-'lLI'l'jl::V;LtJ'\J PNA L.yjeJPlfl1!l1(1lJ'U~nl'i:5''U1J~n'U DNA 

LLn:: RNA 

~1'U1'tJ~1'U'V1)'1Yh5'UL1)yjijc,llL~mJlUtiLlJ(l)ltl::m'ULL'i);U~LL lJ'UhJfl~f1~LYleJ1'tliJ~ 5 Lv!~8:U (atfcPNA) L~lJ~'U,nn 
fl1'i~~'U116fl1'ioi1~Lfl'lI::~~lL~tll.JyjltJ'U Fmoc -protected (25,35)-3-aminotetrahydrofuran-2-carboxylic acid ~~1 u 

'i::EJ:: Ll'in1~off 2 -deoxy-D-ribose ltJ'tJ(\1".i<k;J(l)'U~1'UtJ5n1Vl 13 ~'U(Iltl'\J~~LL?l~ ;J1'U~tJ~ 2 LV\EJiitJ~l.J1rue.Jf.1t.J~mll.J 
6.7% 

I 
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HO p-ToIO p-ToIO 

~OH (a) 67%. ~OCH3 (b) 83% ~O, 

(c) 86% • ,,'UH6 2 H6 	 TsO 
4 	 6

2-deoxy-O-ribose 

p-ToiO p-ToiO 
(d) 58% (e) 90% ~O, (9)71%.• .. U Yl 

4.5:1 mixlure (f) 95% " 
N3 9 BocHN~(7:7') 10

7; R'= p-Tol. R2= H 


7'; R': H. R2: p-Tol 


o 	 o 
(h) 91% (j) 87% ~• HO~ -----l..~ PfpO 
(i) 	 94% (k) 65% 

BocHN'"' 12 FmocHN'"' 1 

Reaction conditions: (a) i) melhanesullonic acid (cal). MeOH, rt, 30 min, ii) p-toluoyl chloride. 

pyridine, CH2CI2. 0 DC (b) p-TsCI, OMAP (cal). EI3N . CH2CI2. 0 DC to rt (c) Et3SiH. BF3'OEI2, 0 

°c 10 rt (d) NaN02, DMSO. 120°C (e) MsCI. OMAP (cal). EI3N. CHzClz. 0 °c (I) NaN3. DMSO. 

90-100 °c (g) Pd/C, H2 (1 aim). Boc20. MeOH (h) UOH, THF:H20 (1 :1). rt (i) TEMPO (cat) , 

BAIB, MeCN:H20 (1:1), rt U) i) TFA:CH2CI2 (1:1) ii) FmocOSu. NaHC03. MeCN:H20 (1 :1). pH 

8, rl (k) PfpOTla. OlEA. CH2Clz 

d ~ , 
~ tJ VI 2 nl')\'I~bml:;'vl Pfp-activated Fmoc-2-aminotetrahydrofurancarboxylic acid (ATFC) ~ln 2-deoxy-D

ribose. 

'lJu n'ill nii iT"1~-W~'lJ115 nl'l~':]LI'l11:;'I-1 Fmoc-protected (25,35)-3-aminotetrahydrofuran-2 -carboxylic 

acid ~'lJ1....,J..i l\i)miJu ,nui~EJ'hlJn'U Dr. Roderick W. Bates 'illn Nanyan~ Technolo~ical University tJ'l:;b'Yl\'1~"f)hH 
15nl'i~-W~'lJl~'lJ1....,J..idJu~-lbb\'l\i)"1'tJ~tJ~ 3 ;-lulP1eJtJDfi~EJ1L \~tI-l 8 .ff'lJ(i)uU'illn"'l'i~.:]v\u~il'ilmCJn LL":;1vhl~lJ1ru 
~mJ~mJlJ 20% 

i) 	 ii) ~Br iii)-iv).. .. 	 ...n 	 ~ 0o CHO 	 90% 80% 70%~ 
OH 

o 0 	 o 0v) 	 vi)-vii) viii).. ~ .... 	 .. H02CD~~ 	 ,,' 
HO 	 60% 78% " 85%

FmocHN 	 FmocHN 

~:: 0 ~ 
~tJ~ 3 rn'l~-lLf)'n:;'I-1 Fmoc-protected (2S,3S)-3-aminotetrahydrofuran-2-carboxy lic acid (ATFC) 1'51....,J..i 

Co nditions: i) CyclopropylMI,;Br ii) Me 3SiCl, LiBr, 2,6-lutidine, nBuaNBr Iii) ADmix-p, MeS02NH 2 iv) NaOH, 

cSuaNBr v) phthaimide. Ph 3P, DIAD vi) N?HG• MeOH vii) FmocCl, NaHCO} viii) cat RuCl" NalOa 

~lnJ'\J\lllJl~-lLml:;~Ltl'lJ atfcPNA ~ihh~tJL'U\'ILtJ'tJ T9 (T9) Ill'1:;L'U\'I~\'IlJ GTAGATCACT (M1D) , 

TATGTACTAT (M10AT) Lb~~ GCTACGTCGC (MIOCG) 'I'ltJ':il(lllJl)(1"~LA'il :;....,'1~(i)llJ~Nm'i lvwihj~lJlru~m~~~ 44, 

22, 21 LL~:; 10% IilllJ"'~'U ~~m)lLi'1'il:;~~')EJ MALDI-TOF mass spectrometry 1~~~\'IuVlfl~u~nufi1~Al'UlruM 
, 	 .,J .; I dq 0 v q d '" tVQ..I 

U":;bL"'\i)~rn retention time (reverse phase f IPLC) 'Ylmml acpcPNA Vll.ml\i)'ULU(lL....,lJu'Unu 'll~(luVlI'l"u-lf1U"'m'W 

.ffl~L~lJ1J1n;'lJ'Uu-l atfcPNA b~mV1uuntJ acpcPNA ~ulJ1~.:t1<ii'~m·nt-J"nl'l~'U8\i)n'U~L5'lJmlmJf1w)\i)ril TO" ~"ffi~L~eJ 



1-3 

LtI~tI'ULYitl'Un'U acpcPNA L\J'U~,m,,~~1'U\ill'jl~~ 11~tI'W'U111!:lu~~'l1'iN atfcPNA flU DNA LL~~ RNA ii T,." ~ln-)l 
acpcPNA L~mJuti tlnLl'U1'Umru'l11N atfcPNA ~ii(\'l~ULU(lL\J'U M10CG sa~~uij~nu RNA 1~LLii;JLL':i':Jf)11 acpc'PNA 

LL"~v1l'ilri'C\!i'iv atfcPNA U;JfI.:!Ll(l~;JmllJ'illL'Wl~L~l~~;Jn'Unl':i~uij~nu DNA LL~~ RNA vi~.:! 1vwl'ULLYI'LJy)nmrufh Ten 

~~~~~.:!mf)nil 20 °c L~Elih 'U(lv1hjLoUlrln'UullLY1t1;J(l)lL~tll 'UEln~ln-d atfcPNA U;Jl'\llJl'j(1~~'ill~L5'ULu1IilLQ'Wl~1'U 
" 

ViI'lYll~ antiparallel L'li'UL~tnn'U acpcPNA (fll'iI~Vi 1) 

~1~1'1V: 1 LI'\i'itl'ifm~1'Uf\l':i~'UU(1\'j~'YI-)1.:! aocPNA n'U DNA LL~~ RNA 

PNA DNA or RNA Tm atfcPNA Tm acpcPNA Note 

(N---K) (5'-}3') (~Tm)a (L1TSo 

GTAGATCACT dAGTGATCTAC 52.5 53.3 complementary DNA 

(M10) dAGTG~TCTAC 23.4 (-29.1) 23.8 (-295) mismatched DNA 

dAGTGGTCTAC 23.4 (-29.1) 23.9 (-29.4) mismatched DNA 

dAGTGITCTAC 25.4 (-27.1) 29.4 (-23.9) mismatched DNA 

dCATCTAGTGA <20 <20 paralleL DNA 

rAGUGAUCUAC 36.0 42.3 compLementary RN A 

rAGUGCUCUAC <20 23.6 (-18.7) mismatched RNA 

rAGUGGUCUAC <20 24.8 (-17.5) mismatched RNA 

rAGUG,VUCUAC <20 <20 mismatched RNA 

rCAUCUAGUGA <20 <20 parallel RNA 

fATGTACTAT dATAGTACATA 49.6 54.2 complementary DNA 

(MI0AT) dATAGMCATA 25.4 (-242) 23.1\ (-30.8) mismatched DNA 

dATAG~ACATA 30.2 (-19.4) 30.2 (-24.0) mismatched DNA 

dATAGGACATA <20 24.4 (-29.8) mismatched DNA 

dATACATGATA <20 <20 parallel DNA 

rAUAGUACAUA 29.2 32.6 complementary RNA 

rAUACUAGAUA <20 <20 paralLeL RNA 

GCTACGTCGC dGCGACGTAGC 56.4 54.5 complementary DNA 

(MI0CG) dGCGA8GTAGC 23.4 (-330) <20 mismatched DNA 

dGCGAGGTAGC 31.2 (-252) 30.2 (-24 .3) mismatched DNA 

dGCGAIGTAGC 36.0 (-204) 35.1 (-19.4) mismatched DNA 

dCGATGCAGCG <20 <20 parallel DNA 

rGCGACGUAGC 41.8 48.0 complementary RNA 

rCGAUGCAGCG 24.4 (-17.4) 39.2 (-8.8) parallel RNA 

a All Tr-. were measured at PNA = 1 IJM,100 mM NaCl, 10 mM sodium phosphate buffer, pH 7.0, heatin'S 
o . ~ comp~ementa ry r.yor 0 . . 

rate 1 C/mln; Trr. = T",- Tr- . b The TM data of acpcPNA are provided For comparison 

purposes. Except for the mismatched hybrids of MIOAT and MIOCG, Tro data of all acpcPNA hybrids were 

taken from ReF. Error! Bookmark not defined.d. Mismatch positions in DNA sequence are indicaterl by 

underline. 

I 
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~t1yj 4 tl1'Hnlil non-specific interaction 'tIu~ fluorescein-labeled atfcPNA (~'lJi"l) LtI~EJ'ULYiEJ'Un\J acpcPNA (~L'Yn) 
(a) fn1!iJlil.a''UU'WYlntllilYini(;'1&1fl (b) fn')Liilil self-ag~regation \liflfll1iiilil\J1llJ1(;)tJ fluorescence spectrophotometry 

WnflWl1rt(;'1tlUflI1n~mtJ'tItl~ atfcPNA ~ii~i~'ULtH'Il{j'W T9 YlUliflYjn::flitJJiL~lJ~'W\lifl acpcPNA v1E~i~'U 
LU(;,\L~tJln'WLYlEJ~LamltltJ (1.4 mg/ mL vs 1.1 mo/mL) \lifl~'W1~~m!lifll,)fl(ilfn'Hn(;1 non-specific interaction 'tI/);j 

atfcPNA l(;)tJ1~~(;)uflif\ fluorescein v1t1fllU~i'W N 'liB.:! atfcPNA v1il~i~'ULU(;'1Ltl'W M10 Lriuliltl'W~l~(;)\J1IlJl(ilULYlfrurl 

~flum1?\L'1l'W" 1liltJ1'Wf\')1Yllilnu.:!1Mlily.j"uDL,)?lL'll'W"'tIB-l?li1"~niEJ.yhB'Wli)~~"'tl~'!liilil1'WL '1lfl"'yj l U'WAltlVl~ llfl:: f'il tJ lYl1 tI 
~ ~ 

ej,mfltl(il1lJ1mL'lj'WIJl~Yh~v1LU'WYlnl(;,\~fl'!JiiVlYiu~lYl1Yi~'W LL~l,hEJ fl~'UlJi eJ.:JrntlVl~ L'1Jfl'" Lriullil~ntl/) L1(;'\ L'1l'W"~i YI'Ull 
" YI~.:!fn1'htJLVI~iY\nltJ'l f1f~ rlwlljum,)"'L'1l'WA'U/)~ acpcPNA nVlfl-lCi-lLnuU 50% ~-lLL(;'1(il-lCi.:Jm1!iJ(;).a'ULLUUhJ~lL'vn:: 

L\l 1:: \l;J LLvi'll/)~ atfcPNA hht1~tJ'WLLtlfl ,:ltl£h~jjumh·)ru 'Wtlfl\llfl~ fn1~(illll1lJ~rurul ruyJfltltlL 1(;'1L'll'U~'tItl~ atfcPNA 
It} "... " 

Ll1EJUllU acpcPNA LL(;'\(il~l,xLi1'Wll atfcPNA LnVl self-a~gresation ~-l,1I1tI~flI'l~U'tItl~~'1!fljiru'Vi~tlm 'l(;'\L'll'W6iv1f1lilJ 

LoUlJ-V'W':j-lfll1'Utl.:l acpcPNA tl1::lJ1ru?lrNLVh (~tJyj 4) LL(;,\(;).:Illfl1':iL~lJtltlfl~L\l'Wv::(IltllJ1'W1m':!(;,\~wlJtl'l acpcPNA -cilEJ 

fl(il fIl'lJhhHl'UJ, LLn:: LL 'l.:J f\':i:: 'Yh LL 'UUhJ~1 LYll:: L 'ili ::'il.:J fl -lHi 1(;) EJll.iilwfl m:: YlU1'WYll-:JflU v1B fIlilJ LL ~.:J LL'l -:J Ufl:: 

fllllJ\li Lvn:: L'ill::'il.:lv1/)flI':i~'UVv1tlU~LB'WLtl <6'ltii'il::'!iltJ "''ltJ (;11,x?lIlJ1 'lin1i a tfcPNA 1 t1t1':i:: £Jfl!1l1ffi~fl'h:Jml'lm fl~'W 
Wfl'll'W1'W"'l'Wm~~um'jQ)-WlJ~Llrl,)\li'Wl'W 2 l~tl.:! 1.2 • 

L~ tl.:J\')lnlv1iif\i'jfi'\JYI'UlJiritl'WYI,Jl~LLrlllif\1~fl(;)'tI'Wi(;)'tJB~l.:J LL y\l'W\llfl 5 flI1'Ui)'W1'W acpcPNA LU'W 4 

f1i1Utl'Wl'W acbcPNA vhl~rllllJLL~.:jLL':i'l'Uu.:jfll'j~u1j(;)nu~.:) DNA U~:: RNA L~lJ;ff,\/ -l1'W5n"'l'W.,,~,:rffiiilv1iL~lJlOilJAtl 
flI'l"'lLmi:;l-1 four-membered analo~ue '!Ju~ atfcPNA 1~LLri aocPNA (~tl~ 5) ~.:jI'H\J::~i~(Jij(;,\lJlJ~.lil'Wll'i)I\)v111,x 
1JiYlLB'WlVv1jJmilJLL~-lLL':i.:l1'WflI'l~iJV\ilLi'WL~tJlnu acbcPNA LLv1ilLL'l.:Jm::vlILLUUhj~'LYll:; L\li:;\l.:!Yi'~(;)(;1~ .:ji'Wl~m~lJ 
\)lflf\l'i~GlJ'Wli6f\1'j"-lLrl'ji::l-1 (25,35) 1u1'llLlJtl1'!Jv~ Fmoc-protected epi-oxetin spacer (8) 1(iltJL~lJlli''W'illfl 
aldehyde 1 .rr'WVlu'W~Iri''Y1'Wrn'fhv''W(;)?lLVlu~lm!')ii'Utl.:j'''THU1Y\lJl(Jtll~vtlijn~tJi Jorsensen' s organocatalytic 

epoxidation 'tIv.:) 1 Ln(;)Ltl'W epoxide Yi'\11lJ1 reduce tiim U'W alcohol 2 Yl'UYiL(;)tJhJjJfll'ilWn intermediate 

epoxyaldehyde l,xu~~V1~ritl\J \iivlIiLD'W.rrWlB'WflI'HU(;)l.:t epoxide LLuuL1'ivn\lILYli::~tJ(;\'ilLY\-J.:t~ ..lV sodium 

azide/trimethyl borate 1Ji(;,\i'i 3 I?\llJ~ltJtlBn~EJi selective mono-tosylation l~Lu'WL'1i'l 4 flI'lum.:J oxetane 

n'l:;vhrntJHiMm::v1LU'WLU"'Ln(;)LD'W oxetane intermediate 5 ~.:tbtl~v'WlJii)1t1Lu'W1lJL(;1~flbUiV1lJ1V 8 hwm::ul'Wfll'l 

t1tULtI~tJ'WY\l.iY1'lfHj''WLLfl::Y\lJtlflUu.:l1VltJ(;'1'lJi'l()'''''Wlru overall yield \liflf\1~~~Lmi::l-1-vr.:tfl'l::UliJflWnlJ 11 ~'WVli)'W
~ ~ 

1~LU'W 6.7 % 1ll'lL'1'ltil'W.tJ~ 5 ~.:j~\illILU'W n'l::Ul'W ni'l ~iitl 'l:: ~'Y15rn"fjlJ1f\v1"'li1lvj,v1 lfI£Jij'j i £J'lI'WlJIl 'Wn 1'5\1h. " . 
enantioselective synthesis 'tIu'l (2S,3S)-epi-oxetin 



1-5 mfl~\J1n - ~1V~::LijVf\,VI1,:j1'1nnT~"UiJ,:jlfl~,:jn1~EiiJV 

OBn OBn OBn 

(a. b) (c) 91% 
• ..,0I 69 %. 91-95%ee ; .. "XN3(over 2 steps) 

0 OH OH 
1 2 3 

"X 
OBn 

~ - ~ 
,N3 ,NHBoc 

(d) 62% . ~ (I) 81% 
• 

N3 
OTs BnO HO 

4 5 6 

F,e,NHBoc 
(9) 87% ~. (h) 64% 
--0 -o 

HO 
7 

(i) 99% [ 8; R =H F,e 
94%ee 9; R =Me ; Jorgensen's catalyst 

Reagents and conditions: (a) (S)-2-(bis{3.5-bis(triftuoromethyl) 
phenyl)(trimethylsilyl-oxy)methyl) pyrrolidine (Jorgensen's catalyst. 10 
mol%), 30% aq . H20 2• CH2CI2• 10-20 aC. 4.5 h; (b) NaBH •. MeOH. 0 
ac. 30 min; (c) NaN3. B(OMeh. DMF. 50 aC , 5 h; (d) TsCI. OlEA, 2
aminoelhyl diphenylborinate (2-ADP.10 mol%). MeCN. rt. 5 d; (e) 
NaOH. TBAHS (cat), toluene. H20. rt. 20 min; (I) Pd(OHh /C (cat). Hz 
(1 atm). MeOH. BoczO, 7 d; (g) DAIB. TEMPO (cal). MeCN, H20. rt. 
24 h: (h) i. TFA, CH2 CI2 . ii. FmocOSu. NaHC03. MeCN. H20. rt. 24 h: 
(i) CH2N2 (generated from Diazald and NaOH). EIOAc. rI. 30 min. 

~uvi 5 llWlJJn~LL?1 !i1 "'nl'l~"'Lfl':il::'I-1 Fmoc-protected (2S,35)-oxetin 

\JlflJlJ~~l~"'hGll'l 8 lJ1HLiJlJllJllJLlJD1"1'l-l~u~~Lml::'; oxetinPNA ~lJ~l~ULU?1LUlJ GTAGATCACT ~".will 
Fmoc-SPSS GlllJ1':irl'l-ll overall couplin~ efficiency MdJlJ 23 % \Jltlfl1':il!i1tJ~lJlru dibenzofulvene-piperidlne 

adduct ~UI'l!ilU"DVBtlm.n1lJ~'IJ(;ltl'IJfl1':inl~!iI'l-l~ Fmoc f1%..,~ml1EJ 'l-l~tlf)(i1LtJlJU'l::~Yl1Sm'W'tJeNnl':i coupling vlD 'l tlU 

U'l::lJ1ru 93% ~m.J1~"'vll side-chain de protection LLI'l:: cleavage ?lltJ'Utl.:J PNA DDnll1tl solid support ;"'U'l::GI'IJ 

uqJ'vn1lJn'l::'\Jl'\.Jn1'l~-:JLf1·n::'; fltl aocPNA hlL?\()fJ'l~"'il1tJt~?lil1"l::~L tJlJfl'l!il Lll'l::L'IJ?\ \J1tlfm1lfl'l1::'I-1~tJLl'IJUnl'l 
llVlnvl"l1'lJLLlJ?\?1LUtlVl~lJl'i 'IJ i1Ln!il fl1'l'U1!i1 tltl tl-'UD")?11tJL ,(fLil 'V1~ (;l':i~~'lJu:: lvllJ~~L~vlJvlv 'l::Vli1..)'t,njfl11'IJun~I'l'lJtH

v 

pyrrolidinyl monomer nut'IlJtldJl'IJ'Uv-l oxetin ;..,m!ilil,h\l::l~v1oiiv..,n'IJfl1'lLu!il')"''Uv.:) oxetin rleJ'\JH1lUlJ 
v 

LLvl'lntl~eJ~ ;'''In!ilu5n~V1 intramolecular nucleophilic attack ~eJV)")LL?\VI'll'lJ~Uvi 6 

\J1f1U'I!'l-llL~tl'lm1lJL?1()fJ'l'UeJ'" oxetinPNA d~")'ih,\JlJ(;fv..)P1m:ll?1.rn"l::~L 'l-llJl::?\lJlutll'l depro tection LLI'l:: 

cleavage 'UU") o xetinPNA hUJ l!i1fJ'I'Iui1?1m"l:: 25% tert-butylamine, 25% MeOH hnh 60 °C LU'lJL"lm 2 h 1""~1'l 
~~nilfl1'l1i 1:1 aqueous ammonia:dioxane ~ 60 °C overnight mjl'lL~'Ul~-U(i1 LL('I::.rn"l::vhm'Ufl1'lvll cleavage 

'1Jv~ PNA vvf1'\llfl Rink amide resin fltltll~Hi?11~('I::mtJ 50% TFA llJ (H2Cl? lV1vvlllU'lJ'leJu'll'l:: 2 'lJ1Vi lnuLlumU'U 

fraction viCl1lJl'lm"llJb,ml:: fractio n ~'bjij tll'l?1 ('11 V1111 VI~ tllJ f11'l?11'l1 CJvllLy; tJ"lb~ f1utltJlJ1vhIt.1'IJ~ ~VI~\liv~1 tJ bYlfl\Jfi 

re verse phase HPLC :5"ll!i1fJilld'\l::1~ oxetinPNA ~U~ClYl~ L!iltli} iso lated yield LWV 'l 1.2-1.3% mh'l1':inl111lJ 

tJ~lJ1 ruYhD'lJLu~ bLtJfl1~~u'i1L'fl tJ"l'Wv~u f11'lYl!il?\tluf11'l~'lJfi!il :,j'B "l ai'lJ ~'lll?1!i1"lllJ\ll1'll")vi 2 

http:2-ADP.10
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Base i?:ase
Base 	 Base ~ 

: O'Ho H 0 ...,\/ 	 0 
H N ···.VN•. ~ If ---- H O·..f '~" A ····'Ir'" 

.\"N,.~ II L)" 1+\ ° ° 	 _\"N...~ ~ \I-./-( 0 ° L)"O 0.....A O,®o ...... H 	 LbO ~ OH 
Base ~ase 	 ~ase 

'0 	 ~ase "O./jOO~ N "" 	 0 (-~~ .. \'"H \ 
• H N ··~'rN.. 1.. 1r ---- H N '''1<.0 ~S\.l, 

.\-N,··cfo (0-.i1H~'O 0 _\"N,.. ~ N OH.ID 


~. LbO H H 

H® 

~:ase
®H+0
Base Base


' ° (o~N ...•'f\----. 0' ° (Oyo ~ase 
- H 0N ...1<. /-\~OH b H N ....~ /-\_ + 0 
.\-N'•. ~ N OH _\"N'.. ~ N OH N ····,jfY° H 	 a H H° 	 °o 

Entry DNNRNA sequence 
a 

Tm (C) 

oxetinPN 
Ab 

~Tm (C) 

oxetinPNA 
a..: 

Tm (C) 

acbcPNA 
d 

~Tm (oC) 

acbcPNA' ct 

comment 

1 5' -AGT GAT CTA C-3' 46.3 66.1 - Com. DNA 

2 5'-AGT GAT CTA C-3' 46.1 - - . Com. DNA 

3 5'-AGU GAU CUA C-3' 31.3 - 58.2 
. 

- Com. RNA 

4 5' -AGU GAU CUA C-3' 30.3 - - - Com. RNA 

5 5' -AGT GeT CTA C-3 ' < 20 >26.1 39.8 26.3 mmC DNA 

6 5' -AGT GGT CTA C-3' < 20 >26.1 36.4 29.7 mmG DNA 

7 5'-AGT GIT CTA C-3' 28.1 18.0 46.6 19.5 mmT DNA 

·PNA sequence ~B H-GTAGATCACT-LysNH2 (no N-terminal cappin~) 


t"fIll::1'lJnl'}~m=ll Tm: 1.0 I-Imol PNA, 1.0 I-Imol DNNRNA, 10 mM sodium phosphate buffer pH 7.0, 100 mM 


NaCl. Heatin~ rate 1 VC/ 1 min. 


( Tm(complementary) - Trr,(mismatch) 


jm'lYl~~eJ~-dei'l~B ':l'il1n Org. Lett. 2012, 14, 1440-1443. ~Ylmm~n'U N-acetylated acbcPNA 1'lJ".f\ll::L~tnn'lJ l~tJ 

1~iin1'lEhJiJ'lJLL~T:h N-acetylation '!JB-l oxetinPNA hici-l~(lliieJrh Tm eJ~l-lii,rmh'lq) 


~(ln1'l'll~(lB~l'lJmn:J'vt 2 LL"'~-l1"'L~'lJ"h aocPNA iimllJ"'llJ1'l()l'lJn1'l~'U1jQ)nu DNA LL~:: RNA ~J1mJnll 

acbcPNA lJln 1vlEJnl'l~'U1j(i1eJ~fl~LL"Q)~fllllJ~lL'Vil :: L'ill::'il-l~"'~~~'il::L~'lJ'lJl'il l flril~(l1iil~ Tm ~(lV1"-llJlnfl':h 18°C 
u 

"l., -rU mismatched DNA ;fi~1nI\'LAtJ;jnU acbcPNA L~eJ~'illm_b::~Yl5.f\l'Vi'!JeJ~m'l~tJ1j~hj~ U'l ::fleJ'Un'U'Uq)'VI1 Yil-l vhu 

LYlA~fl1'lJfll':i~,m)'n::~ aocPNA 1'lJ\J"'hnCIJ:lJ1fl ~-l1lJ1(9)?in1!l1?1l.J1J~<i11'iJLL 'l-lm::v11LLUU1:0~1L'Vil::L'ill::'il~';BhJ 'iJ eJ n'lnn-d 

iJ;jHi~llJlJeJnu LL":: 'If'\'~'l.i1~\J l:U'll-lf'lfll'iJ Jllfll'lllLflii flCIJ :::1VltJlI'l1?\(il1 ~'Wl(1~n'l(\hml1VltJl~tJ L~eJ An1!l1 

LLtJ'U~l"eJ-lllJ l"~"'UeJ~ (25,35)-3-amino-oxetane-2-carboxylic acid (AOel l~m"''lJ8r11 B5U ''wilv1lLlJnl''j L~lJ 
eJeJf)'Sl'il'lJeJ::(I)eJlJL.011tJ1'iJl~LLVll1..l~~l<i1f1(i)All1JL?I~tJ"j'tm~ PNA-DNA duplex ,,~riu'iJ.ol~lJ1n l~tJ~f1m"jfll'iJlCIJlL?\(i)~l", 

Li1'iJilfll'H~lJ€lBn:nL'ilwih1U'il::vil1""~Lml1..1'!JB~€leJf)~ lVl'lJlJt\f11!1C1J:: Ll U'W'll'U fllll '1llfl" i:JllVl'W LLf1~"-l r~f11 'lXlj1J torsinal 

'1JeJ;j NH/ CO lJrilL~lJ';'lJ'illf)U'l::lJ1ru 95 a 'll~1n I\' LfitJ~ n'\J fil~l"lJl::"lJ11..1 PNA- DNA duple/ flflltJLtJ'iJ > 100 0 lmJ~1'iJ 

I 
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1'U~l'U'Utl;] aocPNA ~.:jV1lJ~ ;~LUtle.J~~1'U~llJnuLA,)':) n1'iW~'U1B'ilil~ tlm'r'lVl1;]lVlu1ml'l~1(\1V1~ul~ fm~ ~ ltJ11'11'U'Utl..:J 

'U1EJD'Vl'lLnU'i&i LL~'Ufl~"l'U M-rU~1'l~~lJ~m\'1Q 

5.0 v "';-" ~!,", ~ i'-- " if ' ~:., -, ... · · .. n1'"!iT'""'~~ r."' .. f -:- ·I ' - 'J ' •. 	 -_- 1. 

C ".O~-s: r..: r 
~ J.O ~'" 
'" <;: 
c 2.0 ;. 

j :o ~, .. ... , / // . ' .. ~ 
'" 0.0 L~:::'>_~~!::'~~d.';~~~_k,.~j

80 90 100 1HI 1]() 130 140 
To' siM.11 Anglo (dog,ee) 

(a) (b) 

~tl~ 7 (a) LL'U'U,h~tl-3LlJL~~~'Utl~1'llLfl~1JllVI'U {'U'U) LLrl~ tltlf)'liLYl'U L'Uv1Til~m'ULltl:a~ (~1-3) LLrl~ (b) t-Jrlf)1'll'lTtfHU 

'r'l"~;]1'U'lJtl~1'llLArl1J1LVI'U (l~'U~1'i'1) Llrl~tluf)'liL'Vl'U l 'Uv11udJ1 'ULLu:a(jl (l~'U~LL~;]) ~dJ'UY1~r\i'Unu torsional angle 

2. 	 Pyrrolidinyl peptide nucleic acid with positively charged backbone 

'l1t1%fJl'Ui;hu,i;,jil~~'U~(jI'UtlUAtl 1'I1.'il(i)'l'lfl "'In'r'l'r'l{tllJ ll~~ ~').liL'Um'i 'Ul~lfJ ill~tlu'j~i1;]r1l~m1'llm1~~
v ~" 	 ., 

pyrrolidinyl PNA viil hydrophilic modifier LU'UV1l,J1tJ\1\'ltlf);" tldJL'U V1~tlV1~nlU~L 'U ~L~tllJ~tln'ULm.:j~~1~v!"f)'/Jtl,j 
acpcPNA ~1'UV1~ LLtl"fi"VI~tl polyethylene glycol (PEG) L~ fJtl11'1fJui) n~ tJ1~~f)Yh~ LLtl" ~m,,-u\J'U'UYhB'U Ltl~~~L'tJ'l 

~lU 3-aminopyrrolidine-4-carboxylic acid (APC) spacer (apc/acpcPNA) L~ui1l{J1v!lJ1m~tl1V!'1v1YhB'ULtlvi,,~mtlJ1 
h)~;'U LL"~ tl1'il ~uv~ n'U ~L5'U ltl1~LL~.:j LL ').:j~'UL~ v;]'il1 nLL ,)..:J~.:j ~~ 'i~ Vr:l1.:jLJ'i~ 'ilU1 f)'U'UI'llU'Uv~YiLB'ULtlnutl'i ~ 'il~'U'tJv.:j~LB'U

v' 	 , 

Lv 5m~~VI~~ihJ'i~'ilUl f)fJ.:jV1'il,thu1~Y1LB'ULtl"'11mml1loii1~L'lm,,1~5fl~lU
" 	 . " 

o 0 
Base 

N 

O==!.. HN o 
N
\ nn 
y 

x =CH 2 : acpcPNA M odilied-apcPNA X = NH : apcPNA 

\~O~R 
n 

1 : A2EG ; n = 1, R =NH2 9:AE ; n= 1, R=NH2 

2: A3EG ; n = 2, R =NH2 10: AB : n =2. R =NHz 

3 : A4EG; n=3,R= NHz 11: HE ; n = 1, R =OH 

4 : H2EG; n = 1, R =OH 12: HB ; n = 2. R =OH 
y= 

5: H3EG ; n = 2, R = OH 13: G8 ; n = 2, R = Guanidine 

6 : H4EG ; n = 3. R =OH 

7 : G2EG ; n = 1. R = Guanidine 

8 : G3EG ; n = 2. R = Guanidine 

~tl~ 8Lrm~{wdv~ backbone-modified acpcPNA ~~.:jbfl~1~\1hm'Ul~tJ,i 

?qtl..:J1t11~uvi1vl'lhlJ1~~\1:U~~€Jf)1~~-l Lfl'i1:;'I<I acpcPNA ~~n~vmLJ')v\"wVl~ hydrophilic modifier (l)1~1 ~,j 
bb6W)~hmJ~ 8 ;)1'Ul'Uvt~lLm 1-3 Vlli\limnuY1LB'UbB LL"dJii'lr)1,'I1f)1'j ~tJ1J!iln'U ~hB'ULV ~,j'W'Ui1fl11:U"'1lJ1'ltl1'Un1')~'U1J~ 

v 	 " 

'Utl~ acpcPNA vie-J1'Ufl1'j~~Lltl'l~lU hydro xy-terminated PEG 'il~1n"'"AtJ~VI~mHi)"~"~rm~mJViJL~tlLYitJ'Un'U 
acpcPNA ffilJ1v'(iJfl1'j~<;)lL\.l'i LL~~L5'ULv~~1'Ufl1'ilii'(i)LLLJ'i~1(J amino- Lb"~ ~uanidine-terminated PEG 'il:::iJm1lJ 

"" ~U'j b~lJ~'U I.V1 Ufl1'i l ~lJ~'U'Uv~ T'fI \J~ l u'U 1LJIi11:u'il1'Ul'U'Utl~VI~~~!il Ll tl'i LL"~'il~"(i)"~b~vm1lJl-ii:u-ii'U'lJv~Lfl~tl ;~ 

http:To'siM.11
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b~'UmL'U:n'1fl11:WL~CitJ'lYiL~:W~'ULnVl'illnU'l':] m::Vl1vn.:]1vHh~C)Vl'IJu·rl-Uj NH2 LLrl::\1l-i 'Suanidinium ~.:]ijtJ ':l::'ilUlnmV1~"" , 
n1,):: 'U u~n1'l'V1 Vl rl u~ flUl-l~yjemLyjVl'Uu-l~LB'U Lu~.:]ijLh:: '!rlU LVltJ1'U'V!nmruir~u~Q)~ml:W~lL'In::L'ill:: 'il~viunl':l~UVVl flU~ 
~ ~ d d 

Lu'ULU'Vl~-l (m,)l-l'Vl 3 LLrl:: mn:j'V! 4) 


Vi1'jl.:]it 3 L~Ciu'H)'')'Y'jl'Unl'j~UVVl''i::'''''11-l backbone-modified acpcPNA flU DNA 


Tme.i !).Tmi. ;Modifier mJz m/z
PNA Sequence (N ~ C) 

(X) min" (calcd)b (found)c (0C) eC) 

PNA1 Ac-TITTI"YJTTTTT-LySNHz none 36.2 3180.4 3180.3 71.7 71.9 

PNA2 Ac-TITT1NXlTTTTT-LysNH, A2EG 34.6 32675 3268.3 79.7 +2.0 71.9 0.0 

PNA3 
(NX) 

Ac-TITT TTTTT-LysNH, A3EG 35.2 3311.5 3309.5 78.7 +1.0 72.9 +1.0 

PNM 
(NXI

Ac-TITT TTTTT-LysNHz MEG 28.9 3355.5 3356.0 78.7 +1.0 70.9 -1.0 

PNA5 
INXl 

Ac-TITT TTTTT-LysNH, AE 31.1 3224.4 322B.O B1.9 +4.2 73.8 +1.9 

PNA6 Ac_TITT(NXYrn-r-LysNHz AB 31.8 3251.5 3250.3 79.7 +2.0 71.9 0.0 

PNA7 
(NX'

Ac-TITT TTTTT-LysNH, H2EG 34.8 3268.4 3266.4 71.9 -5.8 6B.0 -3 .9 

PNA8 Ac-TITT(NX'TTTTT-LySNH
2 H3EG 30.7 3312.5 3314.5 70.9 -6.8 67 .1 -4.8 

PNA9 
(NXI

Ac-TITT TTITf -LysNH, H4EG 36.5 3356.5 3355.5 70.9 -6.8 67.1 -4.8 

PNAI0 
iNXJ 

Ac-TITT TTTTT-LysNH; HE 32.9 3225.4 3228.5 71.5 -6.2 67.0 -4.9 

PNA11 
(t"l}ii 

Ac-TITT TTTTT-LysNH2 HB 319 3252.4 3253.5 71.9 -5.8 67.1 -4.8 

PNA12 Ac-TITT(",x'TTTTT-LySNH
2 G2EG 29.8 3309.5 3313.4 79.7 +2.0 68.0 -3.9 

PNA13 Ac-TITT(NXITTITf-L ysNH
2 G3EG 28.6 33535 3351.6 79.7 +2.0 70.9 -10 

PNA14 Ac_TITT(NX'TTTTT_LysNH, GB 33.2 3293.5 3293.6 BO.6 +2.9 72.9 +1.0 

PNA15 Bz-GTAGA"rx'TCACT-LySNH, none 29.9 3621.9 3619 .5 57 .4 51.5 

PNA16 Ac-GTAGA1N''TCACT-LySNH, A3EG 29.2 3690.9 3691.3 63.2 +5.8 55.4 +3.9 

PNA17 Ac-GTAGA(NX'TCACT-LYSNHz AE 29.6 3603.8 3604.7 65 .4 +8.0 58.4 +6.9 

PNA18 Ac-GTAGA 
1NX 

)TCACT-LySNH2 AB 25.2 3630.9 3628.1 66.1 +8.7 58.3 +6.8 

PNA19 Ac-GTAGA1''''TCACT-LySNH, H3EG 29.4 3691.9 3690.8 56.4 -1.0 53.5 +2.0 

PNA20 Ac-GTAGA(NYJTCACT-LysNH 2 HE 29.8 36048 3605.4 58 .7 +1.3 54.2 +2.7 

PNA21 
(NXl

Ac-GTAGA TCACT-LysNHz HB 29.1 3631.9 3629.9 59.3 + 1.9 53.5 +2.0 

PNA22 
INXl 

Ac-GTAGA TCACT-LysNHz GB 29.7 3672.9 3671.0 67 .1 +9 .7 58.3 +6.8 

PNA23 Bz-GT(,rx'AGA1NXlTCA"/X 'CT_LySNH z none 28.5 3623.9 3617.2 60.3 52.5 

PNA24 Ac_GT(NXIAGAINX'TCA,tJX)CT_LysNH, A3EG 27.0 3954.7 3955.9 7£1.8 +14.5 63.2 +10.7 

PNA25 Ac_GT(J·rxIAGA'''X'TCA'NXICT_LySNH, AB 29.9 3775 .2 3776.9 7B.7 + 18.4 65.1 +12.6 

PNA26 Ac_GTi"XIAGA~NX)TCA' t'X!CT_LysNH , H3EG 28.5 3958.0 3958.4 58.3 -2 .0 53 .5 +1.0 

PNA27 
{NX ; (NXl tNX)

Ac-GT AGA TCA CT-LysNH, HB 27.4 3778.0 3779.2 61.2 +0.9 54.4 +1.9 

PNA28 Ac-Gr""1AGA'"''TCA'''''C T -LysNH, GB 26.9 3901.1 3898.6 7B.7 +18 .4 66.8 +14.3 

PNA29 Flu_GT"'X'AGA(NX'TCA'NX1CT_LySNH, H3EG 30.9 4274 .3 4274 .9 50.0 -10.3 110.7 -5.8 

PNA30 Flu-GT1NA'AGA:NXlTCA"""'CT_LysNH, A3EG 30.7 4271.3 4271 .8 67.1 +6.B 56.4 +3.9 

PNA31 
(N):) ("JX) !tJX)

Flu-GT AGA TCA CT-LysNH, HB 30.3 4094.2 4095 .9 53.5 -6.8 11B.6 -3.9 

PNA32 Flu-GT';·" 'AGA,NX'TCA,,·rx'CT-LysNH; AB 30.6 4091.3 4089 .5 70.0 +9.7 57.4 +49 

PNA33 Fl~-GT"'X;AGA'~X'TCANX 'CT_LySNH2 GB 29.6 42i7.3 4217 .3 68.0 +7.7 56.4 +3.9 

"HPLC conditions C1B column, 4.6 X 150 mm, 3 p, ~radient 01% TFA in H,G:MeOH 9010 for 5 min lhen linear ~radient to 

10:90 over 30 min, flow rate 0.5 mUmin, 260 nm 

"Average mass of fJ + H' 

'MALDI-TOF 

dlsolated yield after HPLC purification, spectrophotometrically determined 

cWith complementary DNA (dA9 for PNAI-PNA14; dAGTGATCTAC for PNA15-PNA33) 

'Conditions: 10 mM sodiurlrphosphale buffer pH 700, 0 mM NaCl, [PNA] = 1.0 ~M and [DNA] = 12 ~M 

i!).T", Tm(modified PI~A) - T",(unmodified PNA) Unmodified PNA refers to ape-modified acpcP NA (X = none). 

' Conditions 10 mM sodium phosphate buffer pH 7.00. 100 mM NaCl, [PNA] ~ 1.0 pM and [DNA] = 1.2 pM 

I 
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d .. .... 6:# , v d ... " c».; 
VlI":iI'l'Vl 4 specificity 'Utl~fll'j\JUEJm::"11~ backbone-modified acpcPNA fl'U DNA 'Vlfl11l.Jl'Ul.J'U'UlmlVmLl"::~':] 

o mM NaCl 100 mM NaCl a 
PNA Modifiers (X) 

Tm tC)b llTm ee)c Tm tC)b llTm CC)c 

PNA21 HB 59.3 53.5 
+ 1.9 +0.9 

PNA27 3xHB 61.2 54.4 

PNA19 H3EG 56.4 53.5 
+1.9 0.0 

PNA26 3xH3EG 58.3 53.5 

PNA18 AB 66.1 58.3 
+12.6 +6.8 

PNA25 3xAB 78.7 65.1 

PNA16 A3EG 63.2 55.11 
+11.6 +7.8 

PNA24 3xA3EG 74.8 63.2 

PNA22 GB 67.1 58.3 
+11 .6 +8.5 

PNA28 3xGB 78.7 66.8 
" •.\Xl (NX) ItIX: (NX)
PNA sequence = Ac-GTAGA TCACT-LysNH2 or Ac-GT AGA TCA CT-LysNH~ 

tConditions: 10 mM sodium phosphate buffer pH 7.00, 0 or 100 mM NaCl, [PNA] = 1.0 ~iV1 and [DNA) = 1.2 

~tv\ 

c6.Tm, T",(triply-modified PNA) - Trn(singly-modified PNA) 

VlT'i1'lY1 5 fll'1)Ji'l1lJ1'j()1'Unl'j"::rmJ'lJv~ backbone-modified acpcPNA ltl~[J'ULVi[J'Utl'U acpcPNA ml.J1~~I'Unl'j 
(i)l'mtl"~Lfl'i~i'l11~ 

Saturated 
Saturated 

PNA Modifier (X) 
concentration (mM) 

concentration 

(mglmL) 
a 

Unmodified
 

PNA3 


PNA6 


PNA8 


PNA11 


PNA14 


A3EG 


AB 


H3EG 


HB 


GB 


33±0.2 


59.6±2.4 


>12.0±0.2 


64.1±0.5 


31.8±0.9 


> 13.3±0.4 


10.S±0.6 

197.4± 7.9 

>39 .0±0.7 

212.3±1.7 

103.4±2.9 

>43.8c: 1.3 

' unmodified acpcPNA; Ac- IIIIIIIII -LysNH2' 

l.mmnfli1u~lvl~r\,\~lmll.J?lllJl)()1'Ufll)"::mtJ'Uv.:] PNA ~ij hydrophilic modifier 'Y'l'\.J';llfll)"~lJ'VI~b" 'hi1LL:1j' 
L¥l[J-l"l.iL~tr'l1'Ull.JLtlfl"'Utl-l~LB'ULVYilhh(i)'UL'U"L1J'U Tn n'tllu1~nl,)tl :: "'EJ1.j'L~lJ~'U~;lflil 10 LviI (,nn:l'v1 5) hl"::U~lli1 

'" " 
~n'l!llfll'il'ii1~L'1l"ii'Um modified PNA (L1J'U~I'Ui~EJ~llJnU 'i~. vr:U)1[l\'1'j 1-\j'IJL1'IJ 1 ~~L~e:J-l f1lfli'UILfllJ flru::i'Vl tJll'lli'l1i11 " , , 
\JVlltl-lmrul.JvlllV1[JIti'tJ ll":: 'j Pl .m .iS'UlnVl'i tlltlfl:: Jl11'l1'U1\J":U-)1'Vl[Jl f1ru::1V1tJ1P11?l1i11 \JVlltl-lmrulJ'VlllV1t.nti'[J) 1l;w , " 
lvlL~unvl1LL'VluYi,j,1t1~mnAe:J acpcPNA fI11l.JtJl1 10 L'Ui'lYiii~I(i)UL'Ui'lt.J"l.J GTAGATCACT Yir.il'Unl) modify vl-W R = 
-(CHJ aOH, -(CH2)aNH.. -(CH2)aNHC(=NH)NHz, -(CH,CH20.1CH 2CHPH, -(CHLCH20)2CH"CH2NH,:. 

(CH:CH20)2CH2CH2NHC( -" NH)NH, LL,,::&iVlQtllm~tl-lLl~wllJtJm')~~'UYi'-hntJ(i)I'U N- 'Utl-lLl.JLtl~" ~tln1)V1(l)?lBULtB~~'U 
LVl tIL V1fl'Ufi flow cytometry LL?\\'i~1~L~Ul1Yh~'ULe:JYicJl'Un1'j(i)\'ibLtI'jll.iil\J::vll [J"lJL Ii1 ?1 IlJl,) fib .ul~l'1l~~'lJB~f)'U 

I 
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(HEK29 3T) lvi'~ n'hr'hi),.J LuvjhJ1vi' ~htJfl1"l~~L~ti'i 1~ mOl'll:: ucil.:]5·rr'hD'tJLClvj~.htJ fl1"i ~YlLLtI"lv)1Ul-1~n':l'U~;'.J ( 
, Q'i ( 1v " ,d~" tid(CHz)qNHC( =NH)NHz) LL'I::l-1l;ju::lJltJ -(CHz)aNH2) l-1~.mnT~L'UWllrlrlVl\1lVl"l\1l (~ VI 9) 

fl1"l~fn·nffivi'~L~\1I':]1~~;';tJil~lm"iC11-tlL Ylflijflfl1'i~~LLtI'i~~\ilJtJl~'tJ1 tJfl1':iI1.:JLfI'il::'" acpcPNA ~iTI<d-Ul':]LLtJtJ 
'llUtJJ1Lvi'ucil~iitl'i::~Vl5ml'l LL'I::yhS'tJLumvi'LL?I~~?llJ,j'~~Yi~tI"i::?I':]~ Lvi' bbrl fl1"illtJ 1j~ n'U~LD'tJLuUth':!bL~ .:J LL"i .:!LLrl:: 

\llLvn::L\l1::\l.:J 1\11UL~uffi'li-Ul~~:ijtl"i::\l'Ulfl\l::vh1~l'llllJ LL ~~LL 'i .:J'Uu.:]m'illtJu~'Uu.:JYhB'ULu~C1n~~ LL ti'in'U~ bBtJ LUbY;lJ~ tJ. 	 " 
\llfl~~'U8.:JU'i.:]m::vilYl1'l1YlVll?1()(J) LL~::Y'lLS'tJ Lu~C1n~~ Lb tI'i ~1tJ1<d-Ul-l~Lu'tJ n1il~tJ bb'l:: u:: in'tJ?ll1J1"l m -Ul"L'1l~rl1V)~1tJ

" 	 " 
~1 Lv.:! :a'lLU'tJfl1"i~~tJ.liltJ'Uu.:!fl1'i1.htH1'i~~ii"Yld)'tJLu1'lltl'i::~ nvi1mtJL '1)rl"viu L tJ 1\11 tJ.:JI'tJ11lU1'tJ~1tJffi~-j'Uf)1'i~iilJyj 

" 5

"'" 

h.c 	
d 

. ~ 1:;.fH) 

g I ~ on 

~111J1l 
~ 'I .Of) ... 

Ill> 

(A) 


(B) 

'itl~ 9 LtJ~ UUb YiUtJnT'lL-tllb'1l"t; HEK293T 'Uu.:Jiift'i~~ii"~~1'tJm'i~YlLLtI'i~ltJl-1liLbYltJ~LbtJtJ1!l1~'iYJ~nutJ1fl).:J?lh:n,'~n
" 	 " 
3 ~ILLl-11.h l\11tJ~l~'UL'U?I'Uv'lYlLDtJLvffii;)v Flu-GT*AGNTCNCT-LysNH2; • ;)vt>hLLVlti.:Jvj~n~~mtJ'i (,:)l'llllJVllJltJ'Uu'l 

'i~?lLL~Yl':]n1'i~~LLtl'iltJ~'ll~ 8) l~ULVlfliifl flow cytometry (A) u,,::m'r'lri'1tJ\l '1 n confocal fluorescence microscope 

'Uu'lL'1lm\~~l'tJnl'i incubate n'U PNA33 ~~nl'1Y1LL'll'i~ltJVI~ -(CH2)aNHC(=NH)NH2(nm'l) LYiutJntJYlLB1..JLuvtllJ1~\ln~V1 
bL'll'i ('011) LLrl::,j'y.JLyJu4 ('Ul1) 

3. Pyrrolidinyl peptide nucleic acids with dye-modified backbone 

.:JltJ11lU1tJ~11..1.aLUtJfl1 ':l ~IilJ'l.nYl LD'tJb u~~~O"l f)L~ v-lLL~.:J~~llJl·i() LtJ~ fJ1..J Lb tl"'ln '1 'i b~v'lLL~'l~(;) vU?ltJv.:Jwlu nT'i 

Li'iV11!l'U~~'l::Vlil'lYlLS1..ILuntJ~&ULu 1Y1tmu.:JLu'tJ 4 <1ltJl'1.:J.a 

3.1 	Pyrrolidinyl peptide nucleic acids with Nile red label 

~ Q<nm~u'lbL~.:J(i)lbb'invtl~PimnA8 Nile re~ ;.:JL~tJ~vUlJltJn~lJ benzophe~oxazine vtll~unl':iLtI~U1..JLb'll"~ 
v QJ 0 	 ~ d 0::.1 V IV .... 13 6 d ""'.". l1:li a c::>I Q. 'U. d " 

?I.rn'\"l'Ul'Uu~mYll,,::,nEJ (solvatochromic dye) VlL iJtJVI':j\lnfltJ~ lJ~l"1n'l'11~bu'UbvVl(i)(i)tnnnmtJ Nile red bL"~~fJm.l 

~'tJbmilJL~f.nn1JL'li'tJ Nile blue /)t1th~71(i)fJ:ijn1'i&i(i)Qrll~1'U".itlLbtJtJvi~~" ntJ b'litJ ~Vlut1tJtJibl'lmmu?I wlvUVl'U~tt-)f1~
, 	 \J v I \J 

1mtJ?\ VI~uvivntJ1f1'i ~VI ~n'U 8~~iLStJbu Vlnmru1li'r'ltJ nl'i LtJ~ tl'ULi tJrl~ n1'i L~ V.:J bL?I~u t11~ij,1EJ6'hri'lp :;Vlil~~iLS'ULum tJ L~ EJ'J 

Lb"~b~mu'tJ?llU~ LlWLwl\l::l-tl~l:i.1l1'Uomm~u~LL?I"''Ilil(i)~'ULutJ Energy transfer pairS ut11~bn(;)1lJyhStJlv:WMnl'ltJ'i~~ 
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lL"::flB'UV'JBi LlJi'U~LL~ n ~1-l\l1 n~ LB-U Lv ~-lJ'U~'1ijml~ LtJ'U1tJl~~yhD'U Lvvl~~ 0 ,,1 n~.:J mlTJ \l:: LL"~~"~~ L:a.:J LLl'I.:Jvl 

LL(ilf1~1'1\l1 f)~LB'U Lv 

~1'Ui~m~lJ~'U\llnm':iG1.:JLml::~ Nile red vi~~LLtJ(\.:Jl~tJf11':iL~~"'~ proparsyloxy yjv11lL",U'I 2 \llmr'UlhltJ 

rfirWUl n'Ul~L"~(\'UB'I acpcPNA yj~n~~iitJ".:Jl~tJf11':iLLVllJyj ACPC VltiltJVI~~Ii1'H.J APC ~.:Jv::vilh,ij1l11 Lb ",ti-:J'lJtl-:J 

1lJ1m LvlJv~(;lv~vtJ1'Ulm;j"~I;jVl~n lliltJvlf'1tJtJlln1tn1~nViy.J iiB"~'H"i'U -fl~n yjf)CilJi~EJ1~~lilJlJl~'\Jfiu'U"'~1~9 ~.:J 
Lb(!IiI;j1'Unl~ 10 Ll"~l~G1'1Lml::~yhDlJitlyj~liIomn Nile red vi(;l':i'ln"I'1"IU~'1"'lJ\1l 5 ~\jlilvl'lLL"\1l'lllJ\J11':il'1yj 6 

" 

D""': N":&:~

K2COJ • DMF 

Et2N 0 0 ~ 0 

Base~ Base.. Base Base Base Basil. 


, 0 0 0 ~O·· 0 1) N3(CH2hCHO '0" 0 ~O 0 '
'' · '0 0
0 ,..~ ... .. ,~ .".1~ NaBH3CN. AcOH J .. ,,~ ... ~ .....1J t;!H N t;!H N ~H N .1'.... ~H N NH N NH N J....

if"o H~O QAo if"o ~o QAo2) 1. Cu(l) cat 

@
\~N3 (l(NEt2azidobutyl 


. N::=N N~ 

nile red \~N~OyYYO 


~ 

o 

~\lyj 10 f11)G1;jLI'l':il~~ proparsyl nile red (1) LL"::f11 )~\1l0"ln Nile red 'U'U~LBlJLB1IiIEJlfi sequential reductive 

alkylation-Click chemistry 

d 0 IV '" ~ """ ..,J v 1.%.qI oQ

1'I1':i1..:JYI 6 "IVl'UL'U"LL,,::'Vm.mLOYn::'Uu.:J~LUlJLUYW1IiIOmn Nile red Vl".:JLI'l'.il::",'UlJ 
d e " mlz mlz

PNA sequence (N to C)" tR (min)b %yield 
C 

kalcd) (found) 

10mer-Nr GTAGA(Nr)TCACT 33.6 6.3 4157.5 4155.1 

llmerAA-Nr CATAA(Nr)AATACG 34.2 18.5 4491.9 4491.1 

I1merCC-Nr CATAC(Nr)CATACG 34.6 11.4 4443.9 4441.8 

I1merGG-Nr CATAG(Nr)GATACG 32.8 15.2 4523.9 4523.2 

llmerTT-Nr CATAT(Nr)TATACG 34.3 8.4 4473.9 4473.0 

aAll sequences were end-capped at N- and C-termini with N-acetyl-L-lysine and L-lysinamide, respectively 
b 
HPLC conditions: C18 column 4.6x50 mm 3 [J, sradient 0.1% TFA in HzO:MeOH 90:10 for 5 min then 

linear gradient to 10:90 over 30 min, flow rate 0.5 mUmin, 260 nm 

(Isolated yield (determined spectrophotometrically) after HPLC purification 
d + 

Average mass of [M ·H] 

cMALDI-TOF 

~dilJLU~~~O"ln Nile red LLi;'1~-:J(!)'J'u~ solvatochromic fl6'il1A€lijnTiL'\J~CJ'ULLtJ"-.1ml).JVllA~lJ'Ui).:J AM", 
lu absorption LL":: fluorescence spectra iillu~IWd'U ~L5lJbU lOmer-Nr l'U 10 mM sodium phosphate buffer 

""IiI.:J Aab<LL":: AP"n €l~~ 575 LL"~ 656 nm ~llJ~IV)'U L~V"\>l~''U€l-.1l~hvh,,::''mJlIi1EJf11)L~~€l~~1(;ll'Ul(i)'i~ v::vhl~~-.1 
Aab< LL":: A,,-n L~u'UltJl'UYli'1Vll'1~iif\ll).JtJl1fl~'U~lJ~-1 (blue shift) lJ1f);fi'U(i)1).J(\'1~'U (20% MeCN Aa!) 592 nm. 
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"'em 654 nm; 50% MeCN: "'ab' 569 nm, "'em 647 nm; 100% MeCN: Aat, 544 nm, Aerr 634 nm) LL~~L~ill~L';;l~ 
n'U&iL~hm) ')'j'U'"i110mer-Nr iJn1'iL~il~LL",~viL~lJ't1lJ~lnl\J"'fn'WviLi~hJ"'lVL~e.r:n_h~lJ1ru 36 LLl1~ 72% ~l'V1~'\J~h€hHtlvi 
LU\Jri"'l.HLildhh~'UL'\.J(I~V'lhJ 1 vllLL'VIti'l V'lllH~l~'U (m'll'lvi 7l1Ii\vl\Ji~"'il.:jn·H\jiJnl'Hnli\ blue shift 'Uil~ 

" 
fluorescence spectra th~lJ1ru 10 nm ~~vitil"'\JhAm~il~iL5\JLilijL'U"'Ln\JlJ1vhlViLnV'llfl'i~"'{1~viL~vn11 bulged 

duplex ~::yhl~n1'iL~il.:lLL"'.:jL~lJ~\J()'1d1il'U 3 Lyh lli\v1li;;Jln\,r)lL'U",viLn\JlJl\l~LUlJL'U"'il::'b n1'lb~il-:JLL"'-:J'Uil~ Nile red 

viL~lJ~\JlJ1mj'L"'lJilLLlJdl~'":mfnn Nile red LLmnL;h1tJv~1\J,b\J'Uil.:j bulge ~ ·nh1~Lilli\ hydrophobic 

environment
lG vivhl~ quantum yield 'UmQ~ln Nile red L~lJ~\J LLmanV'l blue shift 'Uil.:l fluorescence spectra 

1tJo.:) 13 nm ~1\Jl\Jm&'Uil.:)1v'U~li\n'U~&uLilviLUlJl'i"'lJ Nile red til\l::LLVl'in~1mnlJ'U~L1ru groove 'Uil.:l PNA-DNA 

duplex iltJl.:J1'inll11lJ n1'iL~il-lU"'.:Jvil~lJ~lJl\Jmru'Uil-l" complementary lLil:: bulg:d duplex J\J;lJil~n'UR1\11'UL'U"'vi 
il~-Ul.:jlfiv.:Jtii'1V ((i)l'il~vi 2) LLiiln1'iltJ~VlJLltJl1-l'UeN "'em 'il:atJlJ1tJllJYi?1Vll.:Jl~V1n\JL"'lJilAtl bul'Sed duplex 'il~Lnli\ 
blue shift mnn11 complementary duplex ;.:jLUtln1'i~\JcJtI·:h~'1lL1Y1~mJ'Uil':)Qfl1n Nile red lt1i~"'il'lmru,j' 
lL(i)n~l'1nlJ vl'lJlJ'tiL5\JLilvi~Ii\Oillntii'1t1 solvatochromic dye L'Ii\J Nile red ~'1ij~nvm'W1\Jn1'i1.111utoVLutll'W'i'U~1'V1~'U 
~n1:111f1'i~"'{1'1'Uil'l~l5\Jlil1tii' ''l1\J1\J~1\Jffitii'~'Unl'l&i~lJyhL~111 

d v """"'" .... a
lill'll'lYl 7 'UillJR Tm LL~~"'lJ'UI1lL'U'IlL"'.:I'!Jil'l Nile red-labeled acpcPNA 

d e
PNA DNA (S' to 3·)b Tm (oC)e A.ab, A.em (/JF FIFof 

lOmer-Nr none 575 656 0.11 

AGTGATCTAC 58.8 (56.9) 598 647 0.15 1.36 

AGTGOCTAC 37.5 (367) 585 648 0.17 1.72 

AGTGACTCTAC 46.9 (52.0) 589 643 0.29 2.91 

AGTCGATCTAC I'iD." 591 648. 0.14 1.16 

AGTG(CTCTAC N . D . ~ 585 648 0.17 145 

I1merAA-Nr none 598 657 0.15 

CGTATTTTATG 76 .0 600 651 0.23 1.55 

CGTATICTIATG 74.7 593 645 0.33 2.34 

I1merCC-Nr none 594 656 0.08 

CGTATGGTATG 67.4 594 640 0.19 249 

CGTATGCGTATG 712 598 644 0.l3 1.79 

I1merGG-Nr none 599 660 0.04 

CGTATCCTATG (623) 599 655 0.15 3.27 

CGTATCCCTATG (623) 599 652 0.10 2.46 

IlmerTT-Nr none 588 655 0.09 

CGTATAATATG 76.6 602 654 0.19 2.05 

CGTATACATATG 76 .0 590 646 0.29 3.44 

"All measurements were carried out in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 1.0 iJM; [DNA] = 

1.2 iJM at 20°C. 
t 
Underlined and boldface letters in DNA sequences indicate the position of mismatch and base insertion, 


respectively. 


(Determined by UV-vis (260 nm) and/or fluorescence spectrophotometry (643 nm, shown in parentheses) 


"",,., = 580 nm 


·Cresyl Violet was used as a standard ((j) = 0.54 in MeOH). 

f 
F/ Fo was calculated from the ratio of fluorescence of duplex divided by the single stranded PNA at 643 

nm. 

1 


I 
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• 

'Not determined 

3.2 Doubly-end-labeled PNA beacon 

'I1tl1tI~-rUifL~ul-Uu~n\Jm~WVlJtl1 end-labeled PNA beacon l\11EJu1PiUf1l~~~uf\lm~u'lLL(1~~llJnutKltKum'!~ 
v1iifll11H'I1lJ1~()1t1f1l~Ln~ end-stackin~ n'U terminal base pairs 'Uu'l PNA-DNA duplex 1J( l~tJtln~ tl11€lUnLL'U'U 

molecular beacon probe LL'U'Uv1~~omnl1u~'11i}\1IlllLUtI~~tilu~1~f1l'i:ilml~tKl'Uu~Onlf\,x~(lv~1tilY'I~'Uij(l'i~ LLn~Lrt'i'U 

v1LnV1nl'i1,,'U~1~'1ln'ULU1v!lJlmLv1f\~h:1t1t1 ;.:J~~vh1~n1'iLnvl'e)tlm n~Em~vr.h~Of\ln,x'I(l~m '1itl contact quenchin~ 
VI~u n'i~'Ultlm'i FRET Ltl~u'\.mtlf\~ltl ;~\)::~'1CJf\~eJ5~nl'Htl~tJtlLLtln~n1'iL~tl~LL(l~ 1~tJ1t1n'iru'1JeJ~~ LBtlLmJf\\)~tiltl~ 
tltln LLU'UlA'i ~(;1h:!1'I-1LUtlVb~LLn:: n't11~EJO"'f\,x~(lU~\)::~Vltl~Yltln'tJ,x~(;1U'l-U'.:j'Uu'l1Y'I~'U(I)~'1'U~ L I ruv1LnVlLUtI~1'i..lf11t112 
LLV11tim ru'lJU'IYl LBtlLtlv1~Vlo~1n L~u..:J LL(1--11VltJ~11tl\)::m.ntI(;1fl1Y'1v1W'U1J11LUtllR~'1(;1~''1Y1'11''1~Li')Vln1'i~:lJtj'(\'Utl~u(11nlJ(J(lU 

tKlL tl'leJ ~LLrll nl'ieJeJnuuu1'I-1mf1'l--1(l~l'1 L UtI'vil'1 LLn:: i,l..1~'1hhhLUti 13 LL~V.:j,hLUtitilv~iim'i~~Onln(1eJ~1J11v1tlmUJ(1t1
" 

(>1'i~-UllJntl'Utl'lllJLn~n'Utl.:JYl LBtlLtl 11N1t1lTItilii LL tllfiVlltln1~~ (l)On 1n(\ tl'l'!lDVlv1tlnlEJtillt1L~fn ntl'Utl~YlLBtlLu1Y'IJ'U LL~ 
tllI'lEJn1'i L~tlnriunlnv1L"'lJl~"'lJ mhlAtl '1tI(\J)1Yiv1 LUtI(\l fJL~tJl umn,x'l(\ tl'l\)~tlfJ"lf\rlntl~--1(\llJl~() LnVleJ1..Imn~ fJl1Jl 

lVlfJhj~tlnuflu~y.ju~LlJ'li'tlVl1tllf\'i~C1~W{1~EJflij'Uv~villYi'i'U LLn:: flll~vnQm nvilV!~'1v1il(\lJ,Jv11tI n 11LnVl end-stackin~ 
nl'iLnVl duplex \)::vll1'1-1Qmn,x'l(1V~LLtJn~ltl~f\\)1f\ntl ;~eJtlV\~n~tJlv1L"tJ~EJtlLLtl~'11tln~::~'lCJn1'I-1f\T:iL~tl'lLL(1~Ltl~utlltl 

JllfJ tK'ILL(\Vl'l1tI'iUv1 11 V!~nf\l'liflJlLRfJii~'llfJ,mJlJlriu1..lWU1ffitI'i::UU'lJu'l&iL5t1Ltlv~Ul'1 hlEJriQnlnv1~l(1U1\)Atl 
~ ~ ~ ~ 

ftuorescein/anth raquinone LL~mrffiJltJ~l:0ritltJ~l'l'jtlhun mill fitln1~L~v'lLL(\'1v1Ltl~fJtlLLtln'lltlV'Ir1 v1J.ul--1~l (1liLnu 

4-5 Lvii) LLn~fllllJlllLYil::L~1~~--1tJ.:jlli~2.4 ~:ilfJ~.:JtJ'i::tJnl'1HLL tllfi(>1\1lJl1-utUnl~WVlJ1Jl end-labeled acpcPNA 

beacon 11'1 tJl'\1 VlVl'h:h \)~1~n1~Ltl~tJu LLtln'! n~'J L~ tl~ LL"~v1.ffVlL\)1.1 LLn::il fnllJIl1L'1m L\)1:: \)~v1&i~unl11Yi 'i uv1LtJ1J~h 81.1 l tl 

N!,~ ( DNAft - 
(: = Fluorophore =Quencher 

(a) 

o 
1. PiperldinelDBU, DMF

Tfa H2N. /'-.. /'-.. Jl ~ (~. ~ ~ I( ~~~ 
2. Dye, OlEA. DMF 

NHFmoc 

o 
1. NH3 :dioxane. 60°C AQHN. /'-.. /'-. Jl ~ (C':\ 

---------------. ~ ~ I( ~~~ 

2. Anlhraquinone-2-carboxylic acid NHDye 

,PlpOTla. OlEA. DMF 


(b) 

~tlvl11 VI~nnWYh~1U (a) Un::: l'6fm"~bf\'i1~l-1 doubly-end-labeled PNA beacon (b) 

~iJmnv1L~tlmJ1rim;1fiu fluorescein (FAM) ~.:tvl1V1,}1v1btJuu""m~V~LL"'~ bbn::: anthraquinone (AQ) ~.:tvl1 
VI,}lv1LtJtI(;htK'ULL"'~ lVlfJ anthraquinone iifllllJ?l1lJ1'i()1tln1) LnVl intercalation/end-stackin~ v1Qi LVl8~1n n1~ 
optimize LI'\'J ~(\~W~~Ul1m~\)::~~;:li;nn,x-l(\tl--1\)~~Vlt,hu lysine v1tln1t1t>111Jtl::mu'Utl-l acpcPNA v1ii~1tKUL 'U(1L1]1.1 

GTAGATCACT L~tJ1~ FAM mjv1~lLLt-\~~ Na LLfl::; AQ mjv1~lLLt-\~-l Nc. V!1n~V11tl\)ln\1n1'JLtl~tJlJLLtJn~n1~L~tl~LL"'~\):;
" ~ L 

nVln.J Y1LB1JLtl~~VlunlmL(\V1'1n1~:il'UVVln'U DNA l~mlJtln~ 1(!)tJiiri1 Tm mj-vi 57.5 °c ~~ln~L~t1-lnuYlLBtlLtlm:IJ1J(&1Vl 
Q"ln 1t1?1f11'Wv1LtJ1JCl1f.1l~tJl PNA probe 'iJ:;ijn1~L~tl.:m(\':)~~'L-dtl~\)lm~V1 quenchin~'1Ju-l FAM J(ltJ AQ h1tJn1~ 
LtI~EJ'ULYitJ'U~::Vll1~ FAM/AQ-PNA nu FAM-PNA LL"V1~1'1-1L~1Jl1 AQ "'lJ1'j() quench f\1'iL~tl~mWUtl--1 FAM lJ\~.:t 

• • I,; • 

95% LLn::Lijm~lJ complementary DNA ~'l!'l!1ru fluorescence \)~L~lJ:VU\)ln 19 LiJu 365 a.u (18.8 LVll) LL~Lijvvll 

nl'JL~:IJ mismatched DNA v1~'LLV!~--1nnl~"'mLn::tl"'tJ""fJ VI~tl non-complementary DNA \)~Yi'Ul'~'l!'l!'ru 
L~:u:ffl..lLY;tJ~L~n,}iltJ (60, 7.0 LLf\:: 1.1 LVll (i)'lJ~'~'U) LL?lVl.:d1n1':iLtl~t1t1LLtln--1f\1~L~tl .m?l~LnVl:ff'\.Jtlci1-l~1L'Wl~b'il1~\)~ 

/ 
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LLm:Lu'tJhJvl1l.J"'~flrn·HltlmLuu~"n-3H ~ul1ltl-3iJrn'lL-UltiLUI'1v1tl~nVI'11mYhJ'tJ~~'iJ:;Yh1~Ln(;) end-stackins H;~ L~u 
Ltl~V'tJiJmm~u~LL~~'iJln FAM LU'tJ tetramethylrhodamine (TAMRA) n1~~.Jfl1lJYhlJu~L~Vln'tJ (m'll-3YlS) LL~~~il 
f\1'l mlnLL'U'U11~ll.m\l1offn'UiJ"'m~u~LLI'1.:M;.."mJ'lIii~l~vUiGlu'lfhu~Ci~ spectral overlap '):;wj'~iJmm~ u-3 m'1':HL,,~vl'l 
quencher 

d 4 aI 

fll'l1-3'V1 S fnf\1'lL'lu.:lLLI'1-.l'UU-l doubly-end-labeled PNA beacon 

DNA sequence 
PNA F" (a.u) Fds (a .u) FdIF" 

(5'~3') 

(AQ/Flu)-GTAGATCACT AGTGATCTAC (complementary) 19.4 365.9 18.8 

AGTGCTCTAC (internal mismatched) 19.0 114.3 6.0 

AGTGATCTA£>, (terminal mismatched) 18.5 129.8 7.0 

TCTCiCATTT8G (noncomplementary) 19.0 20.5 1.1 

(AQ/TMR)- 17.0 307.2 18.1 
AGTGATCTAC (complementary)

GTAGATCACT 

AGTGCTCTAC (internal mismatched) 17.4 84.7 4.9 

AGTGATCTA£>, (terminal mismatched) 17.6 52.3 3.0 

TCTGCATTTAG (noncomplementary) 18.0 5.0 0.3 

"Fluorescence w ere measured in 10 mM sodium phosphate buffer pH 7.0, [PNA] = II-1M and [DNA] = 1.2 

~M, excitation wavelensth = 490 nm, PMT voltase = medium. 

uti 1--11 ') n(1J 1).J LLlJWLBlJ Lu1Y'l 'l'Uvl1vl''iJ:; LL ~ (;)-.l n 1'l L~ u--1 Ll ~-.lvl Ltl~ tJ'U LL tl"--11 tl u f.i l~-rr~ L~'tJ L~ tl LVi tJ'U 'l ~..,i l .:l 

complementary duplex nuwLiilJLu~1m&ivl LLliimlmLV1f)1ii1~ 'l:;..,il--1 complementary LL(I:; sinsle mismatch tJ~ 

riu'tJ-UI.:1~' ~--11~wvu'tJ1iEf)1')vI'iJ:;'l.hv1~1'11ll1,)\l'Uunmlml(;) nlii 1~1~&i~'U~ 'iNiE 15 LL 'lnAufll'i L~).Juru"'Jljj;~ sinale 
,~ ~ 

mismatched PNADNA duplex 'iJ::~flYhmCJrim.J complementary PNADNA duplex ~qJ'lJlru~~"(;)" -'l L~lnl1 ~~e,m 
n, 'i 'Vl11l" tl~ LtJ'tJ WI ~~ 'ltll~ 'tJ 'ltlvl 12 ~~ LL 1'111l--11 ~LiI'tJ1,viuru..,.njj ~~:6'U'iJ:;~ Ill,,) ()'Uu fll'lll11 LL(1J n 1Ii'-3 'i :;..,11.:1 

complementary OU 'sinale ~ismatched DNA 1~&inl1v1tlru~Jlih~~.:1 l~vuru",.njjvlL'\IIlll:;~ll'iJ:;~lJfl'U"'W1'UL'U(\'!Jtl~,~::> , \J , \J 


d d d '" 

lU'tJLtl'Vl LflEJl'Utl.:l 

B 500 8A 

2 'c 
:J 400 :J 400 

6 0 C 6 0C 
iii' iii' ~ ~ Qg. :.c 300:e 300 3 ....................
~ 4 :;' ~ :;'4+-+- ................
OJ 

0 
~ OJ 

o~ ·u ~ 200 r:: 200 .~... '.. 
3 

::J :JOJ OJ 
u uiii IF) QiUl 

0 OJ n~ 
o 100 

2 Q 0 100 
2 Q

:J 

500 ,--.---y-_.--.----,_,---, B 

• 

.. .... . 
'.. 
~... 

.... :t.. :J 
u::: ... u:::.....a 0 0 •. .e. 0 

20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90 
Temp (0C) Temp (oC) 

~tJ-v112 nl'iL~lJ specificity 'lJ€)~ doubly-end-labeled PNA beacon 111l8€)1l'1tJf\l'lL~lJ~ru"'lJiJ n'l1\~LL(\l1l'l 
mll.J~l.J~'U15'i:;"'il~Qru'\lllJijLL"::~'lJqJlruyJ'Jtlm 'mL'll'Uvivi~fl~'U backsround 'U€)~ A) (AQ/ Flu)·GTAGATCACT LL":; B) 

(AQ/ Flu)-GAACAAGCTGGGAA-LysNH 2 ~\b~'tJ: PNA probe; ~LL~~: PNA probe + complementary DNA; ~L~tJl: 
PNA probe + mismatch~ DNA; ~~, : discrimination factor [Fd,tcomp/ Fd,im",j) (Conditions: 10 mM sodium 

phosphate buffer pH 70, [PNA] = 0.1 IJM and [DNA) = 0.12 IJM, excitation wavelen~th = 490 nm, PMT 

voltase = hiSh 

, 
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A .'. 
. ...GTAGATCACT 

iT GTAGATCACT 3'-CATCTAGTGA-5' 
) 1111111111 I 11111111 

CATCTAGTGATCTAGTGA 

+ 
14B 
12 

10 

0 8 
lJ..
u: 6 

4 

2 

0 

3' -TCTAGTGA-S' 

.........
....~.'" C.. ...... . 

............................ 

ssPNA displacement +DNA +DNA 

probe complex (comp) (mm)o 10 20 30 40 50 60 
Time (min) 

~\J~ 13 A) nl'H~lJ specificity 'lJ'iN doubly-end-labeled PNA beacon li11t1VlPi'm'l~nnl'j'U€l'" strand displacement 

B) mllJlilJ"~\J5'j::vr)'m~'q)q)lru'fl~€lm'il'1l'll'U~~ltJ~tI'UU'\Jfl~h1bYi!J'Un\Jnfll (complementary ~Jll~'U, mismatched 

~llil1~), Conditions: 10 mM sodium phosphate buffer pH 7.0, [PNA] = 0,1 ~M and [DNA] '" 0,12 ~M, 

excitation wavelen~th 490 nm, PMT volta~e = hi~h llfl:: C) m'r'J~ltlmtll(;)lll'1~ UV (365 nm) 

l'U~n16V1~~lunl'';i "'~lJ specificity ~::€lll"i'tlVI~nnl'i LLVI'U~'1m~~mM€l1'11tl~'U1 ~~'U€l~n'Ul 'I1':i'U t>l~LL"iI1~l'U~\Jv1 
13 l\'1t1~L~'UL€l1'11fJ~'lJffiv\'€l€lml'U'Uh,iitJmtlv\'1'U 3' VI\'I~'Ufl':) 2·3 L'U1'1 vhl,x AQ hi(llln':imnll1 end-stackin~ n'U 

du plex v1Lnll1~'Ulv\' #l~J'UIiq)'1!lru'fl~€lm'j\1L'll 'U.l'U'iNlv'U~m::VI":h~1"I'l'i'ULLfl::Qi LD'U L€I I'll tli'U~~:: ~l LL~L~mn\1lnl'iLLVI'U.yj 
v\'1t1~L~'lJLmU1Vlmtl~ijI'11tltll1~::vhl,x AQ n~'UmLn\il end-stackin~ lv\'~nf'1f~ l\11t1mllJ\11m'H)1'Ufn)LLVI'U~~::~lJIi'U 
mllJ LI'1~tI'i'U€I~lv'U~II1~Lnil1t'lJ ~.:)J'U complementary DNA ~':)"' llJl'jmLYl'U~~hD'UL€l"'ltl~'Ulvi'L~lLL"::"'lJ\l'i run11 

sin~le mismatched DNA ~q)'1!lru~':)LtJ~tI'ULLtJfl-lmh-l'il~H~ln11lJln 
~ln';;mJfl~~VllJII11v\'L\"'iI1~1,xL~'U11 doubly-end-labeled PNA beacon vtt'll\lmm~€l':)LL(l~(I)11111V\1V1~~L'li'U 

FAM VI~B TAMRA ~llJn'U\ih;)'ULL\1~.yjii\1lJ'U1i end-stackin~ L'Ii'U AQ LLI'1\11~mllJ"'llJl'jfll'lJn1 'iLtJ~tI'lJLLtJ"~nl':iL~mbL"~ 
~~~ (> 10 L'vil) LL"::~lLln::L'ill:::'il-ln'U~LB'UL€lLU1VllJltllV1t1"llJl':ifl'U€lnmllJLL(;)nI1iWIJ€l-l complementary "":: single 

mismatched DNA lv\' LLn::"'lln':im~lJmllJ~lL'I11::1,x~5~~'Ul\ilEJnl':iL~lJ~ruVlJJ~VI~€Inl')HVI~nn1'j'U€l-.l displacement 

probe mil-.lhn<>lllJ 1'Unl,)1'll-ll'U'il~~v."il-umhn\1lL;j€l-l'illn~hB1JL€ltJn~'il::: €IEJL'U'itJ'U€I ~ "'ltll'i (dsDNA) ~.:Jlv\'~tI1t1llJ 
~ ~ ~ 

~'ilJ'Ul~1'Ui~tI,1~u1v\EJnl':i1l1 lJll.;n'Um'j(;)'jl'ill\il dsDNA l\11vlll'l~ 

I 
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A 8 
100 .-----,-----,----11 

1 add PNAS'-CCAGGGCAT ACGCCGCG-3' 80 
~-----' .- ... .......... 
comp dsDNA: X = T; Y = A Ll 

>. 
60mm dsDNA: X= A; Y= T tl GTAGATCACT C 

Q) 
..; PNA :E 

w 40 
c. AGTGATCTAC .Q L 

invasion (1) 20 ....-...........
ccomplex ~\tf~~~~~~~~ > 
VI 

.. II .:::............. - .. .
III. 
3'-GGTCCCGTACCATCTAGTGACATGCGGCGC-S' 01:.... 

"1'"'"' 1111111111 '----'----'---11 
o 100 200 DIN5'-CCAGGGCATGGTAGATCACTGTACGCCGCG-3' 

Time (min) 1111111111 

CATCTAGTGA 


~t1vl14 A) m<,iililmLUtJfl1<,iYl~rlil~ DNA duplex invasion 'illJ~~l'ilti1ULU"''lJil~WL~'ULmLrl~~L5'IJLil~L~En-iiil~ B) % 

invasion m~\Jlnfl1'j1'11'Ulruf)1'lLtI~U'ULLtJrl~~CYCYlcuy.j'J€lm<,il'lL,!)'U~Yi 520 nm ~th~'IJ: dsDNA+(AQ/Flu)-PNA(Lysl); 
"'" "'" *'II I .... ... v d
"'LL~~: dsDNA+(AQ/Flu)-PNA(Lys5); i:lL'UEJ1: mismatched dsDNA+(AQ/Flu)-PNA(Lys5) nf)'\.JLLrl~VI,ml')lJ PNA mYl 

I'If)~ 

1'IJf11'iYl~rl€l'lml\J1V1~h~hJmi:llEJfl1~d~f)n&iL5wtli:llUA~llmllJEJ11 30 LtJi:I LLrldhhv1ULUi:I'th:J\i1<,i'lnm'l 10 
~ u 

LUi:lVI'l~n\Jl'ilv1tJLU?I'1J€I'IwdhJLtl1~'iUv1~LLi:I~"1u ':itlYi 14A t.J(;\nl'lYl~(;\€I~LLi:lWI.:J1~L'~'Ul1 (AQ/Flu)-PNA e:J~l~L~tnhili 
u 

fll1lJi:lllJlijt11'IJ fl1') LL~~~tJnu&iL5'ULtl1'U dsDNA 1~ ~~hid')V1f)1,)L~lJ~'IJ'1Jtl~f11) L~€I.:JLLi:I.:J LLviL~tl1ciV;L5'ULtl~1~~~tlrl1 n~~ 
ij"lv1ULUi:lA~lJntJ DNA Bm.,'UV1~':)1'UtJ111CUL&icnnuviV;d)'lJLe:J1'I'l'lUtillLL'ln~u ~Uilf11'l L~f)"LL~-l'il~L~lJ~'Ue:J~l.:1l.Jln .x,,~

" u'UV;L~'ULtlyf.:J~€I~"'lEJci(€I~ll Lysine ~l'Ul'IJ 5 tl11 L vim ~lJmllJ LL ~':)LL'l~'U€I.:Jf11'l~uEi~nu~LB'lJL€I 1VlVf11)L~f.J.:JLL"'':)Il~L~lJf'1':)~ 
V1~':)LmlJV;d)'UL€lvll~iI€I.:JtI'l~lJl ru 100 'U1Yi v1~'ltlvi 14B :zi':)fl1'lYl~rltl.:lfl1UfllJ1~ tlfl1<,iC-Ji:llJiiLB'Umyf.:lilf).:)illti hh-vtrillnV1 " , 
f11'lL~u'lLL"''1YiL'~lJ~'U LLiI~.:J1~L':;Ul1f11'l1~Y1L5'Ul€l"'€I~tl11~llJn'IJ\J~'thEJ1~Lii~m'l invade L-u11tJ1'U dsDNA lvl~~'IJ ~~f11'l 
1.ffYiLBUmCltl~"'lEJ~llJnu1'IJf11'l\'i1 duplex invasion ~utJL~'Um'l1'li'thdEJ'lltlIl1n'l~L~U'Uf.J'l acpcPNA ffi~C11l.Jl'lmn~ 
self complementary duplex M \,11h1bjvl€l~ijnl'lvl~LLtl':lllJL"0rl'1J€l.:)V;L~'lJL€I~~~~lL~'IJ~€I~YiltlUy;jb5'ULu<,i~U U~tJ 14 

~1'U1'U~1'IJffiQ\'~tJnl'l&iY;lJ~LL~1 15 

3.3 Diaminocarbazole-labeled PNA 

.:Jl'IJ1'tJ cilU~L~'Unl '.i?1\1 Lfl'll:;~ LLrl ~ ~n~l"'lJ0~ l:a.:J LlI'I ':)'1J€I'lyj Lil'UL€l~~~Q"l n~lEJ 3, 6-dia minocarbazole (DAC) 

IVlEJij'l~*V1lJ1EJbvl €l-N'ilJ'U1Yl Lil'IJ be:J1~~'ltJ L~€I~LLrI'l~(;1€1tJCI'IJ"il\l~€If11'j Lii~l~tJ~~ ntJ~ L~'ULf.J 1~ EJL~ lJQ)'Ullln nl'l ?1':)LA'l 1~~ 
Boc-protected DAC viii'v1~LL"ilrllfllJ (DAC-alkyne) LL,,:;'L111tJvht.l5n~EJ1 Cu-catalyzed Click reaction Lvl"il&i~ DAC 

lt1u'U backbone '1J€I~ acpcPNA T9 (1IIIillll), MIOAT (GTAGATCACT) LL(;\~, M10CG (GTAG~CAC.T) yj~lU 
f1l"jv1V1mJJ~lEJ 4-azidobutyl ~roup (;1')\1 apc spacer ~vi€l'l~V111\1LU?I~yj:U~L~'U1~11~Lu'U DAC-modified acpcPNA 

~ ~ ::lAC DAC DAC" .,j
3 'll'tJl11fl€l T9 ,MIOAT LLrl~ MIOCG (~t1Yl 15 LL(;\:; 1il1'l1'l'Vl 9) 
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a a a 0
'0 '0 0 0 ,./0 
,~,~ N 

Ac NH N NH NifoifoN_~

0°
m\ 

NJ 

", 
1-17 

BOCHN

LysNH2 

Cu(l) cal : N\g
hLys-o \ ~ 

BocHN n 

then TFA cleavage 

n 

~tJ~ 15 f11'lL~mJvitl DAC-alkyne ntJ acpcPNA lVltJm~tJ Click chemistry 

Illmr1J~~1vl~mnf11'l~tJv~ntJ~iL51JLtll~tJ thermal denaturation LL~:; fluorescence experiment ~~vn.vl 
;'1 u _ J'l ./

LutJ~~~~u ~tJ~T'n'lVl 5 

d. a . . . a 
Vtl":il'1V1 9 f)1 Ter, LL":;f11'lL'lu~LL~~'Vu-.1 dlamlnocarbazole-modlfled acpcPNA 

FIFo FIFo 
PNA DNA (5 ' ~ 3') TmtC) ATmtC) 

(25°C) (45°C) 
Note 

T9 
DAC 

AM AM AM 65,2 35.5 Comp, 

T9 
DAC 

AM ACA AM 33.7 31.5 18,6 SM-C 

T9 
0AC 

-AM AGA AM 23,6 . 41.6 6,0 SM-G 

T9 
DAC 

AM ATA AM 38,2 no 15.7 SM-T 

T9 
DAC 

Tn Tn Tn 1.1 Non-camp, 

M10AIAC AGT GAT CTA C 53.4 13.2 12,9 Comp, 
DAC 

M10AT AGT G~T CTA C 29,0 24,4 n 1.2 SM-C 

DAC 


M10AT AGT G~T CTA C 24.5 28.9 17 SM-G 

DAC 


MIOAT AGT GIT CTA C 35,0 18.4 6.5 1.2 SM-T 

MIOAIA( GGG GGG GGG G 1.2 Non-comp. 
JAC 

MlOCG AGT GCG CTAC 59.0 114 10,2" Comp, 
DAC 

M 10CG AGT G8G CTA C 30.8 28,2 4.9 SM-A 


MIOCG
JAC 

AGT G~G CTA C 33,4 25,6 7.0 LOb SM-G 


MlOCG)AC 0 

AGT GIG CTA C 39,2 19.8 9.1 1.7 SM-T 

MlOCGD!IC GGG GGG GGG G 0.9 Non-camp. 

"Fluorescence were measured in 10 mM sodium phosphate buffer pH 7.0, [PNA] = 1 IJM and [DNA] 1.2=0 

IJM, excitation wavelength = 315 nm, PMT voltage =medium 

€:I <OJ"'" CI L', 0/, :- O/.,C
Illtlf11'H'\m11~lJtJ())rn 'H'ltl ~Lb~~'V'il~ DAC-labeled acpcPNA V1~ 3 sequence fl'il T9 " M I0AT - Lbft:; 

OAC d _ v...... ... ~ I ~ I ,I ""I .;, a 0...... ~ 

MIOCG VitJ')lLlJmtl~m~L'Vl~ntJ~ltl'tJbtl~~lJ f11'lb~tl-:JLL(1-:JLVilJlJltl'V'tJCl-:J 35.5, 13,2 bbn:; 11 .4 l'Vl1 1111lJnlintJ LL())LlJtl 

L.ul~ntJnu sin~le mismatch DNA 'Il1.j~~,~ 'l \l :;Ylu-ilm'l L~il ,m?l-.1Il:;ijrilft~~'fl-:J bLtll tJ~hJ~ llJl'l ClUt) tlflllWb!1'ltl!1i1-.11vi' 

mh-:Jbb'l1-Uin bbvillltlrn'iLtJ~tJtJl~tJtJl'il Tm ~Jtl~ complementary ntJ mismatched PNADNA duplexes VitJlllil'il 

~Tm Vhntltlll 20 Cc LL?lvwh(h~'tJLtl~iifm~~ DAC ~-:Jl tJiimllJlllb'l'll:;blll:;Il-.11tJrn'lb~t)tl,ytJnu~hiltJbULthVlmtJ1~ 
d'jtJtlth~~ ~~1vl~m11tli'l L~lJ~qJqJlru tli'l l~~-.1bl~'llV1 (Jtll'iH'i) ruVlJJiiL oUl'lil tJ~tJ':h~ 'i)ruVlJJii 45-50 C C tll'l L~t)-:J bb~'l'V'il-:J 
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. ...... " ~ 

single mismatch 'Utl~ MIOAT
oAC 

bL(l:: MIOCG
OAC (l(1)(l~mi'iurritJ-3 1.0-1.7 Lvh vh1\.1"1~1'j()tJtlf1mllJLL(J)mihl'l::'I;rh~ 

complementary LLn:: single mismatch lvlmjwif(1)L~'U (~tJvi 16) 

- - ~,: !:'." ~ .~;,.- " 

_ _ _ t. , ~ .....~.. ,.. ~. 

I
,/\\

' I
(\

, 
\ 
\f \I \ \ 
\ij:~\ ! \ 

I "'
~'~--':->'-------~~----. ":;:

(a) (b) 
o ,d ,~ DAC .,j 0 0 

~u'YI 16 'i'1~um'j"L'!l'U""LtJf1(JmJ'Uu~ DAC-modified acpcPNA MIOAT VI (a) 20 C Un:: (b) 45 C il11::'Uu-3nl'l 

VI(1)(lu'l: 10 mM sodium phosphate buffer pH 7.0, [PNA] = 1 J-lM and [DNA] = 1.2 J-lM, excitation wavelen'Sth 

= 315 nm, PMT volta'Se = medium 

LYlm tI'U nl'l u5tJl fJ~ nnl 'jVl~ntH~l~ ~ ~1~vh rmflTUl ru Yl1.:JVlC)~5~ ~~Yh'U1 fJ nl 'l ~(i)Jl.:J~J'U'il.:J DAC b 
PNADNA duplexes 'ii"l"1'U1'U"1'U'I-I~-l'l(i)-dLtJ'UmllJ~llJiitlntJLfl'j'lfl1'j~mJv1 6 'U€!.:J ~1"\(i)'i.~'U~'UVl1 ~~l"f'i L(i)8~nf)1'j 


. fll'lnruL(i)fJLVlfl'Ufl molecular dynamics simulations ·thfJ~'U1J'U':h1lJ"i111~yjLiJ'UYhB'ULU~ltJL~tJl DAC ~~an(i)8'Uv)'S 


n~fJ1nUiilflmmtJ"'lJu'lYlLB'ULu1vl~ bL",::5'U(i)'jmfJ1-d~::(l(i)(l'lLDmn(1)1I)tJ1(1)ntJ~LB'ULB Ll>lEJ'I-Ili DAC ~::()f)~crf)1)uf)hJu~

~" . 

-iil.:JtWf)Lm'H"hl'IJ€!.:J duplex (~tJvi 17) ~.:JJ'Uf)(llf1'IJu.:Jnl'jL tJ~~'ULLtJ(l':]nl'jL~U-lLb".:J'lJtJ.:J DAC-labeled PNA th~~ 
1mILfitJ-lrlu'lJtJ'I pyrene-labeled PNA v1flru::cJl~EM;Pif)~1lJ1rimJ'I-IU1-dLL~1 16 LL~~(i)L~'U'IJ'il"l DAC:labeled PNA i')uii 

n1'HtJ~tJ'\JLLtJn~f)l'H~u':]LL,,~yj".:Jf)·hlJ1f1 ,n'Ulu~~l'U-d 'ii.:JtJEJ1t1mllJ-r1J~(i)'lJu'U'Uu.:J~~~lJlm.:Jnl'iAtJ ~1"\.(i)H(J)·ml "nlYl 
\J \.I \J \ , 

j ...... : :.4.1:. ~ 

. ..... . 

~~~~.. ~. 

....':-~./~;... ~ - " ~ " :' /~) 

.~, • -. '---'<:Z"" 

PNA-DNA 

3.4 PNA labeled with styryl dyes 

~1'U1'lJ~l'lJ-dL~tJl-uu.:)n1Jrm"-l Lfl'il::v1 L~":: ~ f)~l"'lJD~L:U.:J bb".:J'lJU':)Yi ~iliJ b'il~~<I1iJmnQ\'lli s tyryl dyes ;.:Jii\j(il'l 

lm.:J~~1.:J~lltJ~.:JL~"(i).:J1iJ~tJvi 18L<I1l1i~lJ~lnf)1'i".:Jlfl'il~~ clickable styryl dye Y1ii'l-l~LLm'\1rru~'ilU~~\ihu'l-lt.i.:)vil.:)1 
'lJu.:JllJb(l~(l bb~1't111tJ~m-iiln'U aZide-modified acpcPNA l<11EJtJlt1tJ~n~EJ1 reductive alkylation/click reaction 

I 
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~lm~\l~-l\h1\J~fl'1:l"UJ~ l:a~ll~~1u~m""~luuYl LBUltl"IEJ L~ EJ"J lYiEJUn\JL~m}UnU~ LUUltll ih'l-llJ'lf.J l~EJfI1~l1lJ'lf.J'"iI~:: 
Lfi~fl1'H\J~f.JULL\JCl-3fl1'H~tl-3LL~-3L~~Nlflij'$It1~IUil styryl dye LL"~~'UJ'u~ solvatochromic fl~T"l~1J~IlJ'l'$tI 
L\J~ t/Ull\J "~~lJU~ flT:i L11J'llL,,~1v1mlJ~'l LL "J~ ~tllJYiL\J~ t/ul\J 

BTh dyes QL dyes 

~\J~ 181m~"hn~'''Jl\J'U1J.:J styryl dyes vnv1~fl'1:l1hmUl~t/t1 (R = Me, propargyL; X = OMe, NMe2, NH2 etc.) 

~111m~~lLD'\lfl1'll\Jfi1Jfl1'l~.:JLf1)I:;'" clickabLe styryl dye 1~t11tX quaternized methylbenzothiazole 

(BTh) l1~1J quaternized 4-methylquinoline (OL) 'I11t1{)n~t/lnu electron-rich aromatic aldehyde \ii'''JmjwtJ1J~ 

dye ~~.:tlml:;l11v1 LbCl:: Aem '!J1J.:J:W\JLL"~.:JB~1'U~\J~ 19 ;.:t'WU'"iIfl1'lL~tl.:JLL"~'U1J-.l dye l11f)~lJ~Yl'$"tlUf)'llJ"L\Jfl()1'!lJ 
l'\l~J.:J 500 C'i.:t 700 nm l~EJmllJt/l"Jf'1~U'!J1J-lfl1'$l~tl.:Jll"-l~::~unu~~lYl'$.:J~~l.:t'!J1J-lllJlClf1Cl~'l"1J.:t~~ 1~t/ dye l'Ufl~lJ 
QL <J ::ltXfll':iL"j1J~LL".:JYi1JQ1'U'liJ.:Jf)~'\lYitJTm'"il dye l'Ufl~lJ Bth 

F' .
("~r s., /r-'~t.:.. : 
( :-:,~~r--:' 

a: \~ 

A. =634 nmem 

A.m = 663 nm 

Blu .. 
4~6-t9~ nn~ 

G,.. ... n 
4S1.':l-677 I'lrT'l 

y .. ,to'W' 

6"7~nfTI 
"' Red'i' B20-7oo nro 

o{h' T 

.!.~{f:=;,~:_~ ~ ~ . , 

~ t:'.: .... 
, . 

.~_~vo" 
..."":"(....1 . . . ..... ·.. 

~ l nJu~~1~fim11"lJ,:r~ solvatochromic 'tm~ styryl dye l~tl1-tl dye BTh-NMe2 lU'U(;)lLLVIU '~U-il~::LiiVl 
d :; u 0 ~ '" 

red shift ing 'U1J~Y1.:t UV UCl:: fluorescence spectrum LlJtl~Jll'W'U"J'U1J-.lQ)1Vll"::ClIt/Cl~"~ '\l1Jn~lnl1f)11lJL'UlJ'lJ1J-.l 

~rurulruyj(lf)m'$?1l'll't.lI11'il:;l~lJ;ff't.l~"Jt/ (1).:JLl"~-.ll't.1'$\J~ 20 
'" .... \J \J 

I I. ~ a s 

" ®~~NMe2 
;; BTh-NMe2 

I 
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0.15 

- E.OAr 

400 ------~------------~====~~ 

100 ., . - ~~~ .. ~._.. _~. ._ ___..... / . ~~~~~ ~~ . 

·0.01 ~ ~""" 
400 450 ~ ~ ~ ~ ~ ~ ~ 750

\hnlenglh tnm) Wavelength (nm) 

~tJ~ 20 UV and fluorescence spectra 'UiN dye BTh-NMe2 ~mllJ~'ii'lJ-UlJ 1 ~M lLm~ Aex= 525 nm 

Bth-NMe2 Bth-NH2 Bth-NMeAlk 

,
-H2O ..,t: ~,0.13 350 
-MoC:" 

0.11 -;;)00 • . . . .- - .. - - ----- .. 
-··McOH 

~ .:!. 250 : /', '.i 0.09 

;:;. 0.07 .~. 200 -x-- .- \ .:.-- . 
v. " 

. 

T- \;1~ ; - . . ~ .~ 0.05 

0.Q3 ' '

-H2O 
-MeCN 
-~I.OH 

--E.OA< 
. THF 

r(YStlA/, ~ -h+N~NMe2 
J 

r-= o 

QL-NMe2 Bth-NEt2-0Alk QL-NEt2-0Alk 

.uul;Jt11J'i~i1Y16[m~nl'H~€l~bb"-J'lJ€l~ styryl dye vi~~tllh.JPinl!l11VHJ1~~lnfil quantum yield ((/J) 1'U""Vh 

~~t11V~bU1.JJ1LLt1~ THF 'lllJvt~mllJ~llJl'lO1'Unl'HtJ~V1.JLLtJ"~n1'i L~€l~LL(I~L~uij dsDNA u~~lVLU1.J~~(I'ltJ1u~l'il'l~" , 

lPTHF) ~dsDNAY< lPdsDNA)/ CPHP) 
Bth-NMe2 539 (49X 10

4 
) 608 0.0177 0.0013 0.0316 24.5 

QL-NMe2 575 (6 .6Xl0
4 

) 702 N.D. 0.0006 0.0237 40A 

Bth-NH2 517 (4 .8X10") 565 0.0164 0.0031 0.0356 11.3 

Bth-NMeAlk 500 (5.3X 10
4 

) 579 N.D. 0.0088 0.141 8 16.1 

Bth-NEt2-0Alk 533 (7.9X lOa) 584 N.D. 0.0030 0.1343 44.8 

QL-NEt2-0Alk 568 (SAX li) 668 0.0121 0.0012 0.1021 85.4 

. 1~1u MeOH =l~lu H20 ' dsDNA = dCGCGGCGTACAGTGATCTACCATGCCC TGG + dCCAGGGCATGGTAGATCACTGTACGCC. 

Conditions ; [alkSTRJ = 2 flM [dsDNAJ = 1 pM, Fluorescence were measured in 10 mM sodium phosphate buffer . pH 7.0 

I 
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~:::b'~'Ul~"h styryl dye ~~tltltJ1'UJ1~:::lhh::~YlBm'Y'lnl'H~tl,m"'~~1 LLvitl'i:::ihlBmw~:::~~'UL~tltlv1t1(i)'"lyh 
",:::,ntJ THF ~~ii.rr'"l~lnil L~m&ilJ~Lii-ULU~-:j1u~:::Yh1~tl'i:::~YlBmwrnJL~tl,mi:1"J1'UJ1L~lJ:fftlmi1-:jl.l1n l~mO'Y'll:mh"J~-:j 
QL-NMe2. QL-NEt2-0Alk ~L"'::: BTh-NEt2-0Alk ;~LL"'~-ll~L~'U(i-1~nvm'Y'l'lJtl-:j dye n~lJffi1.Jrn'it111tl1iLD'U(i)'"l 
(il'n~l(il~L~hJLu -:jl'U~:::Yhviultl~tlnl'~i'im:l1tr1.Jmn~tJl'IJu-:j QL-NEt2-0Alk m~::: BTh-NEt2-OAlk L~lJL&ilJ 'i'"llJ.x~~m~l 
mllJLUtJ 1 tll~'Urn'itil1't11-tlLu'UMulJLyjurn'i(il'i'"l~1(il~L5'ULtl ~f1tJ 

'Utln~lndeJ~M~~Ll'\'il:a"yh5'ULu~ii~1IiluLU"'LtJ'U Illlllll I (T9) LLn::: GTAGATCACT (M10) ~L~tllJvitlnu 
styryL dye (il'i-:j\illLL,\,"l~'i:::Wjl-:jLU"'~~~(ilL~'Ullii1(iltJtl1f'1vtlnm£J1 reductive alkylation-click ~Lf)tJ~(llJ'Ul~'UlJlritl'U 
V1Ul,j~ WUil"'llJl'iClL~tllJviu dye 1~LYlV-lUl':)'lJiJ(ilLYhtftlL~U~~lnl'UU1.:)nlru~:::Li~l'nJnn~tJl';;1-lL~EJ,:)~eJ~hjv\'iltJ~L'I1-d~ 
l1fluu:::11 LLvivh1~~"l'U'lJtl-:j dye Clnv'hnlVl U ';;tllJ"''lJtl~YlLii'IJLtlyj~~~f)ll:::V11~~lL~~ 'illJ.x~"'lJU~L'U.:)~~",~ltJ"'m'"l:::~il~" ~ 

L5'ULtl~"'lJ~Ln:::~iLB'\JLtl"1~U~'\Jl ~~tJ'\J mismatch, base insertion LLC1::: abasic site lil':)i:11tl1tJIiIT'n'l~ 11 ~L"'::: 12 

~C1n1'i~m~l"'lJWlL:U.:JL~"'-:j~-trtl.:)(I)tJ'Y'lUl1L~tlil~L5'\J Ltl~"'lJtlei~ltJ n~uhj'Y'lurn 'i L~lJ:ff'IJ'Utl.:Jn1'i ~~tl':)bL"~u ~l~il 
" " 

UtJ~lF1C\J LLn:::1'UV!cntJf1'iru~C\JC\Jlru~:::n(ilC1-1~-;H'J ~~LL"'IiI-11~L~'\J(i':)W'1~f1'i'ilJ'lJtl-1 styryl dye viLL(ilnvil-:j~ln dye 1'Ufl~lJ 
. IQ.I .dd,Q.I CJI .aid IQ.I VVQI d I 

thtazole orange tlVl~'lJ(il~~'\J i:1~Yl'\Jli:1.:JLn(ilf)tl styryl dye ~lJm'lJulJ(iluflU PNA L~n')nnUlJfl1 quantum yield Yl'j~ml 

styryl dye Bi:1'i:::u~Ci,:mil10 LYh ~.:Jtl1~Ln(il~ln~-:jLL,)IiI~mJ'lJtl~ dye yjLtl~v'\Jlu L~n:::L~U'\11YlL5tJLuLW'iuffiu(I)':ml~nu 
&'i~B'Uvi LU'\J mismatch ~:::1~~f\HUlrun1'iL~emLi:1~~l.I1flflil1'lJi:1f11l ::;viii~LBtJLul'l"'lJLLn:::~::£if11'iL~tl~LLi:1.:JL~~lJ:ff'UlJl flL~u 
u~1'U"fm:::~Lu'U base insert~oUn LL(l::: abasic site .x,)dul~l~u"lJl\lln1lJ\~fl~'UU~ styryl dye i:11lJTiClLLYl'in1uu~11.J 
'liu')11'l'lJu-lLfl~tJ')~YiLBtlLu~iLiJ'\JLU (PNA-DNA duplex) ~'i"~lllV1'11~vilU'U base insertion (BL) V1~tJ(i)'i'l\lllllV!'I1-:jffiliij 
LU'" (abasic) lVltJA1~111lJL"'~n'Uu" styryl dye ~:::L-ul1ullVl)nm-:jyjl1.:J vh1~m'jL~u-:jLL"'''n~:::Ll'ilJ~tJ ;fi"~lfln1)~fYI~nYi 
lB'\JLtlLYi'iU~-:jv!lJ'1IYiUl1 M 10-BTh-NH2 lLC1::: M 1 O-BTh-NMe2 "'llJ1'i()UuflrnllJ~l~flI1iWlJtJ'l~llii'UlU~"'lJ mismatch, 

base insertion LLn::: abasic site 1~&i'11i1 1~tJl~mn(i11tlu~~nu DNA ~il base insertion (D10BL(C» 1~1i'C\JC\Jlrufll1 
l~mLLi:1~"-1(i-:j 11.9 LLn:: 10.4 Lvh (illlJ~l~'U ('iuvi 22) tr'\!C\Jlru~ln CD ?lLUnv1'5lJ ('juvi 23) V'lJeJ'Ul1YlLB'ULui'lllJl'i() 

In'1l1tlu~~nu~ lii'\JLu~"lJUn:::nu&iLa'\JLuviij b;se insertion hh~.:] Iil"L~tIM~ln~~lrulruY\LtJ~tJtJ1U~lne.JC1'i,)lJ'Uu-1
" .~ U 

~C\JC\Jlru~lnYlLii'ULtlLLn::~L5tJLtl~LU'Ui:11tJL~tJ"l LL":::ltlu~IiI.x"?1tJ.:Jffif1).:]""rl~vh'lntJ Lm) 1 tJf1'iru'Utl,) base insertion ~::: 
l';;'\J~C\JC\Jlru~lU'\J positive ~'U~nru 280 nm ~"hj'Y'lul'Uf1'iru'UD~~LiitJLu~"'lJ ~ltJ1tJl'i,)'\Jiifh~.:Ju~'i:::·vdl~L(il~EJlJ 
(l)tJmJ'UUVlmllJ L Ylu~WlJ~ 

mn:,v111 LL",~.:)';;ul;!n'lJtl'l I I III I I I I (T9) vi~~ilC11n~,)tJ styryl dye vi~':)Lf1'il:::V11iil LLn:::?\lJU~n1'iL~u,:m"''l~~uij~ln::: 

ll.iij&iLBtJLuviLutJ~i'llJtJ~~')tJ ~ [PNA] =1 Jl.M [DNA] = 12 Jl.M 1'\JyJDi:1\yJ(I1uyJ\Y~u110 mM pH 7.0 

PNA dye m/z found t1-\ssPNA) DNA" ~ E Tm (0C) 

(calcd) FatP.ss) 

T9 Bth-NMe2 3599,8 0,0183 D9comp 0.7 0.7 (598 nm) 72.8 

(3597.9) D9smT 2.1 2.4 44.8 

DI0BL(T) 3.2 3.7 50.8 

DI0BL(A) 0.7 0.8 76.6 

DI0BL(C) 5.6 5,6 50.3 

D10BL(G) 3.8 3.6 44.8 

D8abasic 6.8 5.8 49.0 

T9 QL-NMe2 3594,6 0.0058 D9comp 1.4 1.1 (682 nm) 72.9 

(35918) D9smC 2.9 2.4 45.4 

DI0BL(C) 3.8 4.6 57.2 

D8abasic 4.S' 3.2 48.0 
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PNA dye m/z found tPssPNA) E~ 
(ealed) FatPss) 

T9 Bth-NH2 3571.0 0.0267 Dgeomp 0.9 0.7 (571 nm) 73.4 

(3570.0) D9smC 6.2 5.2 46.1 

DIOBL(C) 8.7 7.6 53.2 

D8abasic 8.6 6.5 49.8 

T9 Bth-OMe 3587.l 0.0065 Dgeomp 0.6 0.5 (514 nm) 70.7 

(35848) D9smC 1.0 0.9 44.5 

DIOBL(C) 1.0 0.8 52.2 

D8abasie 0.9 0.9 49 .9 

T9 Bth-NEt2 3656.5 0.0401 Dgeomp 0.8 0.7 (586 nm) 72.6 

OAlk (3655.9) D9smC 1.1 1.0 1I2.5 

DIOBL(C) 1.4 1.1 55.6 

D8abasie 1.1 0.9 47.7 

T9 Ql-NEt2 3651.6 0.0228 Dgeomp 0.7 0.6 (665 nm) 71.4 

OAlk (361199) D9smC 1.0 0.8 41.2 

DIOBL(C) 0.8 0.7 45.1 

D8abasic 1.1 1.0 1I9.8 

eDNA sequence (5'-73'): D9comp ~ dAAAAAAAAA, D9smT = dAAAAIAAAA, D9smC ~ dAAAAkAAAA, DIOBL(T): dAAAAIM 

AM, DIOBL(A): dAMAfjAAAAA, DIOBL(C): dAAAACMAAA, DIOBL(G): dAAAAGAMAA, D9abasic: dAAAA_AAAA. 

lil1'nrvi {2 LLiWl~-iiulJn'Uu~ GTAGATCACT (MlO) ~~~tlnlfl~,)~ styryl dye ~~~lfl'll~Vll~ bLn~'1'IlJ'0~fl11L"lu~Url~l~tliJ 
L1Il~hjil~iL~),.JLU~Lth,j~iilJu~~,)EJ ~ [PNA] =1 J.lM [DNA) = 1.2 J.lM 1'W~U?n~(i\U'~L~u110 mM pH 7.0 

PNA dye m/z found tPssPNA) DNA· <Ads) E Tm (OC) 

(ealed) <Ass) 

M10 Bth-NMe2 3980.7 0.0186 DIOeomp 3.2 2.5 (603 nm) 52.1 

(3977.3) DIOsmC 1I.1 3.8 35.0 

DllBL(C) 11.9 lOll 32.7 

DI1BL(A) 7.2 6.6 40.0 

DI1Bl(T) 9.4 8. 2 1I1.6 

D11BL(G) 7.3 7A 35.2 

D9abasie 3.6 5.1 36.4 

D11non 1.2 1.1 <20 

M10 Ql-NMe2 3594.6 0.0072 DIOeomp 1.6 1.3 (692 nm) 58.6 

(3591.8) D10smC 2.3 1.8 34.3 

D11Bl(C) 3.6 2.9 44.8 

D9abasie 2.2 2.6 32.6 

MIO Bth-NH2 3571.0 0.0261 DIOeomp 1.8 1.5 (577 nm) 59.3 

(3570.0) DIOsmC 4.2 3.7 37.9 

DIIBL(C) 14.5 11.9 53.5 

D9abasie 3.6 3.1 40.4 
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PNA dye m/z found <AssPNA) DNA" E Tm (0C)~ 
(caled) Fo<Ass) 

MIO Bth-OMe 3587.1 0.0054 DI0eomp 1.2 0.9 (509 nm) 58.4 

(3584.8) DIOsmC 0.7 0.6 37.4 

DllBLCC) 1.1 0.8 51.0 

D9abasie 0.6 0.5 38.2 

MI0 Bth- 3980.7 0.0650 DI0eomp 1.5 1.3 (588 nm) 57 .4 

NMeAlk (3977.3) DIOsmC 2.4 2.1 39.8 

Dl1BL(C) 3.1 2.3 40.6 

D9abasie 3.3 2.3 38.4 

Dllnon 1.3 1.0 <20 

M10 Bth-NEt2- 4034.7 0.0486 DI0eomp 1.5 1.4 (592 nm) 59.2 

OAlk (4035.4) DIOsmC 2.9 2.4 34.9 

D11BUC) 4.5 3.6 41.8 

D9abasie 3.3 2.6 39 .7 

Dllnon 1.1 0 .8 <20 

MI0 QL-NEt2- 4029.1 0.0253 DIOeomp 1.6 1.4 (663 nm) 60.2 

OAlk (4029.3) DI0smC 2.9 2.6 35.4 

Dl1BL(C) 2.0 2.0 49 .1 

D9abasie 3.3 2.4 37.3 

Dllnon 0.9 0.9 <20 

eDNA sequence (5'~3') : DIOcomp = dAGTGATCTAC. DIOsmC = dAGTGC.TCTAC, D11BUC): dAGTGACTCTAC. DIIBL(A): 

dAGTGMTCTAC, DIIBL(T): dAGTGAITCTAC, DIIBL(G): dAGTGA(dTCTAC, D9abasic: dAGTG_TCTAC, Dllnon = 

dTCTGCATTTAG 

·... _-_. ... ---...-- .. .,
I~. <) 

• \IIO ·ll1h :-;111 . 0:-;,\r 
1_ - ... ,'_"_ . • . __I,ll 

~ 1(1(1 
r-
r-or. 

S " 
~ 

6!1 .... = 
':i: l ; , 

~ .() I .) 
b .9 II 

:.<1 

II 
... {\(. •DIO~om DIO, rnC DII · IDL· ( D9C'fJUI .\P5 Olluou 

~u~ 221i''Yqjlrun1 'j L~ v.:)'iJ'il':) MI0-BTh-NH21'lRlml~~lj DNA ~1'l'l ~ [PNA] =1 11M [DNA] = 1.2 ~M (Left) LL(1~ 

[PNA] =0.1 ~M [DNA] = 0.12 ~M (Rj\iht)1'lJyjm'lLyjmJYhyJv~ 10 mM pH 70 LL(1:; Aex = 487 nm 

\hnlrnglh (nm) 
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~uVl 23 CD spectra 'Uu-3 MlO-BTh-NH2 U~m1~YllJ DlOcomp (Left) LL~::: DI1BL(C) (Ri~ht) VI [PNA] =2.5 JlM 

[DNA] = 3.0 ~M 1'UYiu(1LYi~Ul'hyju~ 10 mM pH 7.0 

4. Pyrrolidinyl peptide nucleic acids with non-canonical nucleobases 

4.1 Pyrrolidinyl peptide nucleic acids with 8-(pyren-l-yl)ethynyl adnine as a fluorescence 

nucleobase 

,:n'Ul~tJ11LU'Ufl1'j~-3Lml~"'; acpcPNA ~lJ,j1\'lmmtJ(1~()nti)VlLltl'j~1tJYimlU1'll~u1 LLn::: nl'l~n'cmunfoiL~-3LL"-3 
~ ~ 

'Uu~lJ'U LV1tJ1u'th-3u"inlv11off15~':1L\'l)1:::l-1r:iLB'ULullJ1'ULlJe:d~lJLtJ(1~Qnti)vmtl"i LLI\'11'i1)tJt11lJl~-3Lml:::",;YhB'ULuvlv1tlL~tJ 
modified base ~i'I'Uhfiv pyrenylethynyl adenine (APyE) ~tl'j~ nt)U~1tJYiGjtlt)( 'jyj v1fiv1'I'1~'U ~v\'lv'U~Lf)~ntJJ-3 
LiW")'Uv~~i.i'U~~l Li'l-n1" C8 ~11.J\~'U\5::: Lbunl\'lU ;" LU'Uf)l'j~'U1n(1:1.J'u~m'j L~u'l LL""fl'Ufl1'j~V1~TU1\'liTIm tJ1:IL'IllllbU'U 

L Vltilfl1'jru L~ tn fl'U t:.Jn m"i~n't-nnv'UVI'Ihrrt'U~hB'ULULLn~ bL1JnLB'ULv'l'1U11L 'Ui'I APy= llJ1:Il~ -mmtJmLtJ::: f'1l1lJ LlVlnvlWU1J-3 

LU(11vl~hJnI 8 ~-3\'llVl11dlV1\)lnfl1'l~LtJ(1 APyE ~VI~11JtJ1 'U syn l'lu'UYi1J1LlJ-o'U v111~~1'U'vhiiVl'V~\.I\5:::'lulV1'jb\)'U~'UuvnhJoih-3 
" 

'Uvn DNA helix Yh1~"11..l1~tJt'i1'U1V1ru1-U-311..l APy=11..1\l11..l~\lnl~~u·mrl-31V1tJhJ1tiTI-utl'ldtJ'tlU\)l QrllJull nl'lL-UlflLtJrI'U1J-3 

:U1..ImmJn 'l11..l1~tJ11lJrllJlJ&\\l11..l-:h AP;E m\)LL~V1 ':l'V'lflin'i'llJ~Lt1~tJ'U1tldjuutJ1 'UWLB'ULU;-3lJl'nllJrlllJl'j(\ 1 'Uf1l 'l~'UVVlfl'U 
~ "I ~ 

~'iLB'ULUlvl~n11~iLB'ULU~tJn'ULU" LLn:::El1vv111~(11lJl'l()1il APyE LU'U base discriminatin~ fluorescence nucleobase 1t;\' 

lV1tJL~lJ~lnf1l'l(,\-3Lml~Vl1lJL1..1LlJD1 APyE (~tlv1 24) LLl\'lflutJt11lJl~':)l\'l'jl~-..1YhBULu~u1tlL~tJ16nl'l(,\" "A~1~\1-W"5'ULv 
" 

'U1..I1!]JIlA'Ut).:) II~ .:)(l)1lJtl f)~ 
NH2 

jt?;>-"
i) .~ __Dpmo-\J.PT'_____ '(y ii) ..... Dpmo~A"OpmO ___ 

IN 21% IN 75% IN 
Boc Boc Boc 

32 

Base", A,PyE Base, 

iii) 1 ~ PyE Fmoc-SPPS 'I O,,"/t n·,,/! 0",/;
____~..~ HO '(~A 


65% from 3 IN 
 ~~ ~o Cfo:&to ' 
Fmoc 

4 

-

·J~O 
>..inm 

--_ ...__._-----, 
.'I Hl··lllh ·~Il! ' 

-DlOc'(Jrnp 

-~Ht)..Btb ·;>;H2 r DlOrolDp [xP 

-=:-'1I0Blb .;\1I2 + OHlcolllpJ',laI. III 

old .J..1 

i) 8-bromoadenine. K2C03. OMF. 80°C 
ii) 1-ethynylpyrene. cat. Pd(PPh3)2CI2. 

cat. Cui. Et3N. OMF. 80 °c 
iii) a) pTsOH. MeCN; b) FmocCI. OlEA; 

c) TFA:CH2C~:anisole (4:4: 1). iPr3SiH 
• Id ~, Py

~u'Vl 24 LLt.J1..IJl lVlLl(1~~f1l'j?l'll\'l'jl~VI A monomer 'Uu~ acpcPNA 

http:Dpmo-\J.PT
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hwlv1~~Lml!:~ acpcPNA Yi~.h'Jnl~v1~LLthv1"lEJ APyE monomer "t~{'iJlJvY~~"nl~~m/l"lJU~L:U~U".:JLU'Jv1~ 
LLi1~.:Jl'Jvml~~ 13 

m~l~~ 13 I'll Trn LL"!:i1lJ~Lii~LLrI.:J'Utl.:J APyf-modified acpcPNA probes LLn::l"'\.J~vlf1'\.J~LB'JL'iJ (condition: 1.0 11M 

PNA, 1.2 /J.M DNA, 10 mM phosphate buffer pH 7.0, Aex 376 nm). 

DNA" Tm b A.b' lA'emCEntry PNA FIFo <1>/ Notes 
(S· to 3") (OC) (nm) 

1 416/ 455 0.1870 ss 

2 CAG TAT ATG 74.7 2.68 414/447 0.3742 ds, complementary 

ACT 

3 M 12T(APyE)T CAG TAl:,ATG 48.6 1.17 420/453 0.3126 ds, mismatched A 

AGT CAT APy~A ACT 

4 eTG CAG TA~ ATG 38.0 0.77 423/ 455 0.2206 ds, mismatched G 

ACT 

5 CAG TAe ATG 40.0 1.02 425/ 455 o. 2668 ds, mismatched C 

ACT 

6 417/457 0.1628 ss 

7 CAG TTTTIG 59 .0 2.71 413/448 0.2643 ds, complementary 

ACT 

8 M12A(APyE)A CAG TI6 TTG 47.3 1.25 423/ 454 0.2285 ds, mismatched A 

AGT CM APyEM ACT 

9 eTG CAG TTG TTG 45.7 1.10 423/454 0.2201 ds, mismatched G 

ACT 

10 CAG TT~ TTG 47.7 1.11 423/ 455 0.2345 ds, mismatched C 

ACT 

11 419/498 0.0503 ss 

12 CAG TCT CTG 60.6 2.78 419/ 457 0.0770 ds, complementary 

ACT 

13 M 12G(APyE)G CAG TC6 CTG 38.8 1.27 423/482 0.0621 ds, m is matched A 

AGT CAG A PyE TG ACT 

14 eTG CAG TCG CTG 55 .3 0.99 423/ 496 0.0534 ds, mismatched G 

ACT 

15 CAG TC~ CTG 59 .4 1.25 421/495 0.0606 ds, mismatched C 

ACT 

16 414/455 0.0780 ss 

17 CAG TGT GTG 64.2 1.52 4121451 0.1130 ds, complementary 

ACT 

18 M12C(APyE)C CAG TG6 GTG 59.0 0.35 425/455 0.0420 ds, mismatched A 

AGT CAC APyECA ACT 

19 CTG CAG TGG GTG 55.2 0.28 421/456 0.0332 ds, mismatched G 

ACT 

20 CAG TG~ GTG 61.2 0.42 426/457 0.0589 ds, mismatched C 

ACT 

I 
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Entry PNA 
DNA" 

(5' to 3') 

Tm 

(ec) 
FIFo 

b A.w"IAem 
c 

(nm) 
<1>/ Notes 

21 CAG TGT G8G 58.2 1.01 4121450 0.0921 ds, indirect 

ACT mismatch 

22 CAG8GT GTG 44.7 0.73 417/454 0.0674 ds, indirect 

ACT mismatch 

23 CAG TITITG 33.1 0.62 417/456 0.0628 ds, double 

ACT mismatched 

24 4161455 0.2265 ss 

25 AGTGTI CTA C 54 .4 2.27 4 121449 0.3887 ds, complementary 

26 

27 

28 

MIOA(APyE)C 

GTA GMPyE CAC T 

AGT G8TCTA C 

AGT G{JTCTAC 

AGT G~TCTA C 

46.0 

42.8 

48.8 

0.68 

0.57 

0.40 

4221452 

421/455 

425/455 

0.2106 

0.1391 

0.1452 

ds, mismatched A 

ds, mismatched G 

ds, mismatched C 

29 AGT G<l>T CTA 48.6 0.44 4241455 0.1674 ds, direct abasic site 

C 

30 4161457 0.0936 ss 

31 

32 

33 

M 1 OG (APyE)T 

GT A GA PyET CAC T 

AGT GAT CTA C 

AGTGA8 CTA C 

AGT GAG CTA C 

49.6 

37.8 

36.2 

5.18 

1.37 

1.33 

4151449 

4191455 

4191454 

0.3040 

0.1608 

0.1640 

ds, complementary 

ds, mismatched A 

ds, mismatched G 

34 AGTGA~ CTA C 39.0 1.83 4221455 0.2022 ds, mismatched C 

"Mismatched bases in the DNA sequence are indicated by underlinins. 

t PyE,. 1 PyE 1 PyE 1 PyE

M12T(A )T, Aem = 447 nm, M12A(A )A, A em = 448 nm, M12G(A )G, A.m = 455 nm, M12C(A )C, 

1 PyE 1 PyE 1 PyE 1 


A.m =451 nm, MIOA(A )C , Aem =449 nm, MIOG(A )T, A em ~ 449 nm, A M12, A . m = 476 nm 

COnly the lonsest wavelength was shown for A"b<' For complete list of abso rption peaks, see Table 51 . 

1Quantum yields were measured by usinS quinine sulfate as a standard ($, = 0.546).19 
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~u'Vl 25 Fluorescence LL"::: UV absorption spectra 'Uel~ MIOA(A )C (L"'lJl.h:::,mVl~) Lbn~ ~mVlnUVlLel'IJLellJll~1 : " 

LLli1~ = dAGTGTICTAC (camp.); ~L~tn = dAGTGCTCTAC (mismatched); ~vil = AGTG<PTCTAC (abasic); nl':l~: 

[PNA] = 1.0 )..lM Lb"~ [DNA] = 1.2 )..lM 11J"I'ItlaL"I'IlJI-u"l'lL"I'Itl110 mM pH 7.0, Aex= 376 nm. 

'l1n-Umm1'IJ m".i1~~ 13 \l~L~'IJltill1 AP)C b\J"v1m.J11JYidi1JLtl?l1tJL~tn1J~ihJ';j~~Y16m~1'IJmlL~v~LL,, ~fitl'IJ-U1~ 
" 	 " 

'j~ LLCl~:fi'IJnULU"-Ul~L~lJ~ lVltJLUa-Ul.:tLflu.:tv1LD'IJ G Lb"~ C \l~'V111~lJ':i~~Y16m~'Uel~nl':iL~tl.:tLL?I.:t"~n.:t un~b~mf\~n1':i 

I 

http:l1n-Umm1'IJm".i1
http:0.546).19
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L-u1Finu~L51.Jm~LtJ1.JFil'llJ n1,)L:SIl~UI'l~\)::L~lJ~'U1'UYlnfl'HU LLii':h\)::: llilJ1n,J'n LLI'l~,:ri1nl'H-u1ri'):::'vd1~ APvEU'U PNA nu 

dT ~'U DNA YhllXLfi~f)1'5L:SIl~LLI'l-lL~lJ~'U \)lmr\J~~liil~m:I1~llnu&iL5'UL'il~ii"h~\JLUI'l~~1'tl ; ~lLL",oJ-lm-lU~L1ruYi\i1,),:j 
nULu~ APvE ;-l"tjUi1f)1,)L~u-lLL~-l\):::~ln'"hl'Un'iru~LiJ'U~l'llJ \Jun\)ln~Ei'-l"tj\Jn1'5L~1)\J'U1)-l Ama. l'U absorption LL"::: 

fluorescence spectra hJYl1-l-U'l-lf)~'UYiU1'l~'U (red shift) iil-lLLI'l~~l'U'ltl~ 25 ;,:ri)5'\J1uliili1Ln~\)lnn1')YiL~mu~hiL'll1
" 

~n\J LUI'l / yf \)::~\JLu1~'l'U'Uthll'\"1~'Uffili'!Juu\h')lhfl\J PNA-DNA duplex YhllXLn~ IT-IT stacking ~\J ~-l~~~,,1.x 
11'Y'Ylruf)1,)L~Il~LL"~"~o-l lL":::Lfil'l red shift ~-lmh'l ;,:jtJ,)ln!)n1')ru~"llJl')n1j1.Jv\Jliill~u CD spectra ~~~t1Y1 258 

1I'lEmU-;lL~ul\Jl'llU'Uu~~il5'UL€JLU\Jii11LLvl\j~ abasic Fi8hjiiLu"mjm~-U1lJn\):::liil~m·lh.JL~hnn\JnUn'iruYiLU\J mismatch 
v:; PyE 1 " 

base 1'l-l'U'U A 'W modified acpcPNA ~-l?lllJ1')nuunmllJLL\I1n~1-l')::: ...,d1-1 complementary nu sin gle 

mismatched DNA liilmjwtll'l L\)'U;-1LtJ'W~lJ,mYiLL\I1n~l-1\)l n~ LB'WL8 LLo:::~1lJ1')nu11'tl'll'i:: ~n\i11iLu'Ul'\"I'5U1'Uf)1,)\I1'il\)l~ 
~lB\JLU ~-1'Wun\)ln\):::iif)1') LtJ~ u'WutJo-1A'lllJ L iilJ'lJll-l n1'5 L~tl-lll?l~lL~'lV~L~'Wn1'l L tJ~ tJ'Ullt1",:j~\)lmiiUlLu'U,~ 11iiluniil'lu 

~,:jLLI'lIi'l-ll'U')t1~ 26 ~1'W1'W"''l'W-dl'itl'W-U1-lLI'l~\)l'llJU'5rull~'l n1"-lmh::",i1-lL\I1~£JlJ'U'V1f111lJL~tl~~lJV;
" "" 

- complementary duplex 

= single stranded PNA 

r--..---"'-- mismatched duplex 

•• 
\900 HQf' l'h'lI ~ H: ') " ~:'{I(i ',..11) " 1,(' 1 " ~IO (I 1')(, (· 

W.V~ilhrnlTl) 

~tlYi 26 "1'tlf)1'iYl1,:j1'W'U8-.l APyE-modified acpcPNA probe 

4.2 Pyrrolidinyl peptide nucleic acids with fluorescence 5-modifjed uracil via post-synthetic 

modification 

")l'Ui~lJ~iiLth~lJltJL~m'~Lfl'51~v1 acpcPNA vlii'Ull'lmmtJ?lYinnQ]\i1LL'tl')iil'lU~n8u1'jY!€l11\i1 U~1\J%lJrltl'U~U1 
d 

20 
LI'l'UIlLL'Ud1YiL~'ULtlvl~\i1\l"lniil'lu~o8tllwh:l1 b-U'W1'\"I:S'U'U\J'U'lfi1mm ~""'I1lJ1,)C1Ltl~U~bbtJ"~n1'iL~mLL?! ~~Vla'U?!tJu-.l 

~ 

(>\ 801') Li1 Vll1l\J~~o'U~ L8'U LtlYiijI11~\JL \Jl'lfi~lJn'Uliil mh~1'in(llllJ01'i~-lLf'1':jl:::v1Yi l~'Ub€l~.:!mi1'lV~li~'UUl€ltJYifia'U;il~ 
~~ EJ1n'll\J~tl'U mh'lfi1)(;;8~L~lJG1'W'\l1f101'i~~\)"lnv1Yi b~tJ LallJ1tJllJtl1 rlutJ '11 mr'W~~'thllJ1 tJblJ81Yf1ffi 'tl~"]Lf)'n:::v1Yib8tJ18 
(>\1)ltl 16dv111Vi01'Htl~tJ'W'lJtJli'I·iJ'il~tlmflYl11iitJ1m~m\)lnG18.:tL~lJ~~LI'l'i1::v1YiL~'WL81",iJ ~'ltJLL'Wl~Vlhllj (~tl.yj 27) ¥i8 

O1,)~~ll'1'il~""'Y;L8tJb8yjiitJ'll'1mmu~v1jj'l-1l.iLtJl"b'11.Jb'li'W 5-iodour~cil uvYiii11bL~tJ,,]Yiiilu-.ln1 'i \)~~Vl'Hnnrill'U '1 l n,rtJ~~1oiJ 
~ ~ 

tlDn~ul palladium catalyzed cross coupling l'Wn1,)~\i1o(\lnLL'U'U pos t synthetic modification ~~15m'id'1:::v111Vi 
G11l.l'1'i n~.:tbl'1 ~ l~""'''hB'Wl8viiiI11Q]'U L'U?lb'I-1ii€l'Un'W iim'i~IiI\lmnYiii11 LL",oJ~L~ rnn'U uvibtl~U'W'1ltJ\i1'Utl-.l;Wlm~mtl~ [J'U L 'IlUU 

'tl "j ~ ~V15m"tj'U tl-.l\) f\l n ~ "1 [J 1 'UuVlliil'il til-'l "j 'l\i1 L~'lL\11 tJliJG1€l-'l L~lJiiltJ~-'lLI'1'll:: ~~'lLlJ L 'UblJ81lL" ~ Yi L8'U L 81 ~iJ Ci 1 

tl "j:::~V1TImYl'lJIl.:ttlD n~[J1ffi-tlt'Un1'i~\i1\lmn~'tm ;-llb'U'lA~ffiiil1''Un1'i~~\J-UlJ1L~ahJ1.J1'WlJ1ill'UL~8~'U8"]~b8'U L8 2 1 
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Ar-X, [Pd] 

Previous work Q.".I{0 

I ODpm
Boc 

PNA synthesis 

PNA synthesis 

This work 

Ar-X, [Pd]-

11.J·lh~l~lJtX1.JLtJ1.Jnl')V;~'l,jVl~nrm 1\iltIL~lJ\)lnn1,)~.:Ilml!:"'YhB1.JLtlvlij,hvi\J1.'UCI~I1Jl fiu Ac-TUIT-LysNH2 

(PNA-I; m/Z = 1297.3) LL~!:1.hhJYht.l~n~tJl Suzuki cross coupling tluYJU~'UuhUflLLtl~~ [PhB(OH)211\ilCJ1ilii'-lL~.:I 

t!Dn~tJ1LtJ1.J Pd(OAc}2 ~llJn'U~LLn1.Jvi 2-amino-4,6-dihydroxypyrimidine (ADHP) :5.:11hltJ.:n1.J'htJ1.Jlii'ld.:lt!t1n~tJl~ij 
t!':J::~'Vl5rl1'W11.Jnw;ht!5n~tJl~A~ltJA~.:Inu1'W~LB'WLtl11.J~lYh~:::~ltJ~LU'UJ, 2 \ tlvl.:11')n(l)llJ ':J!:'U'Ulii'lL ~.:It!5n~tJl 
vi.:lml11hlAutJijt!')::l1'Vl5rn'WlJ1f)1.i'f1L~ml1lJ11in'UYiLB'Ultl mhlfiB'illf)nl".llLA,)I::"'~ltJl'VlAill') MALDI-TOF MS Yj'U-h 

Cll':J~.:JvltlYht!~n~tnlt!VllJ~ LL(l)1~~~(l)Jlru.nyjLii(l)\)If)rn')nlll~1B1B~'Wfitl Ac-TUT-LysNH2 (PNA-H; mlz = 1170.3) ltJU 

?lltl1V1fli ij~~\ilJlru.ny(vlv.:lnl".l~B Ac-TUP~-LySNH2 (PNA-Ph; m/z = 1247.3) ,n(i)~'Ul.YhJ.:ILi)mJtltILYhJtll\ilCJnl,)L~lJ 
t!~lJ1ruvild.:lt!!in~tJl ~UClLm(i1 Bru'\!1nJJ Ll~::f)")".lltl~tJ1.J'U-U~Ll~::YhB'll'lJu.:lvilYi'I~!:""tJhjClllJ1':J(1~\1lnl,)Lii(i) PNA-H 1~ 
tl~1'U".l::lii''U~'I1Il~Bhl~ (~t!~ 28)' LLIliB~'.:1U1)tJnl,)'Vl(i)~v.:lffi~LLCI\il~1~L';;1.rht!lin~tJl~Lii~~1.Jri1)u-iil.:1'l::C1::vl\1ll~1).:l'lln 
hl'W'U~~(l)Jlru.n·i;'.:ILfitJ.:I5'W LL~::nl':Jy(Ln(i) PNA-H ~ul~i\uCl\il.:r:hijn1·:iLn(i) oxidative insertion '(1)-llL'W~Lm~VJJLiiVlLU1.J 
palladated PNA intermediate 'l~.:l LYitJ.:jLL(l)1JJClllJ1')mn(i)t15n"itJl.ivlt!LtJ'W cross couplin~ product ~c;')tl.:jnl'jlvl 

= 'PNA-H PNA-Ph PNA-\ ________ _____________________________.. _____ . _ c:::- r:::= ____..____.. __ ....__ .._____ ... ______ .___.._....._. . 
l':~~ j I AC-T~~~i~:NH, I rI, (IS /1'_Af . ' L, : t Ly;-""l_~)tS·20 t>. (J~ . ~'! . "'- 'l.n.!.v:,." ,; '. ",,;; .,'>l " ! 

E. n<) 1 L ______-" l 
_ '( ~ {;I ,~-- .L. -..!.----- _ 
~ l ')"i [PdjlOeq ?f 1:) -::5 I ~_" . {PiT ",,;),' "\f.!I Cd;;; :...:r·~1~2f) 1 ~; O~:- l t J"t -: · LJI \ L.":. fltl r.~: ·)H !/ ~l.,:) p..: l ~ l t:; 

' " ! PhB(OH), 100 eq ~, 
__ ,, 'J' 50 mM phosphate buffer pH 8.0 -:;~ 

" " 37 " C. 5 hr l -• 
.'''' ,.~ l..,,,..~-..-:.,,...:r___....,, .. ~..,~....-._""_......_ .....~_ ~-"':!~ :6.,.,.".. :' '''":~"'E ...e,;<:t;; ...:n"..".':"'=_~_"=-~,__._",.,,,,_..__...................- ...; 


):,,).1 / 


.c.
~ [Pd] 10 eq'I c . 
"', " PhB(OH), 100 eq 
.~ ~ i 50 mM Tris Hel buffer pH B.O 

1 ! 37 'C, 5 hr 

20 F' ·!J (·n Ac r' ' Ir-l:r.; :,-:rPM3iiJr. ;? ~ p j ·0Hi~..1 :es .: C , '::.'h '} i~ 'i:' iH·F J~> i t, lll ·t r,_ U0PhE' (Ci"';-v. "~ I.:: ~; .1!;')lJ\!; )F~ . } ; ~ ~ _ ;:- 1:1 15! ~:-= ~"I(X1 'j' IPd] 1 eq '. " -- '" .. .. ;" 
~. J ~)lXl . 

.=. :S<:II I.~ i PhB(OH), 100 eq 
'" ,'''.'' 1 50 mM phosphate buffer pH 8.0 

FY.~ f 37"C, 5hr 

~ ('~)o.""'; : 2(J'::; o:::· ....·~- 1\:.::1UI Ll ~"" tOOphH~ ::ri ~2 H \l -;: (.'f' .".l '-f:'e !,, !U'.,.;.';2;) ~~; ( r'! (.'5_ f \ t· rio n . 1. 'fo"o 10Upht. , ;Y .. k .., ~ ~ :'J _7-;~nJM;~i7:~ _6(jI:' _< ;" 1 1~i I r 

IPdll eq -  . c. - 

" ·11"-"; , PhB(OH), 100 eq '-. ~ 
-" ",,", ', 50 mM phosphate buHer pH 8.0 ~~: 

.,L_..... _______ ,...-___~~ o~, ~~_. "_~__ "~_,._ __ _ •.___..__....... _._. _." ..... hl e.f---- '"'~ __ 


~(.:.) ! )lX: L-- . ~· " :{I I..-- l.-.- 

PNA-H PNA-Ph PNA-I 

~t!vj 28 f)1".l1oU' MALDI-TOF MS spectra L~v(;l~(l\1lJt!ljii~'.n Suzuki cross coupling 'l:::Wil.:J acpcPNA Ac-TUT-L ys 

n'U PhB(OH)2 U1.J solid suppo rt Yirm::~I.:J'l 

http:11.J�lh~l~lJtX1.JL
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loooi 
I 

PNA-H PNA-Ar PNA-I - - 
~G 5.08.2f,_.4c : t.,i. T-t )~N"'2_k;t5'2C 1.:;..,;e-2.;_,l..c ·TUi1 -ly~.Nr-I 2 _rc:5' 1 SUr; 

'" '" ~ 

Ae-TU" "''T-Lys 

m/z 1260.3 

: :,(',cc. i 2[ 1S-C-9 ..D3_,I\c.TUI1 -l>'S_,t)J~nB~_ l O_S! tAA'?S _~O( t'l Smi ·2[!~ S-% -I)J_IV... Tl<T .t -1s._ 1 frJ:>t; ~FJo(_ i~d_~.J(lJM!="~_.6{lC_ I5-'Tk'Y! ~~ ~ , , 
.,.,[Pd) 1 eq 
. "":li ~:~~ PhBFfK' 100 eq '" 0 Ae-TL"'hT-Lys .. ,;:;.. , 

. :-; 

v 
50 mM phosphate buffer pH 8.0 ;:, m/z 12473~~ ~ -60"(,15 min;0.::1 

" ~~~~~~~~~~~~~~~~~~-~~r~~--~~~--~~~~~~~~ 2(15·ce·2 1_A,;: ·TUlT ..tys_ i~.J·tJ;lO".>htond_ ~ "dli;·7- t 5 :_:D.IIi",.IPE _Wi _1 5m r:~ 1 U8·2 Al...·T ,,.i lT - ~i"j_ ! ,}'] ~~.:t·iI);.i~ 1 6f1\:'_ 1Pdio·?· !5 1_ S )I!'~' P e-r _tj0C_15m"I . 1 

:--.:.(Pd) 1 eq 
3-thiopheneBFfK' 100 eq Ae-Tl!"''' D, ,· 'T-lys 

50 mM phosphate buHer pH 8.0 m/z 1252.3 
60°C, 15 min 

~ ~.J..! L-.......L......  . 'v.' 
PNA-H PNA-Ar PNA-I 

~tJ~ 29 m~1';; fv1ALDI-TOF MS spectra L~u~VH;nlJtlBn'1c.n Suzuki cross coupling ~~'Vr:h~ PNA Ac-TUIT-Lys nu 

ArBF3K UU solid support 

1u.ffu~uuviU1J1~~i:hLUl~Vl'yj'il~ b~lJfIll~,rju~11'lJu~(;)l\Jlflfilu1y.jfl1(i)tJnl') btJ~tJUltJUl1)~fl1(!1')yJfluu1~um)(p), 
[ArBF3K] ;~lJ',jlmlu':hLtJU\Jlf1mulyJ~~lJtJ~~~Yl5fnwlJ1nnl1lu":lm.mhiinLLu;zJQ)UYlU6 mh~hfi~llJ bllJ electron rich 

Lu~nl~'.ir:~uuhum'.i(;)L.J\j P-CH3C6HqBF3K bLfl~ 3-thiophene BF3K \J~l,x~~(p)nru'l'i~~u~m',jAu PNA-Ar LtJuoon LLvi 
L~tJ1.ff PhBF3K M~1,xtJn~hj~nl1 PhB(OH)2 '-nm1n n~11?1mJ~YlUn1'Hn~ PNA-H m;fiuU-Ul~lJ1n ('.itJYl 29) LL?I(i)~11, " 
n1~LtJ~tJUDlf1mtJly.j~v~llJ1'1itJ'il~tJ~11'l'1!L~tJ~tJ'i~n1',jL~EJ1~vil1,xnw/h cross coupling \J~~?l'UmllJ~lL~\J UtJn'illn~ 
L~tJ1.ff~ LVUL u~lJ~l(i)ULU?lEJ11~U'v1~m~u1';;~LBUL 1)~ij~l(i)'ULU(H·J?llJtJ'.i~ ~Yl5m'Y'/'il~ ~~~lfl~1tJ Bn ~~Hi Yl(i)flu~LtJ~fJU 
(;)ld-ltJ5n~tJ1LtJU?ll'.itJ'.i~nuuL:U.;Ji8U'lJ8.:jLLYlflLflL~tJlJ'lJD(i)~u lV1EJYI'Ul1nl'lH Pd(OAc)2 (1 equiv) ~l:IJnU TPPTS (4 

equiv) LtJu~LLnuv1 LLn~ aryl trifluoroborate (100 ~quiv) LtJuDlflmu1y.j~ l(i)EJlJ C52C03 (200 equiv) bbn~lJ 

acetonitrile btJU(;)lviln~nltJ vil1,x?lllJl~mnV11Jlin~tJl1~fi1)u.ul~?llJ\!',jru lQ)vii deiodination product Ln(i):fiuA1)u.ul~ 
iiuv (',itJYl 30)

" . . . . -_. - -- ... . 
]0-: :. i)}l l\.I-:!\( :-:,: "-~G,\~;i i" AC 1 t '{' _p . tt '; :'>~H ~~ f>8 0-1_,"':.c ,. l.';Gf ·.'. !iC t\(: I I ',..~_p....,.! I;:;:: I!'"\ 

.;. ': l,.li1t. 

0 , 


~ '" :li..,;'~ AC·G1AGAUICACT -Ly,· NH2 

m/2 3670 

I 
----------~-----------------f__---------.----.---------- ----------- : 

t : 

Pd\OAcl, 1 eq 

TPPTS 4 eq .. ... . "!"" :;', 


(S;y8J"-~I(· mh procUCl = 3628 
U lOOeq ~ I,. - I J., -l"~ 

(,,CO , 150eq 

., 

.13 '::\),; PdlOAcl, 1 eq
£ TPPTS 4 eq 

€ , s ....T"'" BI=~K~ MeCN, WI~ hcut S,O: , 60 'C, 5 tJr 

''--'I 100 eq ~~ ~ 
G,(O~ 100 ell ~. ,..... 

---r,--"\-' _~~.,-__-L_,_ _-,-__~_______~~.:uL~---,-- - ------ ------,--------.--~-,----. 
: ';.I X' 

n' . 

http:Ln(i):fiuA1)u.ul
http:L~tJ1.ff
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atJ~ 30 fll'iHi MALDI-TOF MS spectra LyjuQi(i)(i)I~tJ~n~EJ1 Suzuki cross coupling 'i::l<"h:J mix base acpcPNA 
I u 

Ac-GTAGAU CACT-Lys flU ArBF;K 

\)1 m7u ~-:J1~v11 f11'i~-:J Lfl'i 1::,}\~LBU Ltl1U'i:: ~'UG'I Lfl"YilJ') n~U6'11'V1 ~\nl11t1Pl m:llG'1l.!U~L:a-lll"~Ll":: mIl.! LG'I ~V'i'lJ u-l~ 
LSULm~mf)(i)fll'i~UV(i)nU~LB'\JL1) 'illfl1'iVl(i)"u~~UflJllJl'li'~'Ii'uyjl'll1m::?\~1'lJm'i~~Lfl'il::l-I~u 500 OM ~JlJn1Jf11'il-ii 
aryl trifluoroborate 000 equiv) LiJ'lJUJflmuh~~ ~JlJn'UflTl1-o 2 equiv. Pd(OAd2 lL(l:: £) equiv. TPPTS l(i)vii 

C52COo (3 equiv) 114 HzO:acetonitrile (2: 1) LtJul1lJYh(l::(lIE.dJlJnUfm1?i'8~fllL'il,,~~ru'VIJJ:n 60 °c :E~tJ5n~V1U':]fl.,j 
In(i)1~uEil~:iJtJ'i::~Vl5fl1~ l(i)tJ~u PNA-H umJ l(i)V~I'iI-3Yi 14 ll"::auYi 31 LL"'(i)~fl1'i'VI1"'fl1J::f11'i~_lLfl'il::'}\tJ5n~V1 
Suzuki cross coupling ~L'VIlJl::G'I~ 

scale Pd(OAc)2 TPPTS 
Entry Ar Condition 

(nmol) (eq) (eq) 

0.1 10 40 50 mM phosphate buffer pH 80. 60°C 

2 0.1 4 50 mM phosphate buffer pH 8.0. 60 "c 

3 0.1 4 3 eq. CSzCO,. Hp:MeCN (1 :2). Si02> 60°C 

4 0.1 3 eq. CSZC03• Hp:MeCN (l :2); without Si02> 60°C 

5 250 4 3 eq. Cs2CO,. HzO:MeCN (2:1), SiO? 60 °C 

:.\(; : Start'f'I~ material 

~ ! ;r'.$ ~ 
).<r:"... z ~ ;::. : Entry 1 '0At 4 hr of reactiont ~<i-: f: 

: : '',0\. ~ '. ..:, .: -j i 
M 

.> $; " 

Entry 2 At " hr of reaction 
 :,.~ t .l.1 

~~. . "', J:. (' > .~ • " ; j",
)~ 

;.; 
] ~ ") ' Erotry 3 At 4 hr of reactio n ~ <1 ./7 :2'k.J Pf" ·· ~.1·xl .'~· <!l .:. 

",_._- -------.--- --- ------.--.- .--..---- __!___ '____..:..:~ "-:-~.-:-~---.:.. --. ._._-._.....:_-------
f", I ~ '$! 

~ :'J<-:: : entry 4 At 11 hr of reaction ~ ~ ~ 
:t : .. -'-.______________----C..~_~'--_______~ .." ~ ______ _ _ 

:~ ' ')x 

£. ,''/''; . EntlY 5 At 4 hr of reaction 
~ · .....l; 

. --'.-•.  - - - -.- .. ~-.---. - . -. l' --- --_.-.-_._--- ---.--- . 
~:"'~I 
- -- .. - .- "-. 

.' 'J" 

~tlvj 31 fll'iHi MALDI-TOF MS spectra LyjtlG;(i)mlJtlljn~tn Suzuki cross couplin~ ~~Wjl.:! PNA Ac-T4UT4-Lys 

flU ArBF3K 

L~tlM"rnJ~n1'i ..MH1u_lYiL'VIlJl::"lJ~tl(i)1lJ Entry ~ 5 1u'iuYi 31 ~-ll~~~Lfl'il~'I-1~LB\J~lJ~~HJmn~ltJ'VIl.ibbVl'UYi... , 
'lJu_ltl'iYi'U5'lJD~1VllDYJ'ULL~::yh LL 'i'IJll~J'I111t1v111~u~'1VlEv1JmVlflUfl reversed-phase HPLC 

Utlfl'ill ni1tJ,niln1'i~n1!lIn1)G;(;)Qmny; LS\JLU~JV'VI~ LLVl'IJyjYiLu\Jtl~1'ilJ1~mLtl(lflltnJ~lvtJ5n~ tJl Sonoga shira 

cross couplin~ l(i)Vv11f11'i Vl(;)"B_lVll?l fl1l:: n1'i~_lLI"l'il::~ViL'VIlJl~?llJLL"'(i)~~_lm,,)l.:Jvj 15 U(l~1'tl MALDI-TOF MS 1\J(11) 

~(;H;nlJtllin~tJl~-l~tlYi 32 1\Jfl'HUi1~:;viltJ5n~ V11'Ufm::"''i~::''lmtju~~lfl 5-aryla lkynyluracil ?lllJl'iIHf)(i) 

cyclization L'U'IJ furanopyrimidine 1v1lumJ::m(;)Yi'illLtJ'U"hVl'r1Jn1'itJ,,(;\Y1LB'lJlBuufl'illfll£lrnl"l'lJu.:!u~~ 

, 
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9l1~1~~ 15 "'ml:;lunl~~-1Li')"j1:;lh.J5ii~V1 Sonogashira cross coupling ':1:;",11-1 PNA Ac-T4UT4-Lys nUB:;blJ1~f)• 
lLUoflltJu1U"l'H'l:;n1tJ 	 •- scale 

Entry Ar Condition 
(nmol) -- 100 eq. 

10 

-
~ - V 

2 10 -- SOO eq.-	 3 10
• -

2.S eq. Pd(PPh3)zCl2' 3 eq. Cui, 16.3 eq. TEA, DMF, 80 Cc 

2.S eq. Pd(PPh3lzCl2, 3 eq. Cui, 16.3 eq. TEA, DMF, 80 Cc 

2.S eq. Pd(PPhj)Pz, 3 eq. Cui , 16.3 eq. TEA, DMF, 80 DC 

500 eq. 

2S0 2.S eq. Pd(PPhjlzClz, 3 eq. Cui, 16.3 eq. TEA, DMF, 80 C c --- -:; J aJ , ~. 
.:.~ :) ,~ .. 

~. U fo Startin~ matertat -	 !i .s 0 ': 

'I -	 -: ..',.., -. --------------------'.~------------------

• 	 ~ W,':' ~ :; .~; ~~ ,1',, '; ·:' l ~ l t . P~ .'T \-,f<~; a l 


~ i"": Entry 1 At 2 hr of redction ~ L';: ' 1",,' 7 I ,j ',' 1 rrr\....j 
~; ... t 
~ ::!I'; .- , .. J -

t ''';' ~; ________--"'"""""~,..=_i_L_ ~ > ' " ''' "' 1_:_ __1 ' :~_----	 \.. " ._ __ ~~~:___ _ ' '__ ' " -_._____ 
~). T.'",:j ~ 
- ::~ l fJ.Q~·: ~ 


-• 
! ~~~: _~ Entry 2 At 2 hr of react ion § § 


,',c, -: ~ X ~ 

o ~----------__ __~--~~~-~c-~. ----------	 ~ - ~-------------------------

.~. lCoo·' ~ f":-:!,l ', I ~ lt;n £ n:,Hel ;,:", 

£ .' !':": Entry 3 At 2 hr or reaction 	 ~ p .....: ... C1 1.~:d ~/ r o .:I '-':·t - f ~o::· . 

':f.~ ~ A.. 1 '1, _. • ; . ', <: ' ;, '. ' .!" ." :", ;, : ., •~ .1·.:. ' '"'! .~.: 1 


;""""--

-
~ 

.:~. :l. ! -J: ' -~ 

-
~ - ~ ;;'0"•• : Entry 4 

'. -.-----_._---, 
.~.o :'-eiJ'~-

- ~tlYi 32 f)l11-1i MALDI-TOF MS spectra LyjB~~m:iJtlDn~tll Sono~ashira cross couplin~ ~:;Vdl-1 PNA Ac-T4U'T4

Lys nu aromatic alkyne h.ll'l[)ll:;rmn:;"'lEJ• -- L~tJG'1ml~~ L"'lJl~ ~lJ1um~~~Lfm:;1,1¥i dlWBlyjB~~u"'lnB::;1'5:iJl&1 f) LI B~f\ltlUABl'lml::; nl'lYlI'l~B~Y1 4 ,nn0u 

~~1.hNdh.lLB T9 vi~I'lQ~ln~ltJ 1-ethynylpyrene Ll'ltJl15 post -synthetic modification h.J?im:l11'1:iJ-U~f)1':1~'U(j~n'U~- d)UL'ilFi"lJY>I'U1111Xl'ilBru'VIi1iif)1'j'VI~BlJLWi11Y1I'iB'l..l-U1~"~ (T 65.0 ;)C) ll1mtJ~ouLVi8'Unu~l~ulB~ij'1l\?\'UL'U"tjI'l1tJ",~~
'U ,,, 	 '-' m 

• vllLLW.1-1 (mismatched A: 3S.1 wC; mismatched G: <20.0 °C; mismatched C: 40.S eCl LL?\~-111'wLVULull"l~u 

- v1-1mlll?\l:iJl':1mWnLW::; ~lv1'UL'U?\'!JB~~ibDULB1~B~1~lJtJ1:; ~Yl5mYi '\JBf)'illf)~ f)11L~B~LL?\-1Y1 456 nm 'UB .:r~h5'WLm~u 

- lii'win'U~L5u LBfi":iJ'Il::;"'~f)11Yi LB'WLB"ltJL~~n~-l 5.2 L'I'll ;~LUtJf)1'l"B'U"'UB~"-1f)11¥1LBtJLBv115i.Jmv1'1l1f)tJnn~tJl
'U \J 	 '\J '\J ~ 

--
Suzuki ti)-l0tJ~1'Ul~O~~-lLLl:'I~-lh"Li1u11"lm~\l1m5 palladium-catalyzed cross coupling 1tJf)1,)Yll post-synthetic 

modification 'UB-lWL5tJLB1~ Ll"':;vhvuYilJf)1':1~~'Hnf)~lEJ'VI~ ethynylpyrene Yiv11Ll'VI'l1.:J S '!JB-1~~~'U1,xf)1'5"BU?\Uu-l 
L:a-lLLl:'I -l liivf)1':1 Ln~l",'U~ ~n'U~h5tJw1v1~Yh'l~. L~BLVitJ'Un'UWLVuLBYi~~Omf)v118"'l.nYlLB~Ju L'UU1<!JvbLL,)U LL"'::;L'UtJ1'1l1YllB 

• 
~ 

• 

-

-


At 2 hr of reaction 

-n ol: 

I 
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~ tJd oJ "ltJ4 	 !! u .,J1~vv'q1"l\l (~ 'VI 33) ~1\lY1\):::Y11V\'El ADfn'iI'1f1'til specificity LL\'l:::f11'lnf1'tilf1U mix sequence PNA LY'lD "H(i)'UDlJ\'l~lJ\!'H\J 

'WDYl\l:::,111tJ~WlJ~~D1tl 

0 .0 

5,2 

5.0 	 )-ern431 nm 

1.•m 401 nm

Or'"4 .il i'~m401 nm ()j3,3 	 1 ,6 ,~+ i'"rn431 nm 
II> 
II> 	 Q," 2,7 

--	 (X'~ 
3:J X 	 1/)+ 

II> 2.2 

" ~ , , 1.8 

'1.0 I I I,.,o ' 
;. -;,h : oph~ ne 3-ihlc;lh";:':le :J~zofuran OEilZ0rh ioohene ~'iyn'ilp),eilE 

Functional/zed PNA 

~tlYl 33 tJV\"il?ilU'tJD~ Fluorescence (~ Ae-n) 'UD-l T9 PNA ~eJl\lf)l'i~(i)LLtl'i~l(J'VI~~l~'l ~~lLL'VIti-l 5 'UD~~~&1U~v~ 

n"l-1~lV 1u~m'W~L·ih~n\J~d)1.JLB~~lJ (dA9) oiD)\hS\lLD~l(JL~(n (condition: 1.0 11M PNA, 1.2 ~M DNA, 10 mM 

phosphate buffer pH 7,0, Aex 376 nm), 

5. Electrochemically active pyrrolidinyl peptide nucleic acids 

~l1.Jl,)vl\lC'il1.J~L~tniD~n'UflTi~~'Ul apcpPNA ~~Vl'Hnn~'hv anthraquinone LY;mD1.J redox-active 

probe rll'v1~\Jf1l'i'l111 tltl'i::: ~f1V\l-iinUfn'lml\)l(i)&1L S\lL'Elvll(JLY1A{jA'VI1~LfliTIWYh v11mh-lL-U'U f11'i (;l'iJ\l"D'U~l~'ULU(l 

'UD-l~iLB'UL'El1VlULYlflijflYll-lLAmWYh~llJnU~,lyJyh'll{j(i) screen printed carbon electrode (SPCE) ~~VlLLtl'ivllll'WD~ 
LlJD~~lJ'l.i'l:::\)\Jlfl LLI'l:::fn'i'l111'l.hJ'i:::vflIi11,n'Ufn'i(;l'il\l~hB'ULD'tJrNl1-r,,1'lfln~ (WSSV) ~cJl1.Jn1'iL~lJ1.J~lJlru~l f.JL YlAUfl., 	 , 
LAMP (d'J'U-ll\l%vYlvll~llJn'U I'1,Vl',i,D'5l'i'iru oOVftillflft JIlfll'tJ1LAlJ Aru:::l'VltJlm?lli1~ \l\, ·n""n'iruJJ'v111Y1f.Jl~tJ LLft:::, 
C-J?\.Ii1'i.tJtJ:::Pln~ 'IJ~m'Hlnl'f mfll'IJ1W~fl~l'llM15 flru:::1Yl(JlI'11~(I)1 ~Vllft.:Jf1'irulJ'v111'V1(Jl~tJ) ~l'Ul~m~lJ'llf1fl1'i 
".:J lfl'il:::,,\i;'B1.J L'El~&i(l)QI'l lnYl?lllJ1 'lC11 ~~C\JC\Jlru~Vlf)f1·/j1~ ~D 4 -(anthraquinone-2-yl)oxybu tyryl 'Vll.:J'\.J(ll tJ~l1.J N 

'VD.:J acpcPNA ~jj~l~'lJL'UG1LtJ'U 2AQ-CTAAATICAGA-LysNH2 (AQ-WSSV) LLft:::M~I}U'l.n15f11WI'il\lG1D'Ui'\1~'ULUG1'lJv'l 
~LBUbD1(1)tJD1~mY1flUAY11-lLfliTIW¥hL'UUYhlJ~D..:)jjn1'iIi1~":)1'W''lJI'l-l'IJ1.J~,1wvh 22 LmJlJVlc:rn f11'jvl"bb(l~-ll'U'jtJ~ 34 

" 

PNAIDNA 
Redox signal«00 SJo('" . ~~' In 0~-R~0 

e-J 

0 
PNA probe Target DNA 

PNA probe 

No signal

+ + + + + x~ - 1 
, 0 r
 

l-..-
I ----

-' 

I! 


I 
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~tJvi 34 VI~nm'j'tJv~ immobilization-free electrochemical DNA biosensor Y1vll'lU anthraquinone-labeled 

acpcPNA ~tJ1.JlYmJ 

~11~YhYhoffdj1.J~1'U1J~ screen printed carbon electrode (SPCE) Y1~1'IJn11(1)V)u.thv)1VYmi\blJV1Y1ilth::;~ 
mnAv poly-quaternized-(dimethylaminoethyl)methacrylate (PQDMAEMA) L~mJl1tJ\i\':i1~1~ AQ-WSSV 1~v 
bVlflUfi square wave voltammetry (SWV) 11.JIm::;ffi:um'k51.Jbv\l::1:Ub~1.J~11!'1JlruL~u~~ln~d)1.JLvihJ'j::;y\.nm~v~'lln 
VI:ul ~ ~1.JY1 ~QilJ ~-ul1 tl'll1 v nl ':i"::; " 1 V ~::; Ln~ nl':i ~~nYll ~1't'l-w 1~ (\\11 ntJi1 LL~ L~ulj ~L~ 1.J Luvilj"l~tJ ~ tJ ~ Al:1lJ (5 '

T~TGAATnAG -3') mj~ltJ \I::;vhl~Lnv)Yhii1.J~v-~Lii1.JLU1"tJ~~Y1iltl'j::;\Il:1Yl5btJ1.J"tJ ~~~::; lil(i1u.'j-l&i~(i1(i1nu~11yJ~l yhl~ 
AO-PNA b-UllJlvV11.J':i::;~::;Y1vil1~bn~nl'l~lV1u1.J€iL~n\ll':j u1.JfltJ~11~-Wlb~~~tJ1.J~ru rulruYll-lbflffi't'lYh~1.J" ~ ~ 

l1.J~l1.Ji~VlJ)ij m'jtl .:rutl~,:J[m::;'!JeJ~ m'j\ll':j1~~ utJ "l~U btJ~'IJt)-l~ ~ii1.J bu 1(i1u ~~lJ~l n'llij(i1bL~::;mlJl ru'tJu-l"r'm~ 
bd..m1 bb~::;(ll1\btJ'igjl-l'l11.Jnw/h SWV b~eJM[m::;~&iY1'1(i1Lb~h~,nJllJl'lhfl1i\~U'ii1.J ml~bVlvunu~bii'WLvY1f111lJ L-ulJi1.J 

~l"l'l (t~fI11lJ~-UlJ-Utl'tJu'l'vhBtlLu1mUfI,:JY1vi 50 nM) lJ)mlyJ(1)'lLb~(i1'l1tI~tJY1 35 1(i1~.dhh'lY1LtJtlL~tlm'lvimllJL-UlJ-Utl'!Ju'l 
~lB'WLu':i::;'vr:il'l 0.35-50 nM 1vWijAl LOD (3SDb,an/Slope) Ltl1.J 0.1. nM (SIN = 10) (1)1L~'!J-dbllj'\I::;hi~llJln.rn lL~n 
u ~1'W'lh'l1mi'LAV'lnULVlflUflmWl'j1\1l:1vU"1~UbUl:1'!JV'l~ LB'WbU L:U'll~YhffilJ1tilV1I'lUnl'J'lJU1U~11!qJlru5'W 'l LL~::; L~u'l'ill n 

.glmoffil'!J'Wl(i1L~n bYlflUfl-d~'lHCIi'lmh~m:lJlruuvtJlJln LVltltJLvilnu <10Jmol VI~v <1 n'S 6i'lV1.:rU ssDNA Y1ilfl11lW11 

300 bUl:1 ~~'l.h'ildv'l11YmY1'il::;'lil1tJ1offm1'ill(i1~Lii'lJLuY11,iTum'i L~lJmlJ1rulJ1LL~l LL~::;vi6i'lf111!AmVlfliJfI-dLb~(i1'lm'j L~un 

')lLyn::;Y1~'llJ1n (1)'l'il::;b~'WM\llnm'jY1 single mismatched DNA (5'-TCTGACTnAG -3') l:u1~~'lJ'lJlru SWV b~8Y1"'ln 
'lil'lfl11:Ub.u:u.u1.JY1~mn (~tJY1 36) ucil'l hfi\i\l:U viml:UL.u:u.u'W'lJU-.l non-target DNA ~'l'l \I::;yh1~~'lJ'lJlru'illn~11vJ-Wl 

"(i1~'l fIl~11l~v'l\llnm1u'1i.:}-uw)tJ tar'Set DNA-PNA hybrid hm11fj(i1Lm::;ntJ~1lyJ-Wl LLgjLLiiY1mllJl.ulJ.u'W'tJv~ non

tar'Set DNA ~'l~'l 100 bvil'tJv'l&iLB1.JLmthVllJ1vM'lL~1.J~qJ11!lru'tJu'l-WbB1.J~ulYl'iUl~mh'li(iJb\ltJ 

A 4.5 

3.5 7 

2.5~ 
::1. 

~.. ii 

1.5 ., 
0.5 ... .. 

-0.5 

B 4.5 
y= 1.1099x+ 11.0319

3.5 RZ = 0.9837 

~ 2.5 
2: • 

1.5 

0.5 


-0.5 

0 10 20 30 40 50 60 -10 -9 -8 -7 

Log[DNA][DNA] (nM) 

~tJY1 35 nl'iVll'lh~'tJv-lnl'i'l(i1.ffi~~11!11!lruLtl1.Jb~1.J\i\'i'l'tJU-l~LB'WLvlmu AQ-WSSV (50 nM) VI~'ll~lJ complementary 

DNA (~,.h~1.J) LL~::; non-complementary DNA (~LL(iJ~) Y1 0.1, 0.35, 1, 3.5,10, 35 U~::; 100 nM (u~mm':i1:U 20 ~L 
lu 10 mM Tris-HCl buffer pH 8.0) U1.J~1lyJ-wl PODMAEMA-modifled SPCE (ilYlu~L:Uu1 0.26 % 11.JVlilnfll1tJvtl~ 
H11.Jnl1l:1n~1.J~11yJYh) mu1til[m::;Y1~yj'1(i1 (frequency 40 Hz, step potential 0.075 V, amplitude 0.100 V) n11vJ 

A LL~(i1~ml:Ub-ii:u-u'W'!JB~~LBtlLu1'W~LnmJn~ n11vJ B L~l:1(i1'l1'W?1~n~ lo'Sarithmic 

'illm1t1~'lltil'l11~Ylflufl(1)'lmhlltltl1::;vn\i\1offntJnl1ml'ilVll&iLB'WLUY1m\lln11.:r?1 WSSV Y1'1~tJlwl'l l(i1vijn1':iL~~, , 
tJ~mru~lB1.JLunu1.J~lmYlflUfi Loop-Mediated Isothermal Amplification (LAMP)23 ll~l'lil~LBtlLBvn~lJ1 denature 

l(i18n111~Al1lJ~utl nv1.J~?1lJntJ-wLB1.JLv1Yl'iULLb'11Vl8(i1"~1tJtJ'WBL~n1Yl'i(i1 nv1.J1J::; 'lilltlml'ill(i11(i1vLYlflUfi SWV ~-1YlUll 
;;nlJl'H)mT~l(i1 WSSV DNA 1tilvcil'l'illLYll::;L~l::;\I'l (~tJY1 37) l(i1tJ?11lJ1':i(1ml~1(i1 DNA L~:utiltl1til~l~'l 10 copies ~1 
~nl1~v)-01 n(i1'Uv'l nl'i(1l1T~1(i11Vl tJ lVlflUfI~1.Jviij'ilVl1tl~lnu1.JVI'l711f ~lt.1i~tJ11.J~1tJffi~-rtJn1 'i&iY1lJYh~ tJU~vVLLb'11 74 

tlBf1\11n1iEJ'lil~1'W~~tJY1L~81L~v'ln1.J~~1~vlf(8 redox-active acpcPNA probe Y1~(i1tlmn\illtJlLu'WYl11All'W'W 
~<\~\i)J1.Jl~'W1i~llJnULYlflUAYll'lLAffiyJvh'tJu-1 f1.(i1'i u':i1'i'iru iV;;1mn(;1 blJ5i~tJullb ,V;mh1uU1::;vn\i\1off1 'Wm'iml'illVl~, , , 
~ d ~ d 0 ILl '} d 25

lvtllu'Uu.:} HPV type 16 YlbD'W marker Yl?!lflqJ'!Jv1b1f1lJ::;lHl.l1nlJ(i1~f1 

http:hi~llJln.rn
http:l1.J~l1.Ji
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4.0 
PNA + compDNA + mmDNA 

3.0 

"3.2.0 
::::: 

1.0 PNA+mmDNA 

0.0 
o 	 ..- 0 0 

..- 0 

Equiv. of mismatched DNA 

~tI~ 36 5'Vl6'fm'Uu~ non-tarsetDNA Yiii(;]'i)~'I!'I!lru'Uu~Y;dh.lLul'fn'U (50 nM) YimllJb-DlJ-D'tJ'Uu'l complementary 

DNA tar~et (dTCTGAATTTAG) = 50 "'~tl 0 nM bb":;'lJtl'l sinsle mismatched DNA (d TCTGAcrrr AG) =0, 50, 

500 and 5,000 nM (0, 1, 10 and 100 equiv.) in 10 mM Tris -HCl buffer (pH 8.0) under optimized conditions 

o ..- 0 0 
..- 0 

4.00 

-' .00 

2. 2 .00 

100 

0.00 
?0Jih\'t ' Hr.ple ~!:,),IiYf ~v r:; ·f~mp! J.!t Dumr 

· 1 ~ -11 ·0 9 .ilS -06 ·0.5 ul'Jrl~ u:-npl~ 

EY 

(A) (B) 

~tlvi 37 btl~V'UbYiV\J~'ll'lllru SWV (-iitllJ"~\JltJfl'n't.j A bb":;LL?I~-.11u~tlmlyjbbvi~ B) Yi1..l\llflfl1"l\11'iJ\ll~ LAMP

amplified WSSV samples: ii (~~lJ) , hiij (~'lJlJ'W) , 'Il~fll'iVl~m)'lm'Ul'llJvi1lJ1~LVllJb'W"\i)~bB'tJbU (~L:Utn), ~iLB'tJLu v , , 

~'lbl'l'.il:;"'YiLiJ'tJri?llJ (~L:UV1) u,,:;l:wij~iL5ULtl (~th~'tJ).v _ 
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d 'f ' 
~thl'l~.:!n1'HJuu New approaches to improve the sensitivity of PNA-based DNA sequence detection 

~::lJ::L1"I'fI~.:!nT~ 17 ihnfllJ 2557 - 16 iitllfllJ 2560 1~-r'Um.J~t~'UtJlm"H'I1(h 16 nwntJ'w 2560 

~'lJ.:!''I.I1'U,b'l~,:m~1'U~ 17 iitllfllJ 2557 Ci'l1'U~ 16 ntltJltJtI 2560' 

l11't1UI1fl~'1m~Eiuu 

P1 . \11~ . lht!'Vlli 11"lmj 

~~11J11'l~.:!n')'~
" 

\1l'l.li'iJ1:I~ tl 'nru-l.m-r!ll'tl f11fl1'Ullflii flru::i'Vl£J1P11'1Vl1 ~Vllfl.:Jfl1rulJ'\.-11i'VlfJl~U 

\1l'l.'\hw~ Btl~tl lllfli'U1Lflii flru~i'VlU1P11~V11 ~Vl1fl.:JmrulJmi'VlfJl~U 

\11'l. LLYfl'Vlu-l L'\.-1fllf11 '\.-1~n~(11 'l Lfliitl'l~ ~niil flru::i'Vl tJ1P11(!(11~ LLfl::im f)'l'llJP11(!(JI ~ 

lJ'\.-111'VlUl~mn1:lVl'lm~vd i'VlU"'U(i)L\l~bJ'W'l::Lnm~ ~ . ~n~'Uf)') 

Dr. Christopher Smith lllfli'U1Lflii flru::l'VlU1P11~(JI~ ~Vll~'lmrulJ'\inl'VlfJl~U 

(thtJ~yh.:Jl'U1tllJ'\.-111'VltJl"tJlJ;;;\1lfl~.:J "vi~fl Ii'll.! 2558) 

~lU~1'Ufl11lJll11'\.-1Ul 'tJv~1m.:! f11'i 

lfl1'lf11'l1fl~tJl-utl-ln1Jnl'~~VlJ'W1Y; LB'W Ltl1'W'l1J~ii"lJtm L~.:J'\.-1tJl~ L vitl'\.h 1 tltl'l~ ~n(i)1-tlltl 'l~'U'U(i) 'l1~l\1l"'I~1JL1J(1 

'Utl.:J~hBtlLtll\1ltJUlI'1tJWLBtlbB1'W'l1JlV1Utll~fJ?1lJ~vttVlVl Lv\tl'Uu-lyhBtlLtl L '/itl fl11l.J(!1lJ1'lf) ttlf)l")EjVl~'Utl~h~'ih L 'Wl::1 ~1~'il-l 
n1J~ LBtl LUI,Jl'\.-1l.J1 U LL~:: f11'l~YiL~tlLtltl) 11'1'ill m.b:: ~fl'U '1i-l '11 l.J 1 'If) 'I~tl ~fl -l1'W1 ~fJ~HI~hlUtlf11'll.J1 (i) flu 11l1fl ') ~ f)l")1iil~-3;1 

1. Catalytically active pyrrolidinyl peptide nucleic acids 

-lltl1 ~U-diil(i) f)tl')~ (!-lr\~~~~lilJtll1'W)'U~iifl11lJ(11l.!1")f)ttl f)1 ")~'U V(1111'U~ L BtlltlL ihvll.J1 tJ mh.:r'ii'l Ly·n:; L ~ 1~ ~-l 
LLfl~ LL,Wh'lfl11lJ?11lJl,) fit~f)1'l d-ltli) n~ 1I1 1\1l Uf)1")~\1lLLtl'iYil~'W Ltl ('\.-1~tl~'iLB'W 1 eJ)t ~ii ~atalytic function 1'W")1J~':lf1ci;'l 
tJl~~~Ulhfl'Ii1tlf)1)m1'ill\1ltll~1JL'U(!'lJu-l(11'i~tllif)'l'ilJLl1J'Uiif)1'l'lJtJ1U"rurul ru1~ l\1ltJ1li~eJ-ltJ1~fJLeJtI1'1llJ. ~ ~ 

After addin~ EtOH 

O~O~OH 

~~ N 

resorufin 

(deep pink, with red fluorescence) 


Before adding EtOH 

peroxidaseH0U:0:V0H 
~ I I

N // 

O~ 
ADHP 

(colorless) 

I 

http:ihvll.J1
http:Utlf11'll.J1
http:Jl'\.-1l.J1
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Tubel : ADHP + HRP + H20 2 

Tube2 : ADHP + HPz 

Tube3 : ADHP + Pt-DNA + H20 2 

~uvi 2 Ll.l~V'\JLYiV\Jfl11lJ"1lJ1'lfllum'H~~tJlln~tIluun;lhVliti'llu1LtJEITilmv8bVl""'U'W"J\I1 (ADHP) ~lV horse radish 

Peroxidase (HRP) n'U~ltJvtlf11f1 PtNP-DNA ~flnyh1~b"~V'l~lV DNA (lJ'U: mv1vlLL"~'lI11. ~l-l : mv1vlLL"~vi). "~ 

~ltl%vffi~iim IlJYWl tIllJv1~:: v v n LL 'U'U 'l ~ 'U'UYi LUti LvYl1v~LStl L€lv1~:: LL"(1) ~fll1lJ"llJYi fll tln l'l b UtJtt11L ~1 

tJllfi~ Vl L~m11lJ11iLtJtlv11'l1V1V"CYCYlru'llv~f)l'l~'UV(1)n'U~L5tiLu ;~btJtlvifl1VlYllJ1Vil~::yhlm~~cyqJlruv1L~lJ~'tJ 
~nnnilm'lHQmm~u,m"-1 '[VlVv11d~tJ5n~V1Y1~1v1\ill'\tJ1'il~vv1imfl'V'tJl(1)tlll tl'V€J.:l Pt (PtNP) ~.:jLtJtlv1V1'lI'UntilJl 
ri v ti 'vnJ 1 d i 1 " 1 JJ 1 'l fl LL &'I (1) ,:) fll1lJ &'11 JJ 1 'l fl1 'tJ f) 1 'l d -1 tJ II n ~ Vl fI fi 1 V L v 'tJ h 11 LtJ v ~ u u n'8 L Vl ?I In 

't,mn~lf)du~iJthlV~ltlil"llJ1'lfl"-1Lml:;~fJvlJ'["r'I~(i)'Vv1 PtNP v1flnvh1~b"~V'l~lV~Lihm) (PtNP-DNA) 1~ "n:; 
~ " 

t111tJH\tJ'tJv11d~tJl)n~vl~1~'l L'litl1 11'[m~LtlitlQ LL~U~1lJ1~?lmnilu'4mfl PtNP-DNA dU\lI'l\l"lJ,j~"lJ,j~l'tJf)l'i~'U~Vl 
n\J~L'5timu~"'~uhj 1'tJ ,n'tJ1'ilv1~V1Vl"v':)L,j'v\lvltll\11vf)l'l~':)Lf1'il::"" '[(1)Vm'i1~1?1'Vv1e.J"m::",il\l K2PtClQ n\J~hB'tJbD (5'

AACCTGCGGATCGCGCTCCGCTACTACAAC-3 ') ~lV NaBHa mlJ15nl'l1tlLuf)"1'i'ih:)~/ ~-1Yf'Uil"llJl'lm\l11UJJ 
v'tJf11f1 PtNP-DNA v1\1f)~111~'l~-1 LL"::"llJl'lflYh1~'U~"V1E'[(1)vm'l\l1n(i)::f)D'tJ~lVbvV11tlv" ",,::..111~m::~lVv11f)i:i''U1tJ 

1tl~I'l"::mv1~u~11~"'l:: (~tJ~ 1) e.J"m'lV1(1)"v'U L,j'U\l~'tJ"r'I'Uilv'4mflffi~LLI'\\I11I'\lJ,j~f)l'H~\ltJ5n~Vlfl~lvn'ULu'tJl'll11 
LUvivuf);L\I1" n~llfiu "1lJ1'lflL~\lm'lLfi\l1m'iDDf)'81\11?1'Vu\l 1O-acetyl-3,7-dihydroxyphenoxazine (ADHP, Amplex 

red) ;\lhiii~ 1tJbtJ'tJ resorufin ~\lii~'lllJ"r'IL-UlJ bLn::b~v1Lb"\I~~lJ1~mv1vl UV liClht ('luvi 2) -l1'tJvi~~Y11uivltJfiu?lmn 
~ , u 

"~nr~m'i~'UV\l1'Vu1u'tJmfl PtNP-DNA n\J~iLi\'tJLuv1LU'tJrl"lJ OlU\lfI\lfll1lJ" llJ1'ifll'tJ m'l'il'UVVlu~~::';11 tJ1i btJ'tJv11'VV1V 
, " " 

~CYf1!lru~llJn\JyhB'tJL€J1'tJm'l\l1)l~"u'U~l~\JLtJ?I'Vu~~hB'tJLu~D1tJ LLuiolhi n~::Yll155'tJ1'tJm'l(i)~-l~ LB'tJLuYl1 D~hB'tJLD"\I 
hJtJ'tJD'tJf11f1 PtNP '[(1)Vi5~'tJ L'li'tJ m'l1iyui thiol uiu1tJ ;\li~",i:i'\ldiJ.fr'tJ(i)v'tJ~~Vlf)f)il Lb\l11~iim'i~I'\~-ulJlmh:h~hB'tJ 

, \J '\ \J 

Lv'['W'l'Uv1(ln(i)~\llVlVi5v1\1fl~11rJ~fI~mllJ?lllJl'm1'tJf)l'l'il'UV\I1 bbn:: bU'tJv11L~\lUiln~VlM bLI1l'V'i)\l~L5tlb'ilU~1~ljerP1m!ll
~ ~" 

Tube3 . ADHP + Pt-avidin + HPz 

omin I hour 

Tube] : ADHP + HRP + H20z 

Tube2 . ADHP + HP2 

~'ll~ 3 l'\J1V'UbYiCJ'UmllJ?l llJl~fll'tJm'ld"ul)n~Vl1lufl~b\l1-Utl'1JD~L'\Juivun~bVl?l~'U(1b\l1'l(i) (ADHP) ~lV horse radish 

peroxidase (HRP) n'U~lE.Jvtlf11f1 PtNP-avidin. 

I 
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uumnniimI1EJh)~~Lml::v1f)BlJtY'l~IIl'UB':] PtNP ~Clmhl~L~~EJ"j~"lEJhh9i'U avidin (PtNP-avidin) LL~::,111tJYI~~tlU1-V 
~ 	 ~ 

LtJ'Uvlld .nJlJn~EJ1L~U'H;)tJ l\iltl~~n1"iYl\il"tlUL~u'l vl'U (:uvl 3) Y'lU11u'4mf)1~LLt'I\il':]~lJu~iLtJ'Uvl'"lL ~~~5n~ EJ1f1~It1n'U 
m'U1'lllJLtJu1rmn~L\il"L'li'UL~tlln'U llviu~1l.iiitJ"j::~YlB.f11Y'lU,:]AuU-ul~~1 ~-lu':]v1u'liifmPim:nviBhJ mh'll"inVlllJ mlnlJ 

V1~~u':]L~u-lvl'UiiLL~~'11~Ll1tJ11ul\l1-tlu'4fl1f) PtNP LUtJv11 L~ '1tJ5i)~tllf)~ltILtJu1uun~L\il" LYiu'UEJ1EJ~c\!,\!lru1tJlll"i 

m1\ll\il~iL~tJLU1~ 

2. Pyrrolidinyl PNA probes with inducible cross-linking properties 

':]ltJBn~1tJ\1~'1~1~"'lL\jtJfm1tJfl1t11vhhuull1t1iifielf,)1"i'Utllt1'Uu'UL'U1Il'Uu-l~1';;tllI1EJ1tJ~ functional PNA 

probe '!lii~~tJ'l tJunLWUu\llflfYl"iLtJtJ catalyst L'litJ -w.:]niu\J",YhBUltJ1Y'l"iu~~llJl'm~h-l~tJri~lf1L lL"'tJ~n\J~d)tJLtJ~ 
~lJL~uc.il'Un1"jm~~'U~L\1lJl~t'llJ LYie-nl11ttl,nUflI'i L~lJtJ"i~~YI~mY'l1'Un1"j 1Il'i1\lt'ltJU~'v1ULu"'Utl'l~iLB'U Ltl l\il EJ1tJ'IltJll1tJ 

ffil11-w~tJ1 PNA probe ~&i~Q""fl~lt1 furan ;-1ii"iIt1'11'UlJ1nu'U\1lJlmtJ"j~'UU'UB'I DNA 11L~ufl"j~~'U&htlvlTilun:a1~~~ 
L\1lJ1~"lJ 'H furan \l~LtJ~uufl LL"'~'il~viltJ5i1~EJI cross-link nu DNA M56 

A 

2eq NBS 
37 °C 

PrJA·DrJA duplex 

8.J ,... 0 , l4,. e.~1t' c 
///// (omplemf!ntary DNA 	 " "!M " '~ I ' <~~ I~N '\ ,...<!!"' ~~~, ..;;~: 


"/" ~'G >-",~~·c ' /~ ' / " , ,,:
-.- !nterstrand cro~s · lInkini IICL) ~ - '-. ~. 

'-0 

~tJ~ 4 LL~\il~tm-1"h~'UtN furan-modified acpcPNA (A,S) Ll"'~flI"jLn\il crosslink (e) 

,ntJll1t1L~lJ~U\llnn1J~'ILf)"jI~v1 acpcPNA v1&i~Qmfl~1t1 furan v1(;)ILL\1'll.:Jnm'lt'lIEJ (:tJYi 4) l~EJfl1"j,tJ~EJtJ 
ACPC spacer 1~LtJtJ APC spacer ~lmru~~viu 3-(2-furyl)propionic acid l';;11tJl\iltltJ5n~tll amide couplin~ l\~Y'l'U 
uqJ\111'U.rr'UlIltltJ'UU'lfl1"i cleava~e 'UB-l furan-modified PNA Btln~ln solid support n"11fitJf\1t11v1m1~m~ 1~ 
U\11U furan 'il~~nvil""t1 ;'lvtJU'Ul~tlfl1'il~ 3-(2-furyl)propionic acid viltJBn~tI1nu trifluoroacetic l~EJY'ltdl\l~ 
Ln\iltJDn~tlluVl'1Jl~L~1 mllJYWIEJllJL,nijC\!'VI11\iltlfl1J"'~f)11lJL.;rlJoUtJ'Uv'lm~"''I \1~vn11LtJ~tltJ linker \lIn Rink 

amide LUtJ Sieber amide linker ;'1~IlJ1'ifi cleave utJn1~Jl1t111l1fl11~ml11ml.iLL"j'llJ1n\JflhjtJ'j~"'Uf)11lJ"'L~'il u(1)1tJ 

v1~~t'lllJl'i mLnuqJ\111(1)tlfl1"j L;tllJ~u 3-(2-furyl)propionic acid L'l';'1tJnuYl dl'ULu1uum::~I"j "'~ ~1t1 1~ tI L~lJ~1 nfl1"j 

?1':Hfl'n~v1 APC-modified acpcPNA \i11lJtJn&inutJ LL~L~v~\llflYhDtJLi)\l::v1u~Ii1\ilLLtJ"jv1tJ~I!J~ltJ C ~1t1 lysine LYim~lJ 
m'j"'~mEJ ~-1hj~IlJ1'jClt11lJ1 coupling ltJ[m~"""i"'::~1t11~~tlm-l l~v'l\lln\1~u~mu'Uu'l lysine nLtltJ.) "lll\1U~~ 
?lllJl'jmn(1)t111n~tll1v1~1t1 ~'1v1u~viltJljn~tn reductive alkylation tJ'U solid support LYimtJ~EJtJ lysine ii1~ 
nm!JLtltJ dimethyllysine

3 ;~hj"'lJ1"jmn\iltJljn~tll amide couplin~ ~u1tJ1~ 1tJ'lJru::~U'lrl~t'lIlJ1"j()1uuu1tJ'lhtJtJ 
u'j~'l'UlnL~v'(hEJlufl1"i"'~mtl'tlU'lYllBtJLB1vlL'liuL~tllnU lysine \llmrU~~nl~\il'VI~tJn1Jv~'lJtl,,\jlf1mmU?1LL~~'UU'l APe 

utlfl LL~l~'1 cleave VhBtJLUtlun\lln solid support \llfl,rtJ~-lt11lJ1'1'i'ltJlin~tll~un'U Pfp-activated 3-(2

furyl)propionic acid 1tJv11vil~~"'It1 DMF LL"1I11nlll~flutJYlLUtJLu~ltJ~LYltl11~tJ15fl1Jv1~n~11~1lJ1"jfl~'1Lml~v1 furan

modified acpcPNA ll11LtltJr:J",i'i'IL~\l ~~mlJl"j()V1\l\loJYI"jl'U1\il!JLYlrlUrl MALDI-TOF mass spectrometry (~tJ~ 1) -WLBtJ 

btl~e.iltJfll'jIi1(i)LLtJ'lll?1~ 'I n1"jI1'Uti\iln'U~LDtJLBlliltILLMl::~1 Tm '" ilil °c ;'l"'lil"'''\llnvhDtJLB~hje.iltJfll'iv1\ilLLtJ'l 
AvtJoUl'1lJln 

I 
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=h'))-	 2(}l ti.HI_~.Ao-v"'OV:;' .GACA1-t ~""\20t6-!'l .3U-e."'~ '4.!: "(;.A(~ t..G.•(;.t..C "'T 'l)" 1 :'Si."~ 

~ 	 "1 
~ ' ~(l - l 	 ~ PNA 

'r..."ll ~ l 

j ~ ~ 


,~, iT 
 !,. 

, ~~!~~i__~__~____________________~______________________________ 

-. 
Q Reductive alkylation +28 

lC-YJ ~ 

~Y.l : to 

, '" - ,"' !--- ' w -.- --' f---r- , .• .. _ .. ) " - ,-....-- . ... . ... , ·""-r--.-- ... • "f"" ... - --.- '---r "r" " ' r --'O' -" -'"l--~ - ',' ' ''','.-..- 't ~ , .w' • . ... .. 	 f I ' ) 

')t. I ... ·~· 1'OCt> i ~~,",,1 » >0 -).1t)J 4):.(i ...~ ~~ ~, 

~tJ~ 5 fmH MALDI-TOF MS b~i)~Vl~m.Jfl1'lLnVl methylation 'lJi)~ lysine LLn~f\1'lLili)lJ(;\B'Ui)~.wLihJLun'U Pfp

activated 3-(2-furyl)propionic acid lu"ml~~I'ln~mlJ 

(A) 	 (8) 

DNA DNA 


PNA+17 
PNA 

* 
., 	 PNA• 

** 

(C) 	 (D) 
crosslink?• 

DNA PNA • 

* 

• 	 no DNA + PNA 

~tJ~ 6 HPLC chromato'Sram LL"Vl~nI'l~(i1(i1llJfl1'lbnmJlin~En crosslink ,~w:h~ furan-modified acpcPNA ~ 
(;)ILiVl'l1~mm~l~ (A: nu'Wi~ll.J NBS; B: VI~~i(;)lJ NBS) iin:::!1llbiVl'l1 ~tJmlJ"IEJ (c nUlJiQll.J NBS: D VI~~iQllJ NBS) ~1v1'\J 

i'l ~ ~ furan 	 a f 
L'U"'UB~ PNA Lin::: DNA Vl~·Il\'WflWV1V1nB.J A, B Ai) Ac-GACAG GACAT-Lys(NMe2) ibn:;flI'i'VlVli:tth1.C, D Au uran

..... -=01..... d _ .. 
O-GTAGATCACT-Lys(NMez) bbn~ 5'-AGTGATCTACCCCCC-3' ~flV1l1bf\'lu~VllJI1.J * AB Impurity 
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~~m'iVl~?tm.Jf\1'i'l'h\J5i)1Vl crosslink n\J~iLihJltl~~.:Jfll'i activate vl"lV N-bromosuccinimide (NBS) limJ 

15fll'ivilflvihlv.:Jl'UlJll'Url'H)J'Uu.:J DNA u~::~~~mJfll'ili)~tJ!li)~VlvlltJLVlf'ltif'l HPLC, TO'. Ll~:: gel electrophoresis 

'Y'i1.dlLL1i\)::Ln~tJ5n~Vlfll'iLiJm~'Uv-1 furan LU'U dialdehyde \)lnfll'iLn~-wnYl m/z = PNA +17 ;1'U l~\il1.lJ'M'\.)'·hLil\ilfll'i 
crosslink lLuimh.:Jl\il ;fi ~fIl Iilllvl\) Ln~\)lrlfll';i~riL 'I.J?t';i ::~ll-1V; dl'ULvn'I.J&i L~hnvAv'UoUl ~~~ ~V'i LLvlL ~v-1\)ln fll';i Lf11il 

" 
crosslink -,j'LU'Uvlv.:\l-tl'l1l1v::In'U'Uu.:\1J"lfl~m'lJ~lJlYhtJnn~Vl n'lJ~liLLu"~ ,,~~Ln\il\lln fll ';iL \Jm--1 LLVm.l'U u--1~lU'i'U

" ~" 
v1--1J'U~.:JLn\iltJ5n~vllvlvlnnll1'Um ru'Uu--1~L5'ULv 'V ln~lJlJ~-'i1'U,j'0~EJ~-11Ml!Jii1 LL ml--1fll';i~\il~~~lLL'i'UlJll1~tJ",v 
?tlVvll'U N-terminus 'Uu'l acpcPNA LLYl'U LL"::111YhtJBn~EJ1n'lJ~Lfl'ULU~v'lnl'''''v-wd)'ULu lV\tJf'I1\illl~Lfl'UlvG'i"l'UY1tm 
Ln'Un11?t1vYiLfl'ULv\):: Li1\iltJfin~V1 crosslink 1vl~l1JnllL;1v'l\)lnii"lflllm'lJ?t~vvl'U?t1tJ~LB'ULvllJLvluvl'Ul'lmY/~LoV1A L'\.J?t 

;fi.:Jl'U~ffi~fh'l-l'UVlll1L'lJ?t~l'ULn'ULtJ'U dC L~u-1\l1nih1v-31'UlJlnv'U'I1lJ1,j'11L'lJ1'I ~ LLI'l:: A ?t1lJl'imn~"tJ5n~EJ1 cros;link 

lvl~nl1L'\.J?t~'U6 ~-lc.J"fll';iVl~?tu'\.J~"lmVlf1iif'l HPLC ('i'\.J~ 6) Y/'lJ'·h'llJlJ~;s1'U;1'1.11\)::fln~v-lmh"lAu -wn'Uu'l PNA LL~::'Uu--1 
~ . ~ v 

DNA mvltJ LL~::LnVl-wnlmj~'U ~.:JLI'I'UmL'tJ:: '·lTU1\)::Ln~tJDn~V1 crosslink 1~ LL~ :: ?t1lJ1';iflU'UV\m~1~~Vfll'ivil T..,., ;-3 
Y/'\Fhnm.lLm::VI~'ln1'i activate ~"lV NBS i1~n'tlru::'Uv.:J Tm curve ~L\J~V'ULLu".:jl\JvciwUIilL\l'U 'Utln'Vln;1v.:J 1 tilu WJU 

fll'iLnlil crosslink LVlVlVlf'liif'l gel electrophoresis (~tJ~ 7) ;--1LLl'ltil-lll1L~UllLt.ly/1::1'Un'iCi1~ furan tlQ(i1'i.:JUmV(11EJ 

L"hJ'U~\l::'I'hll1Lnlilfll';i crosslink 1~ 

2 3 4 5 6Lane 

Terminal-furan PNA + + ICl 
Internal-furan PNA 

+ 

DNA K34 
+ + + + + 

NBS 
+ + + 

~'\.Jvi 7 Denaturins PAGE LL?tVl-lfll';iLntil crosslink 'Utl'l furan-modified PNA (n"'-1C1'VlL~::U~'VCllV) n'lJ&iB'ULv~?llJ 
1tilEJ1'li'eJ!il'j1~"lU'Uu--1 DNA = PNA dJu 1 nmol, 5 uL 'UV.:J formamide , prerun 300v = 3h, run at 225v = 60 min, 

LL,,::,hv1'lJL'lJ~'Uv.:j PNA LL~:: DNA ~H1~f1l,)VlVl"v~ Au furan-O-GTAGATCACT-Lys(NMe2) ~1V1~\J'\.J"1EJ(11tJ , Ac
fura n Q cu q d ... 

GACAG GACAT-Lys(NMe2) ?l1V1'l'\.Jn~'--11'11EJ LL~::~lLuULU 5'-AGTGATCTACCCCCC-3' 

'l1nJ'U~~MLU1V'lJLY1EJ'\.JflJllJ~1~mfl1~f1l,)Ln\i\ crosslink l\i\vl'Il~d)'ULtl~UmtJLUUL'lJ\wh'l ") nu LlilvL-UL Ylfl-Wfl 

HPLC LLm~lm5~1nlilmlJlruY1djulu 'M'lJ11f1J1lJI'I1lJ1'ifltun1'5Lnlil crosslink L~(J~~'~'\.J1vl\l1n C > A > G > T ('l'\.J~ 8)
" 

Ll"::1~~n'tl1BYl~Yl"'Uu--1 spacer vil~ulJ'i::Vlll.:J~,)LL ';i'Un'I.J PNA ;.:JhJW'\.JflJllJlLtilnvl1'lm.h~iJtJtJ~ll'i'q) LIilVl'U"lnfl'HU\l:: 

Lillilf1l".i crosslink lvl1mlLAv.:Jn'UVllm'I.J'U~tJmv~I(J~Lfl'ULVLU'U C 

lJun\l1nihvi'~n'tl1(l)lLm'l.1 ~'UV-lf1l'iLntil crosslink nu DNA ~iJL'\.J~ T ~1"l nU(l)'i-.lUI'l1V?lltJ:5-l1vl8lJVUlJ1r1uU 

VI~l;1LLlK"l11hJCl1lJ1';imn\i\rn') crosslink bEJtlll'l(Jf11';iLLYl~~v1')m'\.J6'1 C Vif1::(;hLLVI"j.:j \I1ne.JI'l'Utl'l denaturins PAGE lu 

'i\Jvl9 Y/'lJ11fll'iLLYl~~L'lJ?t C 1'UVlflc;11L"~,,j~?t1lJ1'imntil crosslink M fl1til11f11'i&)1il furan 11~tI~1EJ"1 t1'Uv.:J PNA r.il'U" , 
lin ker ~ritl'U-ii1-38tilVl~U U';i~ n tl'lJn'lJ lfl'i.:J?I~'.:j'Uu~~ L~'ULu"1m~£Jl~riuUoV1'lUtil'l1~'Uv11t1 v'h1~(11lJl';imnlilf11) crossl ink 

1 til Vlf11 V~1 LL ..,ti.:J ~'lm \I vi'emJ l''\.JLfl'i-l"'~'.:J~u1UVI1 nvi' tl.:Jf11'lll1Li'itilutj n~v1~vh LL VI'I.1-l~oJ1 L 'W1~ L\l1~ \l-:] LLm;~mihvl~iJ 
fl1'l~fl'tl1LrllJL&)lJdivlnUm'iLiltil double duplex invasion Yi~ulJi\''Ufl1'iLnlil crosslink ,~Vl11-l furan-modified 

acpcPNA n'lJ dsDNA 1\ilvlv1'Vi1f11'i11,:nfl'i1::", furan-modified acpcPNA \ll1lJ16tlwvi1i1fl~l1hJ-iiI-:]!il'ULLviiifml~lJ 
VllJ1~'ii'U\)1fl 1 vilLLVlti.:JlDU 5 ~,)LYiuL'~lJtI'i::~Vl6f1l'Wn1':i invade ~~ffitilVl';jI'I.JlJ1\11flm'i~n'tl1riu'UVI-u1-d7 'V1n&i\i\(l)llJ

" 
LtilmVlfl{jf1L'V~BL~nl(l)'ihmi" ~~LL'lJ'\.Jtln&)LL"~"'\.J'lJ denature w'\.J11-wliiuLv,)~'lJ'lJ-d"'lJl':imn lil invasion nu dsDNA ltil 

~-:]LL"Iil-l1u':iU~ 7 ·~,V L~'U~ 7 LL~~ 8 LLvlV-11lJ?l1lJ1':ifl-Umll1~Lntilfl1';i crosslink 1tilL~tl'l\llnhjY/'l.JLL'\.J'U~~vtiLVltJtl" ~ 

dsDNA \l,n denaturing PAGE ~-lU?lIil-31u~\Jvi 10 'U"llLI'lU~ 8 ~-:]u1\)Lntil\l1nm'i~ii1LLVI'I.1.:J'Uv ':) L'\.JCI C v1-DULD,V1lJ1V 



I 
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'Utl~nl'lLn~ crosslink U'\Jl'IltJ'Utl.:)~iL€i'\JLmr'\JV~tltJ"IR'mYfYh-ulflnULUi'l G U'\J&iL€i'\JLtli'lltJm~n'\J-ullJ ~~hmLunli'l~v:: 
Lil~u~~~tn crosslink ~-1')lltl'\Jv1!:mn~U\"~m~lji'\J'UU'l C fll~1~mnvhh'ii'liV'l-h:wl'mhLL'}I11~~~::Ln(i)u5n~tJl1(i) tJnl'i 

L~V'\JnTH-Ul~n'U'!Jv'IYh~'ULtl 4 nu&iL~\JLu N24 lu 1-2 ~1V)ULUi'l111v::y'h1~\fl(i)nl'i crosslink 1~ L~fJnl'Hn~ duplex 

invasion hI~ L£'\JLtl?lltJtJl'J~~mJ nl'iLnVl crosslink V-1 hiLfltJij~'iIU-11\llJlritl'\J '}I' n?lllJl'Hl'Yh~'L~~ n'iJ::: LU'\J 

fl11lJnl'J\1\JlvUI'llJln LL~:: L-U'U1~L~'U?llJillim(i)(i)Lvi\l'!Jtl'l~ft'i~~{j~wLii'ULVmh'liVlL'il\l 
'11'\J~~::yh~tllufitlnl'i characterize ~~\ilD(\n1~lflnl'i crosslink L(i)fJbYlfl{jfl mass spectrometry ~lmr\l 

~~'iJ::thvhii1JLtllvmJmuH1'Unl'im1'iJ1Vl~'hii\llvv)vlu 1~fJ'iJ::nJ~tJulVifJuu'i::;~Y15m~nu non-crosslink probe v1'JtI 

ONAK33tA5LPNA3_NBS 
54"lc yie ldA B 


I 

J 

I 

DNAI\}.1(C~: P NA 3_NBS 
64% .,. f~ ld ONAK 3')':C 5; PN A 1 _NBS

I " n O!! yield 

I 

~ j 
I 

DNAK.J3(G5) PNA3_NSS 
ONAK3 4(C5; _PNA2 _NBS 31"1. yie ld 

71"', yiEldI 

. 
IJNAK JtitT~) , PNA3_ ~4I:i S ONAK34(GS\ PNA.l NBS 

2U~:( }'Ic ld 7S t
;: yj l~ kl 

" 

~u~ 8 HPLC chromato~ram LL?lVl'lnTHfl Wl crosslink 'Uv~ PNA3 nU~Lii1JLV~ii~I~UlU?lUmtJ?llmtJ1J AS, CS, GS, T5 

(A) LL~::fll"ILn~ crosslink 'Uv'l~L'ihJLtl~U~lfJ""mtl\l C5 n'U¥h£\lLu~iimllJtJl'Jvh.:)n'U (B) Lm::;~'~U LUi'I'Utl.:) PNA" LL~:: 
DNA Yrt.utUnl'lY1(i)~v'lLuu!ii''1d PNAl = furan-nox-GTAGATCACT-K(NMez) PNA2 = furan-GTAGATCACT-K(NMe2) . 

PNA3 = furan-o-GTAGATCACT-K(NMe2), DNA K33 = AGT GAT CTA eCA AM, DNA K34 =AGT GAT CTA ece 

CCC, DNA K35 =AGT GAT CTA CGG GGG, DNA K36 =AGT GAT CTA en TTT 

Lane 1 2 3 4 5 6 

PNA3 + + + + + + 
DNA K44 =AGT GAT eTA e e T TTTDNA K44 + 
DNA K45 =AGT GAT eTA eTC TTT DNA K45 + 
DNA K46 =AGT GAT eTA eTT ,':TT 

DNA K46 + DNA K47 =AGT GAT eTA eTT Te T 
DNA K47 + DNA K48 =AGT GAT eTA eTT TTC 
DNA K48 + + 


NBS + + + + + 


I 
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~tlYl 9 Denaturin~ PAGE ll"Vl.:j~~nl'HnVl crosslink 'Utl.:j PNA3 LL~~~h5'ULtl'Y1ilnT'iLL'Y1'U~LU~ T ~1VLUI'\ C u'ULimEJ 

,nuYlvilLL'VIU.:jvil~n'U LVlU1i DNA = PNA = 0.5 nmol, 5 uL 'Utl~ formamide, prerun 300v = 1h, run at 225v = 45 

min, PNA3 = furan-o-GTAGATCACT-Lys(NMez). 

PNA4 K5-CA TCT AGT GA-Ac 
DNA N24 CCA GGG CAT GC; T .G..GI'\ 'r C/'.c 'r G T AC GCC GCG 
DNA N25 GGT CCC GTA CC/\ Tel j;,r'T Cp C ATG CGG CGC 
PNA5 furan-GT AGA TCA CT -K5(NMe2) 

lane 1 2 3 4 5 6 7 8 

PNA4 + + + 

DNAN24 + + + + + + 

DNAN25 + + + + + + + + 

PNA5 + + + + + + 

NBS + + + 

Normal PAGE Denaturing PAGE 

... duplex DNA:DNA 

.. duplex DNA :PNAlICL 

~ invasion 

tt Invasion+ICL 

~tJYll0 Denaturins PAGE LL~~'U,mn1':JLnVl invasion LL~~nl')Ln'i\ crosslink 'Utl.:) furan-modified acpcPNA flU ~ 

di'UL!ll'\ltJ~ hwH DNA =0.2 nmo l LL~::; PNA = 0,4 nmol, 5 uL 'Utl-3 fo rmamide , prerun 300v = lh , run at 225v 

=60 min ~1';j1U denature 120 min ~1'VI1U PAGE 1Jn~ 

, 
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3. DNA-templated and DNA-catalyzed reactions of pyrrolidinyl peptide nucleic acids 

,:nU%EJ;fYiEJ1EJllJ~::)~\il.Jtrl';j::u\J~~::L~~fmyhLl~ n~EJ1')::vr:h~YlL ihm)~v~~lEJ ~~9i;;nnnIllJEJVI~~lV-11JQ) v 
tlDii~EJ1H~tJmEJfllJ~::Ill1'U l~EJvll'1EJ DNA template ;-l~::'I11YlLBlJLV~-l~v~~lEJlJlv~1nMti ~-1Yhl~VI~~1v-.ll'wiv 
tJDii~ EJllJlv~1n~nlJIllJEJ ~-lLn~tJDii~EJ11IllL~J~lJ 8 ;~ijmllJLUti 1 tJllllv~~v'l~tJLLlJUv1~LL~~-.ll '1..1 ~t1yj 11 mi1'J~v DNA

templated reaction ~vh1"'Lii~~'U6::1flL1L~lJ~L~vlJvivY:h£lJLv~-lO;\ v-lo;\ lEJ L-ih1ll1 tJnlJ l~tJvfJ1tI~tlLLUU;fL~1l Lii!inJ~n~ tJl 

LL~1 DNA template ~::h.i~llJl')()vll-ll'UQ)vhI1IllL~v'l~lf1Lii~ product inhibition (YlL£'Ubv~lEJtJ1J~::~unU~L£tlL1l11ll 
LLt1lJnllYiL£lJL1l~lEJg'U) LL~din~tlLLuUVI~-lf)v DNA-catalyzed reaction ml.iijn1,)Lii~~'U6::1I'lL1L~1J~'l::vdl,rVjdj'UL1l 
~~?1v-.l vll1~v)J DNA template L~vvllV1\il~L?1~~LL~J~llJl'i()n~U1tJd~tJ~ii~tJl11J'lvuviv1 til III ;-l,.l1~::ijtJ'l::~Vl5m'W 
nll LLUULL'in tJ~n~ EJ1Ll-I,h;f~1:J.,m()'I111tltI'):: ~n(Jl1i'llllmnnl-lmEJ L'1i'U1'Un1,)l'l'n~ll'l~ LB'ULv n1';j"'~LI'l,)l::'v1Yi d)'UL1l~Lu'U 

(11tJEJ11 VI~vnT'i"'-lLfl'il::';Yl LB'ULv~l'lvlJ~Lnl'lnU~L£lJ Lv LUlJllllJ 
" 

covalent bond
DNAlempiaie 

. .._...--_......_-_.....'" (C) TCAACATGC.~ACACGTCTT (N) 

5'-CTAGTTGTACG(X)TGTGCAGAATT-3' 5'-CTAGTTGTACG(X)TGTGCAGAATT-3'PNAIr1 

(C) TCAACATGC. (N) 

(C)~ACACGTCTT(N) noCCNa/MI bord 
catalytic DNA lemplalv 


PNA #2 .• __.• _ • __ 0-" ______}. 
 (C) TCAACATGC ];ACACGTCTT (N)._~ 

5'-CTAGTTGTACG(X)TGTGCAGAATT-3'5'-CTAGTTGTACG(X)TGTGCAGAATT-3' 

tern_
(ecyclirg 01 DNA 

(C) TCAACATGC (N) 

5'-CTAGTTGTACG(X)TGTGCAGAATT-3' + 

(C» ACACGTCTT (N) 

~t1~ 11 LL~I'I-.lLLt!Jfil'llt!m'iVh DNA-templated/DNA-catalyzed reaction 'lJ1l-lYiLB'UL1l~v-1?11EJ 

~l'Ul~EJ;f~v.:]m'i~~::vvnLLUU DNA-catalyzed reaction 'tJV~YlLB'UL1l1~EJV1~EJVI~nm'l~lEJ11l'U'VI:J.iL1l:a~~mj
" " 

tJ'U masked fluorophore ~lnYhB'UL1l~ltJVI~.:j1tJfJ-1YlLB'ULV~n~lEJ'VI~-l 1I'1EJtJDn~EJ1LLVI'U~LLtJuu1I'lm1lYJ~n ~-1n1,)~lEJ 
lv'U;f~::\lnd-1IllJEJ~LB'ULVLVllJLy.jG'1(Jl (proximity effect) -iiv~'lJv.:jm'itJVf1LLuu;f~VL~vtl~n~EJ1Lii~LL~1 C-J~(1lnru.n~Ln~~:: 
1:J.i~tJLLt1'Uf1u&iLB'UL1lLVllJL'r'4"(Jl;-l~::vll1'1olLil(1l product inhibition 11llv1-1~,\,jU1'1..1 DNA-templated reaction ~J'U1wy ",,:: 
t:-J~(Jl.nru.n8~?11lJl')mnl'lm') LL~f1LtJ~ EJlJntJYlLB'ULv~8-l1l.i bi')l'ItJ~ n~EJl vh1'Iol~iLB'ULmVllJ Lymli1 1 V)1?11lJ1,)C1Vh-ll'U1~l-I(11EJ 
I'l~1 11'1EJ1'1..1 nl'lv1lnlLUUmlllL~1l n&1I'1\lG'11n Fluorescein ~ij1lvn:a L~'Uv~ li11llJVI~~()mJn,j1l-11ll1EJ'VI:J.i Lv~(l 1'IolnUrhB'U ~mn EJ 

~ " 
'VI~~ (reporter PNA) LL~~ijY;LB'ULvBn"lEJVlt1-.l~ij'VIl.i~LUlJii1flfll1l1'Yl~vtl (activator PNA) l'U(Jlv'UL~lJ~lJ reporter I'm 

~::11Xnl'iL~v-lLL"-1~~1 L~v.:J~ln masked Fluoresc;in ~::VEJ1till'l1-l?1~1;v1Lu'U spiropyran m:J.ib~v,mo;\.:J L~v1l1lmLtJtJ1~ 
" 

VI~~~~'-iilvhtJtJn~EJln'Uih~EJ::"vil.:j~L'VIlJ1::?llJ nl'i~tJn'Utltll~~lL'r'4l~L~1::~.:J'l::'VI11~ reporter PNA, activator PNA 

",,:: DNA template Lnl'lbU'U ternary complex \)~vlll'1olLn(1lnl'HilEJlv'Ul-I~bV:V(l~ln reporter PNA ltJfJ-l activator 

PNA ",,::vh1'1oldll'lnl'l unmasked '!J1l~ Fluorescein tJ'U reporter PNA ;.:J~::~-1C-J(l1'1olnl'lL~1l.:JbL".:JbY;lJ:ff'U ~.:JLb?l(i).:J1tl~tI 
d 
'VI 12 

• 
• 

, 


http:tJllllv~~v'l~tJLLlJUv1~LL~~-.ll
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r' '<::: Non-fluorescent~ 
NH ':'; I I 0 

R"' '''O .& 0 h 0""yO~o target DNA ~•• NH 

C \~ /NHz 
,." '" i & ...1-., N"" W lfJ"Y ~.~ ,.'If 'V 

~.. 
NH, 

c N 

Fluorescent 

~tJ~ 12 LL"'(i1~LL'\.nfi(i11t1n1'i'Vh DNA-templated fluoro~enic reaction 'lJ€J~ PNA 

1tJ':)11./i~tM;L~€Jfl O-pivaloyl Fluorescein dJtJ masked fluorophore \~tl':)~lflI'111JJL(\~EJ'i~~ LLfI~L~mJ~(i1 
VI~ O-pivaloyl tlBflm[J1Ii)ml~L'U\'l"~L~tlfl1'lL~tl~LL(\':)L~)J~tJ~~fll1 1 00 Lvh "lmrtJ'5;j1~Y1(i1(\ButJlln~tJ11~HJfll'i 
~~Lfl'll~'" acpcPNA ~ijmlJJEJll 9 LU~~B-.l~ltJ ~ltJVI~.:)fiB reporter strand (M9-FAM-OPiv) ~flil~mtJ':l~tJm[J~ltJ N 

".. q d .q ..... d. 1 '" oJ 

(i1')E.) O-pivaloyl Fluorescein LL"~tlfl~ltJVltJ':)l'1tl activator strand (M9-N·spacer) 'il~~fl(i1(i1LLtJ'iY1u01tJ(i11tJ C (i1')tJ N

amino-N-methyl~lyci ne eJltJ side chain 'lJB~ lysine LL~d'llLY1JJLl'IfI(i1LtJtJ~iL5'ULB;~iJ~lil'ULU(\il~LL~(i1~1'UJtI~ 13 

d22comp: S'-CTAGTIGTACGTGTGCAGAATI-3' 


d23compT: S'-CTAGTIGTACGITGTGCAGAATI-3' 


d24compTI: S'-CTAGTTGTACGTTIGTGCAGAATT-3' 


Lys-Lys-TTCTCGACA-LysNH 2 HN-CGAACAACT-Lys-LysNH~ 

I ~O ~ 
O)'NH 

PivO o 

o 

o
activator PNA strand reporter PNA strand 

Me-N 
(M9-N-spacer) (M9-Flu-OPiv) 

~t1~ 13 ~lilUbU(\'tItl.:)~h5'ULmL,,~Yh5tJLBm'll1'Un1':lPln1;1 DNA-templated fluorolSenic reaction 

\Y;l\(·)rnt.::lh inl11~ W :.l \· ~ f('n~'h (nm) 

-)19, f ll1·0I'j. 

jl 
- '19 n u ' >Vh - 'IY " 'Il.h- "" - 112.'n11n1' I .' fI -1o"-----_._-_ .. _--_. . ------. --- ----- ---

------- ... --
" : l ' to" ') ~ ~ 1 I,' I ',(.( 
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(a) (b) 
. - \lq. rru.oPi'· 

' .....---- -- .._- .-
..;' " ~~'.J 

\\'3\'Olrng.h (nm) 

(c) 

~t1~ 14 ~~Bm'i~L'1l'U~,mJnl>\-rlJ'VB-:J M9-FAM-OPiv (1 /-lM), M9-N-spacer (J JlM) LL\'l:: DNA template (1 JlM) 

"-em =515 nm, "-ex = 450 nm, PMT volta~e =medium) ""(\-l\)1f1~-:J1l1 .rr')LlJ-l LL\'l:: 31'U 1'U 10 mM sodium 

phosphate buffer, pH 7.0 

d]'U~,jlL~1Jvmr:h1'UV)nmruhj:WnTlLtJ~1J'ULLtJ\'l.,'lnTH~u.,'lLL~~~ 450 nm (Fluorescein emission) u1Jl.uf 

~tJ~IFl'l! (~t1~ 14) ~~1~tl'UeJ'U~'m15~'U MLLrl HPLC LLI'l:: MALDI-TOF MS ~~hhnJtJnn~tJl acyl transfer 'i::whrw 

L3'UL!l~.:j~m~ltJ ~.:j!l1'iJLf)~'iJlm:::tJ::"'l~'i:::vrj,.:j reactin~ partner ~~~!l.:jeJ.:jhjL'VIlJ1::~lJ 'VI~u O-pivaloyl ~roup ~LU'U 
'VI~tJntlB.:jul'iJ'iJ:: L~CitJ'l Lf)'U1tJ\)'Uhi~llJl'ifl'VI~~'il'iln1~(ll1lJ~'1-lUtJ'U1i\uJ\)::::W DNA template !l~~-ltJ 'U'iln'iJIf1l1un 

tl'l!'VII~Y~ufiB'VI~ pivaloyl L~ eJ~~11l'U~1 ':l\'l:: \'lltILum:: tJ::: L1\'lI'UI'U\):::Wf11'i'VI~V1!l!ln'U!l-:J'VI~ pivaloyl M~'wYh1.1:W 

fluorescence back~round ~-l tJ\'lnl'iVl~I'lu.,'lL~'il.,'ltil'UCi-l~Vl5~I'l'Vu-:J'i::1J::""-:J L~1Jfll';jtJ-rtJLtJ~tJ'U linker X ~L~ulJ 
'i::wh:j~iL3'ULB"B;)~''IJ \)1 n TO-T2 hj~Ullil~I'lvi!lfll'iLtl~1J1.JLLtJ\'l~ fll';j L~u;)LL~;)!l~');):ij~1J~,)Fl'l! 

'IJ!lmnf1l1eJ-ll~~n'\:lltlDf)~1J1DNA-templated/DNA-catalyzed reac-tion ~'lJl un 1il.,'l,,~tJ1'U~tJ~ 15 B~,~hl 
t1l1lJ 'iJlnfll'ilLf1'il::'VI'1V1EJLVlf1\)f1 MALDI-TOF MS ~u~~(J)Jlru'l'iYiQ)u-:JnTlLQYll::1'Umru'UeJ-1 hydrazone formation 

• 
(entry b; m/z ligation product = 6754) LLI'l:: click reaction (entry c; m/z l igation product = 6728) LL()11'IJ 

tJnfi~1J1 click ~U-j,iJ background reaction ~'1J mh')fimLlJhiiJ DNA template M-l~utJ~(J)Jlru.n mh-l1'inmlJ 114 

V)nmrueJ~Ciu-j, Ln~~il(J)nru'l1YiQ)u~f11'l1'Utl~lJ1'l.rwu1Jl.nn \)1f1tl'l!vnlil~mil1~.:j'VIlJV1 tl'l::ml'unu impact 'Uu-1-11'l.!~Bl\)'iJ:: 
hi"~lJ1 f)~f1L~m-Y11JutW-ll'tJvi1'Il DNA ~iJcJiilfl'\~nn'IJlJ1AB'U'Ill-:J).J1f)LL~,) Aru::: cJl'ii'1J~-:JM'VI1J~~ ') Lii'U f11)LI'1'i.,'lfll'j ~ !l1Jl1 

'" ~ 'V, 

LLI'l:::\):::1tJL~lJLl1em'IJL~HJf)WUtJltJ'UuUL'U(fI'UB,m'l.!1'U~')-U'il~'iltJ~'l.!~u1tJ 

(N) Lys -Lys-TTCTGCACA-LysNH. ;t~GTACI\.ACT- Lys - Ly s NH (C)a) I 
O=(NH 

) PivO 

Me-,,! 
NH, 

j DNA-catalyzed acyl transfer reaction 

(X )~ ys -Lys -~TC TGCACA-LysN H , ;t~G"ACAAC~-~Y5-LjS,\H " (C)
I 

O)NH 0 

Me-N 

NH 
Piv' 

o 

° 

http:Utl~lJ1'l.rwu1Jl.nn
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(N)Lys-Lys-TTCTGCACA-LysNH2 HN-CGTACAACT-LYS-LYSNH" (elb) I 
O)NH '" 0° I ~ ~ 

Me-~ H 
NH, j "~-.m,,~.,,_._'00 

(N) LYS-LYS-TTCTGCACA- LYrNH2 ~f-i-CGTACAACT-Lys-LysNH2 (C) 

HN10 '" 0 
N I ~ 

N' , 

Me H 

(N)Lys-Lys-TTCTGCACA-TyrNH: J-CGTACAAC~-LYS-LYSNH?(C )b) 
6~ 

eo,,, I":~.-~,~,,-" 
(N)Lys-Lys -~TCTGCACA-Tyr N H2 

I 
°i}-CGTACAACT-LYS-LYSNH2 (Cl 

HN~
N=N 

(NlAcLys-TTCTGCACA-COOHc) 

o 

(N1Ac~ys -TTC,GCACA -C--N~-CGJACAACT-Lys-LysNH ~ (C) " 

~tl~ 15 tlnn~EJl DNA-templated reaction 'l~vr.h.:j~L~1.JLtl~tl~~ltJ.ffi~Pimn11.J-111.Jl~EJ.Q 

4, PNA-based strand displacement probes 

~l1.Ji~EJ.Qijl('l~\h::~~I'lL~m~\ilJ1.Jl self-reporting fluorescence PNA probe G'll",-rum'l('l':i1~lVl"1~ULU"''lJv~ 
~lL~1.JLtllVlEJtllyifEJ",~nm':i'lJtl~ strand displacement ;~~11~"iu~::tl"l::nvU~1EJ"tl.:j1'i1'\J~tl sensor strand ~.:jLthJ';;jL~1.J 
Ltll~"luyj~Vl\lft1m~tl,:jLL".:j nu quencher strand ~.:tLti'\J~·iL~'\JLuyj~Vlvl'JEJv11~uLL~11Vlt.Jlmu.Q\l~tlumLUUh1Lil~n1.J 'ii.:t 

\)~l'hh1d)Vlm"l':i~~u~C\JCYlru'l'l'.ltlm':i"L'll'\J('l11.JJ)11~tln&i L~vii~L5·tJLvyjihh~ULU~~~lJnu PNA Y1Lti1.J sensor strand 

tl~~lEJ ~h5'\JLV\)~L-rrl1tJL1Yl1.Jyj quencher strand LnVlLu'\Jl!.lu~VlI~rh1lj m"lLLYl1.JY1'lJv1 quencher strand dl)::yhh, 

i1nlnllru'l'lf\um'l"L'll1.JiiL~lJ~'\J (':itl~ 16) \<1~f)m':i.QLf)EJij~Pin\<llnU~1L51.JLUQ,lOII LL"~~L~1.JLm::tJ'U~1L~lJ lWlJ1,jl-1LL~l
.t::.~ " " \J 

y 

... + ~,, 
PNAI DNA PNA> DNAO 
ONAQ lAr-g4!1 DNA 

lat9Bl 

(Al (B) 

~tl~ 16 ",~nf)WVh~l1.J'lJv.:j PNA-based strand displacement probe LL,,::;lflJ'l"~1'l'lJu1 labeled acpcPNA vtl'ii\utI 

sensor strand 

n1':iLnVlm'jLLYl1.Jyj\)::;()nrll"'1.JVllVlEJI'l11lJL"i;)EJ'l'lJtJ~1!.lU~Vl'l~\<111.:t PNA sensor strand nu DNA tar~et LViEJU 
~ 

nUfllllJL~i;)V':i'lJu-11!.lu~m~vri1,:) PNA sensor strand flU DNA quencher strand LyjtJ1~d~VltJ:of\~EJ11tJiw''11Jll~ lVlEJ 

http:tLti'\J~�iL~'\JLuyj~Vlvl'JEJv11~uLL~11Vlt.Jl
http:l1.Ji~EJ.Qijl('l~\h::~~I'lL~m~\ilJ1.Jl
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\oI"f1f11'l'~~(;)B'le:Jt)ml'U'Ul\o11~'U~~'!JB~ PNA sensor strand nu DNA quencher strand hill'liitJ'iLn'UhJ~'UhjLi)Ii\f11'i 

LLY1'U~ L~~n~B'lL"()tJ'iYim~BlvlLi)Ii\f11'i'i::~'\J~(\!'I:!lruBV1'lihJ'i~~Y15.fl1Yi ~~\hd'J'U(;)B~ optimize DNA quencher LL11~ 
.fl11::~L\oIl.Jl~l'IlJ'UB~f11'mYl'U~nB'U lmJ~l1nl'~Yl~I1B'l'fj'Ul1f11'~Hi FAM 'I-\~€l TAMRA-labeled PNA probe 11lJtlU 

quencher DNA viii single mismatch base 'I-\~B~iJ~1I'1ULUI'I~'Uf111 sensor strand l'Uti'mlI11'U~L'Vhn'U~::'VhlvlLnli\ 
f11'i'i~~'\JlLI'I'ltl Vl 'll.J1 n (7 6-94%) LL11~ l~tlmiLB'UL€lY)"lJ~~L1iIi\f11'iLlY1'U~ "fj~€llJn'U f11'i~'U~ruunruyjl1 tlm'iI'lL'Il'Uv1 ('itlY1 

17. 1B) lli\tJl~fh FIFo tltJ1'U'1i1'l 8.3-14.61'U'Uru~Y1~lB'UltlythjltJ'Uri"lJ 'ill.J~'I~i1~ll'1'ULUI'I~;hJ\oI~~lIi'lllWU~~~lvl~l'i
~ 	 ~ 

fi'U~f!!'I:!lru~,JtltJnlll.J1n lli\tJ 1 vlril FIFotl~1'U'1i1'l 1.0-2.4 l~B Fa fitl~f!!'I:!lruy.j~tlm 'lI'lL'Il'Uii'Utl'l displacment probe 

complex Lijm~lJ(;)'U LLI'I::fl1discrimination factor (((FIFa)com!(FIFa)m"motcr]) B~1'U'lil~ 3.6-13.3 (m'il'1Yl1) ll11~ 
I'IllJl'i"1i\'i1\l11i\~LB'IJL'ilLUl\o1l.JltJYlL{J'\Jl'llVr11vi1Ii\VIi\'i'lLli\tJ1li(;)tl~yh denaturation nB'U 

~ 

-")....
A 	 B 

;'i':. 
! 

~.:. 

:':~0 

~ \ ~ ::~ 

.~ :.-c-i) { ~'% 
~ 

1 ·3 ·~ ~ IS0 ~ 
IC\) 

-/.8~ YI() !'i20 S4--. ')60 5S(i fk)ij 

W"II~.nlJlh (nm) Wavettrnglh inml 

i .-- --. K1Flu1 
I - _ K1Fhll. dSmOl
i K1Flul • dSmOl • DNAlx 110 min) 
: K1Flul • dSmOl + DNAlx (50 min) I - K1Flul' dSmQl + DNAlx (100 min) I 

~t1Yl17 ~(\!f!!lruyj~€lmJl'Il'll'Uii'lW'l displacement probe K1 Flu I/dSmQl l'Uf11'iLLVmL!J::mllJLLli\n~l'l'!JB'l A) 

complementary DNA (DNA1x = 3' -AATTTAAGTCT-S') lll1~ B) sin~le mismatched DNA (DNAlx = 3' 

AATTTA~GTCT-S'). ~lI'1Ul'\JI'I'!J€l'l sensor probe KIFlul fiB FAM-O-CTAAATICAGA-KNH2 LL11::~ll'1'\JL'\J"'UB'l 

quencher probe dSmQl fiu Dabcyl-GATTIA(GTCT-5 '; (KIFlul] = 0.05 ~M, [dSmQ1] = [DNA1 x] = 0.50 ~M, 

excitat ion wavelen~th =480 nm. f11'i-r~~.:j'l-\lJli\'Vh~ 20°C. 

A 	
-'EO 

B 
.6Cil 

~o 

--:- JC.G 
~ :-so 

.~ ~2::fr 
~ 

.~.~ :!OO < 
§ 2C-a 

~ 15(; E 
I ~Q 

"1, ) 
100 

-~/ ,.- .. -......_-----_.

~-----------------

---.--. Klflu2 

- K1Flu2' dSmCU 

- K1Flu2. dSm02 • DNA2x (he. ') 


~tl~ 18 "(\!iI!lruw~vm'i?ll'll'W~'Uv.:j displacement probe Kl Flu2ldSmQ21'Wnl'iLltJmlEJ~r111lJLlli\n\lll~'Uu') A) 

complementary DNA (DNA2x =3' -TCAATAGGGACG-5 ' ) U11:: B) sin~le mismatched DNA (DNA2x = 3'

TCAATIGGGACG-S' ) ~ll'1'ULUI'l'UB') sensor probe K1Flu2 fiB FAM-O-AGTIATCCCTGC-KNHz lL~~~ll'1'ULU?l'!Jil~ 

quencher probe dSmQ2 Au Dabcyl-TCAATJGGGACG-5'; [K1Flu2] = 0.05 ~M, [dSmQ2] = [DNA2x] = 0.50 

~fv1, excitation wavelength = 480 nm. nl'i"lli\~':)'I-\lJ~l'1T~ 20°C. 

I 
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FIFoc,d 

Probe1 
DNAla ONAlb ONAle DNAld DNA1e DNAlf 

K1Flul+dSmQ1 8.3 1.1 (7.5) 2.3 (3.6) 1.7 (4.9) 1.1 (7.5) 1.8 (4.6) 

K4Flu1+dSmQ1 13.8 1.4 (9.9) 2.4 (5.8) 2.2 (6.3) 1.2 (11.5) 1.7 (81) 

K4TMR1+dSmQ1 14.6 1.2 (12.2) 2.3 (6.3) 1.9 (7.7) 1.1 (13.3) 1.9 (7.7) 

Probe2 DNA2a ONA2b DNA2e DNA2d DNA2e DNA2f 

K1Flu2+dSmQ2 8.9 2.2 (4.0) 12 (74) 1.4 (64) 1.0 (8.9) 2.1 (4.2) 


KIFlu2+d9Q2 11.2 1.8 (62) 1.4 (8.0) 1.2 (9.3) 1.1 (10.2) 1.6 (7.0) 

.; 0 <u <QI ~ Clt ~ d col t.J 

(llvYlJiu,,'Ut).:Jl'l itl'UL£1 LL~::~ i£l'U i vYlifl !Jl'Um 

Sensor probes 

K1Flul: FAM-O-CTAMTICAGA-KNH2 


K4Flul: FAM-O-CTAMTICAGA-KKKKNH2 


K4TMR 1: TMR-O-CTAMTICAGA-KKKKNH2 


K1Flu2: FAM-O-AGTIATCCCTGC-KNH2 


Queneher probes 

dSmQl: DabcyL-GATTTAr.GTCT-5' 

dSmQ2: DabeyL-TCAATIGGGACG-s' 

d9Q2: Oabcyl-TCAATAGGG-5' 

DNA targets 

DNAla: 3 ' -AATTIAAGTCT-s ' 

DNAlb: 3'-AATTIAr.GTCT-s' 

DNA1c: 3 '-AATTIAAG6CT-s , 

DNAld: 3'-AATITIAGTCT-s ' 


DNAle: 3 '-AATIGAAGTCT-s , 


DNAlf: 3'-AACTIAAGTCT-s' 


DNA2a3 ' -TCAATAGGGACG-5' 


DNA2b : 3' -TeAA TIGGGACG-s' 


DNA2c: 3'-TCAATCGGGACG-5 ' 


DNA2d : 3' -TCAATGGGGACG-s ' 


DNA2e: 3' -TCAA8AGGGACG-s ' 


DNA2f: 3' -TCAATAG~GACG-5 ' 

t [sensor probe] = 0.05 IJM, [quencher probe] = [DNA target] = 0.50 IJM, excitation wavelength = 480 nm 
v , 

(FAM) or 550 nm (TAMRA). fll'il()1Yf~'vIlJli\vhVi 20°C 

c FO ~eJ~qJqJlruyJ~£lm'i?lb'1J'U~'1JeJ~ dispLacment probe complex b~m~lJll'l'U 
oj (l)lL~'1J1'lJ')~b~ufi£lril discrimination factor ~.:JUf.J1lJllbiJ'U [(F/Fo>Ccmcl(F/Fo)"ismalc~ ] 

'i::uul1v.:Jiiiif)";ln~A£la;£l~HtJ~lJlru quencher probe LL~~ DNA i,jl'v1lJ1!J1'UtJ~lJ1ruv1~~~~\)~m1\)1~1a; LL~:: 
kineti(;s '1J£l~ fll'i LLYl'U~V~ri £l 'U.uI~-Ul Hn~11'U'vI~fli11lJ.:Jfll'i LL Yl'U~~~\):; Ci.:J?llJ\i)~ ~.:J?I1lJ1'im ~~liilv11!Jfll'i1~ml11~f)'U 
mh~l1nmlJl~nt'i1~mllJ~f)'UiIhj?llll1'iCl,jl1tJtJ'i:;~fl Ii11-ununt'jml\)l\>l in vivo lv\' ~.:JiJ~v1f)~iifll'l~OlJ'Ulliif)ltJ f)~,~h 
n Ii1 1lJ-lI'Ul~V1'U1'i1'Umv\'1Ufll'l~~1l"'; bb~1l a 
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5. Paper-based device for DNA detection 

eed,. 
e~ttJ-le?eee cationic dye 

NH 13\ \ staining 

/ 
NH 

Azure A 

'itlvl 19 'vI~nni,)1Il'il'ill~&il5t1ltJl~EJHYh5t1LUvl(1)~~tJtlm~(il1~b'll(l(l1(l~~JlJnurn-:icJmJ~~'JEJ cationic dye ~-l'il~ l~tJn" ~ 
..., oOQ. ~"""""" G I 

'ilUlil'l'li~U'HlruYllJ~ btJ1..I ltltJ~ 

~itl%EJ1tI~J1..I\1dJ1..I~(l)J1..Iin'i~Ul1..1nl'i1ll~~Yh51..1LtJU1..I solid support vlL tJ1..Im:::(il1~L'!Jrl~Lrl~LY;mh1 tl~(l)Jtn 
LtJ1..I~tJn'iru1t1mJ'il~tJu"i~Ulu~'UtJ~~l31..1ltlm-U'li1..lH(~i EJ L~tJ1'Ul,j'€i~~1..I1~iinTl~(l)J'\JI16nl'llll~~~h3'Ul€iLV'I'iUU'U L~tJ 
rh'Uml::Ul'UnJ'H~tJlJ'Uli~vllEJ divinyl sulfone (DVS) V1~tJL~tI~TUn'i:::ul'Urn-:i reductive ami nation 'lJu~ lysine

modified PNA num::: ~1l'~n'llrlrl1rl~vl~i1..l m:::U11..1 nTjtJtJn'ln~~1'\~\iJ'UlLBrl~1!'1tii LL(l::: ml'ill~ nJ'i~tJ(j~ntJiiiLB'ULUvl~ Vl 
~ 

ilrlim~tJ~ll~~ (Fluorescein) lbrll::~l3'Ult)ytbj&iVlilrlin~llJ nUnTjcJ€ilJ~lt1~ Azure A ;~iitJ'j:::'iltJln Llrll::'il:::Q1Vllilvn::: ntJ 

riJ'U'lJ€i~~&UL€i;~ihJ-:i:::~rlUbvh,r'U (~tlvl 19) bL~'I'ltJ,jC\!'VIlfit)frn:ub'UE).:JnJ-:iml'illVlvlv'lhl~~,j'n fit)u~vl 40 n~ ~~ 
LYitltJbviinu 3 pmol 'UtJ~QiLB'UltJ~lm~tllyjmllJtll1 40nt lbii'ill::1~&)Yhn~~rl,n'U1tlLL~11'U~n~ru:::'UtJ'l proof-of

concept paper 15 (liJ'U~rl~11..11~f.dJlJntJLfl'i'lnl'i "nJ'i1ll~'lYi11'i~&1um 'I'ltJ1Y1tiiuJfI~H)mbD~VltJ'Un'i:::VJ1'1:1L~t)H'dJ'U 

tltJmruml'illV1~iL5t1LtJ" 'UtJ.:J Vl'iliU'eli tJ'ilru1..l'il~v)'U ~C\!C\!lln'Uvl DBG5580007) ~'l1~ specificity yjLtJ1..Iyj 'll1W81'il 

mhlfitJ~llJl'iCltJtJnfllllJLLlIln~I-.1'UtJ-.1 mismatch LL~ sensitivity V-.1hibY;tI~l'lul1ium'ith1tJ1-u~11..1ntJ~hm.h~~lLBtlLu'il~~ 

~fl:Ul~~1~~(l)Jtll'i:::tJ'Uml'illV11~ijtJ'i:::~Vl5m'l'llJln~tlLV1t1ulp\mY1f1UfI m'i'lJV1EJ£\'C\!C\!lru~lmfl'U1'1l:W "rl::: nl-:i 

'l111tJ1-unu~1m.h~'il~~ ;-.1ltJtI~I'Ul~tI~llJntJmllJ%tI'lJt)-.1 I'l.Vl'i.~l1'I'lU YlL'il~nl f'ltlV1~tJlil~~~LiitJ I'1mU1..l~11Vltlll'll"'lil1 
, ~ \J" t: " 

l:Ulrlnrl lJ'vI11VltJl~tI:uiiV1rl byj€l~(l)J'Ui'i:::UtJ reversed dot blot ~1'v1~'Un1'iml'illVl'itlU'UtJ'lJ8-.1bfl thalassemia 'tlU(01 , " 
v11-l<l ~1 n~ L ihJLfl 1(01 tI~"l€ltJ m ruVl 'il'illV1V~fI~'" ~i~,rtl~lnm'i lIl~~y:jLBtlltJh~-:i'U'Utln'i::: VJ1'1:1L '1ll'lrl1(l~ L'litlL~:U Ll&iL u~ tI'W 
I, " 

16m'iml~l(01LiJtlnJ'i1i biotinylated DNA tarset ~llJntJtl5n~tnm'i"'~i~?iv11mtJ1..I1'l!:W alkaline phosphatase vl 

L~tJ:U~unu strept~lVidin ~~ LLI'1V1~lt1'itlvl 20 ;~LtJtl15m'iv1milJ1~EJ'lJtJ~ I'l.m ."'l11'1U lv1~(l)Jtli;1t1l.l1ritJtI'VI-ui\1ll~11V)tJ 
mf'i'EJ~hBtlbu 1l'l'itJ 16 LLv1'i:::tJtJ~~n~l;iiiu~lnV1vl~IAn,fttln1'iA~UfllJ8ru'vlJl:ijvl~~~'illl'I'li:::l.l1 n ijil:::,rtl'il:::hi"'llJ1'l ()'U8 n 

.~ \" ~ 

fI11:UbL!ilnvh~'i:::wh~ sin~le mismatched DNA tar~ets 1~ nl'il-uyllBtlm1l'l'i'U;~1'111J1'i()utJnfl11:Ulbllln~I~'UtJ':) sinsle 

mismatch lv1~n"h-Ji'il:::'liltJLLn,jC\!',nmv1 

I 

http:I'li:::l.l1
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", ~/X'~ 
'':>- streplavidin-aikaline phosphatase 

~ 
'-, 

biotinyiated peR product 

~tJ~ 20 'I-1~nnl'l'Vh-11'1l'!Jv':] paper-based device for DNA detection 1()ltJHinwutJ1tJ11~~1ru~hmv'll1'l1ii 

Normal EE Normal EE 

(a) (b) (c) 

PNA probe A: R06 normal AcLys-GCCTCACCACCA-NH 2 

B: R06 mutant AcLys-GCCTTACCACCA-NH 2 

~tJYl 21 nI'l~1l,tJnm1lJLL(;)n~h-'l'IJv.:]~hB1.JLvtJn&i (normal) nu HbE (EE) hwHi paper-based device ~'I'l(llJ'\..!I~1.J a) 

device layout b) detection of synthetic oligonucleotides cl detection of 279bp PCR products lvltlvhYi 

vru'l-1Jlij~v.:] 
, " 

-'I1'1lvtl~'Vh1'1lL~tml'1lLyj'i),WG1~tJmlnnl'lfivn1'l(J)~~~LB'IlLvl'W'iUG1tWlliJ(;)~1WruLLEJnLW:::~L5'1lLv HbE (G->A
" 

mutation Yl.,ILL'I-1tl-.1 codon 26) ~1n~d)1.JLvtJn&iU'l.lm:::m'\!lL'1!rl~lrlG1~1'l.1 DVS 'Il1m1'l.1~~t111tJl~'lJ~lV1,&nu 
biotinylated oligodeoxynucleotide target LLrl:::'VhtJ5n~tJ1G1h:]~v1':HJ ALP-streptavidin ~':]'Il~'I'J'lJ~~m'l.l"IU'l-1tl'l~ 
F11~ll'll~~ LL!Ji'W'lJil'l!"'l1n'lJ~':lVtil':]~LD'l.ILB'Il~.:]vtlv1'1l1nn'i:::Ul'llnl';j peR mhJfiv'll~1~G1m'W1Jy(lli~hj'flL~mYltJ'lJn\JL~BHi 

~iLB'l.ILmtJ'l.IL'I'J'j'lJ LLrl::: ~-'IbLtirl.:!L~v~Jvti1-'1ljflJ1lJtJl1L~lJ;'\.J Btl1.:!11n~mJ L~mtJ~fJ1.J'lJ'ijV1'U8.:]~dl'U Lvh,';j'lJ'Il1 n acpcPNA 

Ltl'\..! epi-acpcPNA ~~LLG1V1.:]rn1lJG11lJ1';j()1unl'j~'lJ1jV1n'lJ DNA YiLtl1.J GC rich sequence M~nll 'W'lJ111~e,m~&i;1.J 
n~IJfi8G11lJ1';j()(ll'jJ'Ill(;)~Lil1.JLvvtl~'Il1n PCR YiflJ.lJtJ1J 279 I'1LUG11v11(;)fJ~llJl'jmLfJmLEJ~fn1lJLL())nAl-1';j::'I-111-'1~LDtJLV

" 
tJn~n'\J Hbc 1~8tiwvV1L'Il1.J~m\JVlJl:n~8'l ~-.11lJ~IlJ1'j()vhl~V1fJ~d)'l.ILvl'W'i'\JtJn~ v)-1LLG1V1.:]11.J'itJ~ 21 , " " 
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111 mJnLifu.:Jlii'lJmlii''U U1V'Ut)'UL'U(;1'Ut),'l.:J1lJ(1)t)1tll~v nl';i~'1 Lfl';i1::'l-iLL":::(;1~'IYlL5lJLtJ1~';i'U.yjtJtJfm'U'UlJ1~''\<1~'Ufn';i 
ml,rr~nl';if)""t1~lJ~'UlJ~LB\JLtJ.yjL~U1L~tJ,'jn'Ul'i1~,",;d:jV'!l\i~~\J '1 ~n 3 ~'LL ',Hi.:) (~tlv1 22) 'UlJ~tlf)'iru(;1'il'ill~~lJ 
L~UlnlJL.;;lunl'i(;1';il'il,",uU'itlLL'U'U'lJtJ,'j1'ifll'i1~"'ihiju'lliiVlvi1.:J'llvlllJl"1f,'lL~tn L~Ul~Vl~'Il~'l'Uvr':)'\<1lJVl 4 ri 

u u 

-Boo,: 

Codon iT Co<1on 15 
Codon 41142 IIISII·654 .'1''1 '"~) .. .. .·1· 

5'-11111 Eio'n-ll J\S-I hm-2 

China 1 China 2 China 4 
(602 bp) 

+--
(-129) /codon 93) {rv'S-2 nt 4571 (codon t i 4) 

mh.:J1'iflll\1lJ ~"f)1W\'il'il~u\JL;ftJ,'jlii'1.J1VltllEL~Uln\J.yjuru'\<1f)iJ~u.:J ('itl~ 23) ~'U-,i1nl'J1-u1~';i'U~.:J~ri~llJn\JtJ.:J
''V v '\J 

hi" llJl'JmLtJmLv:::m1lJlLlilf)\;h,'j'tJtJ.:j~L5\JmlmllLtllJ.yj'lil~'1 u1'il'l7n nl'iYlVl61tJ.:).yj'il:::'I'llviu1tlflfl nl'itl1'uml:::'Ufl.:)f)l'Jlm.J~ 
lVl'll Ll":: f)l'i'l'l11~LiiVl~CYqjlruL~lJL~lJLYlt)1t1LWnLLV:::fll,lJLLlilnvi,.:JM_UvlL'illJ~"~1.J 'illm1\J'il:::1111tlYl~"fl'UtI'i:: ~Yl5m~nu 

• ~ltl~'.:J'il~.:JLYiv'Unu15lJ1m,illJllifl1tlLVlU.:Jl1.J1'U~11.Jlffh".:JtJci'i::W)1,'jnWW'i>JlJ1L l1 tlvi'tltJtlVl,'jl\J%vm1Xufln1tl?h tJ\J 

~~(;1.nru"'ml'iliti'il5u1'lfll'ili,",~Lijvffi-n-ll\Jllil\l1.:JviD1tlll1\vlIil1~f)TH'I'I7U"\JlJYllJl~tJL~lJL~lJ\l1f)i'1t1iifl11lJLtltlL~;lill1.J, , ~ 

LYlfll1.Jl"EH'bmY'1Y11,'lf)1'iLL~YlU «(EM8) tJ.:J'Utl'l:::lJlru 2560 

i ; (A)17 : 6541 ; 4bP . E 

t -- ~-r----- ' It : .. .' , 

r--- -----·r- --·------r---- - -- - --~ - - ---" -: --- .. .. ' ~ 


! M : ' , 

i ' ,! __..__________1____.___. "__ _ _L ___ 

expected result obtained result 

4bp E 17 654 (8) 
N 

M 
, 

- -- . *- .... - . . ., - ...• - . 

expected result obtained result 

~tl.yj 23 f)l'J~'I.LtlnmllJbl.liln(;)WU't"l~h€l1.JLDtln~lL(\::.yjijijlLlil_U'U.yj'Vhl1XLi'itilhAI51~"~LlltJl~vloU' paper-based device .yj 

Y1\il.J1.Jl~'U A) (i)lm.h.:J~h~1.JLtl'll\iVl normal/normal 8) v11DU1.:J~Lii\JLfl'llti\i) ~E/~4bp 'VIlJlm'VIV] I.Dfl.:J\lln'U~1.1ruYl'il:: 
~n~ltl~A'U(\~ 'Ul.:)n1.J ~~vltJ'lllf\mLtJn'Vh peR LtJ1.J?ltJ'l~l1.J (600+400bps) 
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6, DNA detection using nanomaterials and PNA probes 

~ll/5~EJmEJl(>\..r"l-UB\1L~EJ"l';;B~ ti\ml'i~VlJ'lJl'i~'U'UIil':i"l'il~Ivi''UL'U(I'UB~~LB'lJmlVl EJl-ul(1Vl'IJ11'\J~"llJ n'U'rl LB'\J LBlVi 

':iU ~.:tvt~V\lJVl'il~BlI'\EJ"'''f\f11':iL&iEJ''ln'IJfl!lfmd1VleJ'lJIil'in~EJ1Yll~1"r'h~l(1 ~Iil~ LLliln~h~n'IJ':i~whrr(l~'\J11'\J~ih.J':i~~,,'UnuYl 

L{)'lJLB~ihj'i~'il'U1n u.,,~n'U'rlL{)'lJLB-&iLB'lJLtll!'l'U~Vl;~iJtI'i~ 'il"'U :BolLU'lJf11':i1i'i'1~.Jlj'&ivitVlVlL~'IJ'UB.:tYlL5'IJLtlvtbj'i'11lJl'i rt."hlVl, , 
n'U~L{)'lJLBV\~ul'il~Lnu"lflmu1YlVl1'W':i'U~'IJ 'l;.:tiJtI'i~~~'U lVlEJ'il~ LL£JnBj)tI'ilEJm:U'1lUVl'U'il ,rr<'l~'lJ1L'lJvhi 
a) Graphene oxide (GO) 

mlYJtl €lun 1'll~ (GO) LU'lJl<'lVl'\Jl1'\Jvl1;;~'Ufl11lJ(I'IJ1'ilmhnJlm~'il-l'illn(llll1'Srt".:tLA'l1~V\1v)~'EJ (lllJ1'Srt 

m~\llEJ\il"ll'IJ~,1v)~ u.,,~iJ(llJ~lVlIilL~'IJ""~lvtI'i~nl':i L-tl'IJ fl11lJ<'IllJl'Hl1'\J f\1'iVlVli'U~ d)'\JLB<'I1EJ L~ EJ')1Jl~nl1~ LB'\J LB~ 
L-Ul~n'IJLU'IJ duplex lJlf\ 'lJBml1f\\1 GO V.:tLL<'IVlol<'llJ1TviLiJ'IJ\li'''lLm'\JL·tm1~&i .,,11l~~LB'lJLB~&iVltlrnm~BolLL(lolLil'il'Jn~Vli'U 
'U'IJ GO \l~iJf\l'lL~B-lLL(I~~~Vl~" LL(;]Lilm~lJ~di'IJLu~L1J'\J~(llJ~"lt1\l~vhl..rLnVl DNA duplex :B"~n~Vli'ULVlEJ GO lvi' 

~uEJ~~ vi'.:tJ'IJ f\1'iL~'ilolLL(I"n\l~L~lJll1n~'IJ VI-Knf11'Svi'~n"""l1Jl()ml1lJ,1imhmVd","lU1'\Jf\1'i1Lml~";~Ivi''UL'U(I'Uv.:t~iL5'\J 
mLVl u1i&i Lihml 17 "'~t)'V;L{)'\JLB'tJUVlvr"L~lJ (ae~PNA) 18 ~&i~tlrnm~BolLL".:tLiJ'\J1Vi'i'U m.h.:t1'in\i11lJV~Vi'U-uB\llnVl'il~1 '\J 

·:n'\J%EJ\1'il~H GO ~"llJnu acpcPNA ~&iVltl~lm~B .m'i'1"L.y;mtJ'lJh~'l'ULL'Vl'IJ DNA LVlUA1VlVllJ1Ul1'il~1~fmlJ\llL'Wl::: 
dq.,f 1 CII.., Q ..IV tel 

L\l1~ 'il.:t'VlVl'U'IJ VlEJlJ",~nf\1'iYl'''''IJ~W~ u'Vl 24 
" 

,... , . ~. - .' . 

~.'.'. 

"" F'-. ~,,;:-:'I ~t~C~,i" '-J" ." ~ GO i r,,: ,. ' . ) complementary 
Flu-PNA DNA I' 

1'IJ L-dv.:t(>\'\Jl(>\YlVl~VolL~V~<'I'ilUVl"f\f\1'iLVlEJf11'i1'VlL'Vl':iVl<'lI':i~~rntJ'Uv~yh5'IJLV~~Vltl~1 m~ V-lLL<'I-l FAM-PNA (Vl 
~ ~ 

~lvl'UL'U<'Il'\J~u~ 268) ~mllJL-UlJ-ii'\J 0.1 )lM V)"ltJ GO (l1i1~'Ufl"lllJ'il~Lfl'll:::""'illn m ,<'If)~"l'U ~'\J'il11ruVf£.J il1Al'tll Lfllj 

flru~1'VlVlml'llil~ ~\n"~m(\hJ""1'VlVI-KU) ~fl"lllJL-UlJ-U'IJV;I.:t 'l n'IJ LL~~~VllilllJf\1'l L1volLL<'Iolv11tJL YlflUflYl';jBUL'l(lL'll'\J\l\ 

ViUl1f\1':iL1V..'lLLI'I-l"lJBoJ FAM-PNA 'il:::"Vl~"'lil1lJmlJ1ru'U'il':) GO ~L&ilJL-VIhI L'tilJL~(J"lnU~LflUii'llEJ.:tl'\JlJ1riv'\J1'\In':iru'UB'''~ 

LB'lJL'il(lltJL~(J"l~&iVltl"lm1BolLL(loll(ilEJn1'iL~B"'LL(I"~~Vln"\l~L~lJl'\.:t;;j~fl"l1iJL-iilJ-U'\J'UB~ GO tI'l:::mru 3.5 )lg/mL lVltJ~Vl 
LV1(JULtJ'\Jn1'iL~'il':)LL~-l~n~~..'li).:tnll 90% ('iUvl 25)

" 

: ,..... , 
{ I \ '.

i I \ ~ 


;/ \. \" 
, ! \. , _ •.. '...".,., • ~ .....; .".1"... .
( f t ~ 

f,t \ \ 
; \ ...... 

If. /-~' .. '\\\,
/' / " "
i/; _ ",' :'<::>.." fl ·' / ~'-.. ~ 

. -1<~'~:: ---' ~~:;-..~-

~t1vl 25 n1'SL1v..'lLL(I':)"lJu.) FAM-PNA (~~lvl'UL'U<'Il'\J~t1~ 88) ~mllJL-VlJ-U'IJ 0.1 )lM vi'1V GO ~fl"lllJL-UlJ-VlJ.il.:t'l ~')LLtJi 
0-4 ~~/mL 1'\J 10 mM Tris-HCl pH 74, Aexc 460 nm 
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'" 

. . ; 
' . \ 

\\ 

Flu-PNA. Fl u-G':'AGATC"ACT - Ly sNH- I 
DNAcoa ; ' -ATCTAGTGA- S' 
DNAmi.C ]' - CI,T(,TCGTGA -S' 
DNAmi.1O J ' -ChTCT~GTGP, - 5 ' I 
DNAIn1aT 3' - C;'.TC'iI GTGh - 5 ' I 

DNAnon :1' -GJ...TIT.:"CGICT - ~ . ! 

"." . 

DNA 

(A) (8) 

(C) 

~t1~ 26 f11'lLtl~EJ'Uutl"~m'lL1eNLL".:J'UtN FAM-PNA L~'iJii GO LLI'1:: DNA 'tliJVl~W) €l~Iii''':HJ (~~·wlUbtJ(l11.J~tl~ 8B) ~tl 
(A) bLI'1 :: (B) 'Yh~ [PNA] = 0.1 ~M , [DNA] = 0.12 ~M; [GO] = 1.25 ~o/mL 11.J 10 mM Tris-HCl pH VI, A.c 460 

nm~tJ (C) 'Yh~ [PNA] =20 ~M , [DNA] =24 IJ.M; [GO] =150 ~g/mL 11.J 10- mM HEPES buffer pH 7.4. 

containing 25 mM NaCl, photographed under black light 

f11'l'V1VlI'1B.:J~mJ1LtJ'Urn'l~fr~llrn'lLtJ~m.JLLtJl'1'1rn·H1B .:J LL".:J'U€l.:J PNA-GO Ldum'iL5'tlLumJ~1u LVl tJLtl1uULViuu 

~'1 ~L5'UL'iJ~i:i~ 'W)ULU"fi"lJ (DNAcom) LL"::L~€li:i~lv1UL1.J"~VlltJ""~'1l'ilLL...,ti.:J (DNAmisC, DNAmis~ UI'1:: DNAmisT) ~" 
vtl~~m\lWl::1'Umru~i:i~LB1.JLU~i:i~lv1uLU"ri":lJbvil'~\.Ivirn'lL1u'lLl"'1fl~UL~l.I~1.J1tJ~uLnuuLviltlUL~€lriu'UL~l.I GO ~ 'l 'U 

~ 

1'Umru5'tlf11'lL1€l.:JLL" .:r\}::lliLtJ~EJ'ULLtl,,~1tJ~lm~:lJmm1fl (~tJvi 26A bL":: 26B) ~.:J"1:lJ1'lc)~~ Lfl(1)Ll1'UlJ1J1"lEJ(imtJ~l-
mU1~LL"'1fi5c'hml:lJL'l'i:lJ'l'i'tl'j~WB (~tl~ 26C) L~ V~ kinetics 'Uu~fll'lLn~tl5n~vlLnVlm.hW'l~L~'l ;'1Lb"Vl~Ci'l~n vmw 
'Uu.:) acpcPNA 1 'Uf11'l,]11 Ul';;~'l:lJtlu GO L U'ULFl~€l~ii€l1'Urn'lml'\}~'W)UL'U"'UB.:J~L5'ULUviu ~1':l'l'l~ L~1 LL"::1~f1'lll.l LLlJ'UEl'l 

100 

90 

80 

70 

VI '" &0 
r: '" 
.l: 50b.O 
'>: 
.0 

*' 40 

10 

20 

10 

0 

PNA-GO DNAcom DNAcomL DNAssmisL DNAdbmisL DNAnonl 


DNA 


I 
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~\J~ 27 rn,)L\J~!.J\JLL\J~~nl'Hith:m"w!Jv~ PNA1+GO riv,"- LL~~'\I1~.:Jn1,)L&ilJ DNA 'lJU(1lvh~'l [ll1:::'Uu~n1')""(1l"v~f1v 
[PNA) = 0.1 IJM, [DNA) = 0.12 IJM, [GO) = 1.S f-lg/mL lu 10 mM Tris-HCl buffer pH 7.4, Aex460 nm ,hvi''ULU~ 

dd '" d 	 u.x 
'(Iv.:! PNA LL"~ DNA ""Lnv')'tJu~LUUMU : PNA1 : FAM-GTAGATCACT-LysNH2; DNAcom: 3'-CATCTAGTGACA-s'; 

DNAcomL: 3' -GGTCCCGTACCATCT AGTGACATGCGGCGC -5'; DNAssmmL: 3' -GGTCCCGTACQlli:DGTGACA 

TGCGGCGC-s'; DNAdbmmL: 3'-GGTCCCGTACC6KGCGIGA[ATGCGGCGC-S'; DNAnonL: 3'- GCGCCGCATGT 

CACTAGATGGTACGGGACC-S' 

uvn\lln11ET.:lhlr;m!llm'im,)\ll(1ln'U~d)uLvL {hmJ1vv1ihhvi''UL 'UM11~'U (30 L 'U") LL"::: rn'i~m!llm')(1l'j1~1(1l~ 
VDuLm{h'l<1lJ1vv1LtJ'U dsDNA ;.:l\l~"vV1l"l~v.:ln'U"H11'Un1'i ru'tJv.:ln1'l1111\J\J'i~ ~n(1l1i~~ ·nnnnl1 iJCY'\l11v1Yj1jl~v1';;~'h5'ULv 
~vl')~'Ufivm,)Liv~LL~~'tJB.:j Fluorescein-labeled PNA probe 1lJn~'Ufi'U~~(1lL~lJL~m~l.J~LB'UbBti~lJ".:j1\J LLlIiET.:jI"l.:j 

LL~(1l~mllJll'lLYll~L\ll~\l'lB~ (~'ll~ 27) m(1l-:hLn(1l\llnm') quench 'IJ"iNil"ln Fluorescein lmJ{j11"l[[m'U~'Uv.:j DNA ~ 
~lJ ~')u~dJ'U extra han~in~ nucleotides ""l~\J"lVvll'U 3' Yi\l:::t)£Jl'U'i:::v~v1~llJ1'imn(1l interaction n'U Fluorescein 

" 
~vU(1l'i.:j'\J,nVvll'U N 'lJv~YlL~'ULV1Y'l'i'U LL'U1'Ym1'Um'iLLniJru'\l11fivm'i1';;il~ln'IJlJ(1l~'Um:WLtl~vuLLtl~~m,)Liv'lLL~'1L~v 

~ 	 v 

LnV1fn'i L-iJlf\'i~l..dl'lYlL~'ULtln'U~iL~'ULv '\I1iBtl1~Ln(1l\llnm 'iyj~ L5ULtJ~1'UyjL tJ'U overhano ~lV L~V1~llJl'ifJ()n(1l(1l~'U'Uu
" 	 :::, 'U 'U 

GO l~Ul'l 

~~vh~f'1'Ul'J'UL~l.J L~lJvitJlJ1fivD.,.,6l'J ~'tJv~tl'i ~ ~'U1, nU'U"lvYl L~uLv 1(1l £J1vll'l'IJ")lvk51.@lYl'i'Uyjll'\J'i:::\l'U1nL~l.J~\J, 
(FAM-PNA-LysS) \l~()n'i::~'ULL".:jlWlV GO 1~~n-:hYlL~'ULulY'1'i'U'\Jn~ (FAM-PNA-Lysl) hWYl'Ul1H GO LYlV'IO.s 

" 
Jlo/mL ihi11~LnWlm'i quench 'tJv~~CYCYlru'tJu.:J FAM-PNA-Lyss tlEh'l ~lJ\j'iruL~mYiv'Un'U FAM-PNA-Lysl :6'1~n 
quench ltlLYiv'l 60% luvil\Jv~L~v')n\JYiL5\JLvyji:i'\J'i::~LtJ'U~U (FAM-PNA-Glu) LL,,:::~h~\JLvlm\J (FAM-DNA) ~~~n 
quench hltJvvnl1Yh~'ULv1Yl'i'UtJn~ (FAM-PNA-Lys 1) v1~LL~(1l.:jl'U~'\Jv1 28 ~'1~u(1lf1~u~n'Un~1n'tJtJ~tl1,),)~~'ULL~~v1mV1 
11\l::nnmUfllJLWI tJLL 'i~f1'i~'YhY11.:jll'h~1~(i(;1~1lJ n'Ue)\'!(1l'i mVl'i ~'\,dl':)lJ1f1[[mU~ LL"~~UeJ1'tJtJ.:j GO LiJ'U...,~f) 'Uvn\lln~ 

~ , 
m'i LLV nLLV:: fl11lJ LL(;1 nllil.:j'tJv.:)~ Lii'ULmtll'l<1lJl VY111 "hvi'u L'U~ltJ'Uri<'llJn\Jv1eJI>Il'\JWQ.:)vhLl\·,,1.:)lV1£J FAM-PNA-LysS probe

" 
\l~~f)il FAM-PNA-Lys1 probe mn vi'~LL~I>I.:jl'U'i'\JYi 29 LL"~V~:n detection limit Yi~1".:jnl1 40 LYh f)~11fiv

~ 

0.11±0.3 nM <8.:j~tJl1LU'Um'i~~'Ul~~1I'i'ru LL(\~LtJ'U~~v1v~hjLflviJ~'ilU':)1'UlJlrlv1..!11..!'\J.,.,mllJ%vyjL~fJ1-iJtJ.:jn'U PNA-
v 	 " 

~ d 	 17.18 I 

GO Y1':)'I<1lJ(1l""~l'Ul.Jl 

100 ' , 
\ '. ,', .L 

80 \ ' .L 

\ , 

g , 

\ 

).\ 

~ 60 	 T " ~-- FluPNALysl 
<II \ 

' ,,
s .L 

~ \ • . FluPNALys3 
.!!!' \ '. 
.0 40 " ....- FluPNALys5 "'. 

\, 
FJuPNAGlu

\ 
\ 

!,
20 	 ... FJuDNA 

\ 
-,_. _. -~:::-,-~::-~-::~-::-:-. -:o 

o 	 0.5 
GO concentration (l-lg/mL) 

'l'\J~ 28 n'llyJlL"(1l .:j m'i'i:;~u~ruru1ruyJ(\uVL'i"L'll'U~'tJ tnYid)'ULv FAM-PNA-Lys, FAM-PNA-Lys3, FAM-PNA-LysS, 
'U 	 u '" 'V 

FAM-PNA-Glu ~~il"lv1UL'U~L~rJ1n'UAu GTAGATCACT ll"~ FAM-DNA LI'lV GO ~f111l.Jl';;lJ-iJ'Uvil~'ln'U ; [PNA) = 0.1 

~M 1'\.1 10 mM Tris-HCl buffer pH 7.4 

I 

http:Y1':)'I<1lJ(1l""~l'Ul.Jl
mailto:1vll'l'IJ")lvk51.@lYl'i'Uyjll'\J'i:::\l'U1


PNA+comDNA+GO 
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700 700 
--PNA--PNA 

-" ---' PNA+GO 

. . -- PNA+comDNA..GO 

600 --- ' PNA+GO 600 

500 _500 
- - - PNA+smDNA+GO:;;:> 
••---- PNA+comDNA.i400.i400 

> .--- PNA+smDNA,t: ~ 
~300~ 300 
££ 

200200 
.'. '.. ~ 

100 100 r"...-·------"--____~ ~ 

-"---~"--"'- . :: ~------..~- ::':._~~~~~ ,:::_::o "'-- -=---"": ........~'::.-:-~~ .:;~;:...... o ~___=...._;;:. ;::t:: - '"':;:;~-

510 530 550 570 590 610 630510 530 SSO 570 590 610 630 
Wavelenght (nm) Wavelength (nm) 

(A) 30 (8) 30 


25 2S 


20 20 


-."-" IS ~ 15 

"" 

10 10 

0 

5 -. 0 

5 
comONA smONA comONA smDNA 

~tlvi 29 \tl~EJUl'YimJnTmEJmLtJ~f111lJL\li1n~ 'WVB~~h~hmlL{hvlmEJ~ihhi\'UL'UmUlJAmJ (com DNA 5'-AGTGATCT AC

;') n1J~ihh;j'1JL1J?I~lilltlV1~.:)Q]lb\\,nl~ (misDNA: 5'-AGTGCTCTAC-3') L(ilti FAM-PNA~LYSl (A) Lbn:: FAM-PNA-LysS (B) 

~~~l~'Ul1J?I\tJlJ GTAGATCACT ~f111lJL-ii1l'ihj'UB':) GO = 1.25 llo/mL (FAM-PNA-Lys 1) '\-1~B 0.5 Jls/mL (FAM-PNA

Lys5); [PNA) = 0.1 JlM 1lJ 10 mM Tris-HCl buffer pH 7.4 

flTlV1!ilnB .:rvhv1Vh~BlIlf\vf)l'i'\-11 detection limit ~ln 3SD(blank)/slope 'UB-1 calibration CUNe ~Wf\rjl 

~lJn'UtfhJlru'UB':) GO vn~L-iilhJ ~1'\-1-r'U FAM-PNA-Lysl f)1'i1itl~lJ1ru GO Yif1111lL-ii1l-iilJ 1.0 Jlo/mL ~::1,xc;l1Ln'U~~ 
Yi'1!ilflB O.70±002 nM '1HIJ::Yi FAM-PNA-Lys5 JlJHitl~lIlru GO LV;EJ.:) 0.5 Jls/mL L\n~lv1A1:U(il,hn(illuf)lJml~l(il 
vhn.:)fi-1 0.073±0.009 nM 

~1'\-1-r'Un1JPif)'\~nf111lJdJlJltl1vnlJfl1'i1i FAM-PNA-Lys5 probe Y1ij~l~'Ul'U?lLtJlJ GCTTTTTTACA ~111n'U GO 

LyjBV1(il?lv'Un'U~ L~lJ lBc;l1 B~1':) ~~-1~':)LUlJ~~(;lJlru.n\llnf)1JYhV;~B1-j Lliltiltl~EJ'ULViU'Uf\1111LL(i)n(;h.:)'U'i).:)~qJ'l!lru'\-1~':)\lln 
b~hJ GO 'l~W'h':)~L~lJLB~?llJ (fg) n'U~d)lJL'ilYi:i'hh~'Ul'U?I~?llI (nes LL-n~ E, coli) Yi'Uiln1JL~B':)ll?l.:)'Uv,:)LYi'l'U~fl'i~r'U 

lnB'U?ll.J\J'lruL~BHtJ~lIlru GO LV;U~ 0.5 IlS/mL LLn~LL3J11fl'1'lL~B-1LLI1~~~1,x~'l!'l!lruYi~l LL~nLV;thlYiBliivfl'1'iLLtJflfl11lJ 

lLV1nliil~'i~wi')~~ l~lJLvA?llIn'U~L~lJLv~ii~l~'U \tJ?I~?llJ~.:)~tJvi 10 ;~~ln~n-ii1-lv1lJ LL?I(il~1~Li\lJlv111LJl?lllllJ(\ti':)~"l~U
" " 

L'U l:1'UB':)~ L~'U lv~1 nc;ll v~l':)<il~.:)ltilllJ'l::'U'U(l)J1~1~vthjiu<ilBlJ lJB n \11 n;1 eJ~A11il--)11.h ~ ~ ?l1l.J 1 J () \~lItl J::: 11V15 f11 "I'j 'U B-1 n 1 J 

Ii1J1~-)1ilL(ill:JnI'itJ-r1Jm1~ L'1llJ f'111l.JL-iilJ-U'U'UB':) Lri 1"iB fl1'll-rrc;llYhn~mEJ~'UV1~ ci VI~8fl1'i L~:U 8 ru'\-1f111. " 

I 
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GO Concentratlon (lJg/ml) 

~tl~ 30 LtI:StJULViEJUfrmJlL\ilfWh~'Utl-lnl'lL~tl-lLL'WUtl~~d)'LJLm{J1V1lJltJ~ihhii\JLU?HtJ'LJ~~lJ (fg) nuv1ihh~ULU~W~lJ 

(neg LLn~ E. Coli) HYhih.JLtl1vi'~uiiih~ULU~LtJ'LJ GC I I I I I I ACA ~mllJL-UlJ-U'LJ'Vtl~ GO = 0.5 J..lglmL; (PNA] = 0.1 

).lM 1'LJ 10 mM Tris-HCl buffer pH 7.4 

'Uun\nn~v'llvl?iml1ii~mllJLtJ'LJltllvlLdmll1'\J 1 'LJfl1 ~ (J)'jl~~i.Ju~h~ULU~'VU'l double stranded DNA tarset 

L~1tJ\il':i ~ ~W.n.J"h'illL tJ'LJlI1tl'l1irh5'LJLtlL mUi;'\u'lRltJ v1i.JunLlUU1~~unu ~LD'LJLtl1'LJU1LJruL~EJln'ULL9iLtJ'LJf1'LJn~G'll tJ\illll 
v 	 . . 

VI~f)nl'j'Vtl -l DNA double duplex invasion LbndhB'\JLuv1'1~u~G'llEJ\I~lI1u-lii lysine VlnltJ'l Vl1.hmYjm~lImllJLb~~LL'j ~ 

1'LJf)l'l~U [j\i1nU~LB'LJLu ~~~~'Yh1"""llJl'j(lmm'j(l\il'jJ~11il~LB'\JLmU1V1lJlEJ~LtJ'\J"ltJ~1~liltJ\il'i~ ~~~~ Lii'LJlvl\ll nVi ~'I b~lI 
GO ltlLL~l\l~V~LVI~tlfh residual fluorescenc;e v1G'1'1ii-l 79% ~~ln~LAtJ~nUf)'lru'Vtl~fl1'j\il'iJ\ll\i1 DNA "'lm~fnv1ii I'1 1 

" 
% re sidual fluorescence 93% lVltJI'i'JL,,'V~lJtJll.dlAtl (Fluorescence after addins GO/Fluorescence before 

adding GO) x 100 LliltJl'1l'v1mnLLG'lVI-lckhii PNA probe tl~1'\Jc\1'j"~mEJlJln 000% = complete restoration) 

~1'LJl'i'lL,,'V~u'iltJ1'\Jmru'Vu~ unrelated DNA duplex Ll"~b~tlii PNA probe bYjEJ~I'i'JL~tJJ LL"Iil-l-h PNA probe llJ1v1~u 
tl~nU~LB'ULtl ~'1~n\1,lVl-nULVltJ GO mn (m'il~~ 3) LL~V'IYiUU~VllAtlnl~LtI~tJ'LJLLtln'lfl1'lL~U'llL(1'1v~hji\i1L~'UL"hnu 
f)'lru'Ui.J-lnl'j\il'il~1\i1~L~'LJLtlL{J1V1lJlEJv1LtJ'\J(11tJL~m~-ltmLnlil\llnnl"lLnlil invasion v1V-lhi"'l.IU"lN =ii~V'lll1u~iifl1'j-W(i'J1.Jl 

" 
~tlltI 

(;ll'il~~ 3 fl1'i L tJ~EJ'LJLltJn'lf)1'H~tl ·m~~'Vtl~YjLB'\JLtllYi'iunu~d)'LJ Li.J'UU\i1~l-l ') ritl'l.mn~VI~-lL~lJ GO (LL"Iil~1'\J~tI'Utl'l 
residual fluorescence - (;lutJl1111.J footnote)

'4 
-	 b 

Systemd Residual fluorescence (%) 	 Remarks 

PNAl+DNAl 93 complementary ssDNA 

PNA1+(DNAl+0NA2) 10 complementary dsDNA, one PNA probe 

PNAI+(DNAI +ONA2)+PNA2 79 complementary dsDNA, two PNA probes 

PNAl+(ONA3+0NA4)+PNA2 11 unrelated dsDNA, two PNA probes 

"PNAl: FAM-GTAGATCACT-(Lys)sNH2; PNA2: Ac-AGTGATCTAC-(Lys)sNH2; DNAl: 3'-GGTCCCGTACCATCTAGTGA 

CATGCGGCGC-5'; DNA2: 5'-CCAGGGCATGGTAGATCACTGTACGCCGCG-3' ; ONA3: 3'-GGATGTICGCGGCTGACAA 

CCGCGGCCCCG-5' ; DNA<'!: 5'-CCTACAAGCGCCGACTGTIGGCGCCGGGGC-3'; conditions: [PNA] = 1 I-lM; [DNA] = 
1.2 I-lM; [GO] =5 l-l'5lmL in 10 mM Tris-HCl pH 7.4 

t(F luorescence after adding GO/Fluorescence before adding GO) x 100; 100% = complete restoration of 

fluorescence 
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b) Olidodeoxyguanosine 

ltJfY)')i'im~lyje.hulJl'N'lrjlfll'H~tl':)ll"'':)'lJtl,:) FAM-PNA-Lys1 LL"~ FAM-PNA-Lys5 :ijmllJ~lJ~'tJ~nu~hBUltl 
~lJ1L'ih~nu l~Vlil'l'll~mh.:J~':)L~tl~iLBULtlij extra hanging bases yjtJmv~hu 3' (~':)~~tl~1n~nUil"ln FAM) ~.:Jfmrh 
~~ dl~~lfl c)U\il':in1 Ul'i~'vrll.:){j1flmtlLu",nuYlntltlL)\'1~U ~~LiJu~.:)yj'r'1)lUnU~tlVm'1 LL(i11 wl-lrmii LLlJl1"11K'UL'U\'1'lJtl-l 

~ ~ 

~LBULtl md~L~'tJ Ltl\) ~hi L~V10Uen nu L" Vnu':)'l'l'Ul1ii fY)') LnVllll'i ') ~ru LL\'1':)'lJtl.:Jil"l ny.J" tl tl L') \'1~Uyj&1Vlminv;;; LB'tJltl1~ 
~ ~ 

lmJLil'l'll~tlVl.:J~.:Jnu FAM-PNA-Lys5 ;6.:JiimllJ'vIU1LLtJu'lJtl.:Jtb~\)'U1fllJ1fl ~.:J,jl1tJ~\'1lJlJ~~1'tJl1fY)))~rU LL\'1.:J~LnVl~ln, ~ ~ 

elUV1'ln~rnVll-l1rJ~1"'~~)~'vIl1-lY1LBULtln'U~L~ULtlLL'U'Uhhh L'Wl~L~l~~':) ;.:)~.:)e.m1~il"ln L1tl-l LL\'1.:) LL,,:;ti1flmtlLU"'lJluV 
~ 

ln~nu lVlVl~lJvi'u~lnfl1)i'im~l~"'l1u-l"lV\ULU\'1'lJU-llu~lnu1f)~ltl1Vlv1nUfn')):;rUfll)l~ u-l LL"'':)'l1u.:) FAM-PNA-Lys5 ~-l 
'Y'lUll oligo(dG) iimllJmlJl 'H)h.!f)1'i'j~rULL",.:)1~~1nll 95% L~m~lJ"'1hJlu~Vl~1'uhmyjLYhnu FAM-PNA-Lys5 

LmvuLYivunu oligo(dc) ;-.1)::rULL"''11~~li'n (hj~.:) 50%) LL"~ oligo(dA) LLn~ oligo(dT) ;':)LL\'1Vl-lIYl'j'j::r't.JLL"''1~.umJ 
lJln ('itl~ 6A) lVlV~fl1'iLnVlfll'i'i~r't.Ju",.:)~~un't.JmllJLoUlJoUU'lJu~Ln~u ('iuyj 31 B) mh1~urf1mllJLoUlJoUU'lJtl':)Ln~u",.:)

~ ~ ~ 

fl'-.h 50 mM tJ'j~~Vl6fl1'N1Ufll'i)::ruLL"'-.1~:;n{i)"1 :zi.:J",uVlf\~u.:Jn'Ufl1'iLnVlelU(i1'in~VlYn-lhHh"'~V1'l:;'vIl1-lY;LBuLUn't.J~ 
LBUL tl LL":; m1lJVll'Vtl1 oligo( dG) vttoUii~n~ tllYl'i 'i~r't.J LL\'1'1 n~ll ~tI\'11tJtm~~iitl'i ~~Vl5fl1'1"JlUIYl'i'i~ ru LL\'1.:)1a;~nil 

\'11V~\.1 LL":: dG LiWi hiLL\'1Vl-lfl1'i'i::r't.JLL"'1'lJtI.:J FAM-PNA-Lys5 LLlJ\)~HiyjmllJLiilJiiU\l.:J 

100 
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·"~.a 'A' lr'lllht m;') 

~tJv1 31 (A) bL?\Vl~h1f1'lJv-3 oligonucleotide (dN): ~ (N =A, T, e , G) ~ii';ufll'i'i::r't.JLLi'\'l'lJtI'l FAM-PNA-LysS (B) j;Jf1'Uu-3 

mllJL<UlJ-tl'tJ'lJu-3 NaCl ~iJoiunl'S'i:;r't.JLL\'1-3 (C) LL":; (D) n1)'j:::r'ULLf1:;fl1'i~'tJ~rurulru'Uu1 FAM-PNA-Lys (e) LL":; FAM

PNA-Lys5 (D) L~m&ilJ (dG)!O LLf1~(;)llJ~i1tJ~L~ULufi~lJ (i1llJ~I\il't.J; ~lv\'UL't.J?\'Vu-3 PNA ~v GTAGATeACT LLf1::~L~'tJLvfiu 
~ 

5'-AGTGATCTAC-3'; sodium phosphate buffer pH 7.0; ~tl A, e, D Hi [PNA] = 0.10 J.lM, [DNA] = [(dG)lO] = 0.12 

J.lM; ~tl B 1-0 [PNA] = 1.0 )1.M, [(dG)lOl ~ 1.2 J.lM; A C,cit = 490 nm 

L~tIb&iJJ~L5ULtlyjij~I(ij''t.J L't.J\'1fii'\lJ"~1tJ1 U'lJtl1 hi \'1m:: 'vdl'l FAM-PNA-Lys5 n'U (dG) Iv Yj't.J'jl~:: Ln~fl1'j~u
~ 

~f\!f\!lruyJ~um'ii'\L'llU~~U (~tJ.yj 31 0) 1'tJ'Vru:::~ FAM-PNA-Lys 1li'l'l'U'lliirm LtJ~tJ'\.ILLtJ"~nl) b~u.:JLL\'1~utJl.:Jiili'v~h~f\! 

L~elL'{itJ't.JnuriD'tJL&ilJ DNA LL"::; (dG) 1O (~tl~ 6e) ~f1fl1 ) Vl~f1u.:JL~u~(;)''tJ~ti,,)i'\uhlJln bLf1~L i'\ 'tJmLu::ilt11\)H' oligo(dG) 

~ .~ . ~! 

~ ', ' ''; , 

- - .•,,:, '. i .
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dJtJf})l"i:;~\JLL"'~"\J"m;ru::L~h.nnu graphene oxide VI~trr"'~tJl1tJ~tJ1 L~uH~llJnuYiLBtJLu1'i'l'iU~~VI\l"lm~u .m"'~ 

(\'lV1-rUf1l'iIll'il~"l~ULU"''Uu~~LBtJLu 

.1. 

' .. 

~ c· .c 

l O 

'" ; .. \-, 

I
..0 

I I" 

I
-' : 

I-. , 

Ihi 

(A) (B) 


~tlY1 32 (A) LL?lYI>l~"'Uu'lfl11lJL~umhL'i'll:;'Uu~~LBtJLULillV1lJ1tJ~iiCJ"viu n1"iAtJ~qj qjl lU'UeH FAM-PNA-Lys5 n'IJ 


oligon ucleotide (dG)lO (B) LL?lVI>lCJ"'Uu-lurunilffi'littJf1l"i LLtJ flfl11lJ LLlIlnt,h'l'Uu'l~LBtJLmill'l"lJ1tJ(ll tJV11 <ll~'lJLU?I'UU>l
. " 
PNA Au GTAGATCACT LL"~"l~'ULU?I'lJu~~LBtJLuA'il dCOM: S'-AGTGATCTAC-3'; dMIS: 5'-AGTGCTCTAC-3' (dMIS); 

dNON: 5'-TCTGAATTTAA-3'; dCOM(L): 5'-CGCGGCGTACAGTGATCTACCATGCCCTGG-3'; dMIS(L): 5'

CGCGGCGTACAGTGTICT ACCATGCCCTGG-3'; d NON(L): 5'-CCAGGGCATGGT AGATCACTGT ACGCCGCG -3'; 

sodium phosphate buffer pH 7.0; [PNA] = l.0 ~M , [(dGllOJ = 1.2 ~M; AoxCit = 1.\90 nm 

tJun~ln111~\11 nl'i(l)il~1V1'1l\jVlmtllil'il~1V1~ LBtJL'il Lih'\.1lJ1tJ (~tl~ 33) YI'IJ'"l1 1tJ f)':i ruYi~LDtJLuL illV1lJltJlJ 

'il'ltJl'UL'IJ?lLVhnUv11I1lil~1V1 (lllJ1'iCllLtJnfl11lJLLlIlflvil'11>i1'il rh-liVi L~'U hw L~m9\lJ~ LD'U L£)fi?llJ~..'l1U~:;1 VI?lll'1 n~'lJA'Ull1 

~lntl'i:;lJ1ru{mm~ 10 dJ'U{'iltJ~~ 90 L~t}LYitJ~nUmllJ(I-jl..'l'lJU-l.yhBtJm(lltJL~~11tJYl1-l~~untJ~LB'ULu~lj~lLL '\.1'11'1L U?I 

~\illtl'\.1~£)~LBtJm"l~ULU?lCJ?llJ hi(lllJliflA'U~qjqjlrun~ulJ11>i1 LLVl1'Umru~~LB'Um L i:hVllJ1 tJii'il'l'Ul'UL U(llJ1fln-jl~'h1'i'liU 

JtJ~'11ViCJ~f1l'i(l)'ilv1V1Yi~..'lhioUVlLv'Ul1fl L{ju~vlmnVlflwium'U'lJu~LU(I~Ln'U'il'ilnlJl 1tJ mru11(11lJl"iflLLm'U1>i11i11tJn1'i L-rill 

uruVlnmVin'IJf1l'i1il'i1~1V11V1tJ'i'l'IJ-j1~'ilruVlnij 60 'il'lmL'll~L'1itJ"'(llll1imLtJflmllJLL(l)flvil'1"i:;w-h'l~ILB'ULtll'i?llJ?lltJf.m 
.. \J .. '" " 

vvflvlfl~LBtJ~ijvhLLl1'11-lL'IJ"'~ti11tlWd~tillLL '\.1u'I1>i1mh.JoUti1L ~'U 

.. 
Y "' 806 .Lh ... '?1. 17 l 

, , 

~tlVi 31.\ LL?lVI-l:Uti1~lnti1'lJ€J.:jf1l"ilil'il~1V1'lJv.:j FAM-PNA-Lys5 nu oligonucleotide (dGl\O LYlvlil'il'l1V1~LB'Um~ ~lli1'UL 'U?I 

'lJ'il.:j PNA Au GTAGATCACT LL~::~d)tJLvA'il 5 '-AGTGATCTAC-3 , ; sodium phosphate buffer pH 70; [PNA] = 0.05 

I-lM, ((dGl to) = 0.5-2.5 nM; Aexcit = £190 nm 

'U€Jfl~ln11~mllJL-iilJ-u'UmllJL-UlJ-ii'U'lJ'il~v111Y.Ji'UL~'il.:jLL?I>l 0.051-lM ?lllJ1"ifl1.l11tJml~~hB'UL'thVllJ1tJ~ijfll1lJ 
L-UlJ-u'U~11>i1(i.:j 0.2 nM ("iuYi 34) 'Uru:;11nl~'1mh::VI'jl'1n1i~m~1'1l'il'UL'lJ(l)n1 "iH.:j l 'U/-U'il~lnVl'lJ'il.:j):;'IJ'U1V1li11 "i1lJ~-l 
f1l"i~m;l fl[1lfl'U'il-lf1l"i"i::~~U~:: f11ifitJ~qjqjl ru'lJ'il~\lm fll~ 'il-lLL?l'l ~ 'il1\J ~ -l L~ m~1'l?llJ\l "i rulL~1!'llvr:h~:;11i1e-J[1~1'U&\WlJ~ 
," .. 

uVl-ltJ'iltJ 1 L "i'il-l 
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c) Gold nanoparticles (AuNPs) 

r)'umfl'lJ-'U1V1lJ11lJ'!Ju'lYlu~ (AuNPs) LUlJ~f),I" ~'Il~V1lJ11\'j'vtl~-rtJfI11lJlJmJu~1~LLYi~'VImtJL~u'l~lfrr?lVl(l)'IflriTllj. . . 

flru~lJtJ~ L~lJ~ LI'1~Lily/1~ C;)')1'U'VI~1 tJ 'l~1'U~'I:ff'U ntJ'lJlJ1V1 LL~ ~ ~tJ~wu u'l u~mfl ~ fl~~ eJ,!~'1 LfI 'l1 ~ 'VIl~~l tJ hi~'I tJ1 fliuoUu'U 

1'U'I1'U%tJLiiuni15n1'l~'ILm1~'~u'Umfl'lJ'U1V1'J11lJ'lJu'lYlu'l'ltJYl'l'ln~lJ~,:ltJi15'lJu'l T urkevich 191V1tJl-ii1'!IL~m.J:aL{Il'l\ilLU'Uc;)l. " 
~~1'1l LL~ ~ L~lJf111lJ L~CitJ'l'lJf)'Iu'U mfl ~1lJ1'H1VlJV'U'ltJ~1'1 LL~:;'lJ'U1V1'lJf)'lu'Ufl1 fI ~') tJ Tr an s m i ss io n electron , " . 
microscopy (TEM) 1~'lJ'U1V1hltJtJ'l~lJ1ru 13 nm LLC'I~ Dynamic light scattering (DLS) 1~'V'U1V11V1tJtJ'l:;lJ1ru 28 nm 

('ltJvi 35)
" 
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AuNPs concentration (llgJml) 

~tJvi 36 fl1'lL~u'lLL"'I'lJu'l FAM-PNA vifll1lJLoUlJ<U'U 0.1 !J.M c;)ltJ AuNPs virn1lJl<UlJ<UU{;i1'1'l ~,m~ 0-0.75 !J.g/mL l'U 

10 mM Tris-HCl buffer pH 7.4 

1'U'Il,)'I'VIC'l1tJtJvic.i1'UlJ1ij fl1'ltJ'l~~fl\ll1il~ti)'lJlJ1V1'U11 'U1'U~1'ULYlfll 'UlC'11:Fihm'l'l 1I'lmilvn~u~1~~'1n1'lU1lJ11ii 
\I) ') ') \I (\l(1)U LU'1'lJ u'l"1'lW'Ui'ifl'l':ilJf)V1'1'V1~lfWIC'lltJ ;'lflru~lJilli~ LI'1 ·tj'i)rJ1'1'V1~'l'!Ju'lu'U.fl1f1'!JlJ1 V1'U11 'U'lJu'lYlf)'I~?!'U1 \IU1lJ1 . , . 
?ifl'tnAufl1'l (l)U~C\J C\J1ru'l'l C'lum'i?! L'lJ'U~'lJu'llYi'JU '1111~~LB'ULf)1Yi'iUOiVlQmflL~u'l LL?!'!1~61ruru1rulJ1~V1~-.1 LL~~\1 ~A'UflGlUlJ1 

....... \J ILI..

L~miiV1fl1'l LoU1r1 nU'l~'VIi1-.11mu nu~L~'ULU1V1lJ1tJL '1ilJL~tJlnu 'vi Glfl flWUiJ'I GO VlGlflfl1 'li1i1~?i fl'tl1lJ1LLill'1'1u~lJfI1'l1'U 
" " 

fl'iru'UiJ.:j~ LB'ULtl LL~lJc;)ltl ~l'1Au'UoUwihnVl1-tJfl'l ru'Uu.:JVhB'ULtl L~u~~\Ili'V\Glflfl1'i (l)~fl~l,) L~v'l~'UlJ1YlVl~iJ.:j1YlL 'V1'lVl L~lJV; 
lU'ULU1'I'I'lU~.:j1tJ1'Utl~mfl1.J11'U'!Jtl'lYlB'I~fI11lJloUlJoU'Uvi1'1 '1 llfl~ &lVlVl1lJ~'I!'I!lru fl1'l LtJ~ tJ'ULL tJ".:j~'I!'I!lru'l'l~tlB L') 'WlJ'U~ 
lV1 tJLmtJulVitJutJ'i~~Yl6m'fj1'Un1':i(l)tJ61'1!'I!lru'S~·vdl~V;bU'tJLrJviljtJ'i:::~tJlflvi1~ti''U1~bLri FAM-PNA-Lysl ti'u FAM-PNA

Lys5 (i)-.1~tJvi 36 'fjUl1fl1'H~B~bb~.:j'UB.:jl'1'1'iu'iJ~C'lVI"-.1L~mOilJ AuNPs mltJ LVltJV;LB'ULB FAM-PNA-Lys5 ~iitJ'l~~U'"lfl 

http:nU'l~'VIi1-.11
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lJ1f)f)11\)~~f)(i\tJacyqj1rul~[i~ 8D% Ll1vH AuNPs LY;EJ~ D.?5 /lg/mL ;~ltl1J~C'llJ1\)lml'-l~~~V1Yl1~lwrhtJ'uihutJ-l 
AuNPs v1jj;a\V1'(;lltJtJtJ1Jtl'~\)C'ltJntJ\.I':i~\)tJ1f)tJlJY;L5lJLv1Y'I,tJ. . 

f)1,YlVlC'lv-lvitllJl L t1lJf)1,Pim:l1f)1 ':iLtl~EJlJLLtlC'l-lf)1,\~tJ-l L\~-l'lJtl'llY'I )u\~m~lJ~ L5uLtJC'I~1tllVlEJLtl~ EJtJLY1EJunu 

)~vr:h~&iL~h"LtlA~lJ (cDNA) ntJ~dlultlv1iJ~l!ii'uLu~~Vlltl 1 (;)ll\vrt1~ (smDNA) ~C'lvi1~fimQY'll~ mruv1l~lJ~l5lJL"ilA~lJ 
lYhJ'Uv1\)~~llJl;()';h1~r)1'H~~ml~-l'lJv~1Y'/1uf1lJmlulJ1 'lJru~v1~L5'ULvv1jj~1(i\u lU?l~Vlltl 1 (;)llLvrt1 '1\)~1~rmAuaCY~lru 
yjL7tlEJf)11lJ1 f)f)1EJ1'U)~EJ~11C'11r)'U~lJ(i\~au~ 3 7 LL~Iil~l~l'~'Uf)~th~~Yl6fl1Y'/'lJtl.:) acpcPNA Y1Y11'11U~llJnU AuNPs M 
v~1~1v-ll1LlC'l~jjm1lJL~vf)ilLY'/1~"'~

" 

aOG 
6 

--PNA 
350 

,.,..-,, '--PNA-AuNPs 
I '. PNA-c()NA.A~N?s

~OO J \ 

250 

."t: c 200!! 
E 


150 
 .. 
2 1 ,100 

53 

0 o 
'>00 eDNA smONA 

(B) 

~tlyj 37 f)1)ltl~EJULLtlC'l~f11'L~tl':)LL"'.:l'lJtl-l FAM-PNA L~viJ AuNPs L\"~ DNA 'll1i(ilvil-li tl~~ltJ l(il(J1-ti FAM-PNA-Lys5 

Y1ij~l(i\ULU~ GTAGATCACT yj [PNA] =D.l /lM, [AuNPs] =0.5 /lg/mL lu 10 mM Tris-HCl buffer pH 7.4 

Ul1f)\)lf).QU':)l~Pif)'\~lf)1,'th~~ n(;l1i acpcPNA probe nu AuNPs 1Uf)1'YlVl?ltlU?ll'W\J~ n':i 'lJ'lJ1iVl~U \YlV'lJtll tI 
ijVl,JlnVll Uf)1,m')\)-)1il l(ilEJl~Yh f)1 'YlVlC'ltl.:) L~lJtlli L BULtl"'l EJ~'U (microRNA21) ;.:)\t1Uvil(;l':i1\)-)V1Yl1~~hf)1Y'1v1iJ 
mllJ~lrlCYlV1EJLQY'/1~tld1-l~-lllJ L'!Jm~lJ~ L1'1 \)If)JlJ1V1f)1,A'UaCYCY1rurm L~tl-lLL"'':)~,)EJLYlflilflY~~tlm ,?ll'!J'Wi ~lV1~U 
FAM-PNA-Lys5 probe vrt.uij~l(i\UlU~ AGTCTGATAAGC Y'/u11a'l!f1,!lruYl~tJm'~L'!J'W"AtlEJ'lAumIUlJ1V1~-l\)lm~lJtl11 
LB'WL1lC'l~1tl lL\ii'iJ ruVl1Y1Y'1U A11 tl\il':i 11ufll,A'Warurulrui1nl1n1J LliilJ~h5'UL€lmn LLvltld1~1,nmlJ\)ln~C'I f11JYlIil"tl'l~~n~11 
Y'/tl:51~L~Uf)~f)1,~tltJ?lutJ'l'lJtl.:)f)1) L~v-lLL"'~'lJ:'I ~PNA-AuNPs vll11111 dJ'WL€l(i\,,",juvi 38 ;'1 nY'lv~~Lt1'tJL\'U1Yl1~1Uf)11WVlJ'U1

'U 

tl'~~Yl5m'Wf)lJ\il':i1~1V1tJli\5'UmllJu\J1fl(i)lV1tJrn'L~lJ~ruVllJii..,,~m~lJ additive vl1':),) L'!i'U Ln~tJt'1JL~EJlJf\C'leJl'i(;) ""~eJ 
Bovine serum albumin (BSA) LtI'Uv1U 

250 
-PNA 

--PNA+AuNP 

PNA+AuNP+miRNA21_Smin 

PNA+AuNP+miRNA21_10min 

PNA+AuNP+miRNA21 15min 

PNA+AuNP+miRNA21_30min 

PNA+AuNP+miRNA21_60min 

PNA+AuN P+miRNA21_ overn ight 

450 500 550 600 650 700 750 800 

Wavelength (nm) 

. \. PNA · smDNA+-Ac;NPs 

.- -- PNA-cDNA 

PNA- smONA 

.>20 5eQ 560 '>80 be<: 62U M O 

W.\lelen~h (nm) 

(A) 

200 

=! 150 
~ 

_ 50 

a 

- -

- - -

I 
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"jtl~ 38 m"jbtJ~cJ'uLLtl~MmL~mLL"'>l'Uu>l FAM-PNA L~uij AuNPs Ll~~ microRNA21 uUv1'lE,J Lvltl1<ff FAM-PNA-LysS ~ 
" " . 
ii,h~\mJ'" AGTCTGATAAGC ~ [PNA] = 0.1 /lM, [AuNPs] = 0.5 /lglmL 1u 10 mM Tris-HCl buffer pH 7.4; 

miRNA21 =S'-UAG CUU AUC AGA CUG AUG UUG A-3' 

~nVl~~m'lVl~~tl~~tlfm~m:llf11'l ltl~EJU~'Uu.:J AuNPs ~.:JtJth.:J~f)~l')1tJLL~l-Ul.:J~Ull'r(1VlUllu~'Uiiflru(1l.nJQi 
WLI'l'l:l~~l~1tI~l nl"'~'!jiJ~ L~tnnu~ii'U'lJl~1VlcY LtJUe.J~~lf)Uml~lU'l~Vlll-l~U~~hLL~~tl~lJlm~~~'U vh1""~"'VlU1L 'U 

all.Jl'lmL"'Vl.:Jf)rualJ~ Surface pLasmon resonance (SPR) ;-lfl(\mlJ~~>lf)cill~~uu~nu~tJ~1,:j~l~~'lJU1Vl'lJtl.:lU''4mfl 
f)~'n~BL~u AuNPs ii'lJU1VlDUf1lflffiVlru~U ~~?lll.ll'l(1VlVlf)~ULLa-.'l.yjmll.l£Jllf1~U~l.:J1tJ~lm~hJ '1l.:!Lfl EJii'llV~lUl.JlriuU 
"'Ul~llLiJ'foll~ ssPNA "'llJ~'lmVl~EJlu,j11~ AuNPs "LiiVlf1l'l,)utii'lnu (aggregation) 'Uru::.yj DNA-DNA, PNA-DNA 

dupLex VI~u ssDNA hjiie.J,,~ufm,)utii'lnU'lJu.:J AuNPs20 VI~f)m'J~.:Jmilllv1\lf),jllJl~~Ul~llJnU acpcPNA LVlEJfl1Vlll 

"il::allJl'lmYil.ltl'l::~Vl5f1l'folm'l\l1'Jl"illVllv1Qi~,:j~UlVltJijVl~f)m'J~mJ~ 39 
" 

•••••
c.llr ete-cappt!d 

AuNPS 

~tl~ 39 "'~f)m'l'l11.:J1U'lJD.:J PNA-AuNPS lUf11'lml~QiL{)uLBLLUU duaL mode (fluorescence & asgregation) 

LY;eJLtJ1.Jf)l'lw~"ill1V1~nf)l'l~-lf)"ll L,1u.:J~ulv1~m:tle.Jft'lJu-l PNA probe vlDm'l')utii'l'lJD-l AuNPs LvwH'iiL{)ULtl 

~iJtJ'l:::~uln~l.:Jnu fiu FAM-PNA-Lysl LLft::: FAM-PNA-LysS ~iJ~l~ULU"'L~EJ·:lfl1.Jfiu GTAGATCACT 'folUll ml.Jlru 

LY;EJ~ 0.5 /lM 'lJINYh51.JLu~iitJ'l~~mf)lJlf)nll~~LVI~tJl,j11""Lfi~m'l,y'Utii'1.yj~LL"~'l1~L~"If)il1~EJ'1l~~-.'lLf)\I11v1~ln~'Uu-.'l 
al'l<l::mtJ AuNPs .yjLtJ~tJ'lJltJ~':)·.i'lJ~ 40 

" 

[PNA] (/lM) Blank 0.1 0.5 1.0 

PNA-Lys 
I a I 

PNA-Lys5 
I I 1 

~J • 

.
;.;, . 

...::...::. 

:.:~ ..'~ 

, 
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vlUlnlvi'?im:llm~~u~,'Uu~ AuNPs ~~uii~d)'\J~uuvV11tJ LVlEmfhJu~YiCJun'\J~::'Vdl~~~~'\J.ul'ii:'llJ (eDNA) nu ~ 
~ ~ 

.~'\J~u~ii~lvlULUi:'ltJi:'IlJ (neDNA) tJ~vtlvi'Fiui:'lml::~i1 ssPNA L~~~ PNA+neDNA 'il::.\-1iiEmhl~ AuNPs ~Uvlln'\JL~~::diVl 
nlmJ~tI'\J~ 'Uru::~ ssDNA ~Ln:: PNA+eDNA hj~i)~m~.tI~tI'\JLLtln~ (~tlY1 41A) mh~hnYmJ ~Ylm~lJtI'J::~Y16m~1'\J 

v 

nl'J ~\(Jm~tI::rmLtI~tI'I.J~ cn~tllvi'Y1~rlu-l~~lJLn~u1'll ~~tllJflrlu1'J~rl-lltiLY1m ~ ~ m'J L\-1iitll'L11nl'J~U~1'IJu-l AuNPs 'illmH, 

nT'iY1Vlrlm~u'hl'\J"'m::~jj ionic strength ~-l~'\J mll.rju-lb'IJu ·ml~~1J~''IJu-l AuNPs di~~'\Jlvi'ilVl-l'Jl~~~'~'\J nl'J 

~tI~V'\JLLtI~~~"'llJl~"~~~n\i11v\'iVlL'iltJlJ1n~tJvi'lt1 ("nJvl 41 B) ~~t.mnl~YlvH:lV~vl~nrhlm~L':;'\J11 aepePNA ~~tl:: AuNPs 
v 

i:'IllJl'Wl-UY1Vl"'uu~btlmbtl:: rm btI~vtJ~~tlrl-!l~vi'lVvl1 btI'i'il1vi' 

PNA+ PNA+ 
Blank PNA DNA 

eDNA neDNA 

:#;::~. .~. ,'. 
, " .~,. .;; ;,>;. -J~;.;' . 'It~ 

.:~ ',' . *'(A) Without NaCl 

(B) With NaCl 

~tJ~ 41 nl~bbtlmL!J::m'HtI~tltJbLtI~~~'lJu~ AuNPs .~ui1 PNA ~~ll~ DNA 'U\JVlvll.:J'1LVlV1-ii FAM-PNA-LysS Yiii~l\ii'1Jb1J'" 
GTAGATCACT; [PNA] := 0.5 !J.M. [DNA] := 0.6 !J.M; [AuNPs] := 0.1 mM 1'\J 1 mM sodium phosphate buffer (pH 

7) m,~ [NaCl] := 50 mM 

'\Jun'illnn1'JY1Vl",uU~.~'\J.m.~l ~m.n1vi'i'im:nnl'l •• vnmJ::~l 'W'l ~ 1JuYiijill1L~'\J~mnv~'W (miRNA21) LVlV1i 
FAM-PNA-LysS Yiijl'ilI'1ULU'" AGTCTGATAAGC <5.:J'illne.Jrlnl'lY1Vl",m.mu11 ?lllJl'im~tlmLV~~'Uu':] AuNPs 'i::'vIl1.:J 

microRNA21 n1Jin1.B'\J~il~'\JlJl\ii''l':it.J~ 42 
v 

PNA+ PNA+ 
Blank ncRNA 

miRNA21 ncRNA 

~tJvi 42 nl'i~wmbtl~nl'J~tJ~V'\J~'UtN AuNPs ~~u:iJ PNA LLrl~ RNA 'U\JVlvll-!l'1LVlvl<U' FAM-PNA-Lys5 AGTCTGATAAGC; 

[PNA] := 0.5 !J.M, [DNA] := 0.6 !J.M; [AuNPs] := 0.1 mM 1'\J 1 mM sodium phosphate buffer (pH 7) trn~ [NaCl] := 

50 mM; ~lti1ULlJl'I miRNA21 := S'-UAG CUU AUC AGA CUG AUG UUG A-3" ; neRNA := AGUGCUCUAC 
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d) Ouantum dots 

1. ZnO ODs 

~l'Ui~EA'U,,'nm~nmjmv1~mllJ1U~Vl'lJeJU'UeJ~ m. LL~~YleJ~ L"'~lm ,:nnlJ"'11YlVl~VLm~VlW\ltlI;)11YlEJ1L'IHi\
" LQ~lJYi~::Lnv~~ ~mrWfl1 ;~iil\ll~'\.J'j::tI~I'l~\)::~(;lJ'Ul ZnO quantum dot (ZnO ODs) ~iif)l'i~\ilLL'\.J'i~'U~'W)lEJ~eJi\ 

LlJv1~iJ'\.J'i::'ltnm'li'U poLy(methacryLoyLoxy)ethyl]-trimethylammonium chloride (PMETAC) L~m.hlJl'\.J'i::~flVl1ii 
1'Urll'im1\)lLml::l-i~1~uLu~'Utl~~h5'ULeJlVlEJtllI'1V"'~nfll'lrllEJltl'UYi~~~l'lJLLuu Fluorescence resonance energy 

transfer (FRED "'~€ln"lnf)l~~u~qjqjlru (quenching) 'i::..",il~Y1 LU'UL tlt~'jU~~Vl Q(llnvi'1EJ~1'iL~€l~LL~~~~LL~V1.:)11.J ~tlvi 
43 ifi~LL~\)::Lf)EJij~-W(;lJ'\.ni5rll'jvtlmjLAEJ~n'Ul'Urll'j::hrm::l-i DNA l\ilEJeJlI'1EJ~'hii'lJLeJt~'iU~~VlOmm~v-3LU'l-3 21 LLviM~hi 

" 
LflEJiJ~~m.nnuYlLii'ULmnrlv'U 

TAMRA-PNA 

~uvi 43- LL~Iil~"'~f)nl'iI;)'il\)"'l~l~ULUtl~eJ-l~hii'\JL€l~lvYlLS'UL€ll~'lU~llJn'U PMETAC grafted ZnO ODs lV1EJ1ofi'LYlfltJfI 

'W~eJm'H'IL,!!tJ~~L '\.Jf)1Yl'itllnU€llI'1V..,"flf)l'i FRET 'VI~vn~lflrll'l~tJ~qjqjlru (quenching) 

-31'U%EJL~lJ\)1f)f)l':i~~LfI11::"" ZnO ODs ~\Il~'l~1EJYW~LlJv1th:::\)'U1f) PMETAC (':iuvi 44) lVlEJ16LL~n (':iu~. " " 
44A) ~-3LfI'jl::l-i~TU aminopropyltriethoxy silane (APTMS)-capped ZnO ODs ~,JtJi5 co-precipitation 'Uv~ zinc 

acetate ltJLlJ'Y11'Uv(lY1ii APTMS V~~1U.LL~::1iiL'UtI KOH LU'Uvi'1Yhwwlvtl~lnlil APTMS-capped ZnO ODs Y1tlru'VIJJil 

60 v~I'11L'll'H~V" LU'UL1(ll 3 i11lJ~ lj~l'U%EJrimJ'VI':hiIl~'iltl~l'U-jl APTMS capped ZnO ODs ,iij'lJ'\J1Vlv~mf1 5.7 

nm LLI'I::iimllJL"OEJ'i~/2 ;'l1'\J-ll'\J%EJ,i~tJ-jl APTMS capped ZnO ODs tlllJl~mn'U-rm~nl'\J~f)"rJru:;v~mfHL~~lvi' 
LU'U L1~1'Ul'Ulvw~hi ~ C\:!L~ tI"lJU~ fll'i L~tl.:) LLtI -l 'VI~-l\)l f),r'U~>l~~ Lf! 'i 1:: 'v1Yi tl ~ LlJ tl1 poly(methacryloyloxy)

ethyl]trimethyLammonium chloride (PMETAC) ~1t1'\.J5n~ EJ1Yitl~blJtll 'iL'lloU'ULL U'U Reversible Addition 

Fragmentation Chain Transfer (RAFT) ~.:)djml1wu~LlJv1m~'\.J\i\'iT~lLml::l-i~1EJLYlfltJf! ATR FT-IR LL"':: lH NMR 

~,,\)'U1vi'il~11J1'ifl~-lLml::"" PMETAC lvi' LL~::~'U-jl PMETAC iiJlwUnllJLl'lnmh::lJlru 5 kDa LLvieJcil~hn\llllJl'~eJ1~ 
Yl;1'UJ1'1Uf)hmln(l~LLll'\.Jtl'\.J'Uv-l OPDMAEMA "illLUtJ\)::tileJ.nl11'\.J1Lf1~1::l-ivi';EJLYlAtJf1 GPC L~lJL~lJ 1'U.rr'U\IlV'U~Vl'lilV. . 
tll APTMS capped ZnO lJlYh'\.JBn~tn~'VI~ -NH2 ntJ'\.Jmvfll~tJvnra~n'U€l~ PMETAC '1!.:)\):::Hi PMETAC-grafted 

ZnO ODs Y1iiYiv~~lJv~8~~~m'\J~f)"rJru~lU'UL~'U\Il'i':)il€ln \lln~1'lJil~v~mfl 
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",-0 ~OCN 
KOH 

~ , 
nSH-;- 0-,Si-(CH1h-NH 

, ~O 0 

PMETAC 

EtOH DCC, DMF " .• ,,' 0 '. • 
• I 

PMETAC grafted ZOO ODs SAPTMS 

• -~ e 
.-' \ CI 

,-~'-----'--'-'-'-"---'---------------'---'-----'----------------· -·------1 

0 ~~~• JFO RAFT 
HO 
9CN 

n I 
~ 

; 
s~sI 

, ,~ 

o CPDBIACVA( 1:0,5), PBS pH 7, 75 °C O.lj i ~'.~ 
) 0 PMETAC :- 9~- ~ ~ I 

CI \ ~\ I
L.__________.... ____.._.__'_.._..__.. _.____.____.____._...___....__ .~.I _..._. _________ ._.__• ..1 

(A) 

Gl (i) Gl 
o ..... (£) 

, " 

G ",ZnO QO .." G:l 

ZnO ODS_ ~-j;o 0 "',.;.;,0" 0 
<;) <3 

00 

PMETAC 

PMETAC-capped citrate ZnO ODs 

catlon-anlon interatlon 

(8) 

JUyj 44 n1';l~_lLI'l';lI:;~ ZnO ODs ~\ll~_l~1UY'lB~LlJB1t1';l:::~Uln PMETAC lvw15 graft onto APTMS-capped ZnO 

ODs (A) LL~:::L~V15 electrostatic interaction nu citrate-stabilized ZnO ODs (8) 

L~ml1B~mfl ZnO ODs ~~-lLml~iL~~ln15 u'S n 1 tlV1\ll"BU"lJU~n1 'i ml~V!lI'11v1Ub'U"'Um~h~'UbBl\lltJ1-ii 

~llJn'U TAMRA-PNA probe t1'U Yi'U':hhiG11lJl'imWnfmlJ LL\llf)~1~'i~'\II11~~LB'ULu~lhh')'UL'U<'1rl"'lJ'\II~vrhv1'UL\H'Ii'j~ltl 
~ 

n'UL mul~ L\iHJ~~tJli"lJlJ~n\..rhilu~~lnWu~LlJB1 PMETAC ~\il~~U'U~h'lJB_l ZnO ODs liJ'v!Uf)llJL~f)~G1_l vh1..1 
'V ..u .. '\J 

~~fJ~V11 ,m~wj'~LLn'Unm~'U!)..:J ZnO ODs n1J TAMRA-PNA LY'l~uuvvil_ln'Ulnf1Ln'UltJ~_lhi"llJl'H1~'V1B'UYi~~~1'U1~LLn 
" 

n'UMIii'~,1\.J~~lllLn~tJ'iln!l f11'irU FRET V!~Bn1'iv1UiCYCYll1J (quenching) b¥iBLLm 'UUCYV!Iv1..:Jf)~110,)fJMYlVlfJllJt.Jl 

PMETAC ~iiJ''\11Uf)LlJL~~(\tI'i~lJ1ru 2-3 kDa lJI1-ii 1\llvY/ul1b~tH~lJ DNA <K1tlVl..:Jf.J"lJn1J ZnO ODs ~~Ln\llf11';ilii'u 
~rurulrul'J~um'i"L'll'UIii"'lJu-'l ZnO ODs ml.JtI~lJ1ru'tJu-l DNA <K1BV1-'lm~L.ul1tI LLviL~UL~lJ TAMRA-PNA \l~hi Li')\llf11';i

".. 'V .. 

FRET '\II~u quench bYl';lI::: DNA L.ul1t1';lum'U~CYCYlrul'J~tlm';l"b'll'U<llLL~1~..:Jhjb'\llflBy.j~'m'U~\l:::ltJm~~'U TAMRA-PNA 

b ¥imLm 'lJU nIVllv1..:Jf)fi'l m,)mJ-11\i\'i.:Jbl'l'il~~ ZnO ODs ~LI'l~B'UijlIii'JVYiu~ LlJBitJ';i~~1J1 f)5m~1J'Uv!~~ bYiB(\\ll 

-
.~ ~ , 

~~V~V11_l';l~'\II11-1LLn'Unm -'l 'lJu~ ZnO ODs n1J TAMRA-PNA b~u1..1Ln~f)';j:;Ul'Uf)1'i~ltJl€l'UY'l~_l~I'Ul~ l~W~~LI'I'il~~ 
ZnO ODs ~Lfl~UUtJllii'lVY/U~L~.JU1tJ'l~~U1n'lJ'ij~ PMETAC ;.:Ji~bml:::'\II1~~lntJBn~tJ1Y'lB~LlJuhL'lloff'Uf)~lmbU'U RAFT 

L'ti'UL~Vlnu ZnO ODs 'It 'U'UbL';lf) t~m~U1Ji1~~ul~V citrate ion dJ'U~lLI'l~uUi'jJ'lJu.:J ZnO ODs LL~1'\11111'l141Juf)'8L~(;1~
"- LtJ'U€i"'i~~~L~mJtI'i~G11'Un'UtI';l:::~U1n'!Ju~Y'lB~blJui (PMETAC) l\i11~fJm~~I'ULL';i..:Jm~YhV11-'l1~Yll"(\\ll, L~ tl16f11';i 

~_lLI'I'lI~V!1~Iii'~LLtI~..:JlJ1\l1f)1~n1'li..:JLI'1'i1~,,1'lJu~ Joshi, P LL(\~l'Iru~ 2 3 (~tlvi 448) ~B t.Jl zinc acetate YhtJlin~tJln'U 
LiOH 1'ULuV11'U€l~~_l~:::Lii\ilbtJ'U ZnO ODs ~'U\lIf)t1'UL~lJ trisodium citrate bYiml'l~'iluij1 ZnO ODs 1l\llfllT'Ut.Jl1tlb'll'U 

~Yh:5LL"1~1-l~1tJJ, 3 JU'U t.Jl(i)~f)B'Uill~lJ1 disperse 1'UJ, ""l'5.:JrlBtJ'l b&1lJ PMETAC (Mw- S kDa) Yl~ulJn'Un1 ';lfl 'U- ?l1J~:::~ltJ LL~~tJciBtJh1t1Dn~vlliilLlJ'UltlLiJ'Unm 24 iJLlJ~ 'I11""'iI'\~~ltJlJ1L'll'U~Yh:5LL~1t11 dispersion 1'UJ,Bnflf..:J 

\llmr'U~ ,nll PMETAC-capped citrate ZnO ODs illJi1.tJ~mnf11'lLn\il FRET n'lJ'VhB'WbB TAMRA-O-
CTAAATICAGA-(Lys)qNH2 (TAMRA-PNA) L~BliLL~:::hjli~L{j'ULU~"lJu~~ltJ (~uyj 45A-C) ~~Y'l'U~11'U~-'l"'lf)mru\J~ 
Lntiltl'lIf)Df)1';lN FRET 1\i11\lltJ"'lJCYlruY'l~UUL';l"L'1l'Uii'lJB-l Z nO ODs \l~~\ll~~L~B excite ~ 340 nm LL(\~Yjum ';l L~tl..:JLL<'1'\ 
'Uu-l TAMRA-PNA L~lJ~'U bLviiJ'lJVll~W\JfiuiJf)l'ibii\ll non-specific interaction 'i~V!11..:J OD n1J TAMRA-PNA n~11fiv 

- LLml1li~iLB'UbBuV~JtJb(\fJM..:J Yi'Uf)l';lLii\il FRET ('iuYi 3C) Lb~~LYimtJ'Uf)l'i~'UrJ'Wl1"rurulru'lJu..:J TAMRA-PNA yjL~ lJ~1.J 
1lJ1~Ln\ll\llnn1'S~"i~(;\'Ul\llV(I1'j.:JvI 340 nm '5~Mvi'~n1';lV1\i1~B..:JfI1'UfllJv1.:J'iUyj 3D L\iltJl~l~ Z nO ODs LL~~ DNA '1i~Yi'Ull , , "
- ~f1J'lJlrum\i\'~,n~lL~uiJ ZnO ODs B~~ltJ 


-

..... 

I 
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tOOO '00• 
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Zno aOs.+c.omONA. YAMRA.PNA Ie)

'" ,a) ZnO ODs= ~ o 
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(A) 

1000 

00.(a) ZnO aDs tb) InO OO,+YAMRA-PNA 
'" "0 

.0 eo. 

u-
u 
0 ... 
,0 

u: 20. 

(c) ZnO OO.+nom:omONA+TAMRA-PNA 

(al Zno QO. 

(b) lnO aO,.noncomOHA,.-- · 

~>/ 
/ 

" '~ 

45. 55. 

.,. 

(8) 

TAMRA-PNA 

-~~ 
--..----

,.. ...4•• 55. 
40. 45. SG. 55. 60. 65. 

(C) (D) 
d v , 

~ tl 'VI 45 C1(l!(l!lruyJ'JuVL'HWIl 'UVl'1Ju~ PMETAC-capped citrate ZnO ODs ,,"':: 0.5uM TMR-PNA (TAMRA-O

CTAAAHCAGA-LYS4NH2) d1uli (A) u",::hili (8) ~d)'ULEJ~LtJ'U~i'1lJ (5'-TCTGAATTTAG-3')'"i)~~"W (C) PMETAC

capped citrate ZnO ODs ""'::; 0,5 ~M TMR-PNA (D) 0,5 ~M TMR-PNA hml'm:;""v 10 mM tris-HCl pH 9 LL"'::; 

Aexc it ~ 340 nm 

~l'Ul~tJffi~vh~ulJ1flUf)1':i'WtJltJllJLLtlilqJ 'I.nn1'j'!l~itlLLtitihJ~, LVn::; L'ill::;'il~'j::;'l;111..j PMETAC -capped citrate 

ZnO ODs LL"'::; TAMRA-PNA 1~Vn1'jvl~LlU'j~'Uij1'UEJ..j ZnO ODs Ii;'Vlrl'vmihlJEJ~'UEJ~ METAC ntl polyethylene 

glycol methyl ether methacrylate (PEGMA) ;~LtJ'U'WEJ~LlJEJ~~lii'1lJtll1~ij"'lJmhmtlJ, ~.J~l'il::'lbtl(lVlrn':i'!lVlitiLLtiti 
hJ~'L'Wl::;'il~ntlY;LD'ULV(l~1~ lV\tJL~lJ'illnrn':i~~Lml::;'I-1 P(MTAC-co-PEGMA) ~1t1u~n~tll'Wu~LlJu1mj-U'ULLtiti RAFT ~ 
DP Lth'l-llJ1tJLvi1ntl 100 u",::;P1ml1rJ(i)':il"'1'Ulf1'Wu~LlJu~ MTAC vi'iJ PEGMA lVltlAltlfllJrJml"'1'Uhm 'U!NlJ'iJ'UULlW1 

MTAC lL"'::; PEGMA lvhntl 100:0, 80:20, 70:30, 60:40, 40:60, 30:70 lL"'::; 20:80 'il,m1\J~~,j''Wu~LlJ'iJ~ffi~lJ1(i1~~tI'W 
citrate-capped ZnO OD (~tl~ 46) LL"'::;1~Yi~'il111'n1'i(i1'1,n,b::;i'1t1mllJ"'L~'illVltl1-ULYlfl\JfI ATR-IR ;~LL"'Vl~'i\lf1'1JU..j 
(=0 'illn'Wu~LlJu1.yj 1720 cm' l 

V 
~ 

(=) (=) '- ~ ~:.rrAC 

. - , ' 

.-
~." < 

liOH . trisodium citrate (=) < ZnO {9 PMTAC capped TSC-ZnO 

Bo ac . , hr 
e '''0 .>,e XleJ _ 

. - r 

. \ . -" 
TSC-ZnO _ jw~ 

P(MTAC-oo-PEGMA) ! 

P(MTAC-co-PEGMA) 
capped TSC-ZnO 

http:illn'Wu~LlJu1.yj
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P(MTAC-co-PEGMA)-capped ZnO OD ~L(;)~tJl.M;bL~(1)-lrn'iL~t:mL~~~fIlllJtJllf1~'U 550 nm Ufl~LL~(;)-lnl'i 
m~'illtJl;hl'UJ1~~ L(;)tJnl'lih1ti1"''U'Utl.:J PEGMA L~1I1'ULflWu~Ll.Jt)1~':)c.Jnvilh'rn'iL~tmL~':)LLfl~fIlllJL~~tJ'i 'Utl.:J ZnO 

ODs l'1..1J"lLLfl~l'1..1 Tris buffer L~lJ~'1..1 c.Jflnl'lVl(;)C'ltlUl,1tl-l~'I..In'U TAMRA-labeled DNA 'W'U~l"lm'lmn(;)nl'i FRET 1~ 
vVl-l1'inl1'llll L~m'l(;)~tlun'U TAMRA-labeled PNA V-l'l'lU1lii non-specific interaction mj ('itl~ 47)

" " 
1000 1000 

800 800 

::?:' 
-;;·iii 

c: :; 
£ 
., 600 

E 600 

.. " c " .,c: " oWO " oWOe" ~ g
0 u:: 

LL'" 200 200 

450 soo 550 600 650 450 soo 550 600 650 

Wavelenghllnm) W.velenghl (nm) 

(A) (B) 

~tlvl 47 ~tytylruyj~tlm'i~L'/l'l..lv1'Utl.:) P(MTAC-co-PEGMA) (20:80) capped citrate-ZnO ODs LL\1~ (a) 0.5 ~M 
TAMRA-labeled DNA (TAMRA-CTAAATICAGA) (b) TAMRA-labeled PNA (TAMRA-O-CTAAATICAGA-LYS4NH2) 1'1..1 

m'ifl~\1ltJ 100 mM tris-HCl pH 9 LLn~ Aexc;t ~ 350 nm 

vitlln~~1vl~m:1l ZnO ODs ~fln(1)(1)LLtJ'i~,tJ PMTAC-co-PPEGMA L~lJL&ill L(;)tJ'WU~l ZnO Yiih)li'I'il?il'1..1'1'ltl~
" 

LlJu4vitl Zn iYhnu 10:1 LU'I..Irll1'l'il~1'1..1vlvill"" ZnO iii'll fluorescence intensity fI-lm~'UTUlJlnnl1 6 L~v'l..l L~mjlm 
VI (1) C'ltlUtJ'i~~Yl5.n lW nl'i(;)'i 1 'ill L fI'il~""~ l(1)U LUC'I'U tl-l~ LB'I..IL tl'Slll nuYl L B'I..I Ltll'I'l'iU~~ i))Ofl 1n~1VC'll'i L~tl-lLL~~ T AMRA Vl1 tl 

Flu l'i1VU1I'1tJ",.,~nnl'i FRET 'I'lV)l ZnO ODs ~LA~DU~J~1fJ PMTAC-co-PPEGMA v.:)hJiitJ'i~~Yl5m'l'l1'1..1nl'iUunAl1lJ 
LL(;)nlih~'Utl-l~Li\'ULD~ii~l(1)ULu~tiC'llJLL\1~~'i11tJ"'~-llihLL'l,,,l':)Lyhl(1)'I1n ~.:)1~'1J::\1D-ll'1..1?iJ'I..Iv1L~Vlitl-lnu PNA HriD'I..I LL\1~ 
,x'l..llJ1~mllt1'1..1lil'in~ fJl'Uu-l (PMTAC -co-PPEGMA)-capped ZnO n'U~LB'I..ILtlLLYl'l..l li))tJ~i\ltJM~fl'\!llt1'1..1lw~n~V1'UeN 

(PMTAC-co-PPEGMA)-capped ZnO nu short DNA oligonucleotide (II-mer) 'illnf)l'Htl~fJ'I..ILLtJ~.:)~Cll'lllruyj\lDtl 
L'i~L'/l'l..l~~ 575 nm w'Ull1'1..1~':)C'ltl-ln·H\Jvip\n'cn (~t1(;)·n?il'l..l'Utl':) MTAC:PEGMA = 40:60 LLfl~ 60:1l0) nl'iL&ilJ DNA fl-l 

1 tJ'il::vh 1 ,x~'ll'lllrunti1a-lL~ntiutJ li))tJfll'inti1M'UD~~'ll'lllruiimllJ~lJ~'I..IBL~-lL~'I..InUmlJlru'lJtl~ DNA ~L~~m-lhJ LLa:: 
cJ cu I """ V I ""'.:::II d

(PMTAC-co-PPEGMA)-capped ZnO Ylillil'il~J'I..I'Uu~ MTAC:PEGMA = 60:40 'il::Ln~n1'i quench 'I..ItltJml IJ-lLnDnYl 

t1(;)'jl~JtlffitJ1m'l..lfll'i~n'\!llfll'iLnlil FRET n'U TAMRA-labeled DNA vlv1tJ 1~c.Jan1'iVllilatl-l(1).:)~tl~ 48A LLa:: 486 ;~ 
L,?lIil.:)11XLii'Un-lf)l'SriltJlil'l..l'W~~':)I'l..l~ln OD hJV-l TMR (1)~'il::L ,;1'1..11tillJln~CllClllru'lJtl~ OD fllila,'l"vj1m''I1t1hJ LLa::~,\!qJlru 

'Utl-l TMR ~ 575 nm LY1lJ~'I..I1i))tJ~Cll'lllruY1LY1lJ~'L.Jiimll.J~lJ~'U5n'Ufll'H';;1~n'l..l'Uil~~LB'I..IltllliltJ TAMRA-DNA ~lm~tJJ 
~::"'11-ltiilV~1'I~ ln~LfitJ-lnun1'i excite oaln TMR Li))tJm-llliltlml.iiJ OD tl~~1tJ ~J'I..I~LB'I..Ilu~ii~l(1)'ULU~r1?1lJ~-l"lfJ. "" 
LLa::iJ~1(1)'UL'U1'I~ti11tJLY;EJ-l 1 ~lLLWtJ-l~-l~tJmfJ1'IlmLa::nm-l?lltJ'il::1,xI1Cll'lllru'Utl,'l TAMRA ~~,nnn LL~i))-l5-lf)l'ithtJltltl 
'fj~.:).:jltl~iitJ'i::~Yl5mW LLvlLijtl~iLB'l..lLilii~l~'lJL'U1'I~ti11tJ~-lLLvl 2 L 'U1'I~tl1tJ~OJClllru'il::n~'Ualila':)lJ11n~LfitJ~nu TAMRA

DNA U"Iil.:!1 ,xLii'l..l11f)l'ili OD ~1lJnU DNA ~~i))Qaln~llJl'ifl'Uvnmll.JLL(;)nvll,'l'Um~L5'1..1LilA"l.Jn'U~LB'I..Imml.iLtJ'I..Iri~lJ~ 
" " 

iJ~l~'UL'U~~i))1tJlJlnl'fj'iU~-lLLvl 2 L'U?I~'1..11tJl~ ~ 'lLUW:Jnfll'i'Vllilatl.JL,1tl-liitlY1'lil(1'1..1h LL"::fll'i111Lnti1'illnmllJLLVlnvll':) 

'Utl.:jmll.JnllJl'ifll'Y.f)l)\l'Un'l..l'i~",,11~ ssDNA \La:: dsDNA n'U ZnO OD ;.:!'lillJ::l~i'in'\!lll~lJLeil.Jviv1tJL~ili'in'\!l1-iimhnlil 
LLn:: nn1n nl'lLn'i1fll'JL '\.J~tJ'I..ILLtJa.:!fll'J L~ tl~LL?I.:j\l 

F 

http:UW:Jnfll'i'Vllilatl.JL
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100 0.0 +c-,-. ......--:.~'-r-'----'--.--L----'-.,..-'--~--"----'"--,--"--. 

0 -0.5 TMR-DNA comDNAnoncomDNA dmDNA .mONA smDNA 

450 475 SOO 525 5SO 575 600 625 650 
·1 .0 

om 

(A) (8) 

~\J~ 48 (A) U~~~~CY'1!lruy.j~EH)L'HH'1!'Wtp)'VtJ~ 230 ~M PMTAC-co-PPEGMA (60:40) capped TSC-ZnO LL~~ 154 nM 

TMR-DNA (TAMRA-CTAAATICAGA) Li1tJij~LB\JLtJ~LU'Wfi~lJ (comDNA: (5'-TCTGAATTIAG-3'), (;\'l~Ui'U~CJVll\J~~"lV
~ 

(nonDNA: S'-ACATTIAAAAC-3'), ~l~\JL'Uflij\i)hJ 2 L'Ufl (dmDNA: 5'-TCTGTATTIAA-J) LL(1~ii(;\'l~'UL'U~ijVllu 1 L'Ufl ~ 
U(11VfllfJ (smDNA (terminal): 5'-TCTGAATTIAA-J) LLfl::n~l~"lV (smDNA (internal): S'-TCTAAATTIAA-3')) 1\J 

"l'H,~~lV 100 mM tris-HCl pH 9 LL(1:: Aexc, = 340 nm (8) LL?l\i)~fI11lJLL\i)fWh~~'1!'1!lru;JtJm'H'!L'!!'W1i1 (Fo-F'JIF0 \lln 

~tJ A (Fr, = fluorescence intensity of ZnO OD at 575 nm, F = fluorescence intensity of TAMRA-DNA+ZnO 

QD+DNA at 575 nm) 

1000 

900 
-ZI'\O 
- ZoO'TMR-ONA 
- Zr,o,'TMR-OMA'CCI'!10NA 
- Zr,otn..lR-ONA.'n::'I'DNA 
- lI'OilMR-t-NN<>nONA 
-- Zr.O'lMR-ONA.'5rr.DNA(terminal) . 
- ZllQ1MR-DNA/smONApnCernac} ;/ >0....\ 
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II 

c: SOD 2.0 .. u 
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5.0 UV light (365 nm) 

4.5 

4.0 

3.5 

~ 3.0 

'0 

u.. 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 

+ Pb2+ Cd2+ Ni2+ Ag+ 1- N03

type of metal ion 

~'\.J~ 49 ?lL\Jntil-rlly.j(1um 'l?lL'!!t!"'VtJ~ ZnO yjLI'l~tJ'U~JtliJfJ P(METAC-PEOMEMA) (r)til'll!:1J'W METAPEOMEMA Lyhtl'U
" ~ 


30:70) tl'U 5.6 fJM metal ion (S) L~tlritl~1!iiLL?l':) UV mlllfJ1Jfl~'W 365 nm 


'l.wn\llnl1tJ'IMth ODs yjLfl~tl'UijJtliJiJ'~tJ~LlltJ1'\.J~'l'UJn'U\J\i) PMETAC LLfl~ P(MfTAC-PEOMEMA) Vi 
~':)LI'1'l1~'VIlt1ilJlt.l'i::tJnYl1munl),j11J1(i))J\llLI'l)1~'" metal ion ')'l'Ull ZnO ODs yjLI'l~tl'UijJ!iiJfJ')'lv~LlJtlhh~\l'UJfl 
P(METAC-PEOMEM~) ~r)mlriJ'W METACPEOMEMA Lvhtl'U 3070 LL"(i)':)flJlll-;J1L')'l1::L\l1~\l,:j1t!nl'llLml::~ ·Fe 

2
• 

l(i)tJL~ulj Fe?· mJ~JfJ'J~Ln(i)nl)\i1'U~rurulrurn)L~v':)LLa.:)'Vu.:) LnO ODs ".:) l~fJyj metal ion '1J\J(i)5u'lllj~hl,xnl'H~tJ~ 
~ ~ ~ 

, 




2-33 

pH9 

2.6 

2.4 

2.2 

2.0 

1.8 
u.
'J> 1.6 

1.4 

1.2 

1.0 

0.8 

500 

Y= 0.2153x + 0.9418 450 

R2 =0.9911 400.. 
/ 

/ 

350 
il 

/ 300 

/ ....J 250 
,/ LI.. 200

/ 
150~ 

. .,/
Y 100 

50 

0 

0.47 

I 

0 1 2 3 4 5 6 400 450 500 550 600 650 
nmFe2+ (uM) 

2
<J\Jyj 50 (A) yJfltlelb'H'1b'l!'tJJl:'lbtlnv1'jlJ '!Jtl-:) ZnO ODs vibf)~e),\J~l~lV P(METAC-PEOMEMA) (30:70) b~tlihBlJ1ru Fe ;" ~ 

vlmllJboUlJoUU 0.£17, 0.9£1, 1.89, 2.83, 3.77, £1.62, bLfI:: 5.66 J.lM mlJ~'(;)LJ (B) n'i1yJb~ll(l)'l~'Utl-:) FciF nLJmllJboUlJ'Ut! 
z'Utl~ Fez+lvwvi Fo fit) ZnO ODs ~bf)~tlLJ~"l(ihv P(METAC-PEOMEMA) (30:70) nBt! bL~:: F fiv'l-l~~ L~lJ Fe + 

"" 'Lf ~ d oQ G '" 	 COl "" IV ,"U 1..' J.;

flI,\i\LJ"''Y'Y,runTH'B':]LL"'~'Uv.:] ZnO ODs- YlLfiflilLJmlillV P(METAC -PEOMEMA) lJAl1lJ"'lJ'V'fUliflLJfnllJL'UlJ'U'tJ 

'UB~ Fe
2 L~lJ~U (~\J~ 50) L~vfllU"lrufh FoiF YI~B~m"~':;'vdl':] FoiF nLJmllJL-iilJ-iiU'UB~ Fe

z
+ YllJ':h1~mlyJ• 

b~t!(I)'l~:ijAI R2 L'yilnLJ 0.9912 tIilVfll\Jlru\llm\lJflI'ib~Um~ FclF = 0.2153 [Fe
2

, !JMl + 0.9418 \l::""lJ1'irlfl,\JlfUA' 

limit of detection (LOO) bbfl:: limit of quantitation (LOO) b'Yhn'U 0.34 IJM Lm:: 0.51 IJM (i)1lJ~'(;)'U b~vi'im:llmllJ 
Ull'UVll uflI,ibfl'.ll:;'v\""'i\Jl"lmh.:] Fe 2.. ~fll1lJb-iilJ-ii'tJ 1.89 IJM 'ii,U"l'tJ 5 .Jl YI'Uml11f)"'IilLf)~B'tJLWtl~ 4.1 % ;~B~ 
1'tJ~l~~ClllJ1'irlfJBlJ~'Ulii\ tJ"nl':i~n~1-dbL"'\i\.:]1~b'~'tJil ZnO ODs vibf)~Buij1ii\1t1Y1U~blJB1'lh:;'ltnn Bl\)Ul1tl 

tl'i::C!f1\?l1m\JflI'iiLAjl::"'tl~lJ1ru Fe 
2

, lii\ 'iJf.h~biiBfI'hLYI1:; 

2. 	CdS ODs 

-ll\Ji~tl1'tJ~l\J-dBcimtllii\Al1lJ~LJ~Iil'llBLJ'!JB-:) m .U1Y1(l 5\J~u \)In\lWlf1~fl':irullW')i'Yltll~V ~~b\.J\Jmji'ifl~l
~ , 

,:;LJ'U'!JB-:) CdSe LL(l:; CdTe OD L~Bl-ii'hlJnu¥ldh.Jm1uflI'i(;,}'il\l~1(i)'UL'UCl'!JB~~iLih.JmmLJAnultlii\lv lliltJML~lJ\llnfll' 
~~bml::~ CdSelZnS core shell OD viijtl':i::\)Uln mllJYil'Yl1tJ'!JB~flI'ib~~VlJ OD ;,]\i\,j'fiBflI'ivh1l11lUCll1mO, 
m:; \)1 £J\Jl18 v1 iil1UJ,l\i\£Jtr~ fI~flJllJ L'" i1v'mm: m IlJClllJ1,r11 '\.1m, b~ 8-1 LL"'~B ci LL t.l1~1il1'I-Il.i~-W~\Jl~U~Bf11'i LI')~BLJ~l

~ 	 ~ 

tl~fI1f) OD ~L\i\~£JlJmtllC1ifl11::tl'51f'\\llmJ, l\i\tJ1oiJ surfactant viijtl'i::~lJ"lf11vlbbn octanoic acid-modified 

polyethyleneimine (octPEI) ~~?11lJ110~~Lf)';jl::'I-I1v1\)lntl5n~tn';i::'I-Irh~ octanoyl chloride bLr1:; PEl 'Uru~-dClllJl'JO 
~.:J.ml:;~ trioctylphosphine-stabilized CdSelZnS core shell OD l'U orsanic phase lvlbb~1L~£Jlm5n11vnlJ 

bvnCll)iJl-lB.:J 
2

£; LliltJ OD (i)~nl'i1Jli'!J'Ul\i\LQ~V 3.2 nm 'bm;bL?1\i\-1n1)btl~.:JLLCl-:)uV~'lh~f)~u 569 nm l\i\VlJrh 
~ 

tl'5:;~'Yl5mYlfll'L~mLbCl~8vY130/0 'J1m1'\.1:S.:JU11tlf)8'\.1\)Lfl~nu octPEI251IiltlYl'Uilei'~11~1'\.1'Uu-lA1u'\.l\JllJ~il~ . mPEI Y1 

b'l-llJ1::ClllY1ClIilAu 1: 7 bb(l:;~LV'!JY1L 'I-IlJ1::?1lJ~u 6 'Uru::~Cl'lJ1'irl~.:JLm'::~U'\.lfl1l')mu\Jli1lJ\i\U'Yl~lJtI'i:;\)LJlfl~""lJ1)() 
mt\)lt1\Jll1~J'1ii\LL~,) nl~,:m~1'Ufl'5::'\JJ'\.I fi11V!lMm:: vi.VllJ1:: "lJ~\):;,j,1tl~ fl'CIlfl1,1';;-11'\.1~llJnLJ¥lL~~WLL(l:;&l LB\JbB 

Cflultl 

I Chen, L.; Wans, N.; Wans, X., Ai, S. Microchim Acto 2013, 180,1517-1522. 

2 Gao, l.; Xu , M.; Hou, Li.; Chen, G.; Tans, D. Anal. Chim Acto. 2013, 776, 79-86. 



2-34 

3 Polsky, R.; Gill, R.; Kaganovsky, L.; Willner, I. Anal. Chem. 2006, 78, 2268-2271. 
4 

Wang, Y.; Ouyang, G.; Zhang, J; Wang, Z. Chem. Cammun. 2010,46, 7912-7914. 
5 

Stevens, K.; Claeys, D. D.; Catak, S; Figaroli, S.; Hocek, M.; Tromp, J. M.; Schurch, S.; van Speybroeck, V.; 

Madder, A Chem. Eur.1. 2011, 17, 6940-6953. 
6 

Op de Beeck, M.; Madder, M. 1. Am. Chem. Soc. 2011, 133, 796-807. 
7 

Yotapan, N.; Nim-anussornkul, D.; Vilaivan, T. Tetrahedron 2016, 72, 7992-7999. 

8 Percivalle, c.; Bartolo, J-F.; Ladame, S Org. Biama!. Chem. 2013, 11, 16-26. 
9 

Li, O. 0.; Luan, G. Y.; Guo, O. P.; Liang, J. X. Nucleic Acids Res. 2002, 30, e5. 
10 

Cheng, J P. ; Zhang, Y. Y.; Li, O. G. NucleIC Acids Res. 2004, 32, e61. 
11 . 

Mo, Z. H. ; Yang, X. C. ; Guo, K. P. ; Wen, Z. Y. Anal. Biaana!. Chem. 2007,389, 493-497. 
12 

Kushon, S. A; Bradford, K.; Marin, V.; Suhrada, c.; Armitage, B. A.; McBranch, D.; Whitten, D. Langmuir 

2003, 19, 6456-6464. 

13 Habl, G.; Bbhm, H.; Marme, N.; Knemeyer, J Intern. J. Environ. Anal. Chem. 2005, 85,613-623. 
14 

Boonlua, c.; Charoenpakdee, c.; Vilaivan, T.; Praneenararat, 1. ChemistrySelect 2016,1,5691-5697. 
15 

Jirakittiwut, N.; Panyain, N.: Nuanyai, 1.; Vilaivan, 1.; Praneenararat, T. RSC Advances 2015,5,24110

24114. 
16 

Winichagoon, P.; Saechan, V.; Sripanich, R.; Nopparatana, c.; Kanokpongsakdi, S.; Maggio, A; Fucharoen, 

S. Prenat. Diagn. 1999, 19, 428-435. 
17 

a) Lu, C.-H., Yang, H.-H.; Zhu, C.-L.; Chen, X.; Chenparing, G.-N. Angew. Chem. Int. Ed. 2009, 48, 4785

4787. b) He, S; Song, B.; Li, D.; Zhu, c.; Oi, w.; Wen, Y ; Wang, L.; Song, S; Fang, H.; Fan, C. A Adv. Func. 

Motel. 2010, 10,453-459. c) Wu, M.; Kempaiah, R.; Huang, P.J.; Maheshwari, V; Liu, J. Langmuir 2011,27, 

2731-2738. 
18 

a) Guo, S.; Du, D.; Tang, L.; Ning, Y.; Yao, 0 .; Zhang, G.J Analyst 2013, 138,3216-3220. b) Sabale, P.M.; 

George, J.T.; Srivatsan, S. G. Nanascale 2014, 6, 10460-10469. c) Kotikam, V.; Fernandes, M.: Kumar, VA 

Phys. Chem. Chem. Phys. 2012, 14, 15003-15006. 
19 

Turkevich, J.; Stevenson, P. c.; Hillier, J. Discuss Faraday Soc. 1951,11,55-75. 
w -

Su X.; KanJanawarut S. ACS Nona 2009, 3, 27512- 759. 

21 Lee, J; (hoi, Y.; Kim, J.; Park, E.; Song, R. ChemPhysChem 2009, 10,806-811. 
22 

Costenaro, D.; (arniato, F.; Gatti, G.; Marchese, L.; Bisio, C. New J. Chem. 2013, 37, 2103-2109. 

23 Joshi, P; Ansari, ZA; Singh, S.P.; Shanker V. Adv. Sci. Lett. 2009,2, 360-363. 
24 

Yang, P.; Zhou, G. Materials Research Bulletin 2011,46,2367-2372. 
25 

Nann, 1. Chem. Commun. 2005, 1735-1736. 



• • 

3-1 

~ull'l~-3n1'HjmJ PNA-conju'Sated polymer brushes as platforms for DNA sequence determination 

')::u::mnlm-3m~ 17 lJ'Ull'1JJ 2557 - 16 lJ'Ull'1lJ 2560 1M'U'~'\JlJ~hl'Uulml,nn-3 16 n'U~mJ'U 2560 

,)lU-31'Ul'U'ti1.:j~-3LL~1'1J'vf 17 lJ'Ull'1JJ 2557 i)':I1'Uvi16 nUEJlu'U 2560 ' 

'l-hl-"hlfl,)-3n1~VuEJ 

,)l'1m.l'S1i lml'U 

li\ann1'm~:::L'\II61~~• 
V-l u ~Ll.I [rfLiJ \'\l~~l"YlL~-rUfnll.l~\'\h 1\.\ nl1UI1JlL iJ\'\~l\'\~ it')1J u,) nlWr~\.\luUmrnml"ill<;)YIl')1h mV-l 

.. d 5' ~ d ...9 d d Qt, ..-d 
(biosensor) LLf'l::nl1U1::~n~m')'1nnTmV-l'YHJ (biomedical applications) 'Yl')\.\L1.J\.\m'lL\.\uJ1.Il'illnn11'YlYHHHl.Iu11.1 

milEJ'lhill 1.1 fnl 1.1 EJl1'IJu')t'liV-lu~Ll.I uf ~lnYll.iilJ'lJuJV\'il[J-iliivuji u,)L11\.\nl1Ln<;)ui)n1!.JlLflihiJ\.\u')Tl1.h::nuu
" " n~11.l11nUl1Jlhll\'\nl1G;<;)~11rl'il::Yh~ ltlrlLiJ,"1V-lJU1"unl1m1'ill<;)'Yll,)1i'mlV-lL~LUwh"l"U1Jlno)u~ii,)~ U 1 EJ 

~\.\rlrlijnlnJnflfll.l~l EJV-lU~Ll.Iuf,f"U <J ,"umnni!U,jfll1.l11nLYil.l~ltlrlrl LU"U1.I1:: tEJ'llu~um1m1"ill<;)1~nuV-lu~• 
Ll.I uf L'Ii"U nl1LYil.l~U1 [J-ilrliifll.lU'1i'lluUJl~,j L~uJu')n"UnlWIYl'llUu tilJLli"i'il1V-ll::L"ill::"ilJ 'lil [JL Yil.lU1::~'Yl~mV-l 

" " 
'IJu,)mWI11'ill<il 1 "Umrllrlij~"l~utl"U1\'\fll,)~l uth,)rl~I~.mtlLn<;)llWinn1EJl u VI,) il.i"i'ilL V-ll::L 'ill::"il.JM 1"UJ1"ul~EJi! 
fI"Uhvl~\.\ltflV-lu~Ll.Iuf 2 'llu<;)L~uH\ihmYH'l'Yl"l'luflJl"Um1~1') pyrrolidinyl peptide nucleic acid bearing D

prolyl-2-aminocyclopentanecarboxylic acid (ACPC) backbones) ~1u acpcPNA LiJ\.\1V-l1U L~uh1,"m1ml"ill<;)~ 

L5\'\Lu ~"ii11EJfl::L5EJ<;)h11[J')1"u<;)u,"rl 1 LLfl:: 2 ,"un'illni!~l,)EJU.J~,"hrl"il::vl~"ulV-lu~Ll.IufrlYilv\"1l[JYl""lrl
" 

(multifunctional polymer) 1<;)!.JLu"Urf')~11'Yhl~u 'Yi.J"U1 t "U'Ylu,) (gold nanorods; AuNRs) LflnEJ1 d}U.~1YiHhnl1 
G;<;)vh5\.\Lu LL~::~1L1u') LLflJ"I'li'lu u L 1~L'll,"~ L~ u'il::...r~Ul [mmfl~,)mh1 LiJ\.\Yn~x1\.\n11Ul~JYiL B\'\LULil~L'lli'lflYi". 	 " 
fll1.l11nml'il ~<;)m JJL~~l EJ L'YlflUfIY,li'l u u L 1 flL'll\'\~ffl~1U m11.h::!.J n~YIl J antisense/antigene ~ uiui<ill\.\U\.\lfl<;)" 	 . 
.J1,)UfI<;),)11EJi'l::L5!.J<;)Ll1wnEJ,)lWilu,"rl 3 fflYl11J11EJ,)IWilU"Url 4 LiJ"U')1 \.\l,)EJlVIlirlU1L~,"uLYil.lL~JJ"illnhiULfI"Uu 

1mJnl1fiu nl1vl<UJ\.\11.lu"UULl.I ufrlijYlLB\.\LULU,"u,)TlU1::n UU L1"1:: nl1~n1:tlfll.lU1i m1Ln<;)i nu~'1.<;) L'll'll\'\ nU~llJ\.\ 

Lu,)M~1u~LB,"LuYiij~1~ULUflfi~JJLnIilLU\'\Im,,~fl,)rliifll.lu1iUl fI\'\ h 1 ,"nlwi<UJ,"I itl1i'Yll.J:Jil nl1LLV-l'Yl rJ~€l'luM 
" 

l,"u\'\lfl~ 

<1lu,"~ 1 ')1"Ui;)EJL~EJliu.Jnum1hlflV-lu~Ll.Iuf'llil.~ poly[(propargyl methacrylate)-ran-(2

methacryloyloxyethyl phosphorylcholine)] (PPgMAMPC) rl~1.I11nfnU~1Jllml~lwuu.JJJtJ\.\mJJufLL~"1::'llu<;)1~• 
~1')u,"iu~Lm'YlrlLU\.\m::"ilnLfl~uU'Ylu~G11!.Jili "grafting to" ml.lil!.Jnl1~1.J LLfl::1Lml::im1~u~~nu~LBULuilEJ 
l'Yl~itfl surface plasmon resonance (SPR) yf,)dLLm~Iil~,)n~11Ln~"illnmI1.l~\.\hhnl1~<UJ\'\ILLV-l"1'Yly.j€lfl.lrl 

fll 1.111 nh1,"nl1~1.Jt muYlLB\'\Lu~l\.\m1'Yhui)n~EJl1Ju')~~LLui'llfl\.\1\.\~U1U-il ~l\'\ poly(propagyl methacrylate) 

(PPgMA) 'IJU.JIm'w~LJJufnuYlL5\'\Lu1V-l1Url i.JLml::~1~iiV\~tli'l1 EJ LU,"Lu'l'll~~1'"tl~n1[Jlfl~n (click reaction) 

LLUU Huisgen 1,3-dipolar azide - alkyne cycloaddition .J1')~~lLu\.\ui)n1ulrll~LuufL'll\'\~t.Ji'l~~~~') flllJl~mhM 

Yi unmllii~u,) ,"umnnd'ijmlJJm~wr.Jilm1iiV-l u~Ll.Imfl1h5"1 uuno'iiLuYil'l"l'lufl1y.j1l'llfl~," (poly(2. " 
methacryloyloxyethyl phosphorylcholine); PMPC) u	ul"UtflV-l u~ Ll.I ufl-i I 'il:: 'Ii1[J i'llil nl1<;)Iil'llU tlUl.J l~'iilLV-ll::L"ill::"il J 

" " 
1<;) ULiI V-ll /) Ul.J 6.J nu~iL5,"L/)rli1iiiLJl~1.Il [J1\.\m1ml"ill~ 

6lu,"~ 2 .Jl,"liurlL~EJliu,)nu~cnJ,"llTIm1ml"il~1~I~ULU~'IJu.J~L5l-1.Luu\.\m::m1:tYi~1JG11!.Jlm'w~Ll.I 
~QJ.c. 	 ~ d." 

u11J1'll'llWlI poly[glycidyl methacrylate-co-poly(ethylene glycol) methacrylate] ~1u P(GMA-co-PEGMA) 'II.JJJ 

'\!\li5Yluni'll~ ~11.l1.mnlilunn1EJlnl1LiJlill.J~1 EJ~1iLLuii1WUU.J1V-l1iJ acpcPNA yf.Jd"il::ml'ill<ilm1"il~iJ~1il1::~ilJ" ..., " 
1Ynunu~ LB\'\Lu LJ1~JJl EJ~lnm1Ln~~Yl~11J11ni.J Ln~l~,"M~, umLU~l l~EJ1iLu,"i'llaJ1JUl [J it)! t)!l ru.1 \.\~t1 LLUU 

sandwich hybridization tIilEJhlV-l,U acpcPNA 2 'llit'1l rhwXlrlLU\.\ capture probe hnl1,)unU~L5l-1.LmJTV\1.Il[J 
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LLl'l:: reporter probe ~\IhlunTr'lJUluiCY'l!l rn Lm1m\l~w~ulifuiflli,hLUU~tl\lHLYl~tl\liitlluitl\lu5u1in11 LLl'l:: 

ffl:lJ11nw~U1'iitlutl~lucin111Lml::",'1w~uLLuu high throughput analysis l~lutlmml L~ulU\llUliudffuhJ 
'II " 

Iiln;)1~~l5ULtll':h"':IJ1u~tl human leukocyte antigen (HLA) "l!U~ HLA-S*1502 alleles 
d 1 ~ ~ or.. U" J ~ ,r .9 1

(;lmUl 3 U.J1U1~UU1Jl lV\:IJ1UYl~::Yi~Ullll1JmLUYltl\l (gold nanorods; AuNRs) luUYilv\:: (carrier) U 

n11lbci..)ffl1tltlnCjYlE;'m1hmYi L'JiU Ul m~~tltln.nl1LuibYl~5n (deoxyribonucleic acid; DNA) "';:tlLYiulmf 

U1f1~~nLltl:n~ (peptide nucleic acid; PNA) L'Ii1ciL'I!mftltil..)iiu~d~Yl~1l1Yi Llvitltil..)'hnm1Jhn11i")lml::~
'II 

AuNRs ,jlLUl1.~tl\liin11H cetyltrimethylammonium bromide (CTAS) L~tlril"'Ul~LUU template fl1uTl1Jli, 
tlumTlihu1l..)m1J~tl")n11 ~..)~U AuNRs ~i,ml11::",1~L~1J~u~::ii CTAS LUUffl1rilliLffnU1 (CTAS-AuNRs)

• 'II 

~\l~::ci..ll-ll'llitll1.mYl~..)miTliiml3JLUUYh~ iliLV\:IJ1::~1J1Un1~UllJ1U1::unlil'1i..llUYl1..)nT'HLYiYl rJ 1U\llUliu;i~Jii, , 
mllJ~uh~'il::LLYlU~ CTAB ~lUYW~L1Jr:)'f~ii~1Jul1L,JlnuMm..lii·JnlYi L~tll'l~ml1JLUu¥l1=f'lltl..ltll1.mfl 1u~;i, 
L~tlnhlf1Yitl~aJ tlf'll tl..l L1Jmfl1~nLLtl-n~ LLI'l:: 2-L1Jmfl11l'l1il'ltltln'llLtlYiI'l~ tla' 1 ~11'lLfl~U (poly[(methacrylic acid)

ran-(2-methacryloyloxyethyl phosphorylcholine)]; PMAMPC) Liitl..l,l1n1uLm..) ~fl..l'll tlJ PMAMPC ~:: 

tb::ntlmhu MA <B..)iimJmfutln-nl'lluLm..la'fl..lffl1Jl1nhlun111il1\l~11~~tl\lm1ulci.JLLl'l::ci1U'Iltl.J MPC ~ii 
" 

mllJl,JlnuM~m..lii·)JnViffl1Jl1[)1'l~fl1l1JLUu¥l'l!J'1inu AuNRs lu..lll1.1iud'L~tlnH acpcPNA LUua'11tltlnCjYlE" 

Yl1..l1i1mVi~'il::riT\'IUTYitJurfUn11LL~~..ltltln'lltl..l[ju (gene silencing) M 1~UG11..lvh5uLtlL,JlnuV\1imfutln-nI'l'lltl..l
'II 

~ .. .. J , 'I .... 'I" .d .. '1 .. 
YWl'lLlJtl1~lU tetrapeptide (-Gly-Phe-Leu-Gly-) Yl'il::~nUtlU~l'llU L~~lULtlU L'I!lJ cathepsin B Yl1Jtl~ lI.L'I!iH'l 

Utlmnn;itJ.Jtll~~U'" limfu tl n-nl'llUn1~~n'l!J'l n11G11..l ~1L;:tl..l LL~..l~ I'l tl [) L1~L'I!u'i1 rill i ~11Jl1n ~~<i111J n11L,Jlci 
" " " 

L'I!l'ltfllliin~lu 
.d.9 u .. .. ~ 1 ,.d .... " :9 ru 1 1 .'(;lull.Yl 4 Lul1.n11~"LTl1l::V\lJtlU[)L1Jtl1"1!l1.~ "'1JYllJViLtll1.Ltllul1.[)\lTl 1::ntlU G1U~U 'il~::Y1l~ll1. 2 LLWlYl1..l 

Ll U 1Yl1..l LL1nLUUnl1iJ Lml::~lJ tlUtll1JtlfYi LUUtlU, Vi~ui'lltl..lLtlYi ~utltln'1'1!~~iiUl'llU 2 ,Jl..l Luwvh5l1.Ltl"l!U~ epi

acpcPNA <B..l~ln..llUliU~~lUlJ1ViU ·:hYh5l1.L[)1::UU~..lmh1 ~ii~LIil tl1LtllTlii'lltl..l",liLLYlu~lU1\l1ViL11'l~~Ul'l~1" 
'II 

~ln acpcPNA 1 ~lLLW"t..l ffllJ11mn~m1L,JlrinuLtl\l1~ l'lun1=frn::~\lmh1'il::rilli~:IJ11[)fffl..lWUli::1::V\il\llJtlUtl
'II 

LlJ tlfLnGl LUll. Vi 1l ~ LlJ 1lf1.Gll~ U 1llr1Un11L ,Jlfi1::",il..l lU~~LUU~~1Jnu'Il tl\lvh5ULtl ~n1=frn::~\l n ~11 L1U niln11 Ln~'I!u 
,,'II • 

1l11JLl'l~11'l1fVi tl~LlJ tlhL'I!'Il~U (supra molecular polymerization) Lii1l..lill nVi~Uli::.yh~1l1J~1llJ1lUtll1JufL,Jl~lUnll.Ln~ 

LUll.Vi tli!iL1J ufLUUWl1.1i::1"t~1 Lilli. ~1Jul1'll tl\lYi tl~L1J tlfm1il::LLU1LU ~Ul1. LL UU ~l1.n~u1~m1J n11LU ~ tJULLUI'l\l'll El" 

~rn'r'HL1~~tllJ L'Ji'U. tlrn"'llii ilrilf1::l'lltJ pH Luwil'U. UlJLUl1.n11W~l1.1 responsive polymer illnvhSmtl <B\lLUU 
, 'II 

1U LLUU~tJ\l11.lii·n U..llU1J1n ElU LL U1Yl1\l~ ~El\l LUUn11 i\lLml::~tll1.wui'll tl\l LElYi~l1.tltln1'I!~~iiUl'llU 2 ,Jl\l Lllwfl 
'II • 

,,~ . 1~.. A .. ~ 1 ,.I .... ~ .9"U .I ~ .. '".d J .. 
LtlUlEl'lll1.~ acpcPNA il::Yll '" L~VitlI'lL:lJtl1'1lU~ "'1JYl1JYiLtlULtlLu'U.u..lTl ')::nElU Y1ffl1Jl1m'llEllJ'Illl..lnU~LElULtlYl1J 

ih~ULU~ri ~1JnULn(i1LUUVi tlflLlJ Elf~ EllJLYiflni (polymer complex) ~1ll~il::W~Ul1u LUl1.1::UUlil~\l~ LSl1.LElL~El 
'II 

U1::unlil'1iYl1"~lU antisense/antigene l'illl1.tlUlf11il. 

d ~ t -. .."J .co. .Q a cr ... 11-_4"" Q.,. .Q a 
(i\u~Y1 1 nl')v.Ii)jWl ~V.unL3Ju1Yli'l13Jl"in(;l(;lv.Lull.LDLV."ilJ(i\')U !In''iUl~nnLLn::nl''.i(i\''i1v')(i\(i\LUmu 

\l1l1.1~~Ull1.cilUifLUun"nUltflYitl~llJuf'lltl\l PPgMAMPC ~ii el~1lcill1.'Iltl\llflYitl~L1JtlfLL~mil..l nl1.1J1 LIil1UlJ 

1itl tilmu'Il tl\llTlVi u~ L1JtlfU1"1! tlil UIil1\11'1\luuiu ~L~':lYIm::ilnLfl~uUYl tl\l ~1 vli "grafting to" Lyjtl~n'l!J'1n11
'II 'II 

U1::V nGl'1iL Ul1.LLVi f1Y1v-J ElflJ ~1~1UIil1JYlLSmEllVi1U~Ul'll V~l U~~ bLtb~l U'" 1.l m '1'1!~~1V\1Un111il·.n~1~Gh~lJLlJff. " 
'lJEl\l~L5ULtl ~lULYlf)UTl surface plasmon resonance (SPR) rJ1..lLL~~\l'll~l1.Gltll1.nl'~G11"LLl'l::m1~u[j~nu~L5l1.Ltlll1.21l 
.d 
'1'11.1 

, 
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:6 - Aden ;" . (A), Thym ine IT) 
Guanin e (Gl, Cytosine (C) ; 


I'·~· ··,,, ~ o....; "' NI 
 r-~ ..,-\.. !'\../ .... 
PNA·~ - .. OI'JA 

Cutl) ac8t~leJOEA 

_HtI ti ttftlmJ1!1IGi,i. _tmn!!lfltrtlCSt1 ,bll'· 

~lnnT'l~mHVnJilWl:lJl1n~,lLml::'VI1YlYH)~L1JilfLLUU~1J"lJi'),l PPgMAMPC rlril'V1U~1~iit)~11~lU1::'VIil,l, 
<' "/1 . ",. I ~ , .. d • 1~ >lJilUUL1Jil1 PgMA:MPC Yl l'IL1J1 u (copolymer ratio in feed) 3 il~n~lUYlil 70:30, 50:50 LLfl:: 30:70 'I!,l~::Yll 'VI L~ 

tYlYW~L1Jufrlihlml~lWIJ[).Jlm'i[)~LlJ[)-ilu.~~(j).nrn'l1 (copolymer ratio) Lilu PPgMAssMPC3S ' PPgM~MPC55 Ufl:: 

PPgMA38MPC62 hulilil'V1Unt1JLflnfl (lLfrn::~<i11mYl"i4" 1H NMR) c;lJLLa-~,,1u(;}l'n"~ 1.1 LLfl::rhm1'1'll'l"UmlU 
, '\I 

tmJ~flJ"[)Jtf)W[)~L1Jilfrl~,lLml ::'VIi<i1<i11 m Yl""Yl 1H NMR LLf'l:: FT-IR ~lmi\.nhm1Ltl~uU'VIajYrlThr'Uorltlfllu
'\I 

"IJil.J PPgMAMPC ~ln'VIaj dithioester l~LilU'V\l.j thiol t~u~,hUm1Yhtlfin~ul aminolysis (,furl 1 lwnli11.1)
~ ~ ~ u 

<i11um1r11tlfin~ulnu hydrazine 1u~l'f'l::f'llU~~m::'VIil,lltlmU[)tlnULYlmllutmyhLL'U (1 :1 (v/v» ~ 
[)rn'VIlliJ~th1LilUL1fll 6 ,r113JJ ~.J~1)J1")nlLml::~n1·'Htl~uULLtlfhl"IJ[)J'VIlh~~n,r'Uo1<i1<i11ULYlYl"Yl 1H-NMR LLf'l:: UV
, '\I '\I 

visible spectroscopy 

Monomer Monomer 

composition 

in feed (mol%) 

composition 

in copolymer 

(mol%)3 

Mila 

(kDa) 
DP' 

Copolymer 

abbreviation 

PgMA MPC PgMA MPC 

70 30 65 35 38.4 208 PPgMA6SMPC35 

50 50 45 55 46 ,7 213 PPgMA4SMPC55 

30 70 38 62 40,0 173 PPgMA38MPC62 

a Calculated from 1H NMR data 

I 
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\.Hlmnnii'U-;)l1llJl'H1 tiuU-U'~njy.J~ri,rulutm;)a'hl'llu;)tfl'l'HI~UJuf~1tJ FTIR spectroscopy ~ln1t1~ 1.2 
v .v 

I1llJl1ni.Hn~L~uYln~LUU;n1!trn::Luvn::'llu;)~\.l.1tJoil MPC ~u C=O (ester) stretching il~lLL~\.l.;) 1725 em-I, 

asymmetric O=P-O stretching il~lLm\.l.;) 1240 cm-
l 

, symmetric O=P-O stretching, ~~lLL~\.l.;) 1087 cm-
l 

LLfl:: 

N+(CHJh il~hLL~\.l.;) 960 cm-
l ~1uY;nild1u;n'l!tnl::Luvn::'lJu,) PgMA i;)Ln~1~~lnm1t11ln!l"lJU;)Yln -C=C

stretching il~lLm\.l.;) 2127 cm-
1 t~tJmllJl,jlJ'lID,)wn~,)mh1lfilJ;fuLUui~~1UnlJu,)ffti1::nulJ PgMA ~LfilJ;fu 

lutmwallJuf 

(e) 

s.tr (a lkyne) 
2127 em-\ 1725 em·' 

4t1IJU 3500 won 251)0 20W) 151M; )I)(K) 

Wavenumbers (em" ) 

~t1~ 1.2 FTIR spectra 'llu,) (a) PPgMAJ8MPCSZ (40.0 kDa), (b) PPgMA4SMPCss (46.7 kDa) Llfl:: (c) 

PPgMAssMPC3S (38.4 kDa) 

~lmfu~;)~11f)W u~ LlJ Df~L~1rJlJl~'1tJ<Jl1;)fl"lJuLL~uilJaLmYlm::~mfl~ DUYl u')~1 Ul~ "grafting to" ~lUn11 
dl~WU1i::1::W)1,)~~1Yl uu fl~UflltJ t 'Ii'llD')tflwufi LlJ ufnu~ui:j,Ylu" t~milm1Ll-n LL~uiuRLmYl~LfI~uUYlu"~;;)

'U 

n1"lr1lmllJR::ul~~,tJR11fl::flltJ~R~n::~il" HZS04:HzOz ilomlLilu 7:3 LLfl:: air plasma fl,)luRl1fl::fllU'I'wfi 

Ll,JUfL,jlJ,jU 0.2 mM LUUl1fll 48 i,llJ') r1lnl'l~~~llJmllJ~lL1~lum1~1')tflWu~Ll,Jtlfuf'll~' tJLYlflUf)m1')~lJlJ, 
ilJNa'llu')~l (water contact angle; WCA) LLfl::LYlTlitTl SPR (Iill~l"~ 1.2) ~ln~flm1Yl~flu')wlJilm1~1"tm~ufi 
LlJDf PPgMAssMPC35 fl"uu~Ui:j''lJu')lR~ r1l1~allJl1nml~1~lJlJilJNa'llu"~11~lJlnila~ (87.9 ± 4.2 degree), , , 
LlR'i\;)l~L~un;)alJu1imllJll.i'lluu~l'lJu,)~u~h li'i1l"~lnm1~1J tm'WfiLlJ DfilijB~l1LilU'llu;) PgMA ~ij~lJu1il~ 
'lluuJllUU1lJlnllJln LLfl::Lrlu~1"tW1uWL5uLu~ii~1~uLua~u NJ-TTT TTT TTT-LysNH2 ffl~fum1<Jl1l~1~~ 
LilUL1lilii~l~uL1JavialJnu (complementary DNA) ~u 5'-AAA AAA AAA-3' fl"uu~uijl'IJ1l"la~yjiimw)1J lf1vwfi 

'II , 

LlJ1lf PPgMAssMPC3S ~luu;;mUlfifin 1::~il;)~~LL1lfl'lmr'lJD,)lTlVHI~LlJufLLfl::Lul'l!'il'llu;)Yh5ulu WUillJlJilJNa 
~ 'II • 

'IJiNJlii~lfl~fl;) (74.5 ± 2.2 degree) 'illn~flm1Yl~flu,jll~~,jl~L~Un"mllJfflL1-;)lunl1'i\1,jWL5uLtlfl"uutTlWu~ 
LlJ ufLLwflYly.JuflJl~ 1u'llrn::~iuaL~)'myjiim"~1,j~1 tJlTlwu~LlJufyj iiomlLi1U'tI u;)lJuUUllJ1lf PgMA ,x1l r.mil 

l~Llri PPgMA3SMPCS2 LLfl:: PPgMA4SMPCss JUWUillJlJ~«R'lIuJJliivilLfilJ;fu~;",nnr11m1~1,j '\~h5uLu ~ln, 
t,.m m1Yl~flu;)~"mhlLLa'i\,jh\~umllJfflLhvfJ1U'ffu~uumw11,j1Tlw1l~LlJuf'IJu" PPgMAMPC l1;)uuiuaLmYl~ 
LTl1'iU1JYlU;)Llfl::.ff,"<Jluum"'i\1;)lw1uwL5uLufl,']1Jutflw1lfiL~1lf1J1'll~luufin1UlTlfinM uumnnit"l~rhm1~'i\mlJ 

I 
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m1Ln~tlnm[Jli.Jmhl~lUL 'Ylflilfl SPR 1~[J';nm.Jl'lm1'Yl~"HlJYlLLR~JlU~l1'n\lr11.2 'VilJilR1m1tl~~m).m11 

Ln~tlnn1[JlhLL~I'l::.ffu~tm1~1~[J1Lml::~,nnrh~1J SPR YiLU~[JU'ltl (SPR angle shift) LLil::'illn'!iu~l'li.Jmhllh , " 
1"R11mmhu1t14,nU1~1 t14'lJ uJ1fl'Vi u~ L~DfLLi1::1mlJ~LihuDYi tln~1JutilJ"~U~l'lJ vJ1~~li 

'II" , 

~l"il\lfi 1.2 ,h~1Ji1J~R'lJvJlhLI'l::,h SPR angle shift YiLU~[JULLUi1J'lul'Ii.J'illnm1~1Jlfl'Viv~L1Jvf PPgMAMPC, 
Yiii 5~11~1"LLVIn~'JnUI'lJlJuilJ RL~1Ylm::'il mfl~ulJYl uJ~l1Jil [J m1V11J~LO"Lu1'Vi11J 

SPRdata 
Water contact angle 

Entry Sample Angle shift Quantity 
(degree) 2

(mDegree) ng/cm 

Au 71.9 ± 1.3 

2 Au-PPgMA38MPC62 44.6 ± 0 .9 1024 .8 ± 81 .8 854 .0 ± 68.1 

3 Au-PPgMA45MPC55 46.6 ± 3 .5 882.1 ± 166.6 735 ± 138.9 

4 Au-PPgMA65MPC35 87.9 ± 4.2 1323.1 ± 56.1 1102 ± 46.8 

5 Au-PPgMA38MPC62-PNA 66.5 ± 2 .8 102.0 ± 0.0 85 ± 0.0 

6 Au-PPgMA45MPC55-PNA 60 .6 ± 2.2 74 .8 ± 5.9 62 .3 ± 6.3 

7 Au-PPgMA65MPC35-PNA 74.5 ± 2.2 132.6 ± 113.1 110.5 ± 0 .1 

l'IiJ'illnVl1JlmlH'iLouLv (N3-TIT Tn TTT-LysNH2) I'lJ1J\~tm'w~L3.JUfLL~1~Jlb1tlm1ml'il1~ihilJLlJR 

'lJuJGiL5"LU rfJLLlJlJYiii~l~lJblJ~fi~1Jnu (complementary DNA) LLI'l::LLlJlJYi~1~1JLlJ~~~1u 1 WilLLl'IUJ (single
" 

mismatch DNA) ~l!JLm)'itTl SPR LifuJ~u'l~'Yhnl1mT;)lLml::~nlJ~L5uLu~iiml1JL'!i1J'!i"LlhnlJ 50 J.lM 1u 

.I", Q .. 1 '" 'l .. " " t~111'l::l'll U phosphate buffer saline (pH = 7.4) 'Yl1JmWil1JLnI'lD 'IlLVI[J1Jfll'lu 1~L'lJ~'lJ" 100 mM ~[J'illmJl'lnl1 

- 1 tl.l .. ..1 .. .I.. 1 ...I", ~ .. ...I",.. "I .. dQ

'YlVli1uJ U2 'Yl1.3 'VilJl1LL'Vitl'Yl¥'iu11J'YlLm[J1J'illn fl'ViutlL1Ju1'Yl1JDml~lU'lJDJ3Jm..Hm.Hl"l PgMA m,Jl'I~LLDtl LTl"'IlJ 

R1m"lmn~U~n1 [J1Tl~nn1JlD1'IlCil'lJ tlJ1'Vi11Jvh5"L tlU1m t143Jl n'il::R13.mn V111'il1~~L5ULtl~ii~lilJ LlJ~~ ~1J n'\..l.1~1U 

U1m rnYi a.nnm 1J'ltl~l [J 1~ [J ilJ ~Lm'YlYi tl n~1.J~1 [J PPgMA65M PC35 ~lm1tlml'il1V1 ~h5u LD'l~1UU11Jl rumnYi~V1 
'II .. , 

(85.5±10.9 mOegree) 1DJtlJ3Jlfitl PPgMA4SMPCss (39.9±1 .8 mDegree) LLI'l:: PPgMA3sMPC62 (17.6±1 .1 

mDegree) m1J~lilJ DtilJ'l1n~I~'illm.mnTl'Yl~tltlJi,Jn~-n LL~~J1"L~u11 LL 'Vitl'YlW uf3JYlLVl1U1J'illnlfl'ViD~ L3J ufYlii 

5ml~lU'lJuJa.lUum~uf PgMA ~1n 'la.lLYl [JJLL~'il::V111'il1V1U13Jlt14~h5uYlii~li1JLlJ~fi~1J 'lciihtl1mrn3JlnL rilJU 
" 

LL~UJVl11'il1~U1)Jlrn~L5'\..l.LUYiii~1~lJLlJ~~~'ltl 1 ~'LL l'IUJ'l<ilmnL'li'\..l.L~[Jl nu .J1" Dl'ilii ~l'I'\~ L iitlJ3Jl'ill nm1~bLtlN,. 
1",1lJ"Im'w~L~uf1JJ ~13J11n Ln~u~mUlfl~nnlJt'Vi1lJ~ L5"Ltl1<ilrfJ~ )JVI~.J,.f"~.JYill "'I'\~LLtltl 'lm!YlLl'I~ tlitlu Lil~ 
V1V1'l1lJtltilJ1JJ~lL'ViI::b'il1::'il.J (non-specific adsorption) nlJciiL5"LtlYlii~l~lJLlJ~~V1'lu 1 c;i'LL'I'\U.J1~ 
'II 

http:c;i'LL'I'\U.J1
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r--- C~;ple';;~I;~-DNA--;--- ' 5;:AAAAAA. AAi.:3;---- -, 
f--- Si~Qi~~is;~t~hDNA --+-- -5;:;:i.i;:AIA AiA:;Y----- ! 
L___.____.___.____.____ . ____"._ i ... . ___ , ,. ______...__ ........ .. ,' 


120,0 -,---- ---- - ----------, 

o complementary 
100,0 Q single mismatch 

-;
~ 80.0 

o 
~ 

..s. 

.t:: 60.0 
:c.. 
C.'" 40.0
c: 

<{ 

20.0 

0.0 

~t.l~ 1.3 SPR angle shift ~Ltl~U'I.mt.l",i'1.1hJ1.mYH'lYlyJt)'hJ'yhlil1tJlri)ln1'1YHl~Ll..lflf PPgMAMPC fi~5ml~l'U 
'::l\il,jlJEl'UmlJElfLLlilmh,]nll.Lrlm.1.l11.lml;rrlil~1<tllJLlJ~'lJEl']~L5'ULElyf,].y;LUUY1~lJnu (complementary DNA) LL~:: 

" 
LLlJlJ~iith<tllJLlJ~£j<il11.l1 ~lLLl\'I-i,] (single mismatch DNA) 

\1l1'1\J~ 1.3 Y1, %hybridization efficiency' LLfl::Y11 %mismatch discrimination 1um'<Jl,')'i)1<il~)<tllJLlJfI'lJlhlfu5ULEl 
1<il tJ'lJEl']LLy.j~'YlyJElf1JYh<il1tJ1J'i)ln1'1y.jtl~L1Jtlf PPgMAMPC LL~::lil1,]i')tJYh5ULEl1y.j'lJ 

%MDSample 

20% 32% 

61% 52% 

71% 58% 

Au-S-PNA 

20% 54% 

(Biosens. Bioelectron. 2009, 24, 3544-3549) 

Au-biotin-SA-biotin-PNA 

58% >90% 

(Biosens, Bioelectron. 2010, 25, 1064-1069) 

%HE = target density 
x 100 

probe density 

%MD = %HE of complementary DNA - %HE of mismatched DNA 
x 100 

%HE of complementary DNA 

http:LLlJlJ~iith<tllJLlJ~�j<il11.l1
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L~ u1l1~flnWY1~flu-1YlL~;nm 'Ylfl\l.f1 SPR lJl~1tl.lrn.'ilu1::~'Yl~mYllUnl1;lU 1i~nu&iLBuLu 1U1U'IJ u-1 ... 
d ." 1 ... " %hybridization efficiency (%HE) LLfl:: %mismatch discrimination (%MD) (~111"'Yl1.3) "r'lUl1nl1m-1 "r'l1UYlLuU 

•.1 .. .J.. 1 Q .. ... d d • I" .. ~• 

Lllfl-1UULL"r'lfl'Yln1l1lJ'YlL"'UlJ~ln f1"r'lllflLlJ1l1 PPgMAesMPC3S lim %HE ~-1'Yl~~ (71%) LlJULlJ1UUL'YlUUnULL"r'lfl'Yl 
... . 1 f" ..J d loA ... -.. I d .... a • , .J 0 "" 1 .a c; t::: a.,.o d
"Y'lu1lJ'YlLm U lJ~l n f1Ylllfl LlJ1l1~~~lUllU LLfl:: u,JlJm~,J n111::UU'Yl'Yllm1~1,J "r'l1U"r'l LllW llULllfl,JUU~U~Lm'Y1'Yl... 
LfI~llU'Ylll.J1~um,J~,hunl1LnGl self-assembly 1::Vl11JvhauLuYlih'l3JtlflluLuwr,li thiol nuyfu~l'lJu,J'YluJ (Au-S

" " 
PNA) 11lJn.J1::uuYlijn11'il~,,·~~haULu~huLU11l~u (Au-biotin-PNA) LL~iL~llvhmnmh %MD "r'lUilU,Jij,h~lnil 

1::UU Au-biotin-PNA rf,Jtlij ~lLVlGlL rttlJ3Jl~l nnl1~LL"r'lfl'Y1~ tlf3JYl L"1UlJ~ln lf1Yl tl~L3J u f PPgMA6sMPC35 Ju, 
~13J11n Ln'ilnl1'il'il'l1U utilJ'lli~l Lm::L~1::~,J nu~L Bll.LllYiij ~1~13 L13 ~tl'il1tl ~l LLVI \i,J1i~,J LVI" r.I flYi mi11il,J ill." , 

ril,"~ 2 m1nli)j'\.nm:;~rnt~1iI7\1~"'luT~Yltl~L3Jtl{13nmn:;nLD,"Luril'Y1f13n11'il1"'l1)-)~Hh~13L13"'~u"~LD,"LU 

T'ilu'l'liLu'"1'l!3.I~lJ1uirunnrn. 

Luu.:nui ;lUYl ~ll.h~::vr~ ll.lilfm1'il11~Vll~1~U LU ~'IJ El,J ~ LBUL DUll. m::'illB.yj'il~,Jil Ulf1YlEl~ llJ Elf'll\l.<iI 

poly[glycidyl methacrylate-co-poly(ethylene glycol) methacrylate] Vl1tl P(GMA-co-PEGMA) ~,JijVlliawllnL']j~
" 

fmJl1mn<ilUBmUln11LiJm.J (ring opening reaction) ilUVl3.lLLlliilU'lJllJ1"r'l1'\.J ~,J1u.J1Ui;lud'L~llnH acpcPNA
" 

luulYl113 rf,Jd'~::ml~l<i1m1'il'\.J[jm::Vlil,J t "r'l1'\.Jn'\.J~L5ll.Lu LJ1V1lJl U'llnm1l fl<il~~ ~1lJ11n;.J Ln'il L ~u'li~,um 

Ltl~l t'ilULLtl.lm,J~h1ll.m1'lJUlu;rurulrn.LUUn111'liL1lUL']jlf'lJUlu~'cunnrnlll.1tlLL'\.JU sandwich hybridization l'ilU 
... 61 ... " 'U 

hl"r'l1U acpcPNA 2 'IIlt<il 'IIU'ilVlit,Jl11V1l!lYiLUll. capture probe lunl1~"iJfl'\.J&iL5ULElLJ1V1~J1U LLfl::5n'llU<ilVlit,Jl11 

Vll!lriLUU reporter probe ~.JH1um1'lJUlu~'curulrn 'il~lJ1ULL1313.yjLL~<il"lwn.l~ 2,1 • 
... ... 'U V 

I 
l~ 

,L"~0 
(/"'j 

OPD 

\... .1 
b ,_~ 

P(GMA-co-PEGMA1-grafted filter paper 
Sandwich hybridization assayconjugated with PNA capture probe 

1U~ 2.1 fflJmjLL~<iI"m1'iljl~1'il''h~ULU~"IJll.J~lBtl.L[)l'ilU1i acpcPNA LUll. capture probe LLfl:: reporter probe .. 
':hlJn'\.Jm::<il1Bri~1JilU P(GMA-co-PEGMA) brushes LLfl::1'llm11'llLllUL'Illf"IJUluiryrylrn 1U~tlLL13U sandwich 

hybridization 

I 

http:t'ilULLtl.lm,J~h1ll.m1'lJUlu;rurulrn.LUUn111'liL1lUL']jlf'lJUlu~'cunnrnlll.1tlLL'\.JU
http:r'l1'\.Jn'\.J~L5ll.Lu
http:Ylfl\l.f1
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d..,."t4 A .... ",. ~ ~~ 
2.1 nl·H(;11V3JLLn::n,Hnuunn n~mttu\l n1:::(;11~n1u"YI(;11"(;1'1l1 ~nun t3Ju1U11f... 

in)Jl'lnL'il~[mm::m1:1mu,J.yl~1,J~':HJLflYH)~L)JuflJ1""Jj Vl1u P(GMA-co-PEGMA)-grafted filter paper hw 

L~)J~lnm'l'il1"VI~1L~)J1Jnn1Vll'l u~L1JU '1Wll';U~.hl.uJnm[J1'l::VlilJ 4,4'-azobis(4-cyanovaleric acid) (ACYA) nlJ 

Vll-i'ltJ mun.nfl'lJEl,JL'II'Hllm~lJu~ui'hm:::~n1!tmEl,J l~vH N,N-dicyclohexylcarbodiimide (DCC) dju~LUL~ufl~ 
\J " \J 

fl1lJ LLfl::H 4-dimethylaminopyridine (DMAP) Luui1L1nJnn1vl Vlfl,J~lmfulbm::~n1!tmEl,J.yl~'ilVl~1L~1J 
tlnmvl.ylL'il1[J1J'l~il,J~U'ltlY11tlnn1Vl'W u~L1J u'1wlliU1L~1J~1n~U~1 (surface-initiated polymerization) ~lU 
nflinLLlJU reversible addition fragmentation chain transfer (RAFT) L~vli ACYA LUUa'1'l1L~1Jtlnn1vl LLfl:: 4

cyanopentanoic acid dithiobenzoate (CPD) LUUin'lcilVLElUL'Ii hw1itlml~1uhwt1Jfl1::Vlil,J GMA:PEGMA 

LUU 70:30 LLfl:: 30:70 rf"dnlVlu'illi degree of polymerization (DP) ijTilLyilnlJ 200 LL"''il,J'llV~::L5v~1JEl.Jnl''l 
L'il1V)Jlu Step I-II 1U~ 2.21u,Tu'iluumw,1,J PNA capture probe fl,JlJU P(GMA-co-PEGMA)-grafted filter 

v 

paper Y11'l<il1~VuliVlJnn1Vlm'lLiJm,J5l'lEln'l'll'il1uLm,Ja'fl"'lJu,J tm'lU~L1JElflUVI,b[J'lh~1u.ylLUU GMA (Step 

1111tli12.2).. 

i "Step r' 
\ _OH 

\ 

OCC(OMAP/OMF 
\ __ OH 

initiato r 

'--- 
Filter paper Initiator-grafted filter paper 

"Step 11"' GMA;PEGMAJACVAf 1 
RAFT polymerizatio n CPO/O.... F 

~ f\JQ ~;;s~
1 )\-.... \ s \ J--- ;'\~~11 _ 0 0 
\ 0 0 " 0 / l' k-o~c 
\ -OH ( o2 ,j" 
\ ~OH · O ~ I L_OH i

[ . Orl"-
" Step III" o 

P(GMA-co-PEGMA)-grafted filter paper P(GMA-co-PEGMA)-grafted 
conjugated with PNA capture probe filter paper 

~t1i1 2.2 a'1Jm"jLli'l~hmT'H'il1mJ P(GMA-co-PEGMA)-filter paper ~.hutlnn1[.n RAFT polymerization (Step I-II) 

llfl~m'l'il1" PNA capture probe L'il[Jil1ivtlnmVlm'lLiJ'il1J5l'lBn'l'll~ 

'illnm'l1 Lml::~VI~y./~.,) niUlJW~'U~1 n"j::'illBmu.,)~h U L YlflUfl FT-IR spectroscopy (~t1i1 2.3) l'luvl n 

C=O stretching 'lJthm~LUffL'YlElf-uu,Ji11L~1Jl.J~n1ul.yl~lLLVlU" 1738 cm-' luffLtln@l11J 2.3b Vlfl"'il,nm'l~'ilLltl'l 

~U~1m::mB~1 UVI~1L~lJtl~n1 Vl'W 1l~ L1J u1."j L'll-nU ~-1i1i'\'juYln~.Jn ~11uum::m1!lmu.,).ylU"i.1ii~i'illLtl"j~U~l 
(2.3a) LlPl<il,Jl~L~w)'i'I1m"jn'il1.JVI~1l~1Jtln1Vll'l-1'ltlM Llfl::~lni'lLtln'il11J 2.3c 'il::l'llJ.,Alnlu~,uVlu"i.Jn~ll~ii 
mllJLi1JLYi1J~,J;fuur.il.JL~ui~i'ill'lfulJnlJtI'lln!l.,Aln C-O-C stretching 'lJ1l-11.JDYlBn'l'll'il1uLm.Ja'hJ'lJu.J GMA .yl 

'lilLLVlUJ 910 cm-' Ua''il,Jl~LV;W:il~11Jl'ln'il1,JLfll'l1l~LlJuftl,Juu~U~1m::m1!tmB"1.~ rf.,)dtl'il"il~1m::whJ C-O

, 


http:11uum::m1!lmu.,).yl
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C stretching Yi~lLL"'Ill.,l 9tO cm'\Lfl:: C=O stretching Yi~lLLVlU,l 1738 em'! ";)::LLlh~~um1Jtl~l1~luYiLYi1J.ffU'JJtJ,l 

GMA 1ulf1wtJ~L1Jtlf";)ln 30 LUU 70% (2.3c LYitJ1JJllJ 2.3d) ~11J11ntiuu"\nT'liitlci'JJtl,l PNA capture probe lJU 
" 

ytU~l'JJtl,l P(GMA-co-PEGMA)-grafted filter paper Vltl,l";)lnfltlu";)Ln~nlJYh5uLtlLLil hHJtll~Um1~~m1JnTl 
" 

fl~fl,l'JJEhlYln C-O-C stretching 'JJtl.Jl.J15~tJnL'Il~ Yi~lLLVlU.J 910 em" luYln 2.3e 

c: 
.S! 
II) 
CJ)

'E 
II) 
c: 
co... 
~ 
~ 0 

(a\.-- .. -~ . -- . . ---' --·---< "-,..-r"· ·- .. -~ . 
-- . ". 

". : 

't- o
(b) . 

r I; (c) 
i 

(d) ' 

1 .~.: 

Ie) ! 

c=o stretching--.1 
(1738 em") 

C-O-C stretching--.1 
(910 em") 

4000 3500 3000 2500 2000 1500 1000 
Wavenumbers (em" ) 

·aJ~ 2,3 FT-IR ~Llln~f1J'JJll,lm::~l~mll.J: (a) r1llum1i<ilLLll" (b) Vltl,l";)lnm"i~<ilVl)j1L~1J, Vli.J";)lnmlY'l~<Ii'lu 
~ " dd . .... ~_ 

P(GMA-co-PEGMA) YUJ GMA:PEGMA L'ynnlJ (c) 30 :70 and (d) 70:30, LL~:: (e) Vlfl.J";)lnfltJU~Ln<J\nlJ PNA 

capture probe 

Vll.i1L~lJLL1'l :: m"imlYl~<Ii'l UtflWll~L!.Jtlf LL~<il.J l'iL~Uil.ffUtflWtl~L1J llf~Lfl~ 1l'U tl ciiimllJ'Ul.J1J In uun-;Jlnd"u.J
" " 

'W'Uil m::m~YimlYl~<Ii''''lUtflW 1l~ UJ tlfiiml1J'Ylu@i um1~n'JJl <il (tear resistance) L<Ii'&l nil m::<i\l1~L~lJ<Ii'u 
t<il UL~vn::ll til..., ~""VI i.J";)l nm1i1J ~~n'U ~l'11'l::,n UVI fll u"lfum::Vlil,'),rUm1~<ilYl L5uLtl LLfl::nl"iml ";)1~&l L5UL tl 

u'ULiJuitl~5ntlUl,')Vlit.J"IJtl,')1~<il~W~ul.ffu, 

":ill~ 2,4 Lu~5L51Jl1Jlmn;lYl~'lJtl,')m::~11!tmtl.J (a) rillUnl"i<li'~LL1l1, (b) Vli.J0J1nm1~~.JVI)j1L11J LLl'l:: (c) 
~ " 
Vli.JOJlnmJmlY'l~<Ii'ltJ P(GMA-co-PEGMA) (GMA:PEGMA of 70:30) 
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- ....... r A .. .I... 
 ~~ 
2.2 nT~fi~\)\lolElnanl*nl.tlth1 ~fiual3Ju1 P(GMA-co-PEGMA) m'f\lLFl11::-" L61 L\lo"'1a::alu 

1l1nm1~"1';)tiutllm;H~fl\1m\llflii'lJthl P(GMA-co-PEGMA) ~i\lLml::VlLCillll.~11i'!::fnEJ~1EJL'Y1f1Ufl 1H_ 

NMR (~tI~ 2.5) Y-I1J11 P(GMA-co-PEGMA) ,;)::LlaCil\lityIlprnh.h~uWllu\lVl~l~Yi~" (CH2) l"l'!iV\fln (He LLf'l:: Hi) 

rl<iiILLVlli\l 1.6-1.9 ppm itytyltl4h.h<iHl"'lJu\lVl~l~Yif'l (CH3) (Hb LLf'l:: Hh) ~<iiILLVlli-l 0.8-1.0 ppm itytyltl4 

hh<ilull.'lJu-lUJYi~"'lJu-l1\1~h~unl'1!<I1 (HI) ~<iiILLV\li-l 2.6-2.8 ppm ityIlprnhhCilull. e , k ,j LLi'!:: d (He ,Hk Hi LLf'l:: 

Hd) ~9iILLVlli-l 3.2, 3.4, 3.6 Llf'l:: 4.2 ppm mmhilu lll.'lJtl4::~hh<1lUll.'lJu-lVl~ dithiobenzoate (Ha) lI::tI'nnn 

iqjqjlrnlwri1-l7.4-8.0 ppm LLf'l::~1~11rtf11ll.1tl4V1,J'V1"nl~Lf'l~i'!LLi'!::iCila1ll."::Vlil-l GMA:PEGMA l"lflY-lu~ 
llJUfl~<ill~~~m1~ 1-61CilEJf11ll.1tl41l1n~"~1il'lnlll.~Lun(!lf~'lJu-l P(GMA-co-PEGMA) J-litLL~Cil-lJIV1"n 
t3JLf'lni'!, LLi'!::1lCil'ila1ll.t<ilU13Jf'l'lJu-l GMA:PEGMA h P(GMA-co-PEGMA) ~i-lLml::V\1~Liiu1Jn1JfilL1JIV1~JlEJlll. 

GlI11"~ 2.1 ~\lY-I1J"hfilrll~ii~11m~\~u-ln1JfiILJ1V\3J1U LL~Cil"l1KL~w:htilm1()m1J~3J nl'Hn<ilU~ n1rn RAFT 

polymerization 'l~~ 

DMSO
j k 

I 
! 
i 
I 

b.h 

If I I f i j" j • 

)0 9 7 6 2 

ppm 


ti d , dl~ iJ~'

1... 'Y1 2.5 H-NMR spectra "l.Iu-l P(GMA-co-PEGMA) l3Ju "Jj DMSO L "mYlIf'l::f'llU 

I 
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'illululnbu<lh,.r"VllJCiI ={ .ntergral of the Hb LL~:: Hh/6} x 2 	 d 
~lJnTn., 2.1 

intergral of the Ha/S 

'illU1UVlulu-dl'lm" GMA = { 	 intergral of the Hfl2 } 


intergral of the Ha/S 


~ ~ 	 ~ ~ 

~lU1UVlU1U<J!l,]H)" GMA = ~llJllJl1til(J'Ihn,:nf1J~ - 'illUl'U.VlU1U<J!l'lJfl" PEGMA 

~ 

Mn = ['ill'U.l'U.VlUltJ'lll'lJflJ GMA X MW 'lJllJ GMA (142 g/mol) + 
~ 

'ill'U.TI.m"bu<J!l'lJfl" PEGMA X MW "lJflJ PEGMA (360 g/mol)] 

d 
i;UJnl,.,., 2.6 

JlVl,xnhJL~n~ (g/mol) 	 41760 42171, 
iCillil'U. GMA:PEGMA l'U.LTrrHl~u.Jtlf (%) 70:30 	 56:44 

.r ~ 'i ~ ... ,,~ .I d 
'U.flmnnUUJ ~llJT'H1 CiI,T;)~fl1J Lm"~,lJ""lJ Lf1lJ"lJ fl" P(GMA-co-PEGMA) m U LYlf1'U.f1 FT-IR (1'lJ"" 2.6).. 

'illn~LUnCiliiJ'il::'r'l1JWnyjLL~CiI"~n'l!frn::LQYn::~Jd C=O stretching 'lJfl"LlI~LYlElfyjliilLLVlU" 1738 em", C-O 

stretching yjliilLLVlU" 1265 em" ufl::wn C-O-C stretching ']J1l.Jl.J~'r'llln'l'llCil1ulm"flfl.J"lJEl" GMA yjliilLLVlU,J 910 

em" LL~CiI,JliL~'U.ll~llJldni,JLml::'" P(GMA-co-PEGMA) 'l'i1 

http:LYlf1'U.f1
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c 
o 
V'l 

V'l 


4000 3500 3000 2500 2000 1500 1000 
Wavenumbers (em' ) 

d 
"i1..l'Yl 2.6 FTIR spectrum '1Itl') P(GMA-co-PEGMA).... 

2.3 nlWI~\I PNA capture probe 

21..lr12.7 mYHhuW~Um1~l'1l'U,~'IJtl.)m::mNmtl;~;;]"lnf)tl'U,~ln~nu flu-o-PNA(T9)-LysNH2 1'U,tnm::fnu 0.1 
~A A ~ ~ • 

M PBS pH 7.4 mm11L~lJ TEA mllJL'lJlJ'IJ'U,~l')'): (a,d) 0.1, (b,e) 0.2, and (c,t) 0.3 IJM : (a-c) m::~nNmtl" 

ritl'U,n11i'lHllh; (d-f) P(GMA-co-PEGMA)-grafted filter paper (GMA:PEGMA ,70:30) 

"i1.l~ 2.8 mYHhuvlfltlm1~L'1lWihtl.)m::mNmtlJ....,;;],nnfltl'U,"Ln~nu f1u-o-PNA(T9)-LysNH2 h~11f1::fllU 
...." 'II 

":..1 •• 1 .. ..I... ,
UnLntl1'IJtlJ 0 .1 M NaC03-NaHC03 buffer 'YllJ pH m,J<j: (a,d) 8.0, (b ,e) 9.0, LLfI:: (c,f) 10.0: (a-c) m::'111Nmtl,) 

ritl'U,n11iWlLLlh ; (d-f) P(GMA-co-PEGMA)-grafted filter paper (GMA:PEGMA ,70:30) 
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'IllnVl i nm~yjlltl5n1[Jl ~ lIm,1 ~y; unh~-;):: Ln~ 1~~1 Uftl~'l::~n [J ~ U ft ~1i[J~,1liyilm~fimn nT'') 

tl1uLtl~L1UmllJLlIuLUWlJU,1ftl~~::'llLllwtunl~flUU'ilLn~nuYlL5u~u1vwnT'H~lJ triethylamine (TEA) TI1l1J 
'II 

~iJJ-llU~l,1') (0.1, 0.2 and 0.3 )JM) Vl1tlnT':i1iffl,)~::~lLl1JyhvJtl1 (0 .1 M NaC03-NaHC03 buffer). ~ii pH lwril.J 

8-10 Yl~.JdHYl~5mtlyj~Vlu~lnvJL'ltHlL~ftL'DU'il fiu f1u-o-PNA(T9)-LysNH2 LlIuLLUmhL'lu,11um1~m~nit L~U 
" 

ftlJJl,n&lVlVlllJnl,fluU-;)LnVl'tii-w Fluorescence microscope 'illn~i'lnl~YlVlL'lll ,1 ~UftVl,1lU'n.l~ 2.7-2.8 WUll 

Q g '" d 
" 

.. ~ .r _9 d ~.r ~ 
~1 .;.

tl ,JJlrn'W LtlULtlY1fltlU-;)Ln@1uum::m1!tlJL'WlJ'lJUmlJTI1l :lJLlJULU ft'lJtl.Jftl1L'l::~l[Jm 'W lJ'lJU Yl.J ~[Jnl,LWlJmllJ 
'II 

LilJ-llU'lJll,1 TEA Ui'l::nl1L~lJ pH 'lJll,1ftl,i'I::inmJYhvJtl1 

2.4 m1,"lm::~n~~(;l~"~'l[Jtfl'Wu~LilJuflJf'111tJ1,n"m')(;l,)'l~1(;l~hil"IU 
'illn~.mnl"jywli'ltl.Jil.JiumiLlliL~unft1l11::~1~tl1:lJ1rnnl'@1~,1~LBULU~LL@1n~l.JnW'illnttuLl'ttl:lJln,. 

ff1111:: liun 0.1 M PBS pH 7.4 .yliinl1L~lJ TEA 0.1 UL'l:: 0.3 )JM LLi'I:: 0.1 M NaC03-NaHC03 buffer .ylii pH 10 

It.lhlUnl1fltJU'ilLn@1 PNA capture probe (PNA (Cap)) lJU P(GMA-co-PEGMA)-grafted filter L~uhlUnl1 
'II 

i Lml::~~L5\l.Ltlmml.lLLlJlJ.ylLLffVl.J1wn.l~ 2.1 ~ rf.JdLLff~.J'1L1L'l::L5L1mtJ.J~L5mllrf.JVllJVlrh"l!ultl ·'ht.JlU1iLl ii"11 
'II ~ 

1u(;lTn\l~ 2.1 

Name sequence 
m/z 

(target) 

m/z 

(observed) 
Tm (0C) 

PNA (Cap) 

. 
N-Ac-GGAACCTGCGCG-LysNHz-C 4259.55 

. 
4259.38 77.6 

b-PNA (Ser) N-biotin-(eglh-AACACACAG ACT- SerOH -C 4630 .02 4630.99 62 .2 

b-PNA (Lys) N-biolin-(eglh-AACACACAG ACT- LysNH2 -C 4670.12 46~9 . 21 
not 

measured 

PNA (T9) a N-f1u-(egl)-TTTTTTTTT -LysNH2-C - - -

~L5mulW'lJ~l"1!lU.J1U1iLlii"1~1lJnTi"1lumLUU1~ii~l~ULUff;lJl~\UrrilJ~1~1JLlJff'lJu.J~L5uLU1U human 

· 'ttl d dd ~ ~ ~.IQleukocyte antigen (HLA) alleles 1Vl[J-;)lL'Wl::L'Ill::-;).J Yl HLA-B*1502 alleles mn[Jl'lJtl,1nUmlJJ~VllJn@11u~n .J 

~ ~ ~. I d _9 1 d 1 ~~ d.9 dl ~. ~ ~ 
'lJu J ~ l V1UJ~Ul[JYlLlJU ,fl Stevens-Johnson syndrome LJJD Vl,U[Jl carbamazepine 'D,1LlJULI1Yl "l!U1Umn1!tl 

tl l nWrrn rf.Jit'il::y'hnl'Vl~.J PNA(Cap) Uuvfui41'lJU,1 P(GMA-co-PEGMA)-grafted filter paper L~u-;)::Miuriu<ii 
LBULtlLJl'l'J:lJ1L1 -;)lmfu~-lH b-PNA (Ser) ~,1LijuYlLBu~uyj&lVluL'llnil[JlultlGiuLlIu reporter probe yj-;)::Yhl~Lil ~ 

~ 

nl''lJtn tJ;runnrn~h!.Huu't'l!~ Horseradish peroxidase Y1fltlU-;)~n~nuffLmtlYlll~U (SA-HRP) ~l~'IJ~lJff'lJtl.J'Y1,1
v .... 'U . 

~L5UL u L~L'l:: ~h 5ULtlrtt'01U,-llU, 1-;lLlltLL ff~-l1nU(;ll"'jl\1~ 2 .2 

I 

3 

mailto:mn[Jl'lJtl,1nUmlJJ~VllJn@11u~n.J
mailto:It.lhlUnl1fltJU'ilLn@1
mailto:illn~.mnl"jywli'ltl.Jil.JiumiLlliL~unft1l11::~1~tl1:lJ1rnnl'@1~,1~LBULU~LL@1n~l.JnW'illnttuLl'ttl:lJln
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Code Sequence Description 

PNA (Cap) Ac-GGAACCTGCGCG-LysN H2 Capture probe 

b-PNA (Lys) b-o-o-AACACACAGACT-LysN H2 Positive control 

b-PNA (Ser) b-o-o-AACACACAGACT-SerOH Reporter probe 

b-DNA d(S'-CGCGCAGGTICC-b-3') Positive control 

d(S'-CGCGCAGGTTCCGCTAA Complementary to 
DNA 1 

GTCTGTGTGTI-3') PNA(Cap) 

DNA 2 
d(S'-CGCGCIGGTICCGCTAAGT Single mismatch to 

CTGTGTGTT-3') PNA(Cap) 

d(S '-TATATCAAGGTTGCTACAG Non-complementary 
DNA 3 

TGAGAGAGG-3') PNA(Cap) 

f11tr-i1Ul'l::LDU'il'IJ 1),1Yh5uL1)Ul'l::~iL5uLtl~1i'Yl(jHHllJ1uLL~l'l::@i1LLVlU,1 LLa fih'l'lll" ~l1'n"~ 2.3 iin1~1i b

PNA(Lys) ~ii~l~lJLlJaL"Ii"L~Uln~lJ b-PNA(Ser) ~Li1u reporter probe VlU'illJ"~lLmU,1~ 1 LnU~lmlJfPJ 
d ~ v 'I ~dl v '" .d, 1 " 

~l'l'Yl<1l~1)lJlJln (positive control) Ly.j1lLLa'il,1n1~'IJU1uatyq!1rnmrJLtl'\.H'lnJ'Yl Vlfl11lJL"lJm.nnm~<1l ,nu b-DNA 'I! 

VI [J'illJ"~h LLVI U,1~ 2 L ~ 1) LLa'il,11iL~"11nTi"'IJ U1 Uityty1 rn(jll mtl"l'11lf~-hunTHn'ilLulJ11'ilL'I1"J!u,fU,;)::Ln<1l.ffuL~n 
~1lL~1)&iL5"LtlihhitJLtJafialJnlJYh5uL1lL'Yh,fu i,1it~l'ln1~'Yl'ila1)m::'La'il,11u 2 ~llLLlJlJ~1) (1) scanned images 

~ v 

(column A) U,,::: (2) profile images (column 8). 

a 
Spot DNA PNA Remark 

position 

b-PNA(Lys) (+) 

2 b-DNA HLA-B'1S02 (+) 

3 DNA 1 HLA-8*1S02 b-PNA (Ser) (+) 

4 DNA 3 b-PNA (Ser) (-) 

5 b-PNA (Ser) (-) 

6 (-) 

a(+) = positive result , (_) = negative result 

, 
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tb::~'t'1~1l1~1l4m1~1T;rr<;)Yhn1rn1l~,nnnT'l"tlnn~,~'tyty1rnL,r~~_~lLL~U'" 3 ~,.,iim1Yl[J<;) DNA 1 [(+3)] 

.J1,)ihh~lJLlJ~~~~JT1lJ b-PNA (Ser) LL~t~tl11n!Jitytylrn~'ii1LmU'" 4 ~iinTl~[J<;) DNA3 [(-4)] .J1-Jiilh~lJLlJ~~<;)ttl 

Ylm'hLLw\.i" LL~::ml3J~m1l11l4nT)JEl,)nl4m1<;)<;)ilJmh,)1~-;llL~1::L"1::'il,)1l4'ii1\LYlU')~ 5 LL~:: 6 'lJEl') boo, ~ 

PNA(Ser) [(-5)] LL~:: SA-HRP [(-6)]. m~~l<illJ nT'l"'Yl~~EllJLL1nLi}um1~m:tl~~'lJEl'" ionic strength ~ii~ElnT'i;)lJ 
n~lJ~iL5l4LEl 't'1~dLfiElnH P(GMA-co-PEGMA)-grafted fitter paper ~m)l4"Ln<;)nlJ PNA(Cap) 114 0.1 M PBS pH 7.4 

'U 

~iim1L~hJ TEA 0.1 ~M "ln~t1~ 2.9 'il::L~l41~i1itytylrn~'iilLmu,) 1 LL~:: 2 ~,)iim1~[J<;) b-PNA(Lys) LUW111 

mlJ~3JwlYlflJ reporter probe iim1JJL,rJJJJlmL~<;),)1~L~l4i1mTIJ[Jl[Jitytylrn~di<;)"ln biotin-SA-HRP 

conjugation iitl1::~'t'1~n1~~ iruru1rnL'IhJ~-;)'il 3 LL~<;)')hrL~l4ii,)mlJJ-;llL~1::L'ill::'il"''lJu,.,m1't'1<;)~EllJ L~Eliim1L~JJ 
~ v , 

f111JJL,rJJ,rl4'IJEl,) NaCI -;)In 10 LUl4 50 LL~:: 100 mM 1l-iLY;[J-JLLfIi"::"li1[JL~1JmlJJL,r1J'lJEl-Jitytylrnh'iilLL~""'~Lill4 
~~'t'1<;)~ulJ1J1n LL~l tr-J"li1 [J~<;)mlJJL'llJJ~L n<;)'ill n n11<;)<;)'IIlJ El U1,)tl-i-;ll L~1::L'il1::'il-J~L[1<;) 'ill n non-complementary 

~ 

DNA sequence [(-4)]. reporter probe [(-5)]. and SA-HRP [(-6)] an~l[J ~,)Jl4~1;)[J~,JL~tln~1~::~1[Jffi1!"ll4'ffl4
~ 

n11;)lJ[j~nlJ~L5l4LEl LUl4 0.5 mM phosphate buffer pH 7.0 LL~::iim1L~JJ 100 mM NaCI ltlh"ll4m1'Yl<;)~illJ1l4 

~l~lJ~Elttl 

BA 

(+)1 (+)2 (+)3 (-)4 (-)5 (-)6 

a 

b 

c 

d 1 ~ "'~ 
~tl 't'1 2.9 nl~LL~<;).J~~m1'Yl<;)~illJ (column A: scanned image and column B: profile image) l4n11ml-;)11?l<;)Ltll4 

LtllJl4 P(GMA-co-PEGMA)-grafted filter paper ~~ll4nTlT\ElWilLn<;)nlJ PNA(Cap) lU,~11~::tll[J 0.1 M PBS pH
'U 

7.4 ~iinTH~)J TEA 0.1 ~M. LL~::'t'1<;)~ulJn11;)lJnlJ<iiL5u,Lull4 0.5 mM phosphate buffer pH 7.0 ~iin11L~)J NaCI 

ml3JL'll3J'lll4 (a) 10 mM. (b) 50 mM LLtl:: (c) 100 mM ~13JnlJn111i b-PNA(Ser) LUl4 reporter probe hmm[Jn 

ml1JLL<;)mh,J'lJu,,<iiL5l4Ltl~iiLlJ~Ti~3Jnl4tl tl mn n~ L5l4Ltl~ii~1~lJ LlJ ~~<11Ltl'Yl niil1 LL ~",J 1<11 [JHLul4L'lIlJ1U,n11'lJ[J1 [J 
~ , 

ityty1rn<;)13JJtlLLlJlJ sandwich hybridization 

n~11~tl~n11::~1~tl1)Jlrnm1<;)~-JY;L5l4Ltl~1~~~~tl1i 0.1 M PBS pH 7.4 ~iim1L~JJ 0.1 ~M TEA l~~fl~<iinil, 
~ml::~1~tl1111rnm1<;)1')~L5u,LU~,)n"hfiu 0.1 M PBS pH 7.4 ~iim1L~3J 0.3 ~M TEA Lbfl:: ~11tl::~1[JUyhyju{ 

~ 

'IJthl 0.1 M NaC03-NaHC03 buffer ~ii pH 10 ~l[JLV\<;)d~l,)[J~')L~1lnH 0.1 M PBS pH 7.4 YiiJn11L~3J 0.1 ~M, ~ 

TEA Ll'b~1tl::~1[Jlu,n1Wl~,J PNA(Cap) ~l~flJnT'iYl<;)~tllJlu,~l<illJ~tlltl 

, 
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A B 


(+)1 (+)2 (+)3 (-)4 (-)5 (-)6 

a 

b .{~ ~:-

-.:,;:':~ 

~..'::,,: 

)'(.;~~ 
"\ .. .~ 

.;<: 

~1.l~ 2_10 1l1"'HL~lIhH·Jrlnl1"'Yl(jHH)U (column A: scanned image and column B: profile image) l'U.nl1"<il1"l;)lt11&i 

L5\1,LuU\1, P(GMA-co-PEGMA)-grafted filter paper yj~l'\mm)uWilLnlfir1U PNA(Cap) hHJ1ifl1l11::<3l1.J '): 0.1 M 
" 

PBS pH 7.4 yj3Jn11"L~)J TEA: (a) 0.1 and (b) 0.3 IJM. LLrl~ (c) l\1,fI11"rl~rllVUy.JLyJuf"IJu.J 0.1 M NaC03-NaHC03 

buffer yjij pH 10 11lJr1Unl1"li b-PNA(Ser) tlJ'U. reporter probe 1\1,n11"Ll[JmnllJLL<iln<3l1.J'lJu.J~L5\1,Ltl~iiLUfI~fI)J
" 

r1\1,uumnn~iL5luu~ii~liULU~~<ilLU'YlnliilLL~U.J 1<ilvliLu\1,L'I!)J1\1,n11"'lJ[J1virunntwmmULLUU sandwich 
, '" ~ \J 

hybridization 

\1,umnnlt~.JlirJL~unli DNA2114n11"'Yl<il~tlULYluLL~<il"mllJfI1)Jl1"nl14nl1"uunmllJLLlfin<3l1.J1"::wil"~L514Lu
" 

yj3J~liuLUffyji'jtll'tu 1 IiilLL~u,Jr1U~L514Luyjd:J\1,LUfI~fflJ (DNA 1) 1"lVrl::Lilvlfi1Ju,,¥h5\1,LuUfl::~h5\1,LElvttim)ffuU1'1.4 
" 

LL<3liil::~lLL~ti"LLfflfi,J'hl\1,m11"~ 2.4 illmJrlm'l'Y1(j)ffuu~LLR(j).Jl14~1.l~ 2.11 Y-lUil,~'c!!rylrn~U1"ln!ll\1,~<il~ 3 ~" 
djWlJU,J~L514Lu~ii&fliuLUR~fflJ DNA1 [(+3)] nu PNA(Cap) iimllJL'lllJLYhr1uiryrylrn'lJu.J~<il~ 1 LLiil:: 2 ~,)Ltl\1, 
'lJu.JilTnUvpJtJfl'YlIfiRuUmn"IJu.J PNA(Lys) [(+1)] LLrl:: b-DNA [(+2)] Ifil)J~liu 114"IJrn::~ityrylrn background yj 

u'lln!lh~'i)yj 4 ~.JLi:l14'lJu.J DNA2 [(-4)] yjii~liuLUff~Ifi',U 1 IiilLLWU..J iimllJL'lllJu~lm::iuL~v1nuiryrylrnyj 
U11nnl14illfiyj 5 ~.JLtl14'lJu.J DNA3 [(-5)] yjii~liULUff~'i)lu'Yln~lLLWu." r-Jiilnl'l'YllfiiHl.Jl14l<fl14ltLLfllIl..JliLV;14;.J , , 

U1~~'Yl~1l1Y-l'lJu.JLLY-lrl'Yly.JuflJ~';~"l;f14114n11mlill<il~liuLtJfI'lJu.J~L5\1,Lu "umnnlte.JfllW'i1.l~ 2.12 u.JLLlWI.Jli.. 

2.11 

Sequence 
2 3 

Spot position 

4 5 6 7 

DNA b-DNA DNA 1 DNA 2 DNA 3 

PNA 

a 
Remark 

b-PNA 

(Lys) 

(+) (+) 

b-PNA (Ser) 

(+) 

b·PNA (Ser) 

(-) 

b·PNA (Ser) 

(.) 

b·PNA (Ser) 

(. ) (-) 

a(+) =positive result. (.) =negative result 

I 
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A B 

107.&6 r--rr,.'or,--' 124.09 ·-~r..,-----::\·--------------; 
(+)1 (+)2 (+)3 (-)4 (-)5 (-)6 (-)7 >-1 J' \, . t '. ,. ..... 

I! ~ j \ ! \ll' ,f \ ~ i' \; " ..' "-" \ ;.r-.. " ~" 
- ..... -../ ''" ::~~':i 

46.38.. teN !~ 53.09 ~------- ,-,,----'- ", 

~t1~ 2.11 111WLLa-~\ll-Jflm1'Yl~a-EllJ (column A: scanned image and column 8 : profile image) lum1m'Hrl~~ 

l5UlEllJU P(GMA-co-PEGMA)-grafted filter paper Y1~,hUm1TlEl\r;lln~nlJ PNA(Cap) ·h~.lfllJm1H b-PNA(Ser)
" 

dJu reporter probe hm1LLumr:n:ULL~mh\l"lJ El\l~h5UlElY1iiL1Ja-Ti a-:unUEl El n;nn~l5ULElY1ihhitJLlJ~~~Ltl 1 ... 
11l1LL'I!I\i\l LLfl:::YlnI1l1LL'\!\\i\ll~tl1iLEluL'll:u1unTj"lJtJ1t1LiiunnrnmmtlLLlJU sandwich hybridization , "... ... 

A B 

(+)1 1+)2 1+)3 (·)4 (-)5 1-)6 

a 

b 

d 

Aid ~ ..1
~uYl 2.12 111WLLa-~\I~Hm11'Yl~a-EllJ (column A: scanned image and column 8 : profile image) Um1<il1Til1<il<il 

L5ULDlJU P(GMA-co-PEGMA)-grafted filter paper Y1~,hUm1flElU~Ln<ilnU PNA(Cap) 111111Um1H b-PNA(Ser)... 
LUU reporter probe 1um1LLUnm1lJLL<iln~1\1"lJ El\l~L5ULD~iil1J a-Ti~:u nUD Elm1 n~l5uLDY1ii ~1itJLlJ ~iJ<illtl 1 

" 
11l1Lm\i\l Yim1lJL,rlJ"JJU~1\1') (a) 2 pmol (2 j./L of 1 j./M), (b) 1 pmol (1 j./L of 1 j./M), (c) 100 fmol (1 j./L of 100 

nM), and (d) 50 fmol (0,5 j./L of 100 nM) l<iltll'lllDUL'lllJ1um1'lJtJltlit}!t}!lrn<il1lJztlUlJU sandwich hybridization 

.I ~ • ~ ~ '1 0' .! .. 
(iJuUYl3 nl''i'''~U1LLYI''WlmYlu''LlJWnl'l'l::Lun1.,"1''''''''1.uun!)Y1fiYl'''~''ln1,.. 

3.1 nl'H(iJ~tJ3J bb&'l::Yi L'{u"\Ltlnin'l*rn'tlu" uri",",t,"Ylu,,~fi11"'1"'ntJ"S~"HJ PMAMPC... 
.ff\m1mUUm1i\lLm1::~ PMAMPC Y1ii degree of polymerization (DP) = 30 LLI'l::8ml~1m::v.il\l MA 

Ufl:: MPC = 70:30 ~hutliJn1u1YH)~LlJElL1L'lliULLUU reversible addition fragmentation chain transfer (RAFT) 

m:U~1tJnl1Ltl~tJumj dithiobenzoate ~tlflltll'liwo~LlJElflilUUv.J.i thiel hWnl1'lhtlMi1tJl aminolysis ~1tJ 
~ ... ~ 

hydrazine Gl\lLLa-~\l1u"StI~ 3_1 
" 
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?", ?", 
H,c=C + H,c=C ~~~ oo~,yO

~O J=O l'01;';_~o S 
4-Cyanopentanolc acid OH ~ 

dithiobenzoate Hydrazine 
OH 

< < 
O~ / 0 o~ /0

, P, 

~< Jl ~ erN YN~ Jl ~'P< 
OH/ '-" iN=-r '-/ ' OH

' N· ' N·
/ '- /'

4,4'·AzobiS(4-qanovaleric acid) 

MA MPC PMAMPC PMAMPC-SH 

~llyj 3.1 m~i"Lm1::i PMAMPC-SH ~lulliJm[J1 RAFT polymerization 

\I1nn1~mT;)I'IElU lm,Hrhnn.JLflii'lJEl" PMAMPC ~i"Lm1::'\o\li~1[JL'Y1T1ltfl l H_NMR (''':i1l~ 3.2) '\'lUll.. 
PMAMPC \I::LL~Iil"ity1l!lmlllwIElU'IJEl.J CH2 1ulmJI'I11J'\o\in (Ha Lli'l:: Ha,) ~~'hLL'\o\U.J 1.4-2,0 ppm it!!t'l!lru 

hJ1~H)U'IJEl.J CH3 (Hb LLi'l:: Hb,) .yj~llmU.J 0.6-1.2 ppm it'l!t'l!lrulllWIElU'lJEl.J N+(CH3h (He) yj~i1lmu.J 2.8-3.2 

ppm it'l!t'l!1rnl1l1IilElu c LLi'l:: d (He LLl'l:: Hd ) .yj~1LmU.J 3.8-4 .2 ppm LLi'l:: 3.4-3.6 ppm mJJ~liu LLi'l:: hh~WU'lJEl" 
mj dithiobenzoate (HI) ~~lLl'VtU.J 7.4-8.2 ppm 1~!JfIllJ11mbfh~uffiiYinlu~Lllnlili'lJ'lJEl.J PMAMPC riElu-n11i 

OJ 

U11'1'Y1~-;'mi1u1ru'\0\1 % conversion 'l~ llil [Jn11lll~ [JU lYi [JUrrm1~1U~Uyjl~Yin'lJ El.J Ha Lli'l:: Ha' (1.4-2.0 ppm) , 
v.J' doJ va 1 1 i v ~1U PMAMPC backbone nm.m~1JJ'\'lU'Y1lIilY-m-'IJEl" H. LLi'l:: H., U PMAMPC backbone LLi'l:: \Hm.JI'I~l"lJElUm~Hll 

(H. LLi'l:: H., 1ulm"I'If1.JlJElUmJJElf\l::lh1n!l~~lLL'VtU.J 5.5 LLfl:: 6.0 ppm) uElmnnd ~llJTHHhu1rn'Vt1,r1mrn 
tlJLi'lnflLLi'l::ilil~1U"i::'Vti1" MA:MPC lulf1'\'lEl~LlJElfl~1il1lJ~lJn11yj 4 LLi'l:: 5-6 I1l1JJfhiu llil[J~lulru'il1n~uyjl~, 
Yin1u~Llln~i'lJ'lJEl.J F'MAMPC '\o\i.J-n11iu1l-fYlt 11I1'n"yj 3.1 LL"'<iI.J % conversion J1'\o\unhLflntl LLcr:::i<il~1U, , 
1::'\0\11" MA:MPC 'IJEl.J PMAMPC yji"lm1::'\o\liLYi[Junuri1LJ1'\o\lJ1[J ~.J'\'lUi1ri1.yj'l~iiri11n~L~[J.Jnuri1LJ1V1lJl[J 

Ll"'Iil.JliL~Ul1uiJn1[Jl RAFT polymerization d1ulliJn1[Jl~fIllJl1r1mlJ'llJm1LiilillliJn1[JlM~ 

d 
c 

b, b' 

e 

(b) 

(a) 

I' I. 1" 

10 9 8 4 3 2 

ppm 

·HJ~ 3.2 l H_NMR spectra 'IJEI.J (a) PMAMPC riElu-nlliU1"'Yl~< lLi'l:: (b) PMAMPC Vli.J-n1hi'U11'1Ylli' L~ElH 020.. " 
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,)ltnU'VI'\.bu·lhYl.!:.J'VI)J~ ={'ntergral of the Hb LL~:; Hb'/6} X 2 d 
,U.JnT'i'Yl 3 .1 

intergral of the Hf/5 

.
hU.1UVIlbU'lhlJtJ.J MPC = intergral of the Hd/2} X d 

'UJn11'Yl3.2 
intergral of the Hf/5{ 

..... ,.. ,.. "' 
,)l'UolU'VI1,btJ'lll'1JtJJ MA = ~llJTI.nn.htJ'1hl'r:ll1lJ~ - 1l1'Uo1'Uo'VIlbu'll1'1JtJ.J MPC 

.. 
Mn = [,)lU1UVIlbtJ'll1'1Jtl.J MA X MW '1Jtl.J MA (86.06 g/mol) + .. 

~l'Uo1'Uow\.bu'lll'1Jtl.J MPC X MW '1Jtl.J MPC (295 .68 g/mol)] 

d 
~;..rnT'j'Yl 3.6 

, ...... v 1 
fll'Yl Ltfi"illn H-NMR 

% conversion (%) 61.1 

,r'l-\~nllJL~n~ (g/mol) 4468.38 5498.03 , 
;tfi~lU MA:MPC hlT1YH)~LlJt)"f (%) 70:30 64 :36 

"illnm1ml"iliHlulm.Jff11.JY1l.JLT1ii'1Jtl..l PMAMPC ~ltJL'YlT1UT1 FT-IR ('HJ~ 3.3) "il::'Wl.IYln~LLff~..l ... 
im.r-rn::LU'Wl::i.JU ht~T""1.I0" MPC "il::'Wl.Iwn C=O '1Jtl.JLtlffL'Yltlf~'iilLmU.J 1706 cm-

1
, C-O Yi'iilLLl-\U.:l 1222 

-1 do, -, + d ~. -1 0 _, d 

cm , P-O 'Yl'illLmu.J 1056 cm LL~:: -N (CH3h 'Yl<illlLl-\U.J 962 cm ~lW'jUfflU'1JO.J MA "il::Y1UY1n C=O '1J0" 

carboxylic acid ~'iillmU.J 1706 cm-
1 LL~:: C-O ~~llmU.J 1162 cm-

1 
LLfftfi.J1"'l~U-j'ff'lJl"H1;.:lLm,::..f PMAMPC 

1~ 

I 

http:ht~T""1.I0
http:im.r-rn::LU'Wl::i.JU


3-20 

COO (acid) str 

CoO (ester) str !ll-o str 

c=o str 

4000 3500 3000 2500 2000 1500 1000 
Wavenumber (em") 

d 
~1.l'n 3.3 FTIR spectrum 'lH)\I PMAMPC 

VllJ dithioester 	 rll.ll'llUl'lly.j1l~uJ1lf~lm·HlLl.l~[JullKLth.mli thiol 1'1lL'IlUn1whunn1ul aminolysis nu 
" 	 ,,:.J 

hydrazine LLl'I::al1JT'Hl 1huJunl'nn'llUIin1uli'\I nriT)ll§\''inn n1"iVll UIU'll 1l\ly:jnn1"i'll'll n ~UbLa.J'lJ 1l,:mli dithioester 
:.J 	 "'II 

L~1l1Lml:;~il[JL'nflUfi UV-Vis spectroscopy i'.JLL~'Il.Jlu~ufl3.4 y.jU-)l PMAMPC 1i1l'\.ml"il'hu~n1[Jl 
aminolysis 'il:;LL~'Il.J~hn1"i~~n~ULL~.Jrlml'jJUllfl~UU"i:;mm 300 nm ~.JLnUfhm"i'll'lln~'U.LL~.J'lJ1l\lVlli dithioester 

" 	 " 'II 

rll.ll'll ual [Jl'lly.j1l~L1J 1lf LLl'I::y:jni'..lnril1'il::Vll [J1UVI~\I'illn'r'hu~n1[J1rh~'~.,.,~ dithioester LLa'll..lii\ln1"iLiW1U~n1Ul 

aminolysis 1lVl.Ja1JU"irn 
" 

200 250 	 300 350 400 450 500 

Wavelength (nm) 

~l.lfl3.4 UV-Vis spectra 'll1l.J PMAMPC n1luul'l:;Vli\lm"il'hl.l~n1ul aminolysis 

G..... c:l 0 1'" d '" 	 d • '" dalV11U AuNRs 'n'Yll 't'ILafl[J"i'lllU cetyltrimethylammonium bromide (CTAB-AuNRs) 'Il.J CTAB 'YllV1Ul'Yl 

lUU template mumJ1lK 1lU11lflii1U11..l LUUUl1.JI§\"lUtf U ffl1Jl"ifl;.J Lml:;Vl11§\'1§\', Ul~ seed-mediated growth 1m], , " 
'illn r-J f1 m"iYl~f11l\l.y;ll§\'y.ju':h Lrl1l1 Lml:;~fhm"i'll~ n~,"LL~\I'JJ1l.J 1lU11lf1 CTAB-AuNRs I§\', UL'YlflUfi UV-vis. " , 
spectroscopy ('nlfl3.5a) 'il:;y.juy:jnm"i~'Iln~ULL~\I 2 'lil.JLI§\'Ur1 rl'lil\lU"i:;mm 500 nm ~.J'il:;LUUm"i'll~n~ULL~"
"" " 

h4Yi~'Yll.,JilU'lJll.J'lJ1l\l1lU11lfl LLl'I:;rl'lil"ml1JU11fl~ul,"'lil.J'lJtJ.J NIR ~m..h::mm 800 nm ~\I'il::lUUm"i'll'lln~u , 	 " 

en 
.0 « 

1.0 

0.8 

0 .6 
- PMAMPC 

- PMAMPC-SH 

0.4 

0 .2 

0.0 +- - r- --,,-----,-  --,----.---, 

I 

http:nlfl3.5a
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LL~.J1uYiT'lm.J~'lUJ'1'lJu.JtlU111" LL~:LrluYi~THlll1tJ11.J'lJtl.JtlU111fl~lVlYl"U" TEM ('nJ~ 3.5b) Y'llJiltlU111flii ., '\J., _ '-' ., 

1tJ11.JLUuLLYi.JLntllJtf.J'VI)J(j) LLi'l::ii'lJU1(j)ln~L~u.Jnu l'1luii'lJU1(j) lULLU1UllLLi'l::LLU1"ll11.JLYi,nlJ 24 .6± 3.15 nm 
'II 

LLi'l:: 8.53±1.42 nm '1l1lJth~lJ 

(a) (b) 

1tJ~ 3.5 (a) UV-Vis spectrum Ufl: (b) 111Y'1rh[J TEM 'lJtl.J CTAB-AuNRs 
" 

~.. 1~ d..r A

'il,ml.U"'lJTHH'1l1[J3J PMAMPC-AuNRs WI L'1lUnT'l"U.l PMAMPC-SH 3J1LLYlUYl CTAB lJUY'lU~l'lJtl.J 

CTAB-AuNRs ~i.JLml:'V\l~il.Jiu (ligand exchange) G11[Jlli grafting-to tJlum1Ln(j)0'U'fi: Au-S 1:'VIil.J~U~1 
Yl tl.J LL~::lflY'ltl~LlJtlf 1'1l [J'illmmm1Yl(j)fltl.JY'llJiltf.Jttl'VI "nhlLfln flLLi'l::i'll~lUlf13J tlUtlLlJ tlnu lflY'l tl~LlJ 1)fii~i'l'li 1), 

d d Il,.oo !'1 'V A tJd "" .at ~ 
fnllJl"rl[J"'l"lltl.Jtlo/"flYl".JLml::'VI L'1l 'VIlnY'l'ilTHlll'illn UV-visible spectra (2 't1 3.6) LLfl::'lJtll;!i'l'illnm11Lml::'VI 

TEM ((;1l"'lI\J~ 3.2) 'il::L~uilm1HY'ltl~LlJtlf~ii DP LYilnlJ 100 'il:;'l~tlU111fl~U.Jfl.JiiL"n[J"'l111Y'1~ ~.J'il::i.JLn'llM, 
,nnnl"'l~tlU111fliimllJ [J11fl~U1Um"'lWl(j)n~ULL~.J1n~Lfl [J.JnlJ CTAB-AuNRs L~lJ<iuLLfl::iinl"'lm::'illtJil~~ , " 
[Jmlulumrll~lf)Y'ltl~LlJtlfiiiWl~lu MPC ,rtl[J~tl MA:MPC L'Yllnu 70:30 tlU111f11Jl.J~lU'il::LnWlnTnl).m~3JnU, , 

d A 1 v.. .. d v .t tl d tJ 1tltJ dA(aggregation) 'J!.JY'I'ill'Hl41 W1'illnY'lnnl1~'Ilni'lULL".JYlml']lJln'lJULL~::Ln'1lm"'ll mJULL fl.J llnDYlflll3JUll 

fI~U~".J.ffu ~1'VIflJnl1hlf1Y'1u~LlJ tlfriiittl'VI"nlmflnfl~li'l.J (DP=30) Y'llJil tlU111m:;Lfi'llm1J13Jn~3J'lJOJ 
\J ."" 

OU111f1luYlni'llalU'lJtlJlf1lJtlUtlLlJtlf, , 
.5 . 

-CTAfi roo" 
•• i P ,.t~'~PC,·oa"IOI=·.OO ~O· 7 0J 

. 

PMAMPC '!Od, IDP ~ O O . 50-:.(\\ 

, ,.,..... 
W~'," I ~ (\gth ( nm) 

~U~ 3.6 UV-Vis spectra 11thl PMAMPC-AuNRs ~L<i11U1l'illn PMAMPC riihh"'1unllJLi'l~i'lLL~::iWl~lulmJ1)utl 

LlJof<1il.J ") 

I 

http:P,.t~'~PC,�oa"IOI=�.OO
http:8.53�1.42
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.. , 
LJJtlWn.J ') (scale bar = 50 nm) 

(M/' .MPC) 

C: F= 100 

[)P :=:. 30 

,rI " 
I 

\. 
.. ' ; _ .. ) . 

, ' ' ( :t 

.~ , 
1" • 

~lnnT'iyhm1'Y1~fltl.JYnrh nl1L~JJ~ ~'l 'Y1 tltlfl~.J1u lm.Ja-·hJ'lJ tl.Jlfl~ tl~ LJJ tlfritlU~::Yhm1'il1,j1JUu\.!mfl
~ , 

~::Yh1Yll~tlUmfl~iimlJJLa-i'i1.J1a-J.ffu llitl,j~lnLUu~3.iYr~ rfi'u~l"1lLUm1~'il~ tl~LJJ uffl.J'hJuu~ui'jl'lJ tl.J AuNRs 
'.. \J '\I 

~.JrhliLn'ilnl1~'ila'lti1'1i~ tl~LJJtlf1JU AuNRs M&i'lfu t.Jd'a-13Jl1flL ~JJ~1il'Y1Eltlfl'l'ill'il tlnl1Ylltl nmtlI1::~il.J~3.i 
~ ~ ~ 

mf1Jtln:nfl1Jl.J~lublm.Ja-·hl'lJtl.Jlfl~tl~LJJtlfn1J cysteamine (0.10 mol eq . to COOH in MA units) l~tlH 

EDC/NHS LiJu1LtlLvu~Tim1J ("~tlf13.7) t.Jd'a-llm[l[juUum1ln~tlnn1t11iJntilll~,nnL'Y1flUfl FTIR (1tl~
'\I 'U .. qJ 

3.8) 1 ~ 
'iltl'il::~ua-CYCYlrn'lJtl.J C=O stretching 

d .9 ~ 
LLfl:: N-H bending 'Il.JLuUflm~rn::L\l,Yll::'lJtl.J

... Vi .. do , 
YlU1i::Ltl LJJ'il'Y1'illLL~\'!.J 

1650 LLtl:: 1544 em" 'ill3J,h~u 

1. EDC/NHS-2. Cysteamine 

(0.1 mol eq.) 

, 




(a) 
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(b) 

-l()00 )50" lOCO ~500 ~OOO 1500 1000 

wavenumber (cm-') 

~t.l~ 3_8 FTIR spectra 'lHl.J PMAMPC-SH (a) r1u1.4 LLfl:: (b) 'Y\~.JnTn;lt.l5mU1nu cysteamine 

vlnnl~ilivl~n4llffi1U"jJ)Tr'l'IJu.J AuNRs ~&i~~-HJ PMAMPC-SH ~iim~L~lJ'Y\lJLYluuflLll1-1.41m.Jffn.J 
'IJ 

(PMAMPC-cys-AuNRs) i.JLL~~.Jl1.4m'l"lthulw'it.l~ 3.9 'I"IUll1J::L~u1.4mfl~iimllJlff[)U1~.J hjd'i~mn1l.JnrilJn1.4
U , 'U , 

01''1.1 ~'::1 ~ <' .. '" '-.1 ..
LlW1.4l LlJm::'illUmYl,J 1.4 10 mM PBS (pH 7.4) LLfl::uTvn~LflUWlliH'l (cell culture media) YllJu.JfllJ,::nmm 

'llui_u1.4n~n:u 

PMAMPC- PMAMPC- cell culture PMAMPC- CTAB-
AuNRs cys--AuNRs media .. cys--AuNRs AuNRs 

(a) (b) 

11l~ 3.9 m'l"lrllU'lJu.J AuNRs Lrlum::1Jlvi1urJl1.4 (a) 10 mM PBS (pH 7.4) (b) cell culture media 
~ v . 

1.4umllnd'V.JL~~n1:tlmllJLU1.4i1i~<iiuL']jfl,hJ::l1.Jiu (HepG2) 'IJu.J PMAMPC-AuNRs ~L'il1UlJM ~1U 
LYlflitfl MIT assay ("nJ~ 3.10) 'I"IUll CTAB-AuNRs L~lJ~1.4iimllJLU1.4i1i1:t diu.Jvlmrlm~lJmllJLilJi1.4'IJu.J 

" .. 1 '" d.ar. ~ 1 "'" d Q -.., da
u~nlm::Yll 'Y\m,~u'il151'i1'IJthlL']j"l"l (%cell viability) "l'il"l.J 1.4'IJrn::YlLlJuY1lm1<i1'ilu~[)lflmU PMAMPC-SH YllJ 

m'L~lJl.~lJL 'YIuu"lLuh lm.Jff1l.J1J::ffllJldtl fl~mllJLu1.4~1:tl 'inu AuNRs M l'i1tJ\il1.411.4L']j"lt~,u'il1il'ilV.JurJ
'IJ v 
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150 

140 
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i?:' 
:a ' 

90 

80'
ro 
;; 

70 Qj 
(.) 

60 
~ 

50 

40 

30 

20 

10 

PMAMPC-SH 
CTAB-AuNRs 
PMAMPC~AuNRs 

,5 20 25 30 35 40 45 50'0 

concentration of AuNRs (ug/mL) 

1'U~ 3.10 mly.JLL~~h'-;)1'\.1.1'\.1.L'lJa~ HepG2 ~·H)(11.:nll1l (cell viability) L~uYl(11~uunu AuNRs Ylml~Li~i'\.1.~l,l"J.. 
Lihmal 24 ;{11lJ,l 

PMAMPC-AuNRs) 

lwimw'\.1.nT'lL(111mJ PNA-PMAMPC-AuNRs u1::nmJlulil1u 2 .ff'\.1. l1l uU,VuLJ 1'\.1..ffu,LL1n'il::yhnl1ui'Ulh,l, 
hm~fwlJu,l PMAMPG 1il1LJ cysteamine Li'luLl~1JVI~i.YluuaLla::11l1,l1il1LJ PNA m1J~llilu hlLJ1'\.1.nl1Ulu1.l1,l 

hm~f1,l'Y'lu~l~ufJ,l 2 .ffu,l1lu'\.1.'il::11l1,l~1'\.1.~m::LullJ~ (amidation) 1::Vlil,lVlJ.imfuun:nf'lhlm,l~fl,l'IJu,l,. 
PMAMPC LLfl::VlJ.iLluij1'\.1.t'\.1.hm~fl,l'IJu,j cysteamine LLfl:: PNA 1l1lLJhr EDC/NHS LiI'\.1.1Lm'il'\.1.~~mU (coupling 

~ ,. 
agent) 'illmr'\.1.h.ffwnu'\.1.Yl 2 'il::ib PMAMPC Yl~l'\.1.nl"l~11l cysteamine LLL'l:: PNA (PNA-Cys-PMAMPC) LL~11Jl 

.. ~ ~ 0 ~.. ~ 1 tI./ 1 d1!'1 ..
11l1,jfl,lUU,'Y'l'\.1.~1'IJu,l AuNRs ~1U,1li grafting-onto I1l,lLL~I1l,l '\.1.~ '\1 3.11 (11LJ~1l11::Yl "llL'\.1.nl111l1,l PNA-Cys

t " ..)" ~ d ... 1d ./"1 "....PMAMPC 'il:: "ll~1l11::L-lJu,LI1lLJ1nUn1111l1,l PMAMPC j'hlUU, AuNRs 'Yl L~UJn11rlmnVll~1l11::Y1lVl~1::~1JLlf'l1 '\.1. 

riuU,Wltld' 111lLJh,Jl'\.1.1'ilLJd'~u,hYl'il::hi PNA Ylij~lilJLu~Yl-;)lL 'Y'll::l,;]l::,;],J flU mRNA YlYilV1~lYlff11,J Green 

Fluorescein Protein (GFP) hL'lJf'l~ HepG2 ~,JLiJU,L'llL'l~lJ::L1,JiuLi'lu1i~lU~unl1~ 11l 11l11Jm1Yilv,~lYldJ'\.1. 
antisense oligonucleotide 'llu,J PNA 1I1lLJ~11Jl1{)~11l11l11J11il,;]lnm1f'll1lfl,J'lJu,JityCYlrny.J~um1ffL'llU~'IJU,J GFP 

L i'iu,J'illnfflLJ PNA Yl{)mJL'lI1lU~u Uutlmln u'\.1.1l1m:: 1u'ilunu mRNA YlYilVl~lYl ff11,J GFP ~-J ~,m1 id1l1lnl1rJUrf,l ,. . 
nl1~fl,J GFP '\.1.umlnd't u 1m,Jn'i'1.J'IJ tl,J PNA 'il::ijnl1Ui'UU1,lU f'l1 LJ ~1 LJlill'\.1.Vlii-Jhm tetrapeptide (-Gly-Phe

• 
d _I .1 0 ... VJ" ,.l 1

Leu-Gly-) L'Y'lumU~1JnT'lual1luauU~lU PNA 'illnm~1l1f1 AuNRs 11l1Ubu'\.1. b'lllJ cathepsin B 'll,l'il :: 'Y'lumn '\.1. 

l'llf'l~1J::L1..1 LLfl::l.l fll U~l u5nlill'\.1. Vlii,l'il ::Yil n11~m~fll n~hUffl1l1tl-J LL~-J fluorescein Li'l u~';]::nlm1{)~l1ll1l1lJnT'l 
Ln(11l.lfl n1ul'llil ~11Jl1{) Uu,rJ'\.1.ml~ltl L 1'il hnl1i,J Lml::~ PNA Ylii1m,l fffl,li,l n~11 i.1il1il1 LJl Ylflil.fI Mass 

spectrometry i,lLl~I1l,ll'\.1.1''l..l~ 3.12 1111 LJ'il::'Y'l Uil PNA Yli-JLfln::v,lliliifh m/z = 5,961.93 :B,liifh1nttL~LJ,lnmnfl
'U 

I1JL~nfl~M'ill nnl1fllu,1rn:B,Jii~lLYhnu m/z = 5960.79• 

http:5,961.93
http:Ylflil.fI
http:illmr'\.1.h.ffwnu'\.1.Yl
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OH)~1t"~SH 
O109 }=o F

Step1: Cysteamine modification OH >~ 
0", /0 SH 

1.1 EDC/NHS activation ~P,
'0 0 

1.2 	 H,N~SH «" 
/ 

N"
" 
' 

Step2: PNA immobitization 

2.1 EOC/NHS activation 

2.2 PNA-Nf:l21 

q'ro CN 1-( .... ! . I I-SH 
OH 1 . 

o ~O 1"'- 00 ~ 
OH 0) HN( ~H 

<. Gly 

Gly 

Step3: Selt·assembly on AuNRs 0 I 
O'::--p / HS Leu . " ·0 0 IS 
>, 

Ph. 

~ 	 J 
Gly 

f-4-~;':~:·"l·:~Vo'df..;·:~"'"'?-:\;_c.!._:uofo~· · -: - " 

Fluorescein-A TGAACTTCAGGGTC-GPLG-NH2 ~ ,. 1000 
(calculated mass =5,960.79 m/z) 

,/ 5961.93 

7000 m/z 

1U~ 3.12 Mass spectrum 'lH)~ PNA ~;~Lml::'VIL~
" 

(flm"in1'hHJUnl"iUful.hJ, tm.n~fl~ PMAMPC-SH ~')[) cysteamine LLl'l:: PNA lill3JLhiul~~,)UL'Ylftiifl 

FTIR Quti 3.13) t~[)'iJ::'WUnl"iLn~vrull::L€JllJ~oi1~'iJ::tl"iln!l;tyCYlrn'lJ€J~ N-H bending ~@ilLL'VIti~ 1544 cm"1u 

,flVilUULL"ln'lJu.Jnl"iufutl1,Jtm~~fl~'Wuih:IJ€Jf~J[) cysteamine LLtl::'WunTHYhJ.fU'lJu.J;CYCYlrn~.Jnfil,)'VI~.J'iJln 
r1lm"iufutl1~tm.J~fl.J'JJU.J'WufiLl,J€Jf~')[J PNA h.Jmiull.l t<il[)l'Il1.lljflYhm~LtlufL.jju~nTHilr1ltl5n1[Jll~ 
'iJlnm"iLl.l1'[)UL'Yi[)u~u.y;1~~n'lJu~ N-H bending 'lJu~ amide ~~lU'VIti,J 1544 em" nu~u~1~Yln'JJ€J,J c=o 

I 

http:flm"in1'hHJUnl"iUful.hJ
http:5,960.79
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stretching 'lHlo3 carboxylic acid, ester Utl:: amide ~.ff'\.41''HJn'\.41'\.411103 1600-1800 cm-' LLtl::lllmltlnl1YlGltltl\lWUll 

VI;o3nl"lYill1ijn'[Jlnu cysteamine Il::l~llJ tl·hcDl4'i1m1L'lllYill1ij n'[Jl Lyhnu 3.8% ~o3ii~hlmfL~[Jo3ntJTil'~ 
~tlo3m"l;;tl 5.0% Liitlo3llln~tlo3m11i"'~mfutln-Dtlll4hm~flo3'Vtlo3 MA Lyj[J,'ltJlJ~ll4Yiluiim[Jlnu cysteamine 

L~ tlLYi~"'l.iLYltlmmtl::Uo3fl.JLVI~tlVll.jmfu tln-Dtl~1J1 nWtlL~ tlLuYill1 nn~[Jlm"l~Gl PNA 1 wffl4viaLl1 LL~::WUll"';o3 
" " :.J 

Yiluijm[Jlnl1'1l103 PNA Il:: 1 ~Ll1afLcDl4lifnl1L'lllYill1ijn~[Jl~LYi~.ffl4LUl4 9.1 % ~J~1~11[1[jl4Ul4nllGi'll'lJtl.Jln[J 
PNA L~ 

c=o stretching of Carboxylic acid, Ester and Amide N-H bending of Amide 
PMAMPC I I 

c,;,:;:,~~,~:~f-~/~ ~~~~l /1'\ , 
/ , I ;. 'i ;\'\~ 

"-, 1 Vi !: ' \ I 
-, "• • ' ' • '. >' , ". ,' \ I: \ 

,~.~ .-" t I "I I , 
\/ " ',;1 \i l)' Lr~~\ 
• , I ~ /' j '. 1 i l \' 

pr'A-C'fsteam lne-P~A~.,~ PC V ; :'I:t .' ~.. ' 
'''''' . .... ,........- . ~\'" ,;;\/~ \ ~ 


"" "';' ~- . 

U 
~ {:, 

,iIi , ., 

:2500 l~Ou 1000 
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~11~ 3.13 FTIR spectra 'lJtlJ PMAMPC "';.Jnl1Yiluijm[Jlnu cysteamine LL~:: PNA ~l~lh~u 

l4tlnlllnd'UJ~I1J11nUl4Ul4nl1iitHhJtlo3 PNA LLtl::fhW1rn111::~YlijmWnl1'1l103 PNA-Cys-PMAMPC Ut1. 
" 

AuNRs L~~'[JLYlf1Uf1 fluorescence spectroscopy "ll1ii 3.14 LL~CilJ fluorescence spectra 'VtlJ PNA-PMAMPC.. 
AuNRs riEmU~::V\;JYilnT~titl[J AuNRs ~'[J KCN 1'1l[JWUllr\tll4nl1titl[JIl::L~WlJm1l1tlJUL~'.,1'VtlJ PNA l~tlo3"illn 
AuNRs ~1lJ11m::Juiru[1nru fluorescence 'lJEl.J fluorescein ~o3ltll4~I1L1El\llL~o3~~CilEltill41mo3~fIJ'lJtlJ PNA 

u u " 

Illmfl4LduYilnl'l'tiu[J AuNRs Il::wuit'l!t'l!lrn fluorescence 'lJElJ~l1L1UJLL~o3ul1n!J.ffl4Eltil.Ji'llLIll4 LL~'Il.Jl~l~'\.411 
ln~l'm~Cil PNA N.Jll41m.J~flJ'lJuJ PMAMPC ~flamuUUl4 AuNRs L~ Lltl::L~uYilm1fill41rn111::~YlijmWnl1 

'Il1.J PNA-PMAMPC-SH tl\lUl4 AuNRs LU1VlJL'Yi[JununnrJmm~1l4 (calibration curve) (~t1ii 3.15) WUllL<il 

Ll1tlfLcDl4lifnlW11mhnu 85,1% 

I 

http:Yltlmmtl::Uo3fl.JL
http:Yi~"'l.iL
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'nJ~ 3.14 Fluorescence spectra 1Jtl-l PNA-PMAMPC-AuNRs riElULL~::~~-ll'ilm.ciEl[J AuNRs 'Ill[J KCN 
'U 

500 

y =1099.2x - 0.0906=! 400 
~ 

R2 '" 0.9971E 
.::; 300 
N 
on 

;; 200 
?: 
iii 
c.. 100E 

0 

0 0.05 0,1 0.15 0.2 0.25 0.3 

Concentration of PNA (~M) 

,nnY1L'Iln~11LULL~1'lhl'1lUll PNA Y11i~m~n1u.Jluii[Jii,djm.u1uu1.JUl'llUi'f1U'lllu~itJMii, 
tetrapeptide (Gly-Phe-Leu-Gly) L~ElmlJYl)Jm1UI'l(jlUtlEl[Ji'f1[J PNA 'llnElUmYl AuNRs 'IllVLElUL'Illl cathepsin B, , 
1'1l iJJu1ULifEl.J'IlUf,jliu~J,mhY1'l::~n'l!l'Yll~ml::YiL~)Jl::~)J1um.ul'l(jlU~tlU1um~iJ(jl'Yl(jll'ltlJ (in vitro release)

" 
L(jlU1um''Yl(jll'ltl.J'l::l'ilm. incubate PNA-PMAMPC-AuNRs (12,64 IJg/mL) Y1i.JLml::~l'1lnlJLtlUL'Illf catehpsin 

B (1 U/mL) 1u~'I'l::,n[J phosphate buffer (0.1 M, pH 6) 1.0 mL rfu1::ntllJ'IllU NaCI (0.05 M) EDTA (1 mM) 

LLI'l:: reduced glutathione (5 mM) rfElrn~llii 37°C lUULll'll 24 -i,L)J.J 'llmfuib~1d~::l'llU)Jll'ilm1U.!UL~~UJY1, " 
14.000 rpm LUULll'll 15 ulYi Ll[JnLfilJ~lU~1dI'l::l'llU'IllUlJU (supernatant) LLI'l::Ul(jl::nElu~hurilJ)Jll'i,m1~1.J 

'Illum'U.!UL~:5UJL'liuL~[Jlrm5n 2 1EllJ Ul supernatant 'llnn11u';um:5[JJ1uLL~I'l::1tlUmiLml::~'IllUL'Ylfl\tfl 
fluorescence spectroscopy LLI'l::LU~UlJLYiUlJnU calibration curve L~ElYllU1)J,rn PNA Y1nmJI'l(jlU~tl[JEltlmnn

" 
tlum" L(jl[J'llmmn11'Yl(jll'ltlJ (.uti 3.16) WlJl1ii PNA LWU.JlJlJ~wYh1nul'l(jlutltl[JtltlmnntlUmfILLI'l::m1~lJ 

" " 'U" 

iJummhmu 2 1EllJmmW[JJWf)'yh::\tl PNA Yinnul'l(jluritl[Jtltlmn'l,mmmfl1i~JJ(jl Liitl.J'l,nh supernatant, ", 
'llnm1~lJflf.JYi 2 'l:: hlwlJirunnrnYll1tl m 1~L'llU~LL~(jlJ1'iL~ul' PNA Yi nnul'l(jlllriEl [J nn~lJElElmnnElUmfl 

~ .... '\I '\J '\J " 

YI )J(jlU~' 'llmfu'l::l'i,nl"liLml::~~'U1JJ' rn PNA Y1L ~~EltlUlJUElUmfl~.J~lJJ1.tl~lL'Ilinnm1l\1(jl::n tlUEl ....mfl" , , 
1llUEl [J'Ill [J KCN LLI'l::l(jlirurulrnYlI'lD m 1~L'll""~LU~UlJLYi UlJ nlJ calibration curve L(jl [Jlrltll'ilm1LU~UlJLYi[JlJ 

~ v " 

U1mrn PNA Y1nnUi'l(jluf'itl[JnUU1JJlrnrf PNA YiL~~tltlUUl4tlUmm::L~LUtlfL.nu~m1UI'l(jluriEl[JLYhnu 22.9%
" " , 

A'" .,1'1 ~.. ~ ~ A ~ .,I , dVJ ~ • • I~ ..
'll-lt..JI'lnl1'Yl(jli'ltlJ'Yl L(jl)Jfll1JJ~tl(jlfl~ElJnUJ1Ul'l[J'YltJ1UJJ1'Yl L(jl'Ynnl1'i1'i1[Jl doxorubicin (OOX) i'l.JUULW u \'Yl(jl Tat 

I 
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~lll. tetrapeptide linker (Gly-Phe-Leu-Gly) L~tl'hmb~,JU1L,h~L'IIfI~ hlUlirhnl1~mnLl.l~UlJLYiUlJnT'i 
" · • 1 d.. c 1 .IL .. 1 d . 1 1 d ..tl fI~ tl fltlUU11::""1,J llLfI~fI'YlllnT1<il'ilUl 1, 2 llfl:: 4 1JLfl~flfI,JlJll.lWu 'Yl~ 1 1JLfI~fI'II-1W1J11 V. llLfI~fI'Yl1Jnl1 

&i~Ul 4 t1JL~nfl,;):1~LtltlfL.nll.Glnl1l.lfl~l.l~tlU14tluYi~'ilLYhnlJ 40.0% Lrttl-1,;)lniimlll Ln:n:~,Jl'hMnlWDln-1'lJtl-1 , , " 
Ltlll.l'll1l1tlYi tetrapeptide linker Lil<i1l~Ulnif'\4 '\4tln,;)lnd,;)ln-11ll.l~uritl'\4",141du,JL~iinl1~mnnl1~'ilUlfl-1lJ'\4wtl 

~L1mf~1'\4 tetrapeptide linker 'ii'-1 n ~11 Lli'l:,;)lmmnl1'Yl<ilfl tl-1WlJilmlll Ln::n:'lJ tl-1 ~U1'liw tl~ Ll,mf,;):'Jl'il'lJl1-1nl1 

rj tlU tetrapeptide linker illJLtlll.l'11lf'ii',Jn~111'ilu';)::~tl-11illi'l1'\4lll.n-1 80 -i,111-1~-1,;):ln~m1l.lfl'iltl~tlUtlrjl,J 
r ~:;1 ,.t"'~'!'1'" d ,.... ..I 1.1.1' 

~lJlJ1n4 'il,J'\4'\4 '\4nl1'Yl'ili'ltl-1 ~lll.ll.l-Jl,;) U';)lLu'\4';):'il tl;Jm1'Yllm1T'!n~1'iltlLWtl"'1~l1l1::'Yll"'m:~ll ll.m1ui'l'il ufltlU 
" " 

, .." ... d 1 !'I ".1 r« r .1 tl' d d .t 'ltlL1!ll. 1:U:11f11"'1tlfl111JL'lJ1J'lJll. lWtl '" L'illutl1l'llWilnl1ui'l'il i'ltlU'YllWll'lJll.<iltl 

'00 

90 

(;]::nflU'!l\1n'1fl PNA-PMAMPC-AuNRs l-l~~ti'il8ci\'l8 KCN 

supernatant "Ilnn'mjuLl-l~8~fli'~~ 1 
I -J ~ ...I 

supernatant "Ilnn11UULl-l'ltJ~flNYI 2 
, .J ~ ...I 

supernatant "I1nn11UULl-l'ltHflNYI 3 

·.0 Wavelength (nm) 

1tlY1 3.16 Fluorescence spectra lL~~·Jn11tlfl'ill.ll'iuU PNA utln,;)lntlll.mfl PNA-PMAMPC-AuNRs ilULull.l'lllf" , 

cathepsin B 


3.3 nTH-i.1 PNA-PMAMPC-AuNRs Y1i\lLA11::1n~rhJAm+1Fn1:~Jl1i'1n,"1~nlJL~mf 

huiftl;J~'\4';):rhm1~mnmllJ lUll.Yi~® tl L'IIfI~'lJ tl;J tlumfl AuNRs '" ;,Jm1Lfl~ tl1J~' UW tl~L1JtlfLLfI:Wtl ~ 
LJ.JtlfYi~'il PNA (Cys-PMAMPC LLfI: PNA-Cys-PMAMPC) ~'UL'Ylflltfl MTS assay (1UY1 3.17) l<i1u';):

" 
rhm1~n~ln1JL'IH'I~ HepG2 Yilin~ll'ltlLLfh'lll,J~1.l. LL('I:rhm1 incubate n1Ju'\4mfl~ml1JL'Il1J'Ilv.@il.J") LU1.l.11f11• 

, 

, 
24 ,r,1:u.J l'ilu,;)ln~Jl'Inl1'YlI1l('ltl.JW1Jil ull.mfl CTAB-AuNRs L~1J~'\4iiml1JLUW.~~L rttl,J';)lmrlULVhJmlllL'Illl'llll., 
'lJtl,J tl1.l.mm::l'h1inl11tl'il1ii'il'll tl.Jl'll('l~ (cell viability) ('I'il ('1-1 mil-1 L~ll.1ii'il 1ll.'lJ n4:YiWtl~L1JtlfLLfI:W u~ L:utlfYi~11l, 
PNA 'lajiiml:lJbilll.Vi~@iUL'IIt1~LL('I::LrltlUlmLfI~tl1Jt1-11Jll. AuNRs ,;)~~l:lJl1()'lhtJfI<ilml:ULiJll.Yi~1~n1J AuNRs 'l~ 

mailto:lajiiml:lJbilll.Vi~@iUL'IIt1~LL('I::LrltlUlmLfI~tl1Jt1-11Jll
mailto:n1Ju'\4mfl~ml1JL'Il1J'Ilv.@il.J
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.. Id rr .d ~ d ..... ...... _9

~lJn 3.17 mlYhu~C11') cell viability 'lJEl-lL'lIflfl HepG2 LlJEl incubate nlJiJU1l1flY1fllllJL'lJlJ'lJWmJ ')LlJUnfll 24 
~ , 

LndL~El')IL~JyJflEl1lL1~L'lIU~il~'U.h ...bm~mnhml'Hl<i1fl El-l~'l.~LLri~UEllJ1un ~lJ styryl ilnn~.J Lml::~.ffu1 U 
" , " 

n~lJi,)t1'lJEl.J ~~m.ihtlm- ilfllflu LLfl::jjm1flmni,)t1riElu"".h~1;~lm1mnC11m1L~tl.JLL~.JL~U,)lJnlJ DNA Yl~El 
RNA ~-l,fu~UEllJ~Jn~11~.J1.il'il::~llJTH1~lmH~C11ufllnlJULLY;')Ul1u Yl ElJ'l.~ lC11 t1mC1111 L~ 1lL,rl~L'lIfl~\l::dlC11m1

\I 

ilJnlJ RNA Yl~El DNA 1u cytoplasm "'~tl nucleus 'Yh1iLfiC11nTH1tl')LLff-l~lmdnml\l~<i1mlJl~hltllwffu~1tlu 
nTH@l~t1lJ PMAMPC-AuNRs ~~C11uf'nn~ltl~UtllJ (Dye-PMAMPC-AuNRs) \l::l.h::ntllJ'l.u~,tl 2,TU@lUUtiElU 

L'liuL~UlnlJm1@l1-l PNA fl-llJU PMAMPC-AuNRs ill~ntl.JluH,rl')~U lCj)t1\l:;L~lJ\llnm11l1 PMAMPC ~iin11 

llfmJ1')lm-l~fl')~lt1 cysteamine (Cys-PMAMPC) L~ml4lJ"'lilYltl1lflihYlflJLl4lJ1l1:;R'Yl~mwlun11~Cj)fl-llJU
, 'II 

tUi'll tlUrnfl'Yl1l')lJlyilm1@l1') ~UEJ)J ~.humdLfi<i11.l!l° fi~t11 thiol-ene 1::Ylll')vrU'l):;Til U1m,)~fl')'lJElJ~hr1)lJLLfl::Ylli 
, "" 

lYl1)tli'llJ1Jliluluhm~fl-l'lJElJ PMAMPC iJLL~Cj),)ludtl~ 3.18 \lln,fu~J~l Cys-PMAMPC ilr-Jlum1~<i1ffUtllJ 
~ . 

(Dye-Cys-PMAMPC) lJl<i11Jfl-llJUtUi'l1'lJElJ AuNRs r-J1Ul~ grafting-onto l<i1t1H~rnl::1Un11@l1-lilLYlm::fflJil1<i1 
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~1l~ 3.1 B ~:lJnl~LLff~hl'lJ~~Ii11lUnl"iLIi11£.J:lJ Dye-Cys-PMAMPC... 

yf'1'd'in:lJl1()[huJ~nT5~Iil~V1l:lJGl.JU~ CYS-P~AMPC l~~-wL'YI~il.~ fluorescence spectroscopy ~.JlL~Ii1 .JlU 

~il~ 3.19 tli1£.J\):;wuY;nm1l11)-llL~.J'lJ1l,J~tT1l:lJlutm.J~fl.J'lJ1l.J Dye-Cys-PMAMPC ~ThmllJ£.Jl1flgln.h:;~.nrn 
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• I d ~ 
~ul1 3.19 Fluorescence spectra LLtl:::Gln1:frn:::'YI1.JnltJf)lWlltl.J Dye-Cys-PMAMPC 

http:Lnli1ti~m�.J1
http:lJulm.J~fl"'W1)~llJ1)f~.huti~n~�.J1
http:UU~hlLv.ti.JL
http:yf'1'd'in:lJl1()[huJ~nT5~Iil~V1l:lJGl.JU
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,;)ln~u~::Yiln'~~n1i'lfl111Hil"~~Ciit)L'IHHf'lJtl"uUl1lf1 AuNRs ~;.Jnl~L~~tllJi1[J~tl~LlJtlfYi~nl1~~"• 
V1HJ (Dye-Cys-PMAMPC) ~'lEHYlflUfl MTS assay 1'1l£J~::yhm1~mnn~lJL'IIl'l~ HepG2 LLl'l::lilnT'l" incubate nlJ 

tlUmflYimllJL'IllJ'IlU~l,l ') Lihmn 24 ,r'lllJ,l ~lm.Jl'lm1Yl~l'ltl,lYiLLR'Il,Jlu ":itl~ 3.20 "r'llJil tlumfl CTAB. 	 ... , 
AuNRs L~lJ~,"iimllJLUUyhfLrttl,l~lmrlUL~lJm11.lL'll1.l'llWl.Iu.Jtlumm::rhl inl"I1El'lliiim tl,l L'IIl'lfl (cell viability), 
l'l'lll'l,l tlUl,J L~tl.1~i'll l WlJru::YiEltl.mfl AuNRs ~Lfl~EllJ~'l £J"r'l tl~ L1.I tlf~~'Il~vElm::13-i"r'llJm11.lLnuYh:l~tlL'IIl'lfl, 
LLR'Il,J1il~Wil~VtllJi,Jmil'l13-iiim11.lLuu~l:I~ m'lll'l~ RllJl1mblJlliL~tl~'Il;:unnlJULLYl,Jm1tl.Yltl,JL~tlviill'\.I.lLUU 

"r'llVl::1um111l~,JRl1tlElnC)Ylli;'nJiilm"r'lYiR11.ll"m'iln~~'ilm1.l1~'ill V LYlflUflY~ l'ltltlL1~L'II,"<il LLl'l::nl1LfI~tllJ Dye.. 
Cys-PMAMPC l'l,JlJU CTAB-AuNRs RllJ11nl'l'ilmllJLiluYil:llinlJ AuNRs 1~ 
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AuNRs concentration (119/mL) 

~t1~ 3.20 nY1VhLrI~,J cell viability 'lJtl,JL'IIl'l~ HepG2 Lrlu incubate nlJEl~mfl~mllJL'IllJ'IlU~l,J ')LUULll'll 24 

,r'l11J.J 

l'1lEHrlu"r'llJllElumfl AuNRs Yiiinl1~'Ilul'lln~1£J~UulJc;),Jmhll~iim11.lLUU~'l:I~m'lll'lff lwffwMm~tllu, 
'il::LUUm1~nl:llil~UulJ~~'iltlUlJtl.ElUmflRllJ11mn'llm1L1tl.JLL~\lL~tlhLUm1ml~~'Il@lllJLrlUL'lllliL'II~~ HepG2 

• 
~ , .. 

~'lVm1~n'l:llm1L'IllL'II~~ (cellular uptake) ~lVLYlflUfi confocal fluorescence microscopy l'il£Jm1vtllJU'lLfI~£JrI 

'lJEl\lL'IIl'l~~lVftVEllJ DAPI LLl'l::'Yhnl"l incubate nlJElUmfl~mllJL'll)J'IlU 100 ~g/mL LUULll'll 2 ,r'lh.J 'illm-Jl'lnl1, 
'Yl'lll'ltl,Jc;),JUrlCil,JluJuri 3,21 "r'llJnl"H1tl,JLL~,J'lJEl,J~VEllJlJUElUmfl Dye-Cys-PMAMPC-AuNRs J)lV1UL'IIl'l~ lCil£J'il:: 

" .I 	 , 

iim1L1El,JLLrI,J1U~n'l:lru::L~£J'l n~lJnl'lli~vEllJL~ £J,Jtlth,1L~£JllUnl'llllL'IllL'IIl'lff ~ m~lJnl1L1u,J tlrl,JhlJ1Llruli')u 

cytoplasm 'lI tlJL'lH~ffmnnillUlJ1L1 ru~lUUl Lfl~VrI'lItlWl!l'lffLLi'lCil,llil~UilrlllJ11(1H~vEl)Jc;),J mil'llU nl1~'Il 

ul'llnlJU PMAMPC-AuNRs L~mCi11VlJ"r'llYl:;lunl1lilli,J~iilrln £J1fn"r'l~,l 11liiml1.lLuu~'l:I~ tl L'IIl'lff rllm1n'il1'l'il 
~ 

~'il'll11.l1~Gil V LYlflUflYll'l tl m 'l~L'IIU<il Utln'ill nii'L~ ElLUUmw~~)Ju1::~Yllim"r'l LL 'Yi-lUl1UYl tl-l~vi@m;fu 1Unl1LUU.. 
"r'l1'1'1::1Unl'lU1~,JRl1tl Eln C)'r1~;'m,hmViLtJ~u1 Lfl ~VrI'lJ tl-l L'IIl'l iflGiEl t!l-l'ih LVil:: L'ill::'l,J wl'i)V~U1'ilYi 'l::~Cil L"r'lULYl<il 

OJ 

nuclear localization signal (NLS) l'llllu~Vl1lmflJtln']1'l~LVI~tlh lm,l~fl,J'lJtl,J lfl"r'luaLlJElf <B,J'lJ ru::\tElU1::Vlil.J 
~ 	 ~ 

I 

mailto:il::LUUm1~nl:llil~UulJ~~'iltlUlJtl.ElUmflRllJ11mn'llm1L1tl.JLL~\lL~tlhLUm1ml~~'Il@lllJLrlUL'lllliL'II
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Phase contrast DAPI Red-narrow DAPI + Red 

Control 
(without Dye) 

Alkene-modified 
styryl dye 

Dye-Cys-P MAMPC 
(100 1J9/ml) 

Oye-Cys-PMAMPC
AuNRs (100 1J9/ml) 

.Id , ~ 	 .. d ~ .I 
1lJYl 3,21 JllYHllU~lnLYlm~fI confocal fluorescence microscopy 'IJtl.JL'lHH'l HepG2 LlJu incubate nlJtlUJllflYl.. 	 , 
mllJl'lllJ'UU 100 I-Ig/mL Lijumn 2 ,r,1lJ,J (scale bar =50 I-Im) 

.J .... If '"" If Q..o If Q..o 	 6".J A 1 ffA AA 4Olt. 

(;}vUYl4 n11~\IlFl11::'YI YHfvULVn~m:H)I. Ll~::n111l')::nu1JCil'Hv\l1Ju\l3Juum3Ju,)Yl3JLY'lti YlCilU1Fl~vmLv'ljCil 

liluv,,~tl1::nu1J 
- ff 	 Q 1 ... d 'ti 4.Q, oCII ~I

4.1. 	n11~\IlFl'n::'YIY'luClLV't1~U nClFlu~'t13J'YI~ ~lmlJU acpcPNA 'YI1t> epl-acpcPNA 

.. .I d.t .1 ~ ~ , , .I d ... 1'" 1~ d d 
lJtlUtlLlJtl1YlnnLmUlJ'lJUlJ1::ntlU~nunu 2 ~lU ~lUYlVlU.Jfltl linker 'ilUltltln "lI linker YllJfllllJUl1'lJtl.J 

" 
'VIlbu-BlltlYi~UtltlnL'Il~ 3 "lIU'il l~'LLT) tetra(ethylene glycol) (TEG), octa(ethylene glycol) (OEG) LLtl:: 

polyethylene glycol ri:ijlJ1~LlJl~m'H'nlnlJ 600 gmol-' (PEG 600) "huri~tl,Jfitl acpcPNA riij~lilJLU~L1:lU N'-TTT, 
TTT TT-C' (P1) 'VI1tl epi-acpcPNA riij~li1JLu~fitl N'-GCG eGC GC-C' (P2) lumrnri linker LUU TEG LL~:: 

OEG lJtluullJuf~::~m'il1um.huufin1ul copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) click reaction 

("~1l~ 4.1) '::V,-jl.J TEG-di(alkyne) .yl:ijlJ1tlL:lJLtlntlL'YilnlJ 270 gmo(' Vl1v OEG-di(alkyne) ri:ijlJl~LlJL~mH'YhnlJ.... , , 
446 gmol-' nu azide-modified PNA (N3-PNA) Jl'lntnL:JJLtln~'lJt:h'l~11rlh1um,i.JLml::-.{lJu'"tlLlJtlfhj,~lu-d, 
Ll~'il.JllU~::L5u<ill11uml1"~ 4.1 

I 
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o .. NH-l.yslne-N 1) IlItrakls(acetonltrUe) copper(f) 
helilanuorophosphatc. tris[(benzyl-l H
l.2.3-triazol~·yl)m.lhyll.mlne [TBTA), 

(-+)~50dlum-L-a5corb.t. In OMSOl4JuOH 

PEG-dllacpcPNA) or PEG-dilepl.,.cpcPNAI 

Re~in-PNA-NJ 

III 

2tl~ 4.1 tJfln'1rn copper(l)-catalyzed alkyne-azide cycloaddition (CuMC) click reaction '1lthl PEG-di(alkyne) 

~Lf'l:: N3-PNA 

I?ll".il"~ 4.1 ,t,,,,,unLmf'lnf'l'IJtlJ PEG-di(alkyne), l~~l1::",,'1~tJLY1~i1.~ MALOI-TOF mass spectrometry. , 

Sample Sequence (N to C) m/z (cald) mfz 

TEG-di(alkyne) 270.0 270.0 
. ~ 

OEG:-di(alkyne) : 446.0 446.0 

P1 TTTTTTTT 2693.9 2691.3 

P2 GCG CGC GC 2733.9 2729.8 

N3-P1 TTT TTT TT 2791.9 2791.0 

N3-P2 GCG CGC GC 2831.9 2831.9 

lumru.Y1 linker dju PEG 600 ~tlutlL3.Jtlf\)::~m'il1mnhutJfln~[Jl amidation 'lJtlJ PEG-di(acid) LLf'l:: NH

PNA (2tJ.y\ 4.2) 1~ [J 1,r 1-[is(dimethylamino)methylene]-1 H-1 ,2 ,3-triazolo[4 ,5-b]pyridinium 3-oxid 

hexafluorophosphate (HATU) LUU peptide coupling reagent LLf'l:: N,N-diisopropylethylamine (OlEA) Luuixi;) 

tJfin~E.J1 ~;)tf;)~tl;)tJflm[Jl Ln~;ruuuil".itlJ1U'lJtl;)LLil;) (solid support) ",,;;)tJfin~[J1Lff1';l~U~~'ilIlru.n~ntJf'l<11 tltln 

';l,n iTitl;)1Ui,U trifluoroacetic acid (TFA) <11n(j)::ntlU~'[J diethyl ether (DE) LLf'l::·thliu'1~Yllj'~r"WLY1~i1.~, 
high-performance liquid chromatography (HPLC) 

o 

NH..Lysino·N -\:JB
,R, 

N 2) Cleavage and purification 
PEG~j(acpcPNA) or PEG-di{epi..acpcPNA)"7:5'" o 

III 

nl d tJaaa21.JY1 4.2 !)m[Jl amidalion 'lJtlJ PEG-di(acid) Uf'l:: NH-PNA 

I 

http:tJfin~E.J1
http:lumru.Y1
http:I?ll".il
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"'i,JlJfin1[J1L~1'iJiu W~'iJuLuninl:tnr~")[JL'YlflUfl MALDI-TOF mass spectrometry 'I'lUil~11Jl1n 
;\JLml::.,f1JuUuL1Juf1Ju\J TEG-di(acpcPNA), OEG-di(acpcPNA), PEG 600-di(acpcPNA) LLfl:: TEG-di(epi

acpcPNA) i~1~vwlJYimnflllJLflnfl1Ju\J1JuUuL~Jtlfyj~u\Jnl1 (1t1f14.3) ~u 5,856.9,6,084.9,5,500-6,000 LLfl::. 	 ... 
5,941.2 Mil m1J,hll1lJ ,h",flJ PEG 600-di(acpcPNA) yjiilJlflllJLflnfl1u1il\J 5,500-6,000 Mil Litu\J'iJln PEG• 
600 iilJ1fltlJLflnflmilu1il\J 300-700 Mil t~uLL~fl::¥in'lJu\J1Jlflt1Jlfln~iifil"'l\Jnu 44 Mil ~\JLi1u~n~hJ Lflnfl'lJ 1l\J, ~ 	 ~ ~ 

i<:·r-·· -.--,,-----.-- ._-- -_... " 	 Ai
5,856.9 

z: t-> ' j TEG-di(acpcPNA) 	 ioc-: 1 	 1 

!, 
. _ _ •• --' . .__ ._. _ ·.. __·................. __ ... ...... " • • • ___ _ .·"' tr ..... ....... -•• _.. •• ••• _• . .- , 

B' 
6,084.9 

OEG-di(acpcPNA) 

~ ,~•. ; 
5,500-6,000 

~ 
....... ·i 
, PEG 600-dI(acpcPNA), 
... ... t 	 : 

-t _.... __._.___._,____ "'" ".. }"._._ ..,...___-,,-_._~--~~·:7:~·.':~.:.. :~"""""- ..._... J,~ ..__.... -." --. ___ J __._-- ,..1 
~ . x.c r.: 'C< ...,;.;;. ~~"><' "" l~' . -.. .... - . .. ~. 

o 
TEG·di(epi-acpcPNA) 	 5,941.2 

~t1~ 4.3 LLlJ~~LUn'tlf~"lJ1l\J TEG-di(acpcPNA) (A), OEG-di(acpcPNA) (B), PEG 600-di(acpcPNA) (C) LLfl:: 

TEG-di(epi-acpcPNA)(D) 

4.2 	nl1AmnG'l3JUiJluu~1~l'1Si'l.n.Itl"3JmuH3Ju-f 

rhnl1~nl:tl"'1 melting temperature (Tm) ~\JLi1ufil1lnmflii.yjrh1~ 50% llJLflnflrlL-lllfiLL£Jn1l1lmnnnu , " 	 ,,. 
1I1,,~um1ii Tm ~\J~lJTm1iu5u1uLif1l,,~ul~illJ1lU1lLlJuf~1Jl1mn~ hybridization i~ tf"iil'lllJ11n"'1 Tm 1'tl[J 

HL'YlflUfl UV-vis spectroscopy rliinT'l1iurn"'fliilu'lil\J 20- 90°C 1U1lmlnl11imllJ1uurl 1°C/U1Yi ~lVlflJ 
• 'IJ 

• 	 .. Q. d C d~ Go.... • ..:II 

TEG-dl(acpcPNA), OEG-di(acpcPNA) 'iJ::'YllnT'H'tl1J~LtlULu'Ylll~l'tlULUa-~l'IlJ flu 5'-AAA AAA AAA AAA-3' 

(DNA A12) L~u1~Ln~nl1L-lllfin\.4'IJ uJlJuUmlJufLL~::~L5uLu~~lJ (1t1f14.4) 1~[J1ifllllJL'lilJ-llU'lJu\JlJuUULlJuf 
'IJ 	 'IJ .. 

LLfl::~iL5mufi~lJ~u 1 !-1M hl'lflll::Yiij phosphate buffer pH 7.4 fIl1lJL-lllJ'liU 10 mM LLf:l::~1fl::~lV sodium 
'IJ 

chloride mllJL-lllJ'liu 100 mM ~lVlflJ TEG-di(epi-apcpPNA) 'iJ::~nl:tlnTHn~ self-hybridization "lJu\JlJuU1lL1J!lf 

l'tlu1imllJL-lllJ-llU"lJ1l\JlluU1lLlJufii1l 2 IJM 1U~fIll::l.j)[Jln\.4 'iJlnn11'v-hu\J melting curve ("nJ~ 4.5) WlJ single- ... 
transition 1umrnYi TEG-di(apcpPNA) Ufl:: OEG-di(acpcPNA) Ln~'lillJ1'l'tlL'll,runlJ.j)L5uL1lyjii~1~ULlJ~fi~lJ LLf'l:: 

'\I 

d .. I ..... 0 .d ~ I.... 0 ""'" 
Lllu'Yll derivative plot 'U::WlJ Tm L'YllnlJ 70 C LLfl::WlJ single transition 'Yl~rnVl1JlJL'YllnlJ 65 C LL~'tlJm"iLn~ 

self-hybridization "lJ1lJ TEG-di(epi-apcpPNA) (~U~ 4.4) 

I 
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Soll ...ssembly ollepi-acpcPNA)-PEG 

1.28 

1.23 

0 
oD 1.18 

N 

<I: .. 1.13 " 
~ 
"' E 1.08 
0 
z 

1.03 

0.98 

0.93 
20 30 40 50 70 80 90 

dtJ~ 4.5 n11W melting curve '1Hl.J TEG-di(acpcPNA) (LiuRLiiU1). OEG-di(acpcPNA) (Lil4~IL1l4) ~LnClllm.J~l~ 
" 

'" .... A'; d ... '" _. """ ... d 

L'I!'jjl4nU~LuULfJYllJ~ICllULU~~~lJ LL~:;nTHnCll self-hybridization 'lJfJ.J TEG-di(epi-apcpPNA) (L~U~LL<il.J) 

Yhnl1~m!nlm.J~fl.JYl~Ul1il'lJu"lJfJUfJLJJfJf~L<il~UlJM1CllU1iL'YlflUfi circular dichroism (CD) l<ilU1i , " 
mllJL-lllJ-llULL~:;~1Yn::L'lil4L~U1n1Jn11~mr)\'.-) T m 'lIfJ.JlJul4uLlJuf \lIn CD spectra 'lIU.J TEG-di(acpcPNA) LL~:: 

OEG-di(acpcPNA) ~iim1L~lJ~L1lULuTi~lJ ('~tJ~ 4.6) vnrhii intensity h negative region ~mllJU11f1~l4 208
" ... 

I .GIl r:: d ... "'.... I • "...... A""" • 

LL~:; 250 nm lJInn11 intensity 'lJU.J CD spectra 'lJu.JmuULuYllJ~ICll1JL1J~~~lJ (A 12) LL~<il;nllJuW1l1mU11:;V\11" 

lJuUULlJufLL~::~L1lULuTi~lJLiiCll;rULL~:;L~ ULtJ~tJ1J LYi U1Jfl1J CD spectra 'lJfJ.Jr.J~11lJ1::'VIil.JlJul4ULlJu1u~::~L1ll4LtlTi 
" " 

~lJ (summation) iimllJLLtiln<ih.J nu ~.J ~1tJl'iiillJ uUtl LlJtlfLL~:::~L1lULuTi~lJ~llJ11miiCll1nu~1<il L'l!"llU1'ii-;}~.J , " 
1h'VIfUlJtlUULlJuf TEG-di(epi-acpcPNA) 1'iiYilm11'1<il~fJ.J~ 2 fJrn'VIflilflt) 25 LL~::: 80 °c LliltJLll~tJ1JlYiu1J~m!lrn:: , " 

'lJtJ.J CD spectra WUil CD spectra 'lJtl.J TEG-di(epi-acpcPNA) ii~mfrn:::lm.J~fl.JLL1J1J helix i,lLnCll\llnn11lJ 

wn1u negative region Y1~ILLlnl.J 210 LLf:I:; 260 nm ~ 25 °c ~.JLUUtlrn'VIl1iJ~lnil Tm(65 0c) LL~lJjw1J~nl!lrn:;, " 
i'ln~11~urn'VIfliJ 80 °c oi1.JLnUtlrn'VIl1il~"nil Tm~,l~1lJ11n~1111iillJul4mlJllf TEG-di(epi-acpcPNA) ii~lJ1J1i 

, '\J , '\I 'U , 

self-hybridization 
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10 BA 

-I 

OfG .di(.cpcPNA) ack:fed 
ONAA12 
ONAA12 

OEG -dU_c.pcPNA) 

-10 
Way.l.mgth (run I 

SO 
-2 

c 

_2 

" 
;' 

-.a180C 

o 400 -"r 25 C 

u 

Wavelength (nm) 

d :; • .... ~ d c: doCll 
~t1'Y1 4_6 CD spectra "IHl;) TEG-di(acpcPNA) (A), OEG-di(acpcPNA) (8) mntlULLtl::"'tl-:lnlWilll<illtl\HtlYllJ 
0 ..... . ~ .J 0I:>. 

fllti)ULU~~~lJ Lm:: rEG-di(epi-acpcPNA) YI~ru.·MJlJ 25 Llfl:: 80 C (C) 

Lyj tlihuJUnTH n<ilLUUtlU11lfl'lJ tl;)lJtlUll LlIl1f r-h Unl1 L n<il ltJu11<il L']jiu ~;)Ml'ilnl1~mn iru.;nul'Yl Ul 
, u 

(morphology) 'lJtl;)lm\l~h.lyjm<ill1Ln<il.ffu~'WL'Ylfl~ Atomic force microscopy (AFM) LLfl::: Field emLssion
d tI ' 1 ~.j A.t d .. .j

scanning electron microscopy (FE-SEM) LYitlV.l'lJU'<ilUtl::~ 1,;)'lJtl;) fl1;)ff11J'YILn<il'lJU LWl1V.tlnLtlUJt-Jflm::YllJ 

'lJ tlJnT'i1iuvhYll1fyjihn~ULijUtl-.l~tl1::ntlU 1Unl1'Yl'iltltl-.l\i~-.ll'ilnl1t1-rlJv:l Ll1"!! 'lJ 11;) ~1tl:::tl,UlJ tlUULlItlf~1!.Jnl1 

LGilJff11tl::tllmLl11l1lJLUU v.~;)'inmfurh,r<i1LLtllJ111LUUl1tln~lUlt freeze drying 1 Unl1L<i11UlJiilltlcilJ'lJtl;) AFM 

LLfl:: FESEM Hfl11lJL,rlJ,rU'lJ11-JlJl1umlJl1fLL~:::~L5ULtlyjih'iliiluLUfffi~lIL'Yhnu 10 ~M U1lJl<i11 30 ~L V.U<ilflJUU 
'II 

LL~U silicon wafer 'lJU1<il 1x1 cm ,nmful'il1iiilltlti~-.l1JULLr-1u silicon wafer LLi;)~-Wm1 vacuum drying If;)\i 

13JMiim1L~lJ~11fl::fllU NaCI1wffultJ1J11<ilL'Il-nul~ 11V. ~nL~UJ t-J~m:::Yl1J'lJ 11-.lnl1Lnti)t-J~n'lJ 11;) Ln~tlyj tlTil1lJ mu 

nl1i-JLn<i1irnSllulYlUl'lJtlJlm-J~·hlyjLn<il.ffU1l1nnl1Ln<i1'l"1J1'l<i1L'Il-nU 
illmU11lYi'lJtl;) AFM (''nJ~ 4_7) YiUl1 ~L5uLl1~ii"hiil1JllJ~fi~1I A12 ii~mtru.:::LuuuiuluiU'lJul<ilL~n 
'IJ" 'II 

1U"1Jru.:::yjlJ l1uULlJtlf TEG-di(acpcPNA) yjm~lJn1J DNA A 12 Yiutlu11lTlii ~nl!l ru.::: LUULlYiJLl~::U<i1 n<1il-.l n1J~lmil-.l, 
'lJtl-.llJtlUULlJtlfyjt-JfflJnu~h5uLtlyjiitiliil1JLU~~<illU (mismatched DNA) ~tl 5'-GCA GGA CTA ACT-3'~lVl-rU 

lItlUilLlJl1f OEG-di(acpcPNA) (1t1~ 4_8) ii~nl!lru.::LUULil<i1mJniillJ v.if-.lillm~lJ~L1lULl1fi~lI DNA A12 YiU 
.. 'II 

ifnl!lrn:::'lJ11·Jn1111lin cill nU'lJtlJtlU11lfl~ij'lJU1<illv. nHrULL~::LL<iln<1ilJillnlJ tlUl1 LlIllfYi t-J t'flJ nu~ L1lULtl bb UU Yiij,h<l1u " ~ 

LUffiJ<ilLl.l illnt-Jiil'lJtl-.l AFM ffllJl1n[juuuhHtftlJ~u'l~11lJtlUmlJtlf TEG-di(acpcPNA) Uiil::: OEG-di(acpcPNA) 

t'fllJl1mn<ill<lU11<il L'Iliunu~L5ul1lYiii ~liilu L U t'ffi ~lJ Ln<illijUtlU11lflYiibu'fl-.l LL<iln<1i,-.lnU1~ 
'IJ ' 'IJ 



3-37 

TEG-dt{acpc:PNA)+ml,maICh DNA 

"i1.l~ 4.7 AFM micrographs 'IJEhl TEG-di(acpcPNA), l~h514LO~ihh~1JL1J~fi~1l DNA A12, TEG-di(acpcPNA) rl 
'U " 

~~lln1J DNA A12 LL~:: TEG-di(acpcPNA) ~~~lln1J~iL514Lurlihh~1JL1J~ti~lt.l 

"i1.l~ 4.8 AFM micrographs 'IJu,) OEG-di(acpcPNA), ~iL5"Hu~ii~I~1JL1J~fi~1l DNA A12. OEG-di(acpcPNA) rl.. " 
~~lln1J DNA A12 lL~:: OEG-di(acpcPNA) rl~~lln1J~l514lurlii~l~ljl1J~tl~lt.l 

'inmt.lm~'IJU') FE-SEM ("itl~ 4.9) ~Uilllu14ULlluf TEG-di(acpcPNA) iiim!tru::Lij14LL1J1J,)\l1'IJ141~ 0.2" ... 
IJm ~L514Lu~~1l DNA A12 iiin1!tru::Li:lm1".Jlll~~,y',)'IJm~ 0.6 IJm ll~,nmt.lrn~~1Jiliim"",)llmilln14'IJu.J~ 

" 'U' 

L514lUli'itlJ"illnml1.1tl~~ ~1G)114n1"l~1mJ~1util')"';11",tl14rnf)m::'ilI[J~1'l)j~ ~1~11Jllu14Ulll of TEG, 
di(acpcPNA) ~~~llnu~l514Ltl~ii~I~1Jl1J~fi~1l DNA A 12 iiin1!trn::liJ14LLri\l~.J~tllilf)~u,)nunJm~ AFM ii'IJ141~ 

d " " 
L,,~[Jlh::1l1ru 1.6 IJm 

"I d ~ ¢ .da I) ~ I 

2lJ'Yl 4.9 FESEM micrographs 'IJO.J TEG-di(acpcPNA). IiIlu14LUY1ll~IG)Ul1J~~~ll DNA A12 ll~:: TEG-
d ~ 

di(acpcPNA) Y1~~lln1J DNA A 12 

"illn,rtlll~l14m,.ilml::i~htJm"·vn Tm ll~:: CD lL~::iru;jl14iYl[J1'IJ0\ltm,)~n\l~Lnlil.ff14"illnhu11Ii1l'll" ~ 

';14~ 1.11') t11"1l114 nt') V14UUl dtl.Jli114'lli1illl u14ulll tlfrliirh B14l mU14uJ~hh::n 01Jrl~~141;f14d"~11l1,.t1LnG)'l tJU1'lG) 

l'll';\1,Lihlm.mfl\l l"~l:: 'l1i1 114'IJ rn::d"mh::y,il.Jnl')t.l11Jltl~tJ\1,~I~1JL1Jtl'IJu\lrhB14ltl nl')~n1!tl~~'lJtl.J 0nmlliJ
" , " 

I 

http:d"~11l1,.t1
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~~~CJnl1LtI~tJlULtlR""JJtl"lm"rn"~Ln~.ffu il1J~m1tlf1Htl~tJu linker 1iLuultl~lnL1Jtlf~ihh',n4nllJLRnl'l 
J" - d A ~d • ,... d ... ",,'I

"'''"JJU L"llU oligomeric poly(lactic aCid) 'Il"dhl.l'ltlRLlJD1YHJtltJ"'f'lltJl~ LYitlLiluLmlm,,1unl'~Yi~mlm""'11"
" 
~"n~111unT'ilhltltl1:tJnGi'm"~lum1LLYiYltl~ tlltJMlUtlm~Wl, 

I 
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~vll'1·Hnl".itivv Si~nal enhancement in PNA based sensors by utilizin~ electron transfer/ener~y 
transfer upon tar~et bindin~ 

'l::v::n",lf'1'l.:JnTl 17 ihJ1AlJ 2557 - 16 ihnl'llJ 2560 l~~uu~lJffi~'!JVlm')m~'l 16 n'UvlVlJ 2560 

'l'VnIJ1\J'ti1.:J~.:jU.~1\JvI 17 ij'U1F'llJ 2557 n.:j1\JYi 16 n'UfJltJ1.J 2560 

~1'V1ihlf1~'1n1~1~mjmJ 

':iv~Pll"ml\)l'HJ (i)':i .UruA 0111''In1 
" 

':iv'lPll"ml\)l'HJ (i)':i.L'V'l~i'\~'ll4i flCU1Lil':iilll ~'VI11YlfJl;;ltJ "'I'tJ~1t1 fl~tlYl1 

~'lhtJi'\1~A':il\)l':iV (i)':i.JJ"lfl':i ~~UIilJ ~'VI11Y1Vl;;lV"'I'tJ~lt1fl~tlYl1
\I 	 , 

~'VI11Y1Vl;;lV"'I'tJmtlfl~'WYl1 

~'VIli'Yl tJl~V"'I'Ufl1tI fI~tI'Yl4 

~'VIli'YlVl;;lV~'I'tJ~ltlfl~tI'Yl1 

1. 	 LYiV~\9lJ'W'L'lltlb'llv1'Y11'1Lfllj1vh'ih~1'V11'um':i(il':il~l(i) PNA-DNA hybridization e,ll'W(I)l~.:je,l,'U 
€h~nIilJBtI l\i1EJn1':iu1'uU':i'l~l'VIiilBL~n1'Yl':i(i)l'i'lVl~\i1flB~1'W~m~'VI'h'lmlYJ'W -v'Wfllfl'W11 tI , , 	 , 
'Uv'll~VI::: 

2. 	 b¥lm1I'lltllL'1JtlL'llB4'Yll'1LL~'I~1'V11'Un1':i(il':iT~lV"l cysteine lV"lvVlf'1m'YlA'UA catalyzed hairpin 

assembly (CHA) ~JW1U PNA 

I 
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".i1EJ5'I:;LBEJ~~5'ln1".i~·hLihN1'U"lJtl.:jlA".i~n1".i 

n1".i~1Llj'U,:j1'U 

n'ilm'jlJ/L~mJ 
1-6 7-12 

L~t1LJ 

13-18 19-24 25-30 31-36 

1. Graphene-conducting polymer-metal nanoparticle nanocomposite modified electrode for 

ultrasensitive detection of PNA-DNA hybridization based on the electrical signal of a redox 

1.1 Comparative study of the electrical 

si~nal of electroactive redox indicator with .. ~ 

different modification of electrodes for +---+ 
detection of PNA-DNA hybridization 

1.2 Optimization .------- -------- --------~ 

1.3 Study of analytical performances 
~-------- -------- --------~ 

2. Electrochemical DNA biosensor based on the PNA probe/polypyrrole/Siver nanoforam 

modified electrode 

2.1 Fabrication of PNA probe/Polypyrrole/ 

Silver nanofoam modified gold electrode .------- --------~ 

2.2 PNA probe/Polypyrrole/ Silver 

nanofoam modified gold electrode .------- -------~ 

2.3 Optimization of a electrochemical 

DNA biosensor system .- - - ----~ 

2.4 Study of analytical performances .-- - ----~ 

3. A PNA-assisted highly selective cysteine sensor based on catalyzed hairpin assembly 

3.1 Designing DNA hairpins (H1, H2, DNA 

sensing strand) and PNA hairpin (PNA 
.---+ 

sensing strand) and testing the sensor 

response to target DNA 

3.2 optimization of parameters affecting !+--- - - --+ 
the performance of the sensor, such as 

the length of hairpin stem, the length of 

toehold region, probes concentration, 

buffer concentration and incubation time 

3.3 Study of analytical performances 
I+----~ 

-+-+ n\lfl'i'ilJ-uLJ(;lElLJn1'jvh&t.I~l'UVi'n·m~\.IH 
• -~ n\lfl'i'jlJ-UWilmml'jvi'lb1J'Un1'ibb~'l 
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n1~fh~U'U·:n'U 

1fl~-1nTl~ 4: Signal enhancement in PNA based sensors by utilizing electron 

transfer/energy transfer upon target binding 

1m~f11'l~~~'tJ11tJlm'IJlJL'lJv4~iJfl11lJl1iLml~~(\~LL"'~mllJ~lLYn~vi€JnldVl)1:V1V1"'~ lV1t1 
\J \J 

1-tl~{[)~U",Yhih.!Lmu'U1~)tJ LL ti~~llJi:5'm tJlJ(\llJ~1lJEimJlil1lJ)lV~~ L~if.JV1vi'~~ 
fFlHm'iVflv#l: m'irrVUU7Dlanf'Y1'i(;J#~(;Jut.hl!?un'nwU-f)WJ7FlU1fU'fleNfmlf~;j7uftJ

9 

n71fJ1J;)-mn71'n(;Jlt1tJ~I(;JL'lfiU1~wi7':J';;'VULf)-~'VUWrmJV7flmr'JJ'JJ1ru;)7n1~vn';DU~LFl'fJv1 

~llJl:5'V-dLUlJf11)~~'Ul~d)lJLvltJlm'IJlJL'lJv~ (DNA biosensor) LLtJtJ~Vltmlf) lV1tJnl)\1l~~ 
acpcPNA-AQ probe ~iJLLVlJ'Vldli"l11lJ'U (anthraquinone, AQ) ~V1m~~lLLVI,j~t1mt.JL~)tJtJ'U 
~11YlYhm4tJv'U~lJ'I~M~'U (screen printed carbon electrode, SpeE) ~iJm)t1-r'UtJ~~~1t.J1(\~ 
i"l'i)lJ1Y1~Vl~tl~LlJv4'lliJ\Yl'l1-llyJYhvw~v~uR'U (polyaniline, PANI) ~llJntJml~lJ (graphene, Gr) 

LL"'~v"4mf)'UlllJL~lJ (silver nanoparticles, AgNPs) L~mnV11~'U~1V1L'll-UlJ)~VI"'h~ acpcPNA-AO 

probe ntJ~L~'ULmU1V1lJlf.J (target DNA) Yh1'IX~1'U'tJ'i)~ AQ ~~V1HtI"'lt.Jl~)tJr:J~""l~~lf)~l~llyJYh 
It1v~ md~~e·hlJBL~f)\1l'lr:J'U'Uv-l AQ lJ18-l~lDL~f)1VldV1~-lLnV11v1t.J1n~lJ ~f1J'Ylruf11'lVl'l1~1Vl~.:jijril 
"'V1"'-lmlJf1-11lJLoUlJoUlJ'tJtl-l target DNA ~-l-ll'\.Jl:5'tJ'vtlv1~lLU'\.Jf11) tJ)~nr:JtJ~btl 

1.1 fin'l!l1n1d~\1I~EJlJ~11yJvh~tl-rU't.h.!j~'";lfJl~\1I~L~\1Imh-1n'U 
LtI~tJtJL'Vl&ltJ~'Yf1JlrulyJyh:VlnmdVl~~ lysine acpcPNA-AQ probe (AO-GeT CCG Tce TC

LysNH2) ~ij AO ~\YlVl)~~lLLVltJ.:jtlmtJh'l'ltJ tJ'U.rrl1yJyh~ijm'ltJ-rtJtll~~ltl1(\V)~LL\1lnvil~n'U 4 

LLtJtJ MLLn ~v~LlJr:J4'tJiJV1'l111i"h~h PANI PANI ~f)tllJl~~VlntJmlYJ'U (PANI-Gr) PANI ~f)vlJl"1'l~\1l 
ntJr:JWllfl'l.JlLlJL~'U (PANI-Ag) LL"'~ PANI ~i"lvlJ1~~VlntJmlYJ'U~"nJntJv"4mi"l'Ull'UC~'U (PANI-Gr

Ag) ~lnm~ SEM (~t1~ 1.1) ~lv\1.H1JtI~-l~lt1 PANI (A) ~1J'jl~~ijvir:J PANI tJf)i"l'llJ~'U~J'Ur:J-l 
~JlyJyh .rrl1yJw..l~t1-r1JtJ).:jv11t1 PANI-Gr (8) :v~ijLL~'UmlYJ'ULf1Rv1JtJ'Uviv PANI ~tJf)i"l"'lJv~tJ'U~l 
~J'U.rrl1yJYh~tJ-rtJtJ~-lv11~ PANI-Ag (e) ~1J':h~J'Uv.:jviv PANI :vdlnv'U'Uv.:jv~mA'Ul1'U~~'Ub~l~e:J~ 
LL",~.rrlv\t1-rtJtI~~v1JtJ PANI-Gr-Ag (D) ~tJ'-:il~l'Uv~vir:J PANI \J~ij~.:jbL~'UmlYJ'ULL",~ne:JlJ'Uv~v~mf) 
'Ull'UL~'ULf)1~mjv1"JV

\J 

L~mn~l~1J~lVlL'I!-u'U)~Vlil~ acpcPNA-AO probe ntJ target DNA 'Vh1'IX~1'U'Uv.:j AO v\~\Yl 
HtJ~ltJl~)tJmj""l~:Vlf)~l.rrJlyJYhVlv.:j vi'~~'U f)1'l~~~l'UBL~n\1l)vlJ'Uv~ AQ lJlcJ~~JBL~nlVl)V1~-l

\J 

Lf1\Yll~tJlf)~'U ?('Yi\!lruf)1)mJ:Vl\Yl~-lijril"'\Yl"'-l\1l1lJA11lJLoUlJoU'U'lJe:J-l target DNA ;~:Vlnf)1d:Vlnf)1'l 
LtJ~tJtJLYltJ1JrilmllJl11Lf)~1~"; 'Uv~.rrlhJYh~t1-r1JtJ'l.:j~.:j 4 LLtJtJ (~tJ~ 1.2) ~tJil ~11yj·;;h~tJ-rtJtI).:j

'" , 
~ltJi"lr:JlJL~~Vl'Uv~ PANI-Gr-Ag :v~1'IXrilmllJh1Lml~";~-l~'l\Yl (mnrr:h PANI-Gr PANI-A~ bL~~ 
PANI t1)~lJlru 6.7 , 4.7 Lb"'~ 2.5 bvil \1l1lJ~lvi'tJ) LDv-l\Jlf)i"lvlJl"1'l~'V1'Uv.:jlI'lVl'Ul1'Uvi'.:Jmhl·lbv, 

http:iJm)t1-r'UtJ~~~1t.J1
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~tI~ 1.1 SEM 'UrJ~~11rJYh~tl~\J\J1~~htJ (A) PANI (6) PANI-Gr (C) PANI-A~ Lm~ (D) 

PANI-Gr-A~ ~lEJ16 electrodeposition 1-u'lh~P1nV1'l'Jy.h -0.2 (')~ 1.0 b~(>l ~lEJ'5(;\,;i1m'S(;'!LLm.J 50 

mVis 

8.0 

7.0 

6.0 

2.0 

1.0 

0.0 

PANI-Gr-Ag PANI-Gr PANI-Ag PANI 

Type of modified electrode 

~tl~1.2 Alfl11lJl11Lml::;v"nnnl'Sle"'U~1V1~'S~"v1r,h.:j PNA-AQ probe flU DNA ~fl'.nlJL-iilJ-ii'U 
10 7 

1.0 x 10. (')~ 1.0 x 10. M u'U.rrlhJYh~U~uU~~~-w PANI PANI-Gr PANI-A~ LL"~ PANI-Gr

AS 
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co d 
1.2 f1n~l~m'l::'V1~,\·un::mJ 

1.2.1 fnllJL'tilJ'ti'U'lm~ Ag 

mlJlru'lJtl-:J Ag 1u PANI-Gr-Ag ~tl~UU~11yJYhL'uuiJ~~v'}\d-:J~ljtJ"vitl~t1lq!1ru1yJYh 
~Yl~I:; Ag 'fi'm,Jl~LUU(;)ld ~n1~Ln~tll)n~vlLL":;'1i'''W1Un1~~-:J~,uBL~nmBu ~i.:t1~Pim~ltm'UB-:Jfll1lJ 
L-UlJ-U'U'lJEl~\11'J"::mv AgN03 mmu~uvltl'U electrodeposition (1~v1iLYlflijfl1'1lfl~nllmLYllJii'V1~) 
~L"~ LmtJ'ULViVU~'f111lJ111LI'\~1::""'lJEl-:J1CJ'U~1~L'1Iiu~::Vrj,~lYlTun\J target DNA ~Vl~-:J'iJ~'UU~l 
:; ~ •• I ..~ d. I" • 1 " d" " d
'lJlmY'jlYlu'J'Uu~-:JmtJ PANI-Gr-Ag Ylfl11lJL'lJlJ'lJU'lJEl-:J AgN03Yl 0.010 0.10 0.20 0.25 0.30 ll":: 

OAO llJm~Yl'\j':h djElfl11lJL-UlJ-U'U'UB-:J AgN03 L~lJ~ln 0.010 ()-:J 0.20 lJJm~ ~t1lt1l1ru1yJii/l~:: 
l~JJ~'U L~tl\l~ln Ag nanoparticles ~L~lJ~U'fil1~lj~U~~lJJlf1~'U ~-:J'liltJL~JJ~t1lt1l1ru1yJii/,1~~~~'U 
llviL~m~lJfI11lJL-UJJ-UU?I-:J n",il 0.20 lJJ"'~ tll~~:: Ln~ n1~~U(;)lLu'UmilJnBu'fi11~~U~~1,JElm'l.:)~.:)'fil" , 
1~~rurulru1yJW1"(;)"~ (~tl~ 1.3) 

~ u " 

1.4 

1.2 

OJ o 

LO 

~ 0 .8 

'I' o ..
Z; 0.6 
.;:; 
'';:::; 

'iii 
c 
Q) 0.4 

en 

0 .2 

0.0 
0.01 0.10 0.15 0.20 0.25 0.30 0.40 

Concentration of AgN03 (M) 

~u~ 1.3 tJ"'lJv~fI11JJL-Ul.J-UU AgN03 vitlfl11JJblLI'\'Jl~""-;Ulnn1"S1!:'lu~1~'lh~wj,':) PNA-AQ probe 

nu target DNA ~fI11lJl-UlJ-UU 1.0 x 10' 1O ~.:) 1.0 x 10. 
7 

M uU~11yJYh~tJ~utJ~.:)\i\ltJ PANI-Gr

A'S 

I 



4-6 

1.2.2 fl111JL'li1J')U'Ili).:j PNA probe 

lVlEJ1~~fl~lmllJL-UlJ-Utl'llv;J PNA probe YiI'l11lJL-UlJ-Utl~;Ji1 5, 7, 10, 15 llJlfl':i'(lJm~ ltl 

nl'lVl~~utl~1'Vnhrr11W~lvi~ltlnl'ltJ-rUtJ~'1~T''''-Ul~1V PANI-Gr-Ag ~l flr.J~ nl'lVWI"t.l~'Wu",hfl11lJ11 

lLA'll:::'It1L~lJ~tlL~i)mllJL-UlJ-Utl'Ut.l'l PNA-AQ L~lJ~lfl 5.0 0'1 10 llJlmllJ"'~ Ldv.:l~lfl PNA

AQ viL~lJ~tl'il:::liju11Vlinu DNA l~lJln~tl vh1v1~qjqjlrulwYJIL~lJ~'1~'U LLI>iL~m~lJfl11lJL.ulJ.utl'llV.:l 
probe ~'1n11 10 llJLmLlJ~l~ ~qjqjlru'il:::iifhA'lYi (~tJYi 1.4) tTtlAvl'l1llJL.ulJ.utlviL'VIlJ1:::~lJ'lIv~ 
PNA-AQ probe fiv 10 llJlfl)llJm~ 

1.00 
SJ.lM; Y " (O.16±O.01)Iog(x). (L72±O.04) 


R' ; 0.997 
0.90 

;rfJ.l\1; y. fv H;tO.ul:1()c:!x} .. {!,?4;:rJj . O~i 


0.80 R' _ ,,,)'<',)) 

"3. 0.70 

g;, 0.60 
c: 
~ 0.50 
...u 

c: 	 0.40 
Cl!...... 
:::J 	 0.30 u 

0.20 

0.10 .> PNA prohl' 15 I'M 

., PNA probe 10 I'M 

0.00 	+--------.,..--------.---------, 
l.OOE-lO 1.00E-09 l.OOE-OB l.OOE-07 

Concentration of target DNA (M) 

1.2.3 L'n\l'vh.ut'Un1'lle,.U11~·!h::'VI'Jl.:j PNA-DNA 

111l~n~I'l::E!::nm1'Ufll'llijU1V11V1L'11-U'U'l::VI11.:l PNA-DNA Yinm 5, lOLL":: 15 'UIYi lV1E!1i 
~11W.yhYi~ltlnl'ltJ-rU'U~,:jc:11,..,Ul~..:lfJ PANI-Gre-Ag ~lnmlnl'lV1Vlm),:j~'l~tJYi 1.5 'WU11L~vH 
nm1tlfll':iltJu~!i11!i1'1ivinm 15 'UIVi 'il::1~~11'l11lJblLA'lI:;'It1",:jyj~!i1 UvltlVI'lbnmlJ'WU11vin;;l1 5 

10 LL":; 15 tllYi ij~1:u!i1~ln(;)rn'l(ll)1'il1V1~"'1V1Lvhn'U fiv 10~11 1~m~ ~.~n1'UllNl'Ul~fJi1~.:JL~eJnH, 
nml'Ufl1'llfJU11!i1'1i 5 't.I1Yi L~tl,:j'illnyjL1mi1ij'1il.:lmllJLtl'UL?I'UVl'l~vinll 'l :iJ~lii(i)~,n(i)nl'lVl'l1'1l1V1 
~l~VlYi~ LL;;l:;Hmn1'Ufll'l1mJ11Vl'livi~'U, 

I 

http:L72�O.04
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0.80 

0.70 

0.60 
<
-.:!
"- 0.50 
oL ,.a 

0.40-" 
t 0.30 

V 0.20 

0.10 

0.00 	+------r----~------._----~----_r----~----~ 
1.0E-12 l.DE-ll 1.DE-JO 1.DE-09 l.DE-08 1.DE-07 l.DE-06 loDE-OS 

COnCl'nlnHioll of targel D:" .-\ 0D 

~tJvi 1.5 fhfl1llJblLml~\.h)'ltln1~le'lU~l~'ll~~'Vril\1 PNA-AQ probe flU DNA uu 

~JlvJYhvitJ-rutJ1 \1 vi'JtI PANI-Gr-As lvlfJmnvnm'Lltl1~l~u~(i)l(i)L'll-u\.J~~Vlll\l PNA-DNA vi~~t1~mn 
5 10 bb f1 ~ 15 'tnYi 

1.3 'l1".i::il'Vl5111'W'!Jtl.:JL'I.I'LlL'l1tl1 

1.3.1 'Ih"fl11lJLtl'\.lL6l'\.l~".i.:J LLa:: ;j~~lnv'lnl".i~".i1;)1(i)~1"Vl. 
inti1~?lm1::viLVllJ1::fllJM~mntJ~::~'Yl5inW'U'El\lL'll'LlL'll'El1vi~IlU'Lll~'Ll1'Lltl1~lLI')~l~v1 DNA 

12 5 	 5
vimllJL-DlJ-D'Ll 10. 0,:) 10. LlJm~ lvi''lJ1':)1'111lJLU'LlL'''Lltin.:)f)8'S::wil\1 10·l! - 10. LlJm1 (i].:mJvi 

~ 	 ~ 

o.so 

0."0 

0.60 

1 
. 

0.50 
01.. " 
-= '" OAD 
'-' 

t 0.30 

= 
V 

0.20 

0.10 

0.00 

R'- O.m 

1.0[-13 1.0[-11 1.0[,09 1.01':-07 1.0£·05 1.0[,03 

Coucentrarion of target D~A (:\D 

I 
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1.3.2 L~i:ilJ':iJl1'W'lJB.:j.fr11'rJWl 

M~m;lf1l1lJL(1(iV'l1'\.Jn1''i1-ff\l1'W'UU\l~11yJYhhv'!-rum"i\il'll~l~ PNA-DNA hybridization 

~lVLVlflDfl~WLWuimJL~V(1~n(1'l)'HLVllJLlJVl~ (differential pulse voltammetry, DPV) \llf1J'W\l~H 
~l"ivil~lV~'W'B~"i~'VI'h:) PNA probe nu DNA LYlu1~ PNA probe ~~~\lHu'Woff11wYh~llJl"iC11-ff.:jl'W 
411~ LL~lLtl~VULYivum'l~\i)~\l'U€).:lrr'1!'1!lrum"iVlvu",'Wu\l~1~num'l1LFl"il~'I-1fl~\lYl 1 off'llyJ.yhYl 

tl-rUtl~\ld"'llJl"iC11-ff~ll~i:i\l 37 fl~\l (~tlvi 1.7) 'VI~'l\llf1J'Wrr'1!'1!lru1yJYh~::n~n\l ~'ldvl~Ln\i)\llf1 
ul'lcil'W'Uv'li'Wf1VlJ1'W~\ll PANI-Gr-A~ 'Vi'l\i)1 tl'W1vlJnU 1'Y'l"iUvil1~m"i'l!llyJ~l;;'1\i);;'1\l 

100 


80 

-;:=
~ 60 


! 40 

l 

20 


0 

0 5 10 15 20 25 30 35 40 

;\"umber of hybridizotion 

':itlvi 1.7 mlyJfIlllJ"lJw'Wlb::a'rJl\lrrrurulrum"i\il'll~l\i) LLn~~1'W1'W'lJu\lm"i1vU~1~~'l::\"'Jl\l" ~ ~ 

l~"iuu~~ target DNA ("~l'Wl'Wm"i1i~l'Uv.:J~llyJ~l) 

.. 
1.3.3 fll':ivi1 61h 
Pin,\;lm"iL(i)~vlJoff'llWYh~lY1~l.:Jn'W ~l'Wl'W 3 offllW~l LLn~(Om~l\i) Tar~et DNA vimllJ 

11 10 9 7 5
L-lJlJ-lJU 10. 10. 10. 10. LL~:; 10. M vlmtl~ 1.8 ~u'hrilL~tJ.:JLUUlJ1Vl·Hi1'U1ULLllin:;mllJ 

~ ~ 

L-lJlJ-lJU iiril 1. 7 -3.5 % ~.:JLtJUrillJ1Vl'.i\il'W~VvlJ-rul~(i)1lJ AOAC (a3.3 %) ~.:J!.'1'.itl1~11iifl1"i'll1~1 
~ , 

http:10.10.10.10.LL
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0.80 

0.70 

0 .60 

1 
-; 0.50 

t>O 
!: 

~ 0.40 
u 
~ 

!: 
~ 0.30 ... 
:l 

U 
0.20 

0.10 

0.00 

': E3 

l.IlOE·ll l.00E·lO 1.00E·09 1.00E-07 1.00E-OS 

Concentration of target DNA (M) 

~'\.J~ 1.~ f)11lJ~lJ~'ll5')~vr:i1.:J~tlJtlJlrunl".iml~l~LL"'~fl11lJL.ulJ.utl'!JV'l Target DNA ~ml~ 
~ln~llwWl~U-rUU~'1vllEJ PANI-Gr-Ag ~T\.ntl 3 ~l 

1.3.4 ~61'!Jv~A11lJtJl1mtJ DNA 

~m.'l1~"''!JeN~1t11'ULU?l1'U?llEJ'Uv.:J DNA ~~rH1vivm'l hybridization LvwHi DNA 3 rllfJ~ij 
d O l Vd.:::.l 4""'0 

rnll.JfJl1111'lv~1t11'ULU"'LL(1lnt1mn'Uf)tl EJ'U HLA-8*58:01 'tl'llJ~1'U1'ULU?l 200 btl"'. DNA 41 btl'" bb"'~ 

11 btl'" '\"ltlll DNA ~~~ltlltlLtl'" 41 LUrI ~~ijmllJb1Lml~~Yl"'.:Jnll 11 Ltl'" L~l.l.:Jm~"''!Jl.l.:J 
" 

overhang L~mn~n1'l hybridization ,)~1II11'1 PNA-DNA 'Vh1~ AQ ~~l'lvE.i~tlmEJ l'V'l'stlLn~m')
'IJ 

~'1~l'UBL~ml,)l.ltllvlEJ'1n~'U ~.:J'Vh1 ~n1,)Ltl~EJ'ULLtl"'.:J'Ul.l'lm~ LL",ll'h~lvnvl~l'hYl?l.:J~tI 1'U~1'U'U1.l'l ~tI 
'IJ 

HLA-8*58:01 ~~ b ~tllvll11~ril:U~~lnl'lnl'~ml~ll'l~l"'~ (lO-lll M) LL(1l1~rhfnllJ111Lml:;~~~1"''l. -

(~.:J')tlYl1.9) m~L~I).:JlJ1~lmlll(1l~" 2 u'):;m'lFiv Vtl HLA-8*58:01 LU'U DNA YliJmllJEJllLtl?l 200" , 
L tl?l ~.:JiJ'U'U1Qlvtllll qivh1~vi'liJ'ULtl 'Hnl'lmllJbbm)Ql~'ll)l~1tl"I'lfl11lJ6'lllJl'w1tim'lL.ul1tl~tl PNA tltl 

~11llUl~11i~yh LL"'~LlIIl9lr.mYl"'I).:JFil.l DNA ~.:J~~~tl,):;~rltl L~v:W~l'Ul'U overhano ~t.nltll~'Vh1~Lnl'l• , :> 

rn'l t:-J~nn'ULV'l'Vh1~fnll.JrlllJl,)()1 'Um,)L ih1tl~tlntl PNA u~ L1ru~1111Ul~1"'1'l"'.:JL'!l'Unti 
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O,HO 

0.60 

". 
3
~. 
c: 
~ o,~o 
'-' 

lUll 

0.00 

1.0E-15 

\ ~ (0.13 ± n.1I 1)Io!.!( ,\) - (' 5.' ± II,()~) • 
H.' ~ 1I.9!i9 

y ~ (tl.07f>-;:II.002)lo;:h) -;- (1.II±O.031 

J{' = 0.99b 

1.0E-1J 1.0E-I' 1.1tE-1l9 

H' ~ 1J.91J1l 

• IIIl 

• ~ III 

... liLA B' 5XIII 

1.IlE-05l,nE-O: 

Concl'nlration "11"r~ell>:\ ..\ (,\1) 

1.3.5 l!-I&'l'Utl-l~hm'l1.j-l overhans 'Utl-l target DNA 

~mn~lLL'VIoJ'l'Uv\l overhan~ viLLVln~l\ln'Ul(1'ltIH tar~et DNA viiJmllJtJl1bU6'\ 65 LU6'\ ,nn 

~'\J~ 1.10 ~u:h tar\5et DNA ~iJmLL'VIoJ..,'Uv'l overhan\5 v~u'U""1~ib~n1v]'jQ1iJfmlJ111Lf1)1:;\.h,'l-lnll 
tar\5et DNA YllJ~lLL'VIoJ\l'Uv'" overhan\5 eW1'U6'll'Hl:;mtJ L~tl"'lJ1';ijlnvhLL'VI'tl'l'UtJ.., overhan\5 €l~U'U 

~ ~ 

-Xl BL~f')1Yl':Jl1'Iyh1lX~1'V1'\hutl\l~L~n1Yl':J11'I'VI'Ul~'U~\lYh1lXm':J"h~l'UB L~nm €l'UEJ1n~'U 

1.110 

O.1l0 

~ 
OJ 0.60 
I:"" 

..r:: '" u 

lUll 

u,uo 

I.0E-1 ~ I.IIE - II 1.0£-10 I.IIE-09 I.0E-IIK 1.1)\::-117 l.ilL·Uh 1.11 f. -II, 

Concentration of target DNA (M) 

• 
~tlvi 1.10 LL6'lI1'I\lmllJ~lJ~'U~':J:;'VIll'l~'lJ'l!I"Jnl':JVl':Jl';ij-rl1'lnUmllJL-u:wiJ'U'U€l\l tar~et DNA 

~ILL'VIoJ\l'Uf)\l overhangs YiLLVln~l\ln'U 
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Utlmnn.aL~mtJ~tJ'ULYitJ'UmllJblLf1';jl::thJ'u-1 complementary DNA (11 L'\J~) fl'U 

target DNA ~ijv11LLVlti~'Ut.l~ overhang t.l~1U"lJ"~"'ltJ ~tril fr:nlJblLm'l~vi'lJt.l~ DNA ,x~"v~"ltJ 
iil'hvflnflLAEJ.:Jnu (~tJ~ 10) LL,,~~h;\";U11 v11LLVlti~'Ut.l.:J overhang ~~t.l~1U~lJ"~tlIEJllJci.:J~,m(;)m'ru 
'1J'lruf)T;}lLml~vi 

1.3.6 fl111J,jl LY-Il::L~l::~~ 

1~tJ'I11.rrllyJYhv1~'luf)1JtJ1'\JtJ~~e:llVlUI~'"W PANI-Gr-Ag m,):Ul~ target DNA ~ijmllJtJ11 
'lJt.l~LU" 41 LU" ~~LtlU complementary target DNA UCl~ DNA ~ijL'\J"LL\i1fWh~ ~lU1U 1 LtJ" 

11 6 
(single mismatch) LLtl~ 2 LtJ~ (double mismatch) 1u'lil\lmllJL-UlJ-U'U 1.0 x 10- ~\I 1.0 x 10

LlJCl14 LLfll'l1'lfh~.m(;)l\1'UB~m~LL~1yJYhm~lJlrllulruLUufh %signal suppression(%SS) ~~"lJtl1J 
~ 21~EJC)1 %SS LL~~.:J';hL'lJUL'lJt.l1~V{I1lJU1~uijmllJ~lL~I~L:Ul~:U\l"~

\J 

O'oss = ~CCOmpifmer.(\' DNA - ~Cmisll\Qrched V.VA X 100 
jCcamp/emt'nrry DNA 

~ln~tJyj 1.11 ~'U11 complementary target DNA 1~rilmllJblLf1';jl::vi~\I~~ cilU %SS 

'lJt.l~LtJ"v1(;)l~~l\JlU 1 L'U" iirilL'Yhn'U 54-62% m~:: %SS 'lJB~L'U~v1LL\i1n~l.:J ~1\JlU 2 L'U?l iirh 

L'Yhn'U 78-83% LL,,~~1~L,,;uilL'lJUL'lm1v1V{(jlJu'l~uiim'llJ~1L'r'n~L~'l:;:u~viB target DNA 

0.811 

0.70 

• -11110.611 

• ~IBDI 
~ 
E: 0.50 ~) -Ilnnl 
III 

r: 

~ lUll 


...u 


"" 

C 

III 

:: 0.30 
:J 
u 


lUll 


U. IO 

11.011 

Concentration of target DNA 1M) 

~tJ~ 1.11 rn'llJ~lJV{u6J::'\IIil.:1~'1J'1J'lrutll';jml~1~n'UmllJL-UlJ-U'U DNA v1LU'l.JComplementary 

target DNA LL":: DNA YiiiL'U~LL(;)nl'i'l.:l~'l\JlU 1 LU?l LL"~ 2 LU?l 

I 

1.0[-09 1.0[-I)R 1.0[-1)7 1.0F.-061.0[-11 1.1l[-1It 
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1.3.7. n1'i~Lf'I'i1::";~':mci1.:j purified ua:: unpurified peR 'lJil.:j~'l.I~ HLA-B*58:01 

LL!;l:: HLA-B*57:01genes 

1VltJ~1~11y.Jvhvi~.hunl'nJ-ruu~.:j~'JtI PANI-Gr-A~ ~:Unl'~(;I~.:j1~'iU~LL(;In~h-:)n'U 2 

'll'WVI fiv 1Yl'lU PI ;fi.:j~1LYn::nuvu HLA-B*58:0I bLG'l:::: 1~'lu P2 ;-:)"illL~l::::nuvu HLA-B*S7:01 

Eh.!~~~v~'ll'WVI;f:U~TU1'ULU~bvhn'U LL~:ULU~bL(;Invh~n'U"ill'Ul'U 2 LUG'i 1VltJ~T~~~~tJ~.rrl1'\'Jvh1'0 
lbfl'l1::::";~1vch.:l purified bL~:::: un purified peR 'UtJ-:)V'U HLA-B*S8:0I bL(l:::: HLA-B*S7:0I Yi'Yl'ilU 

fIlll.JL'UlJ-ii'U ;.:l1'Umru'UtJ-:)fll'l1i.rrl1y.Jvhvi(;l~-:)ti11tJ1'W'iU PI ('ltJvi 1.12) ~Ul1 fllfl1llJll1Lml::::";
" 

'lJtJ.:] purified peR HLA-B*S8:01 :UFh~lnll unpurified peR HLA-B*S8:0I b~tJ-:)~ln1'U~liltil-:) 
un purified peR :UtJ-:)AtJ'l:: ntJU'lJtJ':]G'il'j5'UviLV1~tlm\)ln.rr'\.mmml'} peR ;':]€J1\)1ULfll::tJ~u'U~'mul 
.rr11y.JYll',i11~ AQ ~~VltltivitJmtJ1'W'juLnVlnl'~I'1.:lt:.h'UBL~nmtl'Ulti1tJ1n~'U~-:)vh1~~rurulnml'lml\)lVl

'\J U ., 

~~(l.:] LL~::::L~tJ~\)1'lt;l.l1n1'lm1\)1V11'U~1mjl-:) purified peR 'lJv.:lV'U HLA-8*S7:01 l'IU111~rilmllJl1 
lLml::::,.;vi~l?lV1 b~tl.:]m\)lnV'U HLA-8*S7:01 :n"l~ULU~vi~l':] 2 (1)lLbV1ti.:l~ -rvh1~fl1llJ~lm'lt:\1'U, 
fll'lbnVl hybrization !;lVln.:l ~1'U unpurified peR 'UtJ.:]U'U HLA-B*S7:01 1~rilrnllJl11bml::::";vi~'l 
nil purified peR 'lJtJ.:]V'Uii HLA-8*S7:01 ;'lLV1\1le.Jr;1L'li'UL~tJ1numru'UtJ,:j unpurified peR 1'Uv'Uii 

HLA-B"58:01 

6Ul1 

='011 

::::- 400 

" E
" 3UU 
'-' 

0... ... 
\...;" !UII 

100 

II 

• III ·

.. 

• 1Il..\-H· 57:01 Purilhd w _. 0.997 

\-U',s:nl I'.. .-ifi.d 

HI. \-B"SH:OI non-purilil.. d 
R' ~ 0.9119 

• III ....\-Ht.:'7 :fll non P'urifil>.ff 

R' ~ 0.996 

1.()t: -15 I.OE-I~ I.OE-U 1.0[-12 1.11[-11 1.0[-10 1.11[-09 !.OE-OX 

('nn('entrutinl\ "ftar~'-"t ()\ ,\ 01) 

~uvi 1.12 ~'1!qJlrufll'lIi1'l1~lVlnUfl11lJL'iilJ'iiU'lJvWll'Ub'llf)'~Yi~<?lJ'U1 ~'U1'Ufn':ilLml~";~1mh'l 
purified LL(l:::: unpurified peR 'lJf).:]V'U HLA-8*S8:01 LLr;1:; V'U HLA-Bj(-S7:0I LvW probe PI 

I 
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~1'\.1~'Ufm)hrtl-lnl'JH~J1yjYh~(;l~.:jil-wl'W'Ju P2 ~-li1rnllJ~lL'Wl~lii€lEJlJ HLA-8*57:01 

mflfll1 HLA-8*58: 01 ~lmtJ~ 1.13 :U~L~lJ1il-hfilrnllJblLml~~yj1il~lflfl1'SfilrnllJb
" 

lLml:;~'lJtl..:J purified peR HLA-8*S7:01 i1filvilfl11 unpurified peR HLA-B*57:01 LL":; 

purified peR 'lJ€l..:JEhJ HLA-B*S8:01 'W'Ul11~filrnllJ1JiLml:;~~~1~~ ~.:j~lm'J()BB'UltJ1il, 
L'lilJL~tJJnUfl1'J1-&1Yf~'U PI 

hOIl 

SOl) 

-< 400 
E.. 
~1 

= 
.,00

'-' 

..... ... 
::> 200i..

100 

o 

y = (96.6 ± Z.9)1og(') + (I4J I ±JJ)
• HL.·\-Jl'57:1ll Purilied 

R' = O.'IIJ6-l // •• IH.:\-R·57 ;OI nlln Purified 
~; = (76 .9 ± l.7)1o::(x) +. (I14U c_ 20) 

.6. HL\-U'5l!:11I Purifi.d 

• III.A-R·S8:01-nulI Purified 

• ~ = (~O.8± J.-IlIug(x)+(7615 ± 17) 

H' = 1).\lI)~!! 

..... 
y i21.1 .. . t. --- ·--·_·10· .. 

- - ~ -
.. '.... ... 


I.IIE-15 1.0f.-14 1.0E-\3 J.UE-12 UIE-11 I.tlF:-IO UIE-Ol) 


Concentration of target Di'i.·\ (iVI) 


fl1'SlLml:;~(i)Jmh~ purified u,,:; unpurified peR 'VB-lUlJ HLA-B*S8:01 LLm: 

U'U HLA B*57:01genes L(;ltJ probe P2 

1.4 n1')1LfI·n::~~'H)th.:j~1.:j 

th~11yJYh~~1'Ufl11U~'UU~.:Jy)JtJ PANI-Gr-Ag ~:ljfl11\il~..:JL'W1U PI LL":: P2 m1~1~ DNA 

1'U(i)1€l~1.:J~~..:J Y1ch'Unl'J purified LL":; unpurified peR ;fi..:J~lflr-J"nld'V1~"€l..:J'Wu-.i1L'Wd'U PI ~:;1~ 
~rurulrufl1dlild1~1Vllii€l EJ'U HLA-B*S8:0I ~.:Jfll1 UlJ HLA-8*S7:01 u1~mru 3 Lvh 1'U~J€l~1.:J 

~ ~ \J 

purified peR LL":; 2 wh 1LJ(i)1mJl.:J unpurified peR (~..:J~tJ~ 1.14 Lm~ 115) ?il'Umrufll'S1il'W 

'JU p21~e.J"nld'V1~"B.:Jyjfl~ltJn'U flt),'l:;1Vi~rurulrufl1'JIilB'U~'UB.:J liiB8lJ HLA-B*S7:01 !;'l..:Jfl'"1l v'U 
~ ~ \J 

HLA-8*58:01 u'J::mru 3 bYi1 1lJ(i)1€lcil.:j purified peR LL":; 2 Lvh 1'U(;)JB~1.:j unpurified peR ~ln 

r-J~ fll1'V1~"B\l Lb?\~..:J1Vib{itr11L'lJ'UL'lJ€l1~-WI/l1'Ul~'\.J~1:JJl'JmLfJn~llJ llJl ru n1 dlil BU~'U€l-.l,()B..:JVlJ~.:J ~B.:J'UUVl 

'lJUVl11i1 

I 
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-:; 7D I 

:'7111SHill 5SUI 
5Sll1 

5sIIJ 

5HUI 

ifil l 

5\1 

Ii 

SI' I S /'2 SI'.: SP~ SI':' Sf'1> S I' " S /'» .'i I'" S I'Il ) 


PlJrir~ 1'<. 'H ::,\' n4o' 


~tl~ 1.14 ~'ll'lllrum'iWn"Jl\1l1\Jvl"';mfh\l purified PCR 1i11 m'll\JL'll€Ji~w~\Jl~\J l\1lvl-ff probe P1 

LL~ :; P2 

) 1" t 

~ :' 11 

·100 

-' :: ~ 5 11 

" ~t :t"I ' 
:; • ' 7 :< 11 /' \ ,\ 1',,, 1'<: 

~ ~ I) 
:; 

~I I I .:: 
'-
'

1ell 

JIIiI 

'0 

II 

\ /'/ \./' .' \' I' ~ \. /'. .' : /" ', /'( , '\ 1' - .\.1 "< ' I") ·, /' 1.; 

'hH PurHy PCI~ ;.!cnl.' 

~tl~ 1.15 ~'ll 'lllrum'iml\ll\1lluvllm.h\l un purified PCR Ii1Jm'll \J\'ll€J i~W~\Jl~\J l \1lVH' probe 

Pl LL~~ P2 

LL~\J\ll\J'lJeJ\llfl'i\ln1'~~\l~~ m~nviBhn\JeJ'\.Jlfl~ 
L:UV'UtJ'Vlflll:u&i'WlJ'W 
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rf'1 'NnTitif)[J~ 2: nl'iWWU'H'lfW'?;ffJ{L ;ifJn TiP11'] 11-}(;) ~L5WfJ rPllJL'YlFJUFJ 'V1'NLf'1iJ'lwrh rPlY 

fJ7 fl[JylL5uLtJ [tntJ[(;)[Jf) 7R[J:;5li(;)Ln1~'I11.JZwrh (electrodeposition) "i/f).:} f)'/ffl7FJ U7rut~u~iJ 
6fn'l!lflJ~rFJ1.J~17.J1J7r1Jr1Jrw:J'huntJwf)aLJJtJ{'/hlwrh 

-l1'l/h)tJl1Lu'Um'iWVlJ'Ul~hih.lLvl 'ULm'll'UL'llv~ (DNA biosensor) LL'U'Uhi&)\1iQ"lnL\1iEJellI"lEJ1G 

8\1iLnl:;''V1l~1'rIvh (electrode position) '!Jv-ltl~mfl'UlL'Ul~'Uyjlj~n~rudm,:j?1~I,:j b U'U'UlL 'ULWlJ (silver 

nanofoam, A~NF) ~-lYilVl':hyj L{j'U~l L~lJ~'Uyj ~l LU'U ~l L~lJ~ryq!lru LL,,:;,YilVlUI~Luu redox 

probe lLl~1EJ1u'lmJ:::L~E.nnu ~llJ~lEJm'iH'm'iYw~l"1'1b" (polypyrrole, PPy) ~'1LUU"I'Itl~LlJtl~'I11 
1Yh~1 (conducting polymer) yjljVl~Ltllju LYim~lJLl~lJlru active site '!Jf)'1 PNA probe ~-lt111Ll~ 
m'ib~lJLl1mru'Uf)-lm'i hybridization 'Utl-l complementary PNA-DNA vlf)lLl 1\1iEJm'iI1l'il~1\1i 
~'l1'l11ru~:::ml~1\1ie.ilu~~~lruVi"\1i".:l'IJtl-l redox probe (silver nanofoam) r1f)ULL":::VI~'1fll'iLn\1i 

PNA-DNA hybridization 

Ll1tl'l~l EJ,:nul ~EJd?1uhyj~:::t1IL'lJUL'lltl1yjwVlJUllJlLl'i::: ~nv11-if~'il 'V1(i)1:lJ1 fl'itl 11 LBUL tl 

(miRNA) ~-lLUUEn~bBu bf)'!Jul(i)L~n~nn()f)(i)'i~?1'VlnmUlJ 1 U'U~Llru~hir11VlU\1im'i?l~1-l1Ll'i&iu 11 
" 

'Uul\1iLl'i:::m ru 18-25 ulfl~l tl1Vlv1 lj'UVI'Ul'Vlfll'UAlJ m'ivll'11u'Utl.:l b 'll",,1\1iEJ m'U fl:lJ nl'm?!\1i-ltJ f) n'Uf)-l, , 
VU Vlft1EJ'Il'Ui~EJ~L?I~.:l1~L~'Ull miRNA lj"h'U~':llJ1Um'iAl'Ul')lJm:::mUfll'ir1tJlJ::: L ~-l1um'iu,,~'i:::V)'U 
AlllJ'i'ULL'i.:J f)')'i LL 'W~m:;''lIV nl'i'WE.J1 mru1'i ALL"::: nl'il1ltJ'U?!Utl'lvltJnl'i1n'tIlL'i f):lJ:a ~-l v).:nru, 

?llm'ifl1-if miRNA LUU"1U'l~:Ulm'W (biomarker) 1~ (Wen et at., 2013; Yin et at , 2012; 

Kumarswamy et at., 2011) miRNA l1'V!ft1EJ'UU(i) LL(?i1U-llUl~vd?luh~m:n~'l:::ml'l1(1) miRNA-21 

Ll1tl'l'VlnLl1m(1J'Utl-l miRNA-21 ?Ilm'j()1-ifLuu~lu~~~lm'W1U:lJ:::L~.:JVlmEJ'Uu(i) l~EJ miRNA-21 lj 

~lU1UL'U?I~'1V1:lJ(i) 22 L'U?lL(i)V'lIUl~vvtl~\ihLuum'i Ll'j:::ntl'U~1EJ 

" 2, 1 nl'H~'1lJ:lJi1 PPy/ AgNF/ Au LL~::n1''iVl~''tl'UF1ru~n~ru::, 
Ll -r'U Ll ~ 'I ~ 1 ~11 y.jYh VI f) 'I ~1 EJiu'U EH A~NF (electrodeposition) ~1 EJ LVI flU fl 

chronopotentiometry 1\1iEJ1~m:::LL?llyJvJ!fl~yj ~ -0,010 A dJumn 20 lUlVi \llm1uLl1'ULl~~~lEJ 
iu polypyrrole ~1EJL'Vlflufll'llfl~flbi;'\LLVllJLlJVl1 vi'lil.:Jl"lnv1'tJvJ! 0,4-0,9 hfll'l ~l'UlU 3 'iv'U 

'VI n nt'i i'i fl'l!l1 ~n'\!lru~ Vll'l~ru 151Ui'Vl CJl ~l tJ n~f)'1 \li;'\VI ~'iPltJB L~nmvu LL 'U'U(\ v~ fl'i Iii) (SEM)
~ , 

'W'U~I~U~l'Utl-l~l1yJyh AgNF/Au iJ~n'\'lru~LtJu~"I'I1Ufl~ltJLy.j:lJLlnfl~:lJ~l'U~Llru~l~l1'tJ-W1Ylv.:l (~Ll 
vi 2.1 A) f1'iru~l PPy/AgNF/Au 'V~~.:JLfl(?lL~unt'iLn~LtJul-J~lJ'WEl~:lJL:lJtJ~'Utl~ PPy L-ifllLlLlflfl'llJiu 

'Utl..:J AgNF ('iLly; 2,lB)
\I 

http:nl'i'WE.J1
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~tJ.yj 2.1 m~ SEM ,nnn1'jtJ-rutJ~"l.rrllyJYhvllfJ (A) A~NFIAu LL"~ (8) PPylA~NFIAu 

1vl~ n'\'1l'rH1~m'jlJYlI"l1 y.JYhlJtJ\l.rrll yJ~11l.1.rrl.l(i)tJ'U'lJB\l'tHutJ~\l~lVlthvll ~rr?lIilYll\l bfliJbb~:; 
.rrl.l(i)B'Um'j(i)~"l PNA probe .rrl~f1ntJ-rU'lh"l1 ULLl9l,,:;.rrl.lfl ml'lJ,ml,r)VllillmYlfl'UflB b~nL(i)'jLfllJfl"

\J' " 
BlJY1LbVlU'1l ?lLDflL(i)'j?lLflU (Electrochemical Impedance -Spectroscopy,EIS) 1'U?ll'j~~mEJ 0.3 M 

phosphate buffer (pH 7) LVlEJ1imllJ~'iJtl\ll'1fW1yJ~11'U~1"l 10 kHz-1 mHz LVltJ.rrl~yhn1':i~fl'\'11 
l~bbr\ 

1. 	 Bare Au electrode 

2. 	 A~NF/Au electrode 

3. 	 PPy/Au electrode 

4. 	 PPy/AgNF/Au electrode 

5. 	 GNPPy/A~NF/Au electrode 'GA fl€l.glutaraldehyde LthJ~l cross-linker 

6. 	 PNNGNPPy/AgNF/Au electrode 

7. 	 MUUPNNGNPPy/AgNF/Au electrode 'MUL fiB I1-mercapto-l-undecanol LiJlJ~J 

blocking 

8. 	 DNNMUUPNNGNPPy/AgNF/Au electrode 

,nnm'jYlVl"'tJ"l ~n'\'1ru:;'lJv"l impedance spectra 'lJ€J\l.rrllyJ~11'ULLl9l,,:;.rr'U(i)tJl.I'lJ€J"ln1'j 
'tHu'th\l bL?lVI\l~"l'jtl~ 2.2 , " 
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0 
~... 
.. / - • -

o so 100 
,;;'- - -;.;;.;-- ;,;,11'"- ,--1, .R.-e.t--3L • 

400 450 

Z'JkO 

~tJYi 2.2 LL"Vl.:)~n'tlru~ impedance spectra LL'f1~·WJ')~~tJ'wltJ1<il'lJt).:) (A) Bare Au electrode (B) 

PPy/Au electrode, AgNF/Au electrode, PPy/AgNF/Au electrode, GNPPy/AgNF/Au 

electrode, PNNGNPPy/AgNF/Au electrode, MUUPNNGNPPy/AgNF/Au electrode LL'f1~ 

DNNMUL/ PNNGNPPy/AgNF/Au electrode 

resistance (Ret) 136,7 kQ LW:::'illn~tlyj 2.2B 'Vl~.:j'illn electrodeposite silver nanofoam ~.:)Utl 

~1V1v.:) (AgNF/Au electrode) ~1~.:)mh11~fh Ret L~lJ~tI(Ret = 0,401 MQ) ;.:)dJtI(:.J~lJl'illnnl,)~ 
~tI~1~1:iJ~n'tlru~ L{jmYr~tI'lJt).:)t)tlmf)tllltlL~tI;':)":i'Vf:itlyj:iJ'lJU1VlL~n 'il:::~':)C-J~1~ electrical double 

'\J 'I 'I ~ , 

layer yjbi:)v,~'UmeJ1'U":iYf~tlm.nn~ntl vh1'Vl'1m)vtl'lJv':)BL~nlVI')1~iiLfl~m.J~mtJ1u~11<iltJln ?i.:)~,m1~
" , " 

I 
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fll1lJahtJY11tJ'Utl':),)::UUL~lJ~tJ LLviL~mH''Utl~.:).rrl~.:)ncil1v11 tJ polypyrrole ;':)LU'U conductin~ 

polymer (PPy/A~NF/Au electrode) I'll Ret r1(1)r1':) (Ret = 57.0 kD.) L~tl'l\Jlfl PPy vtltlLfl~v'UU'U~l 

L~lJnl'l'l.h1y.JWl 1\J'Uru:::~ Ret L~lJ~tJ (Ret = 115.6 k!1) L~v.rrl~ntl~'Utl~.:)~'JtJn~m~r1Qil~ii 
(glutaraldehyde, GA) (GNPPylA~NFIAu electrode) 1tJ.rr'Ucl(1)ltl L~V'llJ1\)lf1nl'lij"'lJU~L1JtJQ'UltJ 

'UEl'l GA Ul;1:::L~El PNA probe ~f1\i1~'1H'UtJ~1\t\Ul.rrl1~V"'1'lL~EllJl'lJl~L1J'U GA ;'lLUtJnl'H~lJfl11lJ 
L'tJtJQtJltJ1~nU.rrlr;i.:)t.Jnh'fh Ret L~lJ~'U (Ret = 163.1 k!1) LLl;1:::L~v block v11tJ Il-MUL Al Ret 

L~lJ~tJL'litJn'U (Ret = 0.332 MQ) ~'HU'Uc.Jl;1'Uv~"'lJU~mllJLD\JQtJl'U'Uv,:j 11-MUL LL61::VI~'1\Jlnf1l':i 
hybridization nu tar~et DNA .rrl1y.JYh1~fh Ret L~lJ~tJBn (Ret = O.Cl66 MQ) c.Jl;1nl'5Vl\1ll;1€l':) 

~,:jntillLLi.'1\1l,:j1~Li1'U",h nl'ltl~Ul.J'5\1.rrl1 'W LLvil;1::.rr'ULD'U1tl()1llJ\)~tl'5:::i.'1,:jA'U€l,:j nl'5't.l~utl') \I, , , 

MVl\1l?!tlUL-dv,:ja;tJf1l'5\i1'n\)1(1)~'l!(1.Jlru\)lnnl,)Ln(i) hybridization '5:::,\,111'1 probe Ui;1::: 

target DNA v11mVlfllJfl1'1lF\~f1bmLVllJijVl~ (cyclic voltammetry) TI\)l'5rul\)lf1f1l')i;1(1)i;1.:)'Uv\lfll 

m:::u",1yJyh1'WtlDn~vl redox 'Uv'l silver 5'WL~v~lJ1\Jln"'lJU~fll1lJLUtJQ'Ul'W~L~lJ~'U ~Ullnl'5 
n(i)i;1\1'Utl,:)fhm:::LL",lyJ·ih~lJ~'UmlJfI11lJL.ulJ.u'U'UEl~ tar~et DNA ~'l~tl~ 2.3 

"- base line 

'1 
.... 
c: 
<lI 

a 
.... .... 

'-- lxl0·l0 M 
lxl0·9 M 

- -1xl0·8 M --- lxl0-7 M 

Potential (V) 

2 .2. n1':jAm~n~l;1fl11:UfJl'd'lJtl\l acpcPNA probe Ul;1::~l;1'lJtl" overhang . " . 
Pimne.Ji;1'UEl.:Jf\lllJVll probe Viii~Elf1l'5\i1,)1\)1Vl target u'U acpcPNA probe Yiiifll1lJtJll 

12 bases (acpcPNA-12) m~::: acpcPNA probe ~ijf)':n:utlll 15 bases (acpcPNA-15) ;>l'l11lJ1H' 

1'Uf1l'5~'5T~1\1l target DNA (Yl\1lG'lElUL-dv~I'1'U) ;~ DNA Yi1-u-dij'<illm'ULL61:::~l~ULU(lLVliiv'Uf1U target 

miRNA-21 (1-ULU?I T LLYl'ULUG'I U) ~n~ru:::f1l'5L.ulAntJ'5:::w:h.:) PNA n'U tar~et DNA v1fll\1l'hil:::LUtJ 
" 

LL?\Vl\l~\lnJ~ 2.Cl A 
" 

I 
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~lnnl1'YlWl"v-:)'WU11nl'~1i acpcPNA-12 ll"~ acpcPNA-1S1tlfl11m1:UlWi DNA-overhan~ 

1 (DNA ~iiliilllVlil.:ll'U~I'i~lJbl~~~l'U'Uv.:l overhan~ LVliivtltl'U miRNA-21) 1~'li1.:lrnllHUtllG1'Um-:) 
13 " s s

2 'lJ1.:l~B 1.0xlO· -5.0xlO-8 M ll"~ S.OxlO· -1.0xlO· M (clTWr'Un1~H acpcPNA-12) Ll~~ 1~ 
14 7 7 s

1.0xlO· _l.OxlO· M LL"~ l.OxlO· -1.0xlO· M (cllV1~'Unr11off acpcPNA-15) 'W1I~m1lJ(i\'.:!n~11 
V1:ULdv~lJ1'11fl1tlmru'lJ1.:!mllJLofflJ-utl'Uv-:) DNA ~1 fl1~~'Untl~~Vll1.:! PNA probe n'U DNA 'Utl 

~1V1,j'liliitBlJ1ru,j'mJmm=i.:)t,m1~fil L11 l~lJ~'UYi,,~,j'mJ LL~L~vmllJL-UlJ-Utl'1Jv.:! DNA L~lJ~':!~'Uv1 
" 

':i~ vl'Ufl11lH-UlJ-Utl'lJ1.:!VI~-:) '1~ ?\~~"1~LflWlL'U~ l'i~lJm n~tl LUt'I At'llJv1LnWl~'U\1:u~vh1~LflWl fl1':iV(;lvl1
" " 

(ri~id) '1JB-:)Ln~tn~lt1tilJln~'U ?\.:je.m1~ DNA ~lm<H1L-Ul1t1~'\jn'\j PNA probe 111l~lt1LL~~lJ1n~tl ~.:l 
'\.hlJl?lf1l'mJ~t1tlLLtI"~'UB-:)fh L11 ~lJ1fl~'U(i\'.:je..Ji;'t'i~l~-Ul.:jl1ltl (Li et al., 2014) BU1.:!bnli11lJLYiv1~ 

" 
t'lBWlfl~v.:!n'\J\J~lJ1ru'UB.:l miRNA-21 1tl(;)'1vUl.:!Yl"lr:1lhVl~B'li~lJ~'W\J1'U'lJ1.:jtJ1~lJ1ru fM ()-:) nM 

(Komatsu et ai., 2010; Tsujiura era!., 2010) ~-:),1tl 'lJ1~fnllJLUtlLG1tlm..:l1tl'li1~rnllJL-UlJ-U'U~1:U~ 
fI m.'hm1i'W'lI~ rulltl nl':ii'i n~lwl'nihVl B1~tl LL"~:Ul n~" fl1~'Yl(;l "v..:l LL~(;l.:j1lXli1tlil'~ltl1'UL 'Ut'lv1 
" 
lJlnnil'Uv~ probe ?i..:lj:.J"~B~qjqjlrufl1'im1:u1W1v1~..:l~'U bL":::1~'1i1..:lmllJlU'UlG1'U1n1.:!1 'Ufl11m1'llWi 

fl'h:ml1 v)~,1tl acpcPNA-15 ~~~mfiBfl1mtlfl1'ii'in~11'Uwl'il:iJLVlB1~tl~vlt1 
tlvmnn\1ldv.:!:Uln tar~et iJmllJtl111J1nfll1 PNA probe vnmtlfl1'im1:Ul(;l?l~e-ml~ii?\1'U 

'lJV':) overhan~ (~tI~ 2.4A) v)-:),1'U l~iinr'i~m~mm'Uv.:) tar~et overhan~ ~11J 'llfle."e'lfll':i'V1vmv.:!v)~ 
!tI~ 2.48 W'UiT~.:lfl11li acpcPNA-12 LLe'l~ acpcPNA-151tlfll':iVl'n~l(;l DNA-overhang 2 'l1~ii 
?l1'U overhang ~t111v~'Utl~1V1,j'li11~~'1l'1l1rufl1':iVl11'll~~~.:lnilf)11 mT~l~ DNA-overhan~ 1 

.g.:lii?lltl overhan~ ~t111v~lU~l'i!;1~mtJ tn'lL dB.:l'llmnmnVl hybridization vh1~fl11lJLutltltlltlv1 

'U~L 1 ru~1V1,j'1.rr1mn fll1 ?\.:l e."e'l1~l'il fIl'iLtI~t1'U'UB.:lm::: lLt'lVI~.:!fl11 Vl11'11(;l L~tlfl11lJLLVln~1.:llJ1nflil 

I 
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O\·...... '~...;r--l 

A 

C 

Co D."Ii.....·rrlI.,,~l 

T ., 
G" A T 

G C ., r{ c;~ 

r "A 

_",·","A_I] II]"v.ol.t~"~"'J " C 
T 

A 
r 

., T 1 

" C C 
e;~ 

.< 
." C; ., 

1 
G 
T 
T 

.11,..1,,.,..,,_"11,. G It,,,lifi,.rlff-trnk 

OatpcP:,\,\·IZ III b:;lus in It·nj:th)/O.~A on.:,-hni!-l B 
~. • (2.99±O.08) loi: ('l) + H6.·HO.9) 
r - O.99~7 

y - (Z,2~±O .08)lul:! (" ... t36.1±O.9) 
to 0.9931 

" . tZ.9±O.I) lue.l .") + (·H.± I, 
r · 0.99,,& 

y ~ IZ..I4±0.071 IDe 1" + 135.J±U.71 
r =O.996M 

• ioI"'prPNA-12 (1 Z bll:)f'~ in h:ni:lh)IU~A o\' ''rhwn~-l 

AarptYNA-J 5 (15 bailS in l~nglb)/O:'tA overbang-l 

• at'ptr;oo.lA-'~ f 15 blt.<u in Jrn:;:lh)lD~A on;'rhllo,-2 

AA 

G 
r 

1 

Co 

~' 1 
- T ., 

C 
1 

e; 
r A 

r " A "AT 
G r. c 

T T 

A· 


'r ., J T 
(; . C C 
r C. e; 


r 
 A 

cJ' ., 
1 
C 
T 
r 
Co , 

JO 

25 

5 

O~---r----~--~--~----~---T----~--~---' 
1.0E-15 1.0E-14 1.0E-13 1.0E-12 I.OE-II 1.0E-10 1.0E-09 1.0E-08 1.0E-07 1.0E-O~ 

DNA concenlralion 1M) 

~tJ~ 2.4 (A) ~b'U'U~l"B-1nl)L'ih~n'tJ)~'wh~ acpcPNA-12 L~fI~ acpcPNA-15 fl'U DNA-overhan'S 1 

bLfI~ DNA-overhan'S 2 (8) nHYhnm~l'Um~~lnnl)Vl)l\)l\i) DNA-overhan'S 1 bbfl:; DNA

overhan'S 2 ~ltJ.rrl~tJ~'UtJ~,:j~ltJ acpcPNA-12 bb":; acpcPNA-15 probe 

2. 3 ~mn i'li)11:;viL'V1l.J1:: alJ 

2,3.1 fl11:IJ~'Il:IJ'Il'U'UeJ.:J acpcPNA probe 

~m~nl')ll:IJL-VlJ-V'U~b'VIlJl~"lJ'Uv,:j PNA probe lWnl':i1i(il'n~l\i) tarset miRNA-21 ,1'U 

acpcPNA-15 fllllH.ull-V'W 5.0, 10.0 bLfI~ 15.0 /-tM ~mhlJltl~utl~-1.rrl PPy/A'SNF/Au ~ln,1'U 
1,.hlJlH1'Unl1Vl':il~l\i) miRNA-21 ~ijml:lJL.ulJ-V'WLL(ilnllil,:jn'U \)lnn11'VlVlflB-1 ()tl~ 2.5) 'W'Ull'~-1 
mll1blLI'))l:;~ (mllJoU'Un11vJ) LLfI:;r)l LOD ijl'h~~;ff'Ub~€JHimllJL-Vll-U'U prob: ~\l-1~'U BVl-1bn 

(flllJ ~AllllL-VlJ-U'U 15.0 jJ.M acpcPNA-15 probe ;-1Lu'UmlllL-VlJ-U'U\l-1~\i)1~'li1-1mlllLtJ'Ubwm-1~ 
~'W L~€J':)~lntl~lJlru probe ~lIlmn'U1tl?i.:Je.J,,1"'~(1J(1JlruLb)n (ori'Sinal si'Snal) iJr)l~l vh1",-dl.:Jnl':i 

http:135.J�U.71
http:2.99�O.08
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(I)'iJ\l1~'i::'v'!11-:l~qJqJlruL~lJ~'Wnu~qJqJl ru~'1~~v1\l:: (I)'il\ll~1vi'L~t)ii target (satura ted condition) 

LLflU(;'l-:l vl-:J,r'W L~v1m~fil LOD v1~1~JlJnurn<,iii'1i1~mllJLU'WL~'W(I)<,i-:lv1f111~ 10.0 ~M acpcPNA-15 

probe ~-:l~m~vml1lJ11m'Wn1'S~m~n~v1tJ 
2S 

20 

-<
::l. 
-.!.- IS 
:L '" c 
~ 
'-' 
~ 

:; 

• PNA 5.0 f.l\1 

o PNA 10.0 JlM y ~ (2.-I:tU.llllI/.: I') + -I-hl) 

r ~ 0.9910 ..!a' 
A I'NA 15.0).lM 

.~., ..fl···· .... ..' .. ' 

......,.. 
~ . ~ (2.6+.0. 1 )11l)! (.\) .f- -I'HZ) ..,. 

..... 
r; 0.1)927 

..........• 
...•.. 

....... 

y; {! ..HO.I )log ('I +. J7:l:I)..' 
r =0.9872 

o +-------~--~----~--------~------~~------~----
I.()E-19 1.01<:-11 	 I.O~: -15 I.HE-IJ 1.0E-ll I.IIE-09 

miRN:\-21 ronc{'nlration (;\"1) 

~tlvi 2.5 t:H'I'1Jtl-:lflJllJL-UlJ-U'W'1JtN acpcPNA-15 probe ~rnllJL-UlJ.u'W 5.0, 10.0 LL(;'l~ 15.0 ~M v1tl 

~(lJ(lJlrurn'SmJvlVl miRNA-21 

2.3.2 LrHnmm'Wf11'llm.J~1~<6':i::VI·;h~ PNA-DNA 

MPlm!:ll'S::V::LJ(;'llhJf1l'i1llU~\i\1\i\L'll'll'W'i~'v'!':h\l PNA-DNA ~ni:11 5 LLfl:: 15 'Wl'Vi \llf1(:.Jflf1l'i 

'VlVlnv'lvl'l'iLJ~ 2.6 'YiUl1 ~nfll 5 'WlVi L'll'UL'1ltlfl.,xFl1 LOD L~lJ;ff'UL~mJVV\lln 0.030 fM LtJ'W 0.20 
" 

fM mh'll'inmlJ LOD vr-:lf1~lJnV~LYhJ~'Yitlvitln1'iml~lVl miRNA-21 ~t)lv'YiU1'WvlJmh-:l 
r1 m",l.il'V!~v;~lJ1'W'1il-:lLJ'i::lJ1ru fM G-:l nM (Komatsu et aI., 2010; Tsujiura et aI., 2010) vl~,r'U 
n(;'ll 5 'Ulm'Wf1l'Hn\i\ hybridization ~-:lflf1'l11lJ11-ii1'Wf1l'iml~lVl miRNA-21 ~JtJ.fflv1~~'Wl~ 

" 

http:15.0).lM
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25 

20 

,..... 
~ 
::1. 
~J5 

c 
~ 

:<: 

'" 
.c 
:J 

5 

~. =(2.38±O.09) log (1) + (43±1) 
r =0.995:

y =(1.87±O.O:-) log (x) .,. (33:+1) 
r= 0.9977 

15 min 

5 min 

U +-------~------~------~------~------_r------_, 
I.IlE-19 1.01<:-17 1.01£-15 1.0E-13 1.01-:-11 I.OE-09 I.OE-07 

miRNA-21 coiicentnltion (1\'1) 

2.4 'I.J':i::~'YI5f\1W"Utl'lL"ll'UL"lltl{ 

2.4.1 'Ii':l'lf'l':l1lJLU'UL"''Um'l m~:: 1j~~1n~n1'~~'n\ll\P1~1a~, 
mV1~~ml::~LV\lJl::6'1lJ (~h:JL1nllUn1'jLn(i) hybridization 5 'U1Yif L'1l'\.JL'lJtl~~~'ilJ'\J11~'lil~ 

16 9 16mllJLU'\.Jm-lvE.n'\.J'dl~ 2.0xlO' (0.20 fM) ~~ 1.0xlO· M (1.0 nM) ~lVfh LOD L'vhn'U 2.0xlO' 
" 

(0.20 fM) (~~~tJ~ 2.6)
" 

2.4.2 1'l11lJ~1LW1::L~1::~'1 

~mmr:illJ~lL",tn::L\ll:: (specificity) l(i)VtilL'll'UL'll'€l~~-n'ilJ'\J11tJ1'll~'jl\)l(i) oli'Sonucleotide 

interferences tJ~::fm'U1tJ~..w single mismatch target (1 MT) double mismatch (2MT) 

miRNA-I22 LLn:: miRNA-ISS ~~1'Un1'j~mnmru~-lmhlLi DNA "~LA':i1::v1 (miRNA-21 mimics) 

l(i)V~~l'\.J'Uv~ backbone L",iim.J DNA iL~LtJ~m.JLU?\ A LU'ULU~ U \llnfl1'jY!(i)nv-l (~tJ~ 2.7) 'WUll 
" 

b'll'\.JL'll 'iJ~~-n'ilJ'\.JliiA11lJ?\1lJ1~ C11 'Unl'mVmLu::Al1lJLL(i)n~1~~::v\11~ target miRNA-2I Un:: 

oligonucleotide interferences 1~~ l(i)tJ?\1lJ1'j{)~\l1~rul1~\llnfh %SS ~~~"'~~'innm'l(i)Jl\ll(i) 

, 


http:2.0xlO'(0.20
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4 : ~ 

89.3% 92.'''/. 95.01';':' 98.9"/, 

94A% 9.... 6% 9S.2~. 

2 88.90;0 9OA~. 

o 
miRNA-21 miRl"'A-21 IMT 2MT miRl'lA-122 miRNA-ISS 

mimics 
Types of oligonucleotides 

d 
~\JY1 2.7 ~qJqJlrun1'~lJltl'\.H'I'UtI,:j\llnn1Jml\ll~ miRNA-21 miRNA-21 mimics LL"'~ 

oli~onucleotide interferences (single mismatch tar~et (1 MT) double mismatchtar~et 

(2MT) miRNA-I22 LL"'~ miRNA-ISS) FnIJ.Jb'VlJoU1.J 1 fM 0.1 pM LL"'~ 0.01 nM v11tl.frl~U-r\JU~,:j 
v11t} acpcPNA-IS .fI1EJ1vli.'lml~.yjL'V1lJ1~?\lJ 

LL~'U'l1'U'iJB'llfl".i'ln1".ivl\l~~n~nviB1tfl'UB'U1i'l~ 
Pi n'enm')u')::: ~ ml1-tlL'Il'UL'Ilv41'Un1Jml\ll~ target 

\illm.hrV'~m?\J.il LL(l:::Liim..! manuscript 

I 

http:illm.hrV'~m?\J.il


4-24 

ff'l"i\ln/1EIiwtr 3: WWtJ7l'ifut'ifeJ'fWNltf1\1iI7U1Un/1{;J'i'}vi{;J cysteine [(;JVeJ7f1V PNA 

lUi~mRi1R catalyzed hairpin assembly (CHA) 

Target binding 

-L 2 3 SSDSSD-C 
123 +

r,'!'77 
, 1" r 3~ C 

BSignalamplihcation Hl-C l" TMR 

, " ~ 4Y""'\.2.· (dim) 

H1 ...!....2..l./-o 
~ -L 2 304* T '1~ 2" 3· H2 3~ 
LL ~FY7 
$: t. ' 1" 2' 3" -- C )~. :. 0 
..s fluoresc em \,. 2" 

(bright) 1 2 3 4" 3" 2+ 
.... . . 0' 0 .. fluorescein 

I- Hl-H2 "CJ2* 3~ 4 3 ..,:;\ (dim) 


~ ~ 2 3 4' 3~ 2" "'-,.., Hl-H2-C "-, 

LL ~:2* 3~ 4 3 ..,:~ 4' ". TMR 
..c. 

; 4' (bright) 


~u~ 3.1 LL"~;j~~nm,)Yh:Jl'U'UB;jL'll'UL'llB1 ~'l'\J')::nvU~1EJ"B'l~1'Uf)m' -;l\.J Tarset bindins m'l::~1'U 
Sisnal amplification 

1'U'Il1.:J 6 L~v'U~ MYl~"B;jL~lJL~lJLlIivvll"m1::~LVllJl::l'1lJ'UvW1!'UL'lJt)'fl'U.fr'U(;lm.JYi 2 (Sisnal 

amplification) (')uYi 3.1) 1'Uu"t'JL'Wv1'Uu(j)1~l.if)v HEPES L~tmnnh'm'Yl"L'liEJlJ'WvI'1L"t'J(;lU'WL'Wv~ viti 
" 

€J~L~lJ'~::yh'\JD n~en flUlmm'UL~'UYh1~Ln~m')(;ln(l1:: nv'ULL,,::-U~'Ul1.:Jnl'lYh.:Jl'U'U€J.:JL'll'U L'lltJi (mlJ 

A1LL\.J::Ul'UtJ;j 1'1. ~').ihCl 'Yl LJ il"l"v) L~EJfl1UfllJ1~ pH i1l'h 7.4 LvilL~lJ LL~"~fnllJLilJi'U'UtJ;j 

u'WL"t'Jf)1L~~tJ 10 mM L ~h.J 200 mM NaN03 LLI'1:: 1.5 flM AgN03 ,nnnl'i'Yl~"tJUL-df);j~'U'YlUl11'U 
U"t'JL'WtJ1'llU~1VllJL'lJ'UL'llB~i1n1')(;lBU"'UB;j~tJ DNA catalyst Hlml.iLL(I1n~h-:Jfl'Umruvitm'l'HLYl"L'liVlJ 

'W€J"L'W(;lU'WL'Wv1 ~lmf'UYhm')~mjlV111'l11lJL-UlJi'UYiL~lJl::"lJ'Um H1 LL":: H2 L~EJ1-iJ DNA 

catalyst dJ'ULlJLl'1mwt':hVllJlv W'Ulll'hvh~f)tJ 300 nM .Jf~ H1 LL"':: H2 lJ1'li1;j1'111lJLiJ'UL~'U(I1'l;jf;B, 
10 - 100 nM (catalyst) U,,::rilfnllJ11iLI'1')1::'v1f;v 10.51 ± 0.64 liM 

o1 
~;ju,,~.:)l'U~'\JYi 3.2 

/ 
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0.00 

0 
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• 
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o 

• 
o 
.,o -. • _ 100:100 nM HlF:H2T 

_ 200:200 nM HlF:H2T 

0300:300 nM HlF:H2T 

50 100 150 200 250 300 

Concentration of catalyst (nM) 

~u~ 3.2 m,\~,:jnl,)\i1tl'U?I'tHl~'lJtl~b'l!1.JL'lJv1~tl DNA catalyst ~mllJL.ulJ.u1.J'Im~ HI LL~~ H2 bb\i1n~l~ 
n1.J 

3.000 

0 
 o~2.500 

0 
+=2.000 o 
0 
L 

........... 1.500 
 0 
~ 
o 1.000 8 0 o 
+00.500 
L 

0.000 

o 50 100 150 200 250 300 

Concentration of catalyst (nM) 

old , , col 
~u'VI 3.3 LL?lWl,:jnl~\iltl'U?l1.Jtl,:j'lJtl~L'l!1.JL'lJm\i1tl PNA catalyst Vl 300 nM Hl Lm~ 300 nM H2 

I 
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'illfltT'UY1~"B'lml':il'1mRl'U'i)-:J'U'i)-:JL'!l'UL'1l'i)1(l)'i) PNA catalyst 1~tlH'L~B'U1'UL~tI1tl'U 'I"IUiIL~lJ 
L~'Uf)1'JI'1BU"'UB-:J~fhlJ1flnll 100 nM (Q)-:J'aJYi 3.3) ~'1"'J11Mil DNA catalyst Yh~nhm~~nl1" , 
PNA catalyst mEJ1(;)L~B'U1'IJ~-:JmiT:l ~-:Jdm'JYi PNA catalyst 1~"llJl'JflYh""hvi1~~L'Vh DNA 

catal yst Bl'ilii~IL"'1'1lJ1'illnmllJL-UlJ-u'U'UB-:JLn~B1'UUyJL'WB1?l'lLn'U111 ~'1MY1~H'I'i)Uf)1'JI'1BU?l'UB.:l'UB.:l 

" 'U IV 


l'1l'Ul'1lB1viB PNA catalyst VlmllJL-UlJ-u'U'UB.:l NaN03 LLl'1n(l)l.:ltl'U ~.:lLL~ 0 - 1000 mM 'I"IUil 


L'1l'UL'lm1iinl':iI'1BU"'UB.:l~.:l~~L~B NaNO} iifl11lJL-UlJ-U'U 200 mM Lu'UIii''U111 (Q)'1~11Yi 3.4) ~.:l"~11il 

L'1l'UL'!lB1I'1BU?l'UB-:J~B DNA catalyst 1~~nl1 PNA catalyst ~.:lH DNA catalyst 1'Uf)1'Jofr(i)J'U1 


L'1l'UL'llB1viv111 


1.0000 

0.8000 

~0.6000 
o 
+
~0.4000 

0.2000 

0.0000 

o 


o 100 200 300 400 500 600 700 800 900 1000 


concentration of NaN03 (mM) 

~'U\ilB'Ui1~111~Bm'J'Yl~~e.N"'lmllJL-UlJ-u'UYiL"'lJl~"'lJ'lJB-:J NaN03 'illnn1'JY1~~B'I'WvilfhYi1~ 
AB 200 mM 'Yl~"BUW) incubation time YiL"'lJl~"'lJ 'I"Iv:h1~fh 2 i11lJ-:J ('J11vi 3.5) 'illntT'U'Yl~"B-:J 

" 
"'lmllJL-UlJoiJ'UYimlJl~"lJ'UB-:J AgN03 ~'l1~'illnfhvi~Btlvi'1~vi"llJl'mYh1~fh FRET efficiency (1~ 
~l'Ul'h (ratio)w'(ratio)Ao) iifh~lYi,,~ 'I"IU11Mfll 5 flM ('j11~ 3.6) , " 
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~'\J~ 3.5 lL~(1l~~~'1JrN incubation time vi€Jn1')(l)t.lUr:1'Ut.l~'Ut.lWll'UL'1Jmvi€J DNA catalyst 

1.000 

0.800 


'« 0.600 

o o+
E OAOO 

o 
o 

0.200 o o 0 o 

0.000 -t--,---.--.----,---,----r----r--,---,---, 

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0 

concentration of AgN03 (pM) 

tl€Jmnm1\Hj'.:lW'l.r)11'Ufl'HlJ~ii C L~tJ.:lmh:jL~tJl b'1J'Ub'/j"i)1niirm(l)m.J?\'U€J.:lvi€Jrn <H~lJ~'U'IJ€J.:l 
NaN03 1:WLb(l)flvil~tl'Umru~ii~~ C LL~~ SSD (vi'~ll?\(1l.:l1'U~'\J~ 3.7) Ld€J~~'U~.:l?\JJJJ~]l'Ullth\l~m 
\llfl~llVlVlvl C ii cytosine €J~~1'Ul'UJJl flW€Jvl~lJJ1'Jm';;I~L'\.J~LL'\.J'\.J self-complementary H;L~€Jii 
1€J€J€J'Ub~'U L~m'l(1lf111JJ<B''Ui€J'U'U€JW/J'Ub'll €J11'Ufll'JV1(1l~€J.:lVl~-:J'illfld~.:lloff c b~tJ.:J€JCh.:Jb~tJll'U~'U(l)€J'U 
Tarset bindin s 

• 
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l.OO() 

0.800 

o 
+
C1 
L 

13 SSD cat AgN03 HEPES H IF H2T NaN03 

o HEPES NaN03 AgN03 H IF H2T CJt 

o 2x-cat AgN03 HEPES H If H2T NaN03 

"«0.600 

OAOO 

0.200 

0.0 	 1.5 3.0 5.0 

concentration of AgN03 (pM) 

~tl~ 3.7 LL?tVl~nt~(;)mRltm-l'lJa-lL'lJ'UL'lJa11'Un':iruvtti C L~tJ'la~l~L~tn LVltJ'l.Jn'U H'~-l C LLR:: SSD 

1'U~'U(;)a'U Tar~et binding 

LU.J'U~l'U'tJtl~1f1~~m~yj~::flfl'~n~tlhl1'Utl'Ulf1(;) 

'lJru~~tl~1'U~~'Vrh:ml~YlVl?ttl'Unt':i'vh:Jl'U'lJaWIl'UL'lJtlf[v1tJH cysteine L'iJ'U tar~et analyte 

~':lLtJ'Unl~j;J'U1nnlJnl'H'Ia-l~1'UL-Ultil1tJn'U (~1'U Tarset bindins LLR~~1'U Si~nal amplification) 

~lnnl~YlVll:ltl~'\'\I'UllL'!l'UL'lJtliiim~(;)a'U?t'Ua-:jl'itl cysteine ~fl11lJL-iilJ-U'U~.:J (tl~~lJlru 600 )JM) LLR~ 
fh;;l'l'vhm~P1m~lfll'5(;)tl'U,,'Ua.:J'lJa.:JL'lJ'UL'lJtlil'itl cysteine ~mllJL-UlJ-U'U~l.:J'l rla'U~~Yl~Vl?ta'Um~1-U 

.:Jl'U'lJa':)L'lJ'UL'lJain'U~1mh.:J~~':) LLI:l::L:zitJ'U manuscript L~m1.:Jt:-JI:l.:Jl'U~~lJ~via1tl 

Ltlml1~tJl~ B~ 
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Dimensions on the Electrochemical Properties of Nanopore Arrays Studied by 

Impedance Spectroscopy. Sensors., 14, 21316-21328. 

Wen, Y., Liu, G., Pei, H., Li, L., XU Q., Lian~, w., Li, Y., Xu, Li ., Ren, S. and Fan, C. 2013. 

DNA nanostructure-based ultrasensitive electrochemical microRNA biosensor. 

Methods. 64: 276-282. 

Kumarswamy, R., Volkmann, I. and Thum, 1. 2011. Regulation and function of miRNA-21 

in health and disease. RNA Biology. 8 (5): 706-713. 

Yin, H., Zhou, Y., Zhans, H., Mens, X., Ai, S. 2012. Electrochemical determination of 
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d .'tIv Fl1~nTmvf) Surface-functionalized magnetite nanoparticles for immobilization of PNA and DNA) 

'l::v::L'JiI11f1'Hm'l 17 ii'U1F1lJ 2557 - 16 U'U1fllJ 2560 lr;)'r-lJtl~1M1,x'Utllm,)"lii.:l 16 n'Utllt1'U 2560 

1 .J :: ,~d ~ cO u d u 

'llV~lU U1I1~".:jLL~1Ul1 17 lJ'U1F1lJ 2557 m1Ul1 16 nUtllt1'U 2560 

~1VnJl1R'HnT'Hjvf) 

'lPlIi1'HlJ51 ~(1lulmYh1n'; fl1F1i'!lILFlii flru::iY1t11f'!1~(id mniY1fJ1~U'UL 'If'!,)"l 

~~1lJIf'l1~m1 
" 

fl1F1i'IJ1Lflii Flru::iY1t11f'!1~(1l~ mniY1t11~tM'lf'!1'l 

fl1F1i'!llLfl:W I"lru::iY1t11f'!1~1i11lJ'vniY1EJ1~8UL':if'!1':i~tI 

fl1F1i'lJlbFl:W I"lru::iY1t11f'!1~(1l1lJ"niY1t11~tlUb':if'n':i 

i1u~1TlJ f)1:l ftn1l11~tJ1Amlt~mfllJlIlJ IIlJf),U hill (MNP) nlr.r~ l~r'UfI11lH"lJ '1 'il'illntJni,)v 

tHh~I!W~ lf~1m~ tl-1 'ill ntllJIllfllJ 11lHIlJ nu '1 Yll'1ii'UlJ 1~1~m::: ~'UlJlllJ !l~::: ii TI'lJ'U~f)U 'fItl'UTI'lJ tl~~ fl. 
, d "" l>J"'" 1 "" '1 ~ -Ii"-I 1" ", '"0fflJllJlIlJllf(lf)mVlJtlf) 'il-1 !~lJf)l'HJ1tl~IllfllJl lJlIlJtllJ YlYl!lJ 'll'lJ:l::: V'll'lJl1mtJ'illlJl'b'lJ f)1'jW\'lllJl 

lM1l11~~h~fllm Ufl UHlJ!O'U'lj'tllJ(I lllim ~f)!! (I::: III 'jtJ 'j:; vtl~I~YlN f)1'j UW'YH)ulfNllJ i,)tJ~ rillJ1J11 ~ii. " . 
"" 1" '" 1 . d _I. II!] .. "" )f '" I dl!]".it 1"9fll'jfl'tl'l:llf)1'j 'll'TI'U'll'1 lJmtl(lj'll'lJ DNA 11 H) llJU !Yl'il m~UlJWW,r:mlJIllfllJl lJlllJtllJ lYlYll'Wtl 'll'llJ. . 


mnil',r DNA l1~U!tJtJ1Yl~u~'l'Yl~~'U l~vm'j IWtltl~mfl'Ul1lJ 1I1JllU lml~iitlu'il1 ~TI'1:l1l1~1~ 
eHltl1J11'ilv'[,*TI'l..!1lJuli 111 ~ tl'illtlfl1V'Utlf) 

'illtlrl(l~llJ i')V'illf)fI11lJi 1lJ:lJtl'j ~l1')l~f)~lJi')v'Utl~f)~lJfnTI''il'jl'ill'H) m. ~ 'jQYl1i 11 (11m) h1 

fl1'jwVlJlJlntll:lilml~~rll~UllH,.'llJTI'lV19; DNA I~Vf)1'j'[,* pyrrolidinyl PNA (acpcPNA) l1JlJ hnu 

i 1lJ nUf)~lJ1')V'lJtl-1 'j 1'1'. 'il'j .Illli 1 r 'fIlJltl'Jyhim:l ~iifl11lJTI'lJ '1 'ilf)1'j ~~utJ 'JII":; Ill'j IYilJl1liYl~ ni'UulJ. ... 
i.I )I. Y , ~ 

WlJ N1tllJillfllJlIlJIllJllU 'lmlulJ ~~I1JlJYilJ1'1Jtl~~llJ l,)vu ~ ~'il::: ftf)'l:l1Ill'j ~'illli.hYh.J ~htllJmfllJlIlJ. . 

!llJf)U 111l'1~1uwuiillJtl{'b'u'il Wf)iilglJtl~ '1m l(1u(l lm;19llJ (poly(N-acryloyl-glycine), PNAG) 1I];1~ Wtl 

iitl:::imiif)lItl~'il (poly(acrylic acid), PAA) 1~tJiill'U1Yl1~-11lJ1,)tJ 2 IIlJ1Yl1~I~llri 

I) m'j~~Il'lhyflJi:hu~mfllJ1IlJlIlJnU iYll1~1U PNAG ;~I1JlJtJ'j~~(l'Ul~D '~'fI1 ~TI'l'JTI'I'il'nJ'illi 

• So' •• mVl"'~lll'n:::l'ill~'\J~niJTI'l'j biotin ~~'WlJm'j~~,)u acpcPNA YiiiTI'l'Jbiotin YitJmu (biotin-terminated 


PNA) '\J~I1JlJ bhJmh~iilb~i1YlllmW 


~) f)l'j fl'ilU'lh~lJ thD'4f11f1lJ ,1l.JlIlJnu '1 Yl'tlIP11t1 P AA l~ml11J11,*1J1'il1 ~nu acpcPNA ~1t11!'j ~ 


'j~W)l~tJ'j~~ (electrostatic interaction) 


l~wtl~mfi~ii acpc PNA 'UlJ~lJi~h~'il~,ll"hJl~l1JlJ 1'W'jullJflwYh1~ DNA 1J~r.rYl~~lJ1'il(J 

tllf1U'l1TItlm'j'UD~m'jI'li'lrinlJ'j~;il~ PNA nu DNA ~iirll~U!UTI'~I1JlJriTI'lJnlJlW~lluf) DNA ~llJl1Jl.J 
'U ... 

I 

http:dl!]".it
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N~f1l·n1f1fli).:j~'~~':ltIl'\1fliJfl~·i1~'l !'If'W UV-Vis spectrophotometer, Thennogravimetric Analysis 

~I 91(TGA),Fourier transfonn infrared spectroscopy (FTIR) lu'W~lJ 

~ " 1 '" i d'~ c:t IV I.l iI ~ eS.... Q

~~lfl'.il::lfi)~mfl'Wl 'WlIlJfllJ l1'Yl'YllJfl1'.i~flllu'.iYilJmfl,)V PNAG 'YI'.ii) PAA IIfl::f1fll:llfi1'.i 

lh::Qfl~1~1f1{Jfl1'j~~.:j acpe PNA 'lJ'W~'W~hUi)'H)~mflllfl::t11·h.n~11l'W 1Yi'.i'lJl'Wf1lnhhr DNA 

.c::i A.c:::" ell; ~iJ ~ 191 '" '" 1Q.I 0

IIU1'Y1H'YI I f1l'j~flUtJn'I'WN1i)~.fllfl'W11'WlIlJfl'W 1'Yl'l'lfl1(J PNAG IYi()'WllJ1 'b'lJ1~'j~flU acpcPNA ~v 
9 vw ~ I 

fll'j 1'b'fll'l'.im(Jl'j::'YI11.:j streptavidin IIfl:: biotin 

UU1'Y1H~ 2 fll'j~fI!!1hif'W~hm~.fllfl'W11'WlllJfl-W''Yl'~1~1(J PAA l~flt11'l~lJl~~ ':1!1'lJ acpcPNA ~1(J1I'.i~ 
'j~lf11.:j'lh~~ (electrostatic interaction) 

I 
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v QJ.c:::..Q , 

fll"j1'IH)y!".if)'Wl".i:::l11VI streptavidin II~::: biotin 

"' ...
llim".inA~f>'l 

• y ~ 

~~l!UlJm'.i'YI~nHN ilJ!!lJ1'Y11-3fi I IIU-3fWfH1J'W 3 'li''Wf){)'W~-3tj (fll'W I) 

4lJf){)lJ~ 1 Il1'HY-3!ml~l1tllJfl1fllJl1lJ!!lJfllnml~~~mh~lJ~1~1(JYwiilu'U{)~ '1m11:lfl'lIf)1:l~'U. 
(poly(N-acryloyl-glycine){PNAG) 

p • y 

Q,I d .cS ... I.:::::t..c::t. ~ Q g).cd 


'llmw'U'YI 2 fll'.if)'.i-3n'II'l'.ilJI'l11f)'U (Streptavidin) 1:l-31J'Ul'I1Hnm,pnfll'l1lJ~1(Jfl1H1H acpcPNA-Biotin 

~ C> 1 d'l "'.,,; "" Co'". I " 
1J'UW'U~1tl~mfllJl 'WlIlJf)'W 'YI'Y1'Y1f)'.i-3n'lmlJI'l11~'U1I1:l1 

~'UI'l{)'U~ 3 fll'.ill'.i~~f)~litl'4mfl'Ul1'UlllJfllj'ml~I'l~-3 acpcPNA-BiotinlL~1 H1lJll1'.i'Yh1M' DNA 

frce radical ~- rs
polymcrization -

. .s::__ 

poly(union) 

-----~ ~ . ~ 

- \
poly(anion}-grafted I\I:\'P 

,.{ 
jSlrt'ptavidin 

pyrrnlidinyl PNA-Biotin 

I)~A-grafted M:'olP strrphl\'idin-grafll'd ;\[,\p 

(poly(N-acryloyl-glycine) (ilWf 2) 
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24 h. 11 . 

Ok-ie neil! 

in lolll.:nc 

Oleir acid-waled :'\ I~ Ps 

,\PS.7()"(,' 

ill [)I war.:r 

1=0 

(~:z 


Oil 

'\;aOII in 11,0. 

~4 h 

'\rl'~ lamidt'-graftcd '1\'I)s 

P:\\~-gra"Il'<1 :\1\,Ps 

'" ., i '" '1 .,,, .1 "'~ , .
I. f)l'H"~lml~,\H)'4mfl'\.Jl .. '\.JUlJfllJ !'YI'YI~lfJunmfJlf)1'J~f)I'I~f){)lJ'jllJ (.::o-prc.::ipitatwn) (m'W 3) 

'Yi111~f1hm~"dl~IW{)rftm\tlhTl (FeCI
2

) IH'I~IW{)jmH\'t)\h<p)' (FeCI]) llJJl (OJ water) lw 

ftl'Jrt~ll1fJllt)lJ llJ1i:jfJlJl~~'j{)f)\h<p)' (25% NH
4
0H) 'l'il11~mrJl~'Qru'l1JJiJ,r{)~ltJlJl1'f'n 30 '\.Jl'tl 'l1~~ 

i'U1!~l1BmfJ1\,hftlHl~mfJ~l~"l~~lfJJl (01 water) 2-3 flf~ 'l'il1,r!l,r~Urt~-¥i~1)tfWf)~f)'Yru'U{)~ 
'" '" {)'\.Jmfl~lfJl'YIfl'\.Jfl FTIR Urt~ TGA. 

01 wale!" 

FeClz + 

http:f)l'H"~lml~,\H)'4mfl'\.Jl


5-5 

~ 

2. nl';j~~'H)~lJlU hf:j'~-elI~'HB'tl'YlBrl9s'9fn'l'U O-aminopropyI triethoxysilane, APTES) 1J'UW'U~1 

B '4 fl1 fI 'U 11'UlIlmU1'tl'vl (m 'Y'I 4) 

m~\lltJBlJfl1f1'Ul i'UlllJrli11m1~lflftf)1J~1tf1BHlflflUf)~f1 '1lJHHlI9f'U ifNB'Umfl~1tJB~~1m.!. . 

"SI " 

'l1l11tf"lfl~.:J \llrll1'Um~1l1tJI?l1iirlfl~.:J '1'U1'Yl~VlJ l~lJ '1m lB'tl-n-elmillJ (triethoxylamine, TEA) lHl~'l1{J~ 

APTES -el.:Jl'\..Hn';j-el~mfJi'l "l m{Jl~~m1~llJ 1ml\llJ~~ru'l1.Qil 0 °c l~lJnm 2 i11m ril1lnmfJ1~B~ 

~ru'l1.QihrB.:JI~lJl1m 24 i11m mr.:J~lJ,!~nJnmtnvilf)l';jlWrlB~mfllllJrli11m1Bf)fl\llrltrl';j-el~mfJ1~HJ 

li'uYi ':J!Iul'l1~rl "1.:JB'4mfl~1fJ1B'tlllJB'tl'l1'tl1tJ"lflf.:J I~mhij~ TEA ll'tl~ APTES ~lurilunm tIlBBrl ril 

.'-allliJloI'ro"yl t,il'lhoxysIl~Jl, t. -\I'TFS) 

2.:1 h. rt. 

Oleic acid "'AI""r,.6,'N" 
in tlliucnL' ..r'~'t.,. 

,\1 'iPs 
Olcil: aciel-coated M;'I: Ps 

ill1'l 4 f)l';j~1·:jf)~iJ1'U l'Y'1';jYl'tll~';jIfl'tl'Ylf)09si9fI-el'U (S-aminopropyl triethoxysilane, APTES) 

1JlJ'if'U ~1B'4fllfl'Ul i 'UU1Jfli1 i'tl'l1 

.~ .. ~ i'" .,. i .. 11 .,. 1"'I ..3. nl';jn.:JO'lfW'UB'tl ~9f'l1l,!B~m'tll lJ\9i (Acrylamide) 1J'U'Y'I'Uj:-I1f)~mfl'W1 'WlllJrl'U 'tl'tl (fll'Y'l 5) 

'W1B'UfllflU 1 i'UUlJrlU 'hnl~'iI~ .:J~1tJ APTES m ~ 11 1tJI?l1ii rlflf.:J 'l'Utrl';j 'tl~ 'tlltJ 19H~fJlJ 16~';jf)fl. 
'h~ 'l1v'fHl~lm i~fl'tlfl~f)h~ (Acryloyl chloride) f)(h.:J~l"l~.:Jlmn';j'tl~'tlltJ (NaOH: Acryloyl chloride 

= 2: I) rilunmtll~~ru'l1.QiJ 0 °c 1~'UI1'tll 2 i1ilJ.:JII-el~'YiTtJnmVl~f)~~rulliJiJ,rf).:Jl~UlJm 24 i11lJ.:J 

IWOB'4fllfl~1VIl yJ.:Juum ~ rlBf)rlll"1~1.:J~1tJJl (D! water) 3-4 flf.:J "rIm)1')\9iB~ 1m1~ fl'tlfl~ f) h ~ 
(Acryloyl chloride) ~ lurilunm tJ1l!-el~j:-liI'iIi)rucnglJ~Blllln~~m~W)1.:Jfl1';jrilUB m tn ril '1 ,r!l,r.:JU-el~ 

acryloyl chloride 

Amino-grafted MNPs Acrylamide-grafted MNPs 

.~ .. "' '1'" "" i .. <; d'l".fll1'lS m'jn.:Jfl'l$'U'WB~ -el9f'l1lJB~mm lJ~ (acrylamide) lJ'UB'4f11f1'Ul !'UlIlJO'U 'tl'Yl 

I 
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~ " d '1 '1 '" '1 d ..; :'1 ..4. m·H"~!ml::ltWlJf.)::: m IJ:'lUJ:'l nJ:'lClflJ (N-acryloyl-glycine) !tH)!ulJ1Jf.)lJfll1JU~ (m'W 6) 

!911 U1Jft'1~Cl::"lvln,,9nJfI11lJl.,j'1J'IjlJ 10 mmol hJft'l~J:'l::: mv 19i1~UlJ '1tJ91~vn '19i~ml1JI.,j'1J,j'U 

2 M ,)'TWllJ 10 mL 11 VVlv:: irn lCl{iJ:'lfHw'1:ifl (Acryloyl chloride) J mL (591~1~hU NaOH: Acryloyl 

chloride = 2: I) Ucil.;J~l'lMllJft'l'Hl:::mtJ~'Qt\JltlJiJ 0 °c vil,jllmUl~'QWltlJih1V.;J~VliJUI1(jl I il1lJ.;J 

"'l.;Jrrl:iCl::mV~lu'1Vlm'YIYl(jfl!YlU~ 2-3 flf.;J (flf.;JJ:'l:: 20 mL) lm::,j~'lJ~l pH ,1'tJlh~lvmVl'1tJlmflJ:'lf.)~fl 

1.,j'1J'li'UilUi~~l pH I'viln'lJ 3 illfl.JurrnVlft'l~J:'l::mtl~lVWl1Y1J:'lf.)::~l91l'l 3-4 flf~ l~lJI1~ni11~tJlJimy.j91( 

MgS04) !~ufh,)'mfl~vQ1lJft'1~J:'l:::mv :i::mv ethyl acetate vvf)illf)ft'lHI~flnru~ rrl~f.li'i91nW~lthJU:: 

'1m 1(10(1 '1fl{l9!U (N-acryloyl-glycine) iJcintJru:::1iJlJ'\JU.;J1I~..:]ft'IJ11 ~\l'iltfmncintJru~lV!Ylflijfl NMR 

o 

NaOH in waterHzN 

~OH+ 

o 

II ... ~~~OH 
o·C, 2 hrs. 

oAcryloyl chloride glycine 
N-acryloyl-glycine 

.1 "''''''' ~ " d ~1 1'" '1 dillff 6 u{)mUlf11:irr~lml::mvUv:: m J:'lU{l n{l9iU (N-acryloyl-glycine) 

5. mHl91l!tJ~'Uu~u;:hv'4f1lrW)lU'Ylui'ilgUU::: 'f11J:'lOIl '1 n{l~U(PNAG)1Vlvl~u~m lJlflVU!1lJ'~UUUJ:'l 
mm~r)(I 'Wvi'illJ'rlfhi'IClfiu (conventional free radical polymerization) (fll'W 7) 

d '1 Q 11] c:I 9. ~ Q c- ~ -I""
Il::Il1UWlJU:: m hflIl If)Il9iU (N-acryloyl-glycine) IUlJll911J!lFJ1J I~Jl'WUmLlD19iflqdli' 

d. d QI t d ~ .Q 

(APS) !'YlVlllU radical initiator lUV91~lrrlU ilJJ:'lIUU 100: I (N-acryloyl-glycine:APS) illf)UlJlfl1Jv'4f1lfl 

lJll 'UU1,Jf)i1'hnl~\ln(9l~ .:j~lVlt~tl::fl~ mImi' (Acrylamide) 'G'\.;J lu rrl~J:'l::mufllUl~ft'fIl1:: iu1m lillJ~ 
C) cl .L. d 9J ' • d jJ V tiJ ~ ~ 

~rultlJ1J 75°C !UUl1m I 'b'11lJ.:jm~ lWn'rl"4f11flUUfl911UlIl1..:JlllJl'1-Hlfl11J:'lT(ll..:Jfl'4f11fl9l1UlJl 3-4 m..:J 

l~ v nl~'fl!Uu tl::: '1m hUll '1 n J:'l~U (N-acryloyl-glycine) ~ ':J.hiltJlln1 UltlU fl vi 1 lli\ni'.;J11 J:'l:-;~ t1 ~tf 
Q,.I d' $f Q 

ltlf)(lntJru'UU..:JV'4il1fl~lUmflUfl FTIR, TGA 1m:: Zelasizer (ZS) 

I 
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~ O~O O~
~O )i~O\~p-S(~ 

O~ HN fSi HN 0 

OH 

APS.70°C 
o NH OHin 01 waler 

~O .,. ~ 0 0 

OH ~OH 
o

Acrylamide-grafted MNPs 
PNAG-grafted MNPs 

¥ • ¥ 

'Ii''U~'O'Un 2 fll'j~~ 'HT!V1'nJm1~'U (Streptavidin) a-31JUw'UN'J'Ol;lSllfl m)Jvh[Jrn'jI'l~-3 pyrrolidinyl 

UU':)f1l'HWWl'V':)tl'Vtll1J'W 2 ~l'WcimJ'fi.:)~ 

1. n?'J~1.JffWl'jl1mj~ufI.J1Jt.J';fuN·;m'I-Jmf11n /uwmUlrl't1 (nlW 8) 

lhDliinfl'Wl1lJlllJf1tnYl.n~lfl~tl'lJf11[J'VHl~!~'W'V::: ifl hut! i m19l'W (PNAG-graftcd MNP) n 
m:::'illfJ~hhA 2-(N-morpholino)ethanesul-fonic acid buffer (MES buffer) pH 5.2 'illf1.J'Wl~lJ N

ethylcarbo diimide hydrochloride (EDC.HCI) 'Yil'U~m[JlltJ'Wl1m I i11m '11f1.J'W1~b11'Jt!:::tllfJb1I~'J1l 
\9Il1~'W t!.:j 'hJIltl:::'Yilll~m fJlfltlltJ'Wl1tll 24 ';1 1lJ.:j lHr.:j\)lf1~'W~\9Ill~m fJl'Yilf1l'HWf1'Vlifl1fltl'Vf1l!~l 
~ ~ 09i1 iI ~ ~ V Q 

m.:)\9i1fJ MES buffer 'Yll !111111.:jlltl:::1!ml:::11~t!f11'J'Yl\9itl'V.:j\9i1fJI'YlfllJfl UV-Vis spectrophotometer Utl::: 

photocorrelation spectroscopy (peS) 

N-aCJ'~' loyll!l)'cill~ 

grafted Fc)O. Fl\ ' 
\
\/

! 

\Irs burr".. ~ 

r:,CIICI 
.111 tnii. 

~Pla\idin 
I 

n'"P"""""" ,v..;, """"ph..,,,,,,,,,, 

\~ 

, 
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JI • 

.09 ..., "" 1 d L7 ~d J:f 91 ... 1 "'='Q


2. nJ'iWH acpcPNA-Biotin ft.J'1JlJ'WlJNlfJl.Jn1f1lJ1 lJlIlJnlJ I'Y1nnm.J~l(Jffm'iu~n~lJ (n1'W 9) 

'" 1 d liJ ...:i d !V . 1 "'''' ,
1\9l'}JUl1i11fllJl 'UlIlJf)'U !'Yl'Yl'Yl~H~1Vmmum1~'U 5 mg (I.,] 'U(1l'HI:;mV'lJU"] acpcPNA-Biotin 

(Biotin-CTACAAGCATAT-Iys-NH) fl11lJl.,}mj''U 32. 15 11M 1'U phosphate buffer pH 7 l11f)l'j,j''UIl1~V.;J 

1l1mT'U sampling (1l':i(l:;mu acpcPNA-Biotin 9l1m)Utlf)"l 15 l..l1Yl !UlJl1'fl1 45 lJ1Yl 1l1mT'U111 

(11 HI:; (I 1 £J acpcPNA-Biotin ~ 1 Y1'111 f) f1l 'j sampling 1J1l1 1 f1l'j 11m 1:; li'Y1'1V1'Ylfl iJ fl UV -Vis 

spectrophotometry 

s ..~CiriinYII'\A-niOlill 
. Irl'pOn; ldln - Sumfllin~ nl1a~tllU 

cualcd f. ,O, r= ~ll!l'IlJjjHO~ , 1J,· rroli"ill~· 'J):'\.-\-niftlin=:1 ~":.~.:.;:::.

i ' II\ I _. 

\ ) lIo'115um 
\ lillln~14Slllii 

Phu!\ph:.\Ii.' uufTl'r 

d '" " .. 1 dlI" m~ 9 f)l'J\9l'J'l acpcPNA-Biotin (I'l'IJ'U'Vl'UH1U'4fl1fl'U1 'UlIlJf)'U 'Yl11 

::, .. .1 '1" '\ dill ,..... "'lY.'l 0 1"
'lJ'U~6,\Hl 3 tn'hJ':i:::qfl~ 'IIf)~fl1f1'1.!1 &'UmJfl'l.! In'nnm'l acpcPNA-Biotin U"1lJlI'lI !'Utn':i'n1 11 DNA 

" 
'j 1V(l:;liiv'f) fll'j 'Yl~'flil'l~'lU 

'i .v ..; :::,
1) nnn~"f).Jnn 1'l1 PNA1 lWfJlulJ probe 
" " ,

'1i''UV1fl'\.J'u LIY1'1111il1Ul1i11fllJll'UII'}Jf)u1'm.fnl11f)l'J\9l~''] acpcPNA-Biotin (PI) lJlv~i'IJn'IJ DNA I!~ 

(I:;-aW)'lJI'IJ(l' "f"]lf'}J~ 3 -a1'fl'IJI'IJ'cf 1~V-a1'fl'IJI'IJ'cf'U{)"] acpcPNA-Biotin 11(1:; DNA ~ii'!I'cf~'l~'lmn~ 1 

Biotin-conjugated PNA (PI) Sequence of DNA 

DI : 5'-ATATgCITgTAg-FAM (Fully match) 

Biotin-O-O-CTACA AGCATAT-lys-NH~ D2 : 5'-CACgTTCCAggA-TAMRA (Fully mismatch) 

D3 : 5'-ATATgCATgTAg-TAMRA (Single -based mismatch) 

I 
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nlf)l'Jftm:nmllJ\\'m'n::IU1::M (specificity) '\Itl~tl'4il1fl '\n hJ1llJflil "ml~nlf)l)'fl~ ~ PNA(PI) 

1I~::;U'Wfllmn llJlIlJflUhl'n~fltllJ'fl1~ PNA(P1) (~"Jf)1UfllJ) ilJf)l'JVf)1lUOU DNA II~TI::rll~UlU~ fiu. . 
DNA(DI, fully match), DNA(D2, fully mismatch) 'Yi~U DNA(D3 , single based mismatch 1'fltll'fl1UlJ 

, 0 Q,I ~ ~.t::S 3J 'j) 

~l'J~::cnlJ'\IU~ DNA U<fl,,::cnf)UIU~ flU DNA (Dl), DNA (D2) 'Yi'JU DNA (03) 'YImllJl'\IlJ'UlJ 0.8 11M 

1lJ phosphate buffer pH 7 UlfllrlJlil~1'J"::"lU~hrhJnlfll'J1Iml::li'fl'1U!'YlfliJfl Fluorescence 

0 ~ .. .,; ..l 'I ,.. . 
spectroscopy (fll~ 10) 1f)U'YI1f11'J1Ifl'J1::'Yi'YIfl11lJU11fl~lJ !lJflnm::~lJ(excitatJon wavelength) U~:: 

mllJtl11'f1~lJ'lJf11'JmtJlI~~ (emission wavelength) ~mlJ1::TI'lJ'\Itl~Il~":: Fluorophor 'UU~ DNA I~U'~ 

'llJ fll'Jlmtlul';1tJuriUlJIICI::mf.:Julflf11'J U'fl1lUOlJUlHl'4il1'f1lJl1lJUlJ flU '1 'YI'Vl~Yilll1'J 'fl1.:J PNA(P I) 11m: 

DlJfllfllJ11lJlllJflU 'hnlfltllJ'fl~.:J PNA(P I) (1P11f11UfllJ) 1l1fll~\Jl~lJDlJfllfllJl1lJulJflU 1ml~nlf11'J'fl~.:J. .. 
PNA(PI) 2lJ"~flrlJ 'Yi1DtllJfll'fllJl1'WlIlJflul'YI'VlflDlJ'fl1.:J PNA(PI)(~1f11U'fIlJ) 2 iJCI~fli'lJ CI.:Jlu. . 

I ).I to! , 

~lHl:::CIllJ'lJD.:J DNA (DI), DNA (D2) 'Yi~D DNA (D3) Yil'fl1tJlJli'ml111.:JUI'WUlmuulYir.rurHl'lJtl.:Jfll'J 

1lUO<f) DNA 1l~::ftmll;:).:J non-specificity 'J :::'Yi-)1.:JtlllfllfllJl1lJlllJflU lmlntllJ<fl1.:J PNA(P I )(IP11'fl1Uf:)lJ) 

flU DNA 1I~~:::'l5iJ<fl ulflJlJnlf11'J,jlJm~tI.:J,tllJl1m 45 lJ1Yi m'.:JulmjlJlhf11'J1Wflri1lJ~l'Hl::mtl 
'i d lIJ .. ,.. • l'l.l~ .. ,.. ~ 

(supernatant) DDflulflU'4m'fl'Wl IlJlllJfllJ !'YI'YlIICl1tJl !u11'f1'Jl::'Yi<fl1t1!'Y1fllJ'fI Fluorescence spectroscopy 

ll~::: Gel electrophoresis (agarose gel) 

(DI,D2 or D3) 

Phosphate buffer 

pH 7 

Fluorescence ~"..."' , F1"..."",, 
spectroscopy 

I 'P""''''''lv" l,,~.~--.:-:'-i:_:d_~":~r:'d F1 s""" 45 mi" \ J 
MNP \) 

~ 
a magnet 

9'" 'i d'I""; 0 d ,.. 'i dllJ" 
m~ 10 f11':i !'l5U'Ufll'fllJl ~'WlIlJfllJ Yl'Yl'Yl'Y1lf11'J<fl'j.:J PNA(PI) 1!~111":::tJ'Um'fllJ1 !'UIl'IJfl'W 1'YI'Yl. . 


I & Q.f d Q.I Q.I I 0 Q.I d 

fHl'U~'J.:J PNA (PI) (mmufJ1J) V<fluunu DNA 1I'fl~::;~l<flUIUff (DI, D2 'Yi':iD D3) 

2) nu 1'* PNA2 dh;1i1JllJffffEJ~mrEJ.Jn1Jjhi1JA'Uff'UfN zein gene 'UEJ.J~n 1rWI} jrimvu probe 

2.1) ,lJlJ f1l'J 1J'j ::: qfll91''l~U'4mfllJ11lJulJfllJ lml1lli ~llJ'U 1P11~~i'U1lJfll'Jlfilhi' DNA u1 'J"'Ylt 

IvilJ~'W l'flr.r'l5lJ~ DNA ~~'WiuftmllllJ'U DNA 'lJD.:J hh~'U zein ~~U''Ul~~1:::.u111~<fl l<fllJu ::: ,lJu 

m'Jftfl1Jlfl1'Jl~u'Ym'fl'UlllJlIlJflijl'Ylvl~Yilfl1'J~~.:J PNA lJ1U<fl1lUnU DNA IlUmHUJ 3 rll~UI1.Jff ~ij 
o Q.I d iI Q.I Q.I I CI. 

~l~Ul'lJ~'Yl~D~fl~D.:Jf1'U DNA mUtll.:Ju':i.:J (synthetic DNA) m'l:: 
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2.2) f)l'Jf1mnf)l';ill1lfllfl'll.fl1flt.!11w!lJnit'hl'vl~~~.:J~":W PNA lJ11.h:;~ml'1~nu DNA 'il1.:J 

(real DNA) ~1Yn~1J11)1f)")111'Yl~ 
cv ",d d., cv ~ 

l~v,hiu!U1Y'lHl'l Biotin-conjugated PNA (P2) II":; DNA 1Y.:J!fl'Jl:;l1V1lJm~UIUft'ft'i)~fli:'lfl'l 

rlliUI1.HY'Ufl.:J DNA 'il~'1 ~l~II'f1~'1i'l~l';il'l 2 

o cv IV cr'~d 0 Q,I iJ 0 Q,I 

mn~ 2 "l~UIUft''lJtl.:J Biotin-conjugated PNA (P2) ll":; DNA ft''1lml:;l1V1lJm~U!U1Yft'fl~'fmtl'l''l~U 

lU'fI'Ui).:j DNA 'il~'1 ~i~ 

Biotin-conjugated PNA(P2) Sequence of ON A 

Biotin-O-ATGCCACAATGT-Iys-NH
2 

01: 5'-ACAlTgTggCAT-FAM (Fully match) 

D2: 5'-TgCgATCCATg(:-TAMRA (Fully mismatch) 

D3: 5'- ACATTATggCAT-Cy5 (Single based mismatch) 

';i ltm:;li)lJ~fl1'JVI~'f1'D.:J1I tJ.:J'Dflf)!~lJ 3 ci1lJ cifllJi'l~ 

I. nnffmnfIJlJJUWrn::;I1JI!1J.J (specijiciry) 'lJD-Jf) lJfl1f1141 TumJniJ'lm1~rhm'.i~i'u PNA(P2) 

Hn::VlJfl1f1l-JI IUlIllnU '1r1l1nvuIiJ1.J PNA(P2) (1iJ1f1JUf}1l) 1un/'j(j~1frUnU DNA urin!,h~1JlU(f' fiv 

'" DNA(Dl). DNA(D2) 'J1'.iV DNA (D3) (flTW J1) 

1~V'Yill~1VlJft'1';i'f1::'f11V'\l'D\I DNA !I'fi'f1:;rll~U1Uft' fi'D DNA(DI), DNA(D2) l1~fl DNA(D3) ~ 

'fllllJl.,)lJ.,)lJ 0.9 11M It.! phosphate buffer pH 7 'illflJlJll1'fll';i'f1:;mv~'~hJ'Yilm';i1Iml::"f~1V!'YIfli1fl 
. ~ .. .d .; 9 " 

Fluorescence spectrophotometry 1~ V Vll n nJ I'fl ';i 1:; 11 YI fl 1 llJ V1 1 'fl 'f1 t.! ! lJ fl1 ';i fl 'j :: 'f} lJ (excitation 

wavelength) !!i:'l::'fl11lJV11fl~lJllJfl1'J'fl1VIl1Y.:! (emission wavelength) ~mlJ1::(1'lJ'lJtl\lIlYii:'l::; Fluorophore 

'1Jtl'l DNA l~fl 'HhJ m'J!mVUl'nV'Ur1VlJllr!::l1 t1·:nllnf)1';i v~;)unlJUlJ'D'4.fl1fllJllWIlJflit i ml~'Yilm';i 

~~\I PNA(P2) 1Ii:'l::'DlJ.fl1fllJlllJlIlJflu"hnlr1tJlJWI~'1 PNA(P2) (~1fl1'UfllJ) 'illfltTlJ!~lJfltJjl1fllJl1lJ. .. 
!!lJnit'1ml~'YilmHl~'1 PNA(P2) 2 iJr!~fl~lJ 11~tJtl'W.fllfl'Wl1w!lJnit'l'Yrvlr1'Dt.!~~'1 PNA(P2)(9i'1'fllUfllJ). . 
2 iJll~fl~lJ ll.:Jiuft'l';ii:'l::mv'\J{)'1 DNA(Dl), DNA(D2) l1~tJ DNA(D3) ~1~1t1lJ'Hmr1 If\ln!~{) 

... ~ et tV c!l d d • ') .:.1~1'" 
!uHJ'Ul'YltI'UNi:'l'lJtl'lf)1)1)UtI~ DNA 1IJ;\::f1fHl1fl.:J non-specificity ';i::1111'ltJ'4il1fllJ1 ~lJl!lJfllJ YlVlf)tllJ 

I'I~.:! PNA(P2)(~1fll'lJfJ1J) n'U DNA !I~&l::'lfW~ 1)lntT'U'Yilf)l),j'Wll1~V;ll1J'Unlll 45 'W1Yi 11t1.:!'illntT'U'tl1 

, 'l "'1"" 0 '1- t= .. v "" f)l';iIWfl(1'1lJ'fIl';ir!::i:'lltJ (supernatant) tJ{)fl1)lfl'D'4fl1'fl'Wl !'WlllJfl'U 'Vl'Yl !!i:'ll'Ul u1Ifl';il::11~1tJll1'fllJfl 

Fluorescence spectrophotometry H'fl:: Gel electrophoresis (agarose gel) 
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SCOCkUr) 0 0 
(1)1, 1)2 or 1>3) 't='=f FllIon'scrm'c 'f l P2.immObilized ,.=,o.", """l"=-~=-' F "Suprrnat.lnl: Fluure",encc 'PCClrllSCOPl 

. ,----- speclrl)sCOr~' "-'-.'... _,,",_N_P" I Slirru -'5 ~ill il -.. . 

I 


\ ! \ I or ,

\j \/ slrept3\'idin- \~_ 

Phosphate buffer 
 I!rarted 'I:'IP ~ 

illl111 m'jl'!S'm,.Jmfl'U11'U!!1Jfluhl'n~'Yilfll'Hl~~ PNA(P2) 1I"1ml~fl'Umfl'U11'UlllJflu'hn'tlfl'U~~~. . 
001 dcvcv I 0001 ~ 

PNA(P2)(~1f11UfJlJ) [J~1'IUf1U DNA !!~'fI~'fIl~UIUff (01, D2 mfl D3) 

2, nnffmnnn 1.ffVl-JfI1f1t.l1 IlJuynu 7r1'tHirhnn,,1.J PNA(P2) 1J10flu'Un'U DNA ll'UllNfflJ 3 

tt1~'Umff :i~wh.J DNA (DI), DNA(D2) IH'I~ DNA (D3) (nm 12) 

1~1tJlJff1'j'fl::;mt'J'lJfl~ DNA llUUHfflJ 3 rl1~'lJIUffnV DNA(DI), DNA(D2) ll'fl::; DNA(D3) 1~t'J 

fl11lJl'li'lJ'lj'U'lJV~ DNA ul9i~::;rl1~UI1J""~ 0,9 !-lM ('U phosphate buffer pH 7 'l)lmf.ulhff1'j~::;mt'J~I~hJ 
'I'i1f11'j 1!fI'n::; l1'fi'1tJ1'Y1f1UfI Fluorescence spectrophotometry IYlvliiu f11'j 1m [J1J!'t1UUnfl'U!!"~'I1 ~~ 'l)lfl 

f11'j V~~UOllUllfl'4mfl'U l1'U!!lJf1U lml~'l'i1f11'j~~ ~ PNA(P2) 1'I1mr'U!~lJV'4mfl'U11'U!llJnu lm'~li1 

f11'j~~~ PNA(P2) 2 iJ"~n~lJ "~''U''''l'j'fl::;mt'J'lJfl~ DNA l!UUf.lfflJ 3 rll~1J!1J""nv DNA(DJ), DNA(D2) 

l1~V DNA(03) ~!~1ulJi1mr1 'Yi1fl1'j,jl.Jm~U~ltJl.Jnm 45 llTt1 'I1"~'I)lfllfl.J'l'i1tl1·HwmhlHnH'::;m[J 
"'''J '" ~ • "J.I"" "'~ .,( supernatant) tl tl fl1'I1 n fl '4 f) 1fI 'U 11ll!! lJ f1 'U ! 'YI 'YI II ~ 1 1-.1 1 ! u 1/ fI 'j 1::; '11 fl1 [J I'YI fill fI Fluorescence 

spectrophotometry 

.flWI12 fl1'j 'Htl'4mfl'W11'W1!l1nillh1l'1~'Yhf11'j~1.:J PNA(P2) 1l"1lJlV~~lJOU DNA llUUNfflJ 3 

rl1~U!U"" fifl DNA(D 1), DNA(D2) II"::; DNA(D3) 

J nlJ;;rn!J1f111lJlhm1~jjJ1~jJ.J ltJn7:i(j~u'U'UfJ.JfJl-JmfllJ1 IUlmnu 1mri1,,1-Jt{?t:J PNA(P2) n1J 

DNA jJj-J'llD-JoUn Iw~ (real DNA) 

I 

http:1.ffVl-JfI1f1t.l1
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i1vcivI DNA 'il~.:j'IJv.:J.,j'11lY'ffl,rl'Ul'U 30 ll,llfl':i~~':i omhth'h11ffVffflWl (Denaturation).. 
l~v'h1tld'1'U':iU'IJtl.:! DNA fflVl~VJ lf1VlhlhJ~ll'l'UJll~tl~1l1hmm 10 'U1Yi 1l(l~lhh11V'UiJ1:l':!rJciH" .. 
':i1~1~1~1Vfh.JJlll~.J 'illmf'U1.hlJll~ll(l.:jhw'Ufllfl'Ull'Ulllltllj·hn1~~1.:j~1fJ PNA (2 iJ1:liitl~ll. 

m~'illtli11U 10 ill lmii~':i 'lJrJ-lffl':i"::;mtl'l'lrJm'l'l~';yJl'rJrJf) l'Uthtlhmm 30 'U1Vi mhrlltll':illtlmhu 

, ,"
IV 1 0 vv djl I d. Col I ~G 

DNA \ltl~~9fUv~ llTYlltll':im'l~1V 7 % acetonitrile l'Ywm-lWlff1'U'lJrJ-l DNA 'Yl\ltl~fl9fUtJ~UU'Y'fUrn 

'UrJ.:!rJ'4fllfltlrJtlll""Thh"1 U'Yiltll':i 1~lJ1BlJlru'IJtl.:j DNA lflv'l~uBm Ul~f)1951'Y'f~llltll':iff (Polymerase 

chain reaction; PCR) 

1flVtll':il~lJ'IJhJlru'Utl-li1tlcil.J DNA ~()f1~l-ltltltllJl'illtltl'Ufllfl l~tl~n'ilfftJU'I1lVU zein 'Utl.:!" . 
"i'Y'ffl'il::: '1 " " l'I':illltl':i ze-i (5 '-TGCTTGCATTGTTCGCGCTCTCCTAG-3') lHl~ ze-2 (5'-GTCGCA'U11 'lfft '" 

" 
GTGACATTGTGGCAT-3') ril'H~m1'fll1~'l'Utllnhrl~tllftT'U'il:::,,rmlllftltHill~U (preheat) ~ 95 

v'lrnlC)f"I~Vff I~Unl\l 5 ulYi 'illtllTu'Yi11r1' DNA 11!YUfffll'Y'f (Denaturation) ~ 95 tJ'lrnlC)f"I~Uff 1~'U 

nm 251'U1Yi ''Y'fmJtlf'iJ~I'lil'ii'unu DNA ~UllUU (Annealing) ~ 62 rJ.:Jf111C)f(lI~Vff I~Ul1m 30 1'U1Yi 

!l1:l~'iJ::;ff-l!mlnl DNA fflVhllJ (Extension) ~ 72 V'lrn!9f"I~Vff l~tH1m 45 1'UlYi ')1'U1'U 50 ':ivU 

'UlfltT'U'lr1' DNA ff.:Jlml~rffflVhn.j~tl (final extension) ~ 72 tl-lffllC)f1:lI~Uff I~Unm 10 'UlYi 'Hrl''l 

iut'J'fltll':i'Yll PCR ,hC11':i1:l:::mu DNA ~1;hj~':i1'ilfftlU~1u!'YlfliJflul~fllm lyJ~~ff(Electrophoresis) 
1flU1~tl::;tll i ':iffl'il1:l~mllll.ulJ'lj'U 1 % 1u 1 X T AE buffer 'l~m::;llffllyJ.wl i 00 l)(l~ 

I . fmff'llml~Mm~fllfl'Ul i'Ulllltlljl·m1~1vi.lBm Vltll':i~tl~::;tltlU11ll 

'illtltll':i ff'llm l~rfrJ'4fllflU 1 i WIll flU 1 'Yll1~1ui.lBm Vltll':i~f)~~tlrJU11lll!""1lhrJ'4fllfl'Ul i 'U 

l!llflUl'Yll1~Ulr.:!Il""1ll1W\1U.uWf)rl'f1fJru~Jm'YlfliJfl FTlR (fll'Y'f 13) l'IU ·:ili.l':ilfl~iYtytylru Fe-O ~ 
1'l11l'Htl'l 585.4 cm · 1 ~'lI~'U'lJrJ'lffWl.h::: fltlUl'H~f1tlrJf119f~ 

I 

http:l~m::;llffllyJ.wl
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~'oT 

ft,O. 

--~"--~.--~-------:--~----r---~---"-----

~ooo.n ~6{)O 3200 Z800 2-100 lOOO 1800 1600 I~OO 1200 1000 800 600 ~OO . O 

Q,.I c:r'lf} 'jJ ~ cv ~ d v Clt. , ,.. .... I 01 d c:r' Clo c:r' 

'ff'l!ml::::'11 1~'Ull1'\.W 2.6426 g flfulI'UJOtm::'lIO'lm'lf-lMI (% yield) l'Yllf1U 51.15 llJOWl1lJ~ 1Ir1::'Yr~lllJ 

lDf1~f1Elru~,.:ltIl'YlfI\jfl NMR hHJ'YIU~\y\ylW'llO'lllJl1r1~lJ 11JJfHllJ~~lll'l1\j'l 4 .080 ppm (~\y1Y1W a) 

1Ir1::~\Y\Ylru'IJO'l11JHHllJ~111'l1'\J'lvflJli::::~~ 5.84 ppm (~\y1Y1W c) , 6.27 ppm (~\y\ylW c') 11ft:::: 6.35 

ppm (ri'\y\ylUl b)(mYl 14) 

b 

~yYH~ ~ 
~ ~OH 

a 

H 0 

c· a 

I 



5-14 

3. 

3.1 	 Fourier Transform Infrared Spectrometer (FTIR) (mw 15) 

'llfWUl.lfll'l-r}J A W1H1ruumu Fe-O (585.4 em'
l
) '1H> 'Hn'jl.l'j~fH)UI'Yi~f)vvf)'l91~ m1.lfl\9l'i'}J B 

u u 

IHl~ C WU-ffll!ll!lru'\Jv,m~w.:jnilHVih.J'lJv.:j APTES ~V~1Jl.J'rfhl~hv'4mfl '~lIfi N-H stretching ( 3368 

em'l) C-H stretching (2926 cm'l) 1I(l~ Si-O stretching 0116-1040 em'
l
) ~H1.lfWl'i'lJ D WU-ffll!ll!lllJ'\JV.:jl1~ 

.~ 	 " ... liJ" ...,,, , SI , ·1
Tf.:jO'lfhlW !}J~'lJv.:jv~flHll !}J\9l (Acrylamide) \9l1lf) -NH-CO- stretching (1615 em ) !I'fI~ N-H bending 

(I557 em' l) fhmnUfl\9l5lJ E WU-ffrurulllJ '\Jv.:jl1liw.:jnihlfl1fuvo~iifl'lJV.:jwviiIUhl()~1m1(l fl'flll fl'fl9l'U 
u u 'U 

'" .J 	 'Iflv C=O stretching (1740 em ) II"~ C-O stretching (1261 em ) 

i A o 

'7 


%'1' 

c -() ~tn·h·hjn ~ 

"---(:~"' ~'Il./ . 

" .-J 

I~td em I tWUC'l11 
t 

• • • N.__•••••••• _ •••••__• • •• •••••••___•.••••••___•• _._._••_.__• __ ••_ •• _ _ ••••___•.•••••••• r .•._ .•.__... _ .._-_.•......... _ .• .... -r.•....•._ _ •. • _•.•. " • .__..___.•.•:-__.__._____.•..___..___... _ __....._._....____.__..... _ .. : 


4000 36110 , 200 2tWO 2400 2000 1800 1600 1400 120(1 1000 ~ ()O 


wan'kngth (n,,") 


mw 15 ml.lfl l9)'n FTIR 'lJv~ A) bare MNP , B) APTES, C) APTES-eoated Nl'NP ,D) acrylamide-coated 

:vrNP 1I1:\ ~ E) PNAG-grafted MNP 

-100 
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3.2 Thermogravimetric Analysis (TGA) (fllYl 16) 

'il1fl TGA curves 'il::Yl1r,h %weight residue 'lltl-lU'4fllfllJlIll!!lJflUl'ml~~~!ltJ'i~llF:h 
19l'1v'11~Yl-lnill~i1-l"1 iifh~~Mill!!~,,~-5'mH),W lll9l'lIo A) bare MNP , B) APTES-coated MNP , C) 

.4:::1 "0 (1,01 do. ~ , Q,I 

acrylamide-coated MNP II~:: D) PNAG-grafted MNP lJlJl'11'Ufl'YlI'11'ilUllllflU 92.49, 90.34, 84.69 11m: 
• 1 ~ d ~ .., 'I ;'1 • 1 ~ d ~ d IIJ ~ .,;

79.01 luf)'iI9fU~ 1l1lJm~tI !~V %weight residue l1JlJI1JU'iI9f'U1l1'11~flf)f)flI9l~ (inorganic component) 'Yl 

l'11~ml1flfllmuflci i ~CJf~qru '11lJl1\! ~ "hu %weight loss l:[Jmh'U 'll 'D~'ff1'i1.h:: fH)Ufl'U 'Yl5 UU'W '0'4 il1f1~ 

,11'11'11flmV ~ltl 'il 1fl fll'i l~l~f.lW '11fll1ff -lfllV l~un V1fl1fH.Hl flcil11'W 'il1fl~~'ll'D-l TGA !!ff~~11fl1'i ~~UtJ'i 
- "'" 'U 

; 

85 1 

• II.
'.'." '.•••• C 

+.

I ...."-----
so i 

! n 
I 

75 .. ! 

I) JOO 200 JOO -to() 500 600 700 

m'Yf 16 1'11f.l{1lJllfl'ilJ TGA 'llf.l~ A) bare MNP, B) APTES-coated MNP, C)acrylamide-coated MNP 

II~:: D) PNAG-grafted MNP 

3.3 Zetasizer (lS) (1l1'il-l 3) 

::1 ~ .,..~l~tl-l'il1fl'WU~lfhw:: lf11~fl~ Im,;'U (Poly(N-acryloyl-glycine) Iu'UYHHHlJtl'i 'YlffllJl'i (l 

lltlUff'U U-l~Ufl1'i 111~ vWI'IJ'il~'llU~fh pH 'UU~ffl'i~::mv 119l'1~u~ 'j)lflN'il'll'D~'11~fI1~Uf.lflci~flU QU'U ff1V I'll 

~~i~'Yi1fl1'illfl'i1::,1'\1fi11 hydrodynamic size (Dh) 1I~::filtJ'i::~'ilU'IJ'D-lU'4fl1f11'Uff1'i~::mv pH ~W'l 

1l'lvli'l'YlfllJfI Zetasizer (lS) !!ffl'l~J:,m~~\9Il'i1~ 3 

il1flifl1'i1~1l::YlU11 hydrodynamic size (D ) 'lltl-lU'4fllfl1'Uffl'Hl::-a1V pH ~l 'FllUlliflf)Y)l~fi''U
h

'tHJ1-llitT Vff1r1ty lifl vlifi 1'0 Ql 'Ui1-l 334-495 'U 11 WlJifl 'i ri1'U 'ill fl fl1 'i llf1'i 1::11tJ';I :: ~~U'llD~8'4fllfl'WU11 

http:V1fl1fH.Hl
http:l~l~f.lW
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.,; '" , c: ~:'I ~ 0 '1 y", '" • 1 J1 co 1 '" 
IlJtHnHI~mtJlJf11 pH IYllJ'IJ'W (l1JUI1HY1J10'llU) 'Yll l1f1m'IJf.)~1J'j~~"'U'U'UYI'WrJJ'lJV'H)'4.f)1fl'Wl 'UlllJO'W 

'1 o'd t 4 .J ~.J ~ I A ~ 
~"1'YllJfI1!'Y'llJlJ10'll'U 'Yl'lUIUO'l1l10 COOH 'ill0l1'W1U'1H.l'l N-acryloyl glycine 1J'W'Y'lUmtllpnfltlQ'1u 

'" .; ~.,; d ~ d '1 yes d.1 J1 q0 

-Wtl'J'lJ COO-l'Y'llJ1J10'll'U IlJO pH 1JO 'H'I'1'j"~mUllhJl1J{'flJ10'IJ'W il'l'Yl1 l1f1m'lJO'l1J'j~~"'U'U'UYI'UrJJ'IIO-l 
"".; ~ 

V'4.f)1fllJf11IY1lJ1J10'll'W 

, .1 '1 '" "I "'.,; "" y
fll'·.n~ 3 mnn hydrodynamic size (Dh) 1I"~f111J'j~~"'U'IIV-l0'4.f)1fll.J1 ~U!llJOU 1'Yl'Yl'Yllfl'10'Ufl1U 

PNAG l'U{'fl :Hl~mu pH ~l-l'l 

pH Dh (nm) Zeta potential (mV) 

3.00 458 .2 -26.1 

4.00 367.2 -41.6 

5.01 424.8 -44.4 

6.02 453.4 -46.4 

7.08 400.3 -54.1 

8.02 399.4 -59.6 

9.09 494.5 -60.8 

10.04 460.5 -64 .0 

11.01 334.6 -74.6 

DI water 473.8 -45 .4 

v • v 
... "" 'IIll fill lfYi 2 "" '" " '"i111fllHJlfl111fll1~ll (Streptavidin) tl.:j1Jll'YfllH1f)~il1fl flUlfl1[Jfll1f11'l acpcPNA

1) nnrt1']ffmJtlrtlj~lJ(J']ulJllJ;hi)l.,mf1ln TWlJJnu i'YIn 

1I1om'j'YIfl"tl'llrltl~'U'l1f1u~m tJlfll,) ~1 ~ mmuml~u'U'utl'4 rllfn.1l i 'UlllJO-W jm)ll~,)l'ilm ') 

lWOD'U, fllfl'U 1 i 'U IIlJ OU '1 'Yll1Dtl 0 'ill 0 {'fl'j '1~ '1 1 tJ fllfl ') 11\911i~ 'U 1f1Uf11') l1'U111~tJ'l 11 rl'.:J 11 1 mJ'U111 

{'fl)"~" ltJl'I'lm,j ~ ll~ 'U ~1HJntl [J Om'ill 0 [J'4 fllfl 'W 1 i'U lllJ ou ~1 '1 l'1lJ 1 11m l ~ ~~ ') tJ!'Ylfl tifl UV-Vis 

spectrophotometry ~mllJtJ1Jfl~'\.J 280 nm lf1tJ!yilJ1Jf1'U{'fl',j"~mtTfI!m U~ll~'Ui~lJl'i''W rl"fll'nlf1~Hl-l 

!!{'ffl.Jf1'l.f)1Y1 17 

http:rllfn.1l
http:1I"~f111J'j~~"'U'IIV-l0'4.f)1fll.J1
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-0 1 0 J---r-~~~---'--''---''--'''---r-~--r-
250 350 

wavelength (11m) 

'" ~ 
~~ml'UHi:'I''1'Ylft~ft'l 

tHlfHJln~ri1'U'Ufl~fl'Uj)lfl'U 11 'UlIlJtlU1'Ylli'~~~ \l~1tJi:'I'Am Ul'lll~'U1):; ttmlllJlllfl'n:; rf'U'U WI. ~ 

1~ i<f)')1<f)'U1JJn (hydrodynamic size, D ) ~JtJA'YlfliJfI photo correlation spectroscopy (peS) Hftnl,)
h

PNAG-grafted MNP Streptavidin-grafted MNP 

pH(mV) Dh (nm) pH(mV) Dh (nm) 

D1 water 474 DI water 736.5 

7.08 400 7.08 730.7 

035 

030 

0.25 

J.2::> 

015 

0.10 

'" ...
(;J na~i:\ltI strcptavidin !'HJVlU 

/ 

I 
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~lmHlfl1'jllm 1:;11l'1Ul1U'UfIlf1'W1i 'UlIlJflii 1'Y1l'i'~f)fllil~'l~':W1JIIil'j uml~'U ildhl'W1 Iilll1 ui~'U 
• ~ u 

lrimiitJunuu'4mf1'Uli 'UlllJflii 1'Y1l'i'nel'U\}f)Iil~ 'l~'JtJ1JlmUlilll~'U J.:]1 'U 1Jl'j,,:;mtJ-u'r/rvJelf pH 7.08 
y"" )I 

lnl::: i 'Ulil fi,nrWH'l fll'j'YIIil"U'liii':]1JllJ1HI1~' 'U fll'j V'U v'U 111J !Iil'j uml~'Uo fllil~ 'I "'lU'U-W'U ~hlJel'l 
" 

" . 
2) nn~J.J acpcPNA-Biotin lI.J1)'/.JW'/.JfiJfJljmflU1 T'/.JWJni11r/l1nfJfl~J.Jf{1[JffI~'jI1mjA'/.J 

UU'lJ1J'U 2 ~'Ulilel'UVeltJrr'l~ 
2.1) flnrhmnbnm!1'/.J'UfJ.J acpcPNA-Biotin (Bioti,,-CTACAAGCATAT-~l's-NH) 

o.d 9J 'j)' ~ 1 -=to ~fj) Q1~tJYI1'Ylf1'JllJl'IllJ'Il'UIilH"1 flel 0, 10,20, 30, 40,50, 60 II":; 70).lM ~tJ'Jlml:::,\HntJI'Ylf1'Uf1 uv
d .d Q,.I 

Vis spectrophotometry 'Ylf1'JllJfJ1'JfHI'U 260 nm ~'lml'l 18 

--- - ~ ---- --•• -.-• • --.-.- •• _ _ a - • • - ------.... ~ ~----.-- -- - - - - - -_. -- - -. ~.------- ••-----.-- .- - --- - ----- ••--~----~--...  "'-1 
i 

0.80 

0.70 
y = 0.009-h: + 0.011 

0.60 
R ' = 0.9895 

0.50 


OAO 


0.30 

0.20 

0.10 

•• 
/' : 

i 

0.00 i 

i 
o 10 20 30 -to 50 80 i 

COlle. ( .ul\I) j 

illl'l 18 m lvJlJllil'j !l'U'IltJ'l acpcPNA-Biotin 

•.1 • '1" ..1 ~I" 2 ~ '" ~I • cO\llnfl'jlnlJll'l';i~l'U acpcPNA-Biotin l'IU'Jl ~mlnluW1J'UI'l';i'l R = 0 .9895 C))'':]OfHu'Uf1l'Yl 

m)lJjul~ 

c'1 d " ..:::::. i d 7 d'd. d 'JJ ... 1 Q.::),

2.2J m'j~ ' 'YI'YJ'YJ~'j.Jfl1[Jmmv~rm'/.Jj.J acpcPNA-Biotin 1I.J'U'/.J'W'/.JN1fJl.Jn1flU71'/.JWJf)'/.J. 
1~tJf111lJl'li':IJ'U\.J'Utl'l acpcPNA-Biotin l~lJl'i''Ul'l'hnlJ 32.15 IlM l1rl''llllm~\H~lJtJ'4mf1'Ul 1'1..1 

I 
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acpcPNA-Biotin lvw sampling 'Ylf) 15 lJln ,il'Ul'.nn 45 'Uln l1~.:J1l1mf'Ulh;n'Ul~cnt'J acpcPNA-Biotin 

""lY d 0 Q ~9J Q d 
'Yl ~1l1f)fll':i sampling 'Ylfl J5 'Ul'Yl]Jl'Yl1m':illml~l1~lm'Ylfl'Ufi tN-Vis spectrophotometry 11f111lJV11 

fI~'U 260 nm 111rilf)1':i~~f)~'UI!TI.:J~'hl1'Uu~ci~'li1.:JncnlJllnVUnumlvJlJlm~1'U acpcPNA-Biotin l'U 

~Id .et 0 ~ v 
~1J'Yl 5 I'YH)fll'U1UJl11flJllJ!'\JlJ'\J'U'Ut).:Jffl'.i'fl~cnv acpcPNA-Biotin 

fl·Hrb~ldl.:JmTl.mjlJ.,J'U (IlM) nu 11'f11 (lJ1Yl) ~.:jmw 19 

j------------- ~ ------ -----···-·-- --·--·-·---·····-· - 1 
, ! , 

, 
l

In nll1 IllIiJUUHth) -Hlli fI~ fllU pyrrolidiuyl PNA-Biotill llf),,),ll 
! 

"'0.00 

30.00 

~ ..... 
"'" 
::: 20.00 

.~ 

--.--~.~--10.00 

I. 
0.00 . 

0 15 30 I 
!TiJllf' (min) ,,,. ) 

1l1flfl'jlvJl!'fI'~.:JfI 11lJl.,J]J.,JU '\Jt).:Jffl'j 'fI~ cnv acpcPNA-Biotin ~'fI~'fI.:J '11 ~.:J1l1f)f1l'j NTIlJnU fn~fl1f1 

'Ul hJl!lJ flU i-Yl'nU 'fI:::rilf)1'j llVflt)~fl1flt)Of)1l"'1 ~.:J 'fI't)~fI'"t).:J nUmllJ,.ulJ.,JlJ'Ut).:J acpcPNA -Biotin ~ 
d ,J..o::::. f 'jI V ..,;, V I Q.I 

\9)'.) -JU'W 'VfWNltJ~fl1f1 1l1flN'fI.fll'j 'Yl~'fIt).:J'WU11mllJ l'UlJ'U'U'IHNTI1':i 'fI~cnv acpcPN A·Biotin jJ lJ~'WI'Yll fliJ 

32.15 /-1M !I'fI:::j~lJ'fIVl'fl.:J~nm 15 'Wl'V1I!Jfl ('fIVl'fl.:J 16.44 IlM) l1~.:J1l1mf'W1):::!~lJ'fIVl".:Ju,,~fI.:J~I'W 
, d ~~!V d g)CLI y'jI 

'l11.:Jnm 30-45 lJl'Yl ('fIVl'fl.:J 21.01 /-1M) CJl.:JfllllJl'UlJ'U'U'UtJ.:J PNA 'Yl'flVl'fl-JTI1)Vlfl~Hl.:JfliJ'fl11lJ!'UlJ'UlJ'Ut).:J 

'" c!l ~ = '1 d ..1 '" '"i"PNA 'Yl\lflVl':i.:JUlJ'W'WN1tJ~fl1f1'Wl !'WU]Jf)'W 'Yl'Yl 1)lflflHnUTI~.:Jml]JI'UlJ'ti'W'U1).:JTI1J'fI~cnV acpcPNA

c:i ~o ~ d I ~ ~ 1 
Biotin 'Yli:1Vli:1.:J TIllJlJ t:l i'lIfIllJ1UJl11mlJlru'lHl.:J acpcPNA-Biotin 'Yl\]flVlJ .:Jt)QiJl..!'W'UNl'lJtJ.:JtJ~fl1f1'Ul 'U 

IllJnU '1 'Yl'Yli~~.:J\9ll'n~ 5 ~.:J1l1nN'fIfl1JVlVl'flt).:J'WiJ·:hnf1lJ\9l1.:J acpcPNA-Biotin 1)QiJ'Ut)~fl1f1'Wl1 l..! IIlJ flU 

lml~p'l'~ 126 pmoVmg 'UtJ.:J MNP 

, 


http:il'Ul'.nn
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" " .d d • J "" 1 "'''J'/
YIl"n~ 5 fI'lllJ1'UlJ'II'U'IIt)'I'Cfl'Hl:;mV acpcPNA-Biotin VI~Om-3t)QU'Ul'l'U~1'11t)"t)'4fllfl'U1 'UlIlJO'U !VlYI 

~'J:; v:;l1mf)l';i 'Yi1,jUmfJ1'f11-3"l n'U 

mmw PNA Uti 
fI11lJ1oU'mi''W'Ut)-3 PNA '\'W 

b "'''J ,/% yield t)'WfllfllllJOlJ !VlYI.
'Cf1'Jft:;mv.y;~WIl:'l-3 (IlM)" 

(pmol/mg MNP) 

o o o o 

15 16.44 51 99 

30 20 .99 65 126 

45 21.01 65 126 

~ ell ~ gJ c:::: ~ 
Ul'I1Ufl'Utl-3 streptavidin-grafled MNP Yll'lfIUU 5 mg 11l:'l:::mmm'Cf1':i'fl:::mmuu 30 ilL 

b ~ Q.I <j) jI ..d "~9 'j/ ~I
% yield IYWUOUfI'lllJ1'11lJ'II'W'Utl-3 acpcPNA-Biotin mJfI'WYI !'IHu'U 32.15 IlM 

v • • 
OJ cl _ I "''I iI ""'\I) "'.,. d '1 ~ 0iI '\ iI 
'U'\.J~Hl'\.JYI 3. f)l'lu'l:;qflVlI'llo~iIlfl'\.J11'\.ll!llfl'\.J !YIYll1V1".'i" acpcPNA-Biotin mnml'llll-lfllHn '\1 DNA 

.. 
u~~Yl1i 

1) r"'1n1'j'n~ClCJ.Jn7J1.ffPNA 1 j~fJlfJlJ probe 

d 0 1 '" 1 ct'd 0 Cl
f)lJffOEllfl11lHlllm::;I~1::;~-3 (specificity) 'Utl-3tl'4fllfl'W1 'UUlJO'U YlYIYI'YI1fll';j\Pl';j-3 PNA(P 1) 110:; 

tl'Ufllfl'\.J11 'UUlJOU 'ml~ritl'UfI~" PNA(P I) (~hmufllJ) IlJfIl'J vWl1iunu DNA U'f10:;rl1'fiUIU'Cf flU, . 
~ 

DNA (D I), DNA (02) l1~tl ONA (03) UV"tl'VOllJ'U 2 riTWV'VV'fi"u 
~ 

1.1 fIl';j'Cf~1"m1yJlJlfl'J~lU'U'V" DNA Il~o:;~h'fiUIU'ff"''' 3 rll'fiUIU'ff fi'V DNA(D1). DNA(D~) 
... 1 " jJ' $I0 ~ .eI 0 

11'J'V ONA(03) WlVYllYlfl11lJl'UlJ'II'UfI1""l flU 0.06, 0.08, 0.1, 0.2, 0.4, 0.6, 0.8 110:; I IlM u01'\.J1lJl 

11m 1:;,1~1ml1f1iJfI Fluorescence spectroscopy ~fl111W11f1~lJ lw fllJ m :;~'U (excitation wavelength) 

1I0:;fl11lJV11f1~'WilJflnfll(JU'ff" (emission wavelength) 'fi"V11"lH 6 
, ~ 

~ CI.I 0 Q..t ~ 

V11"lH 6 fI11lJV11f1ft'W'Utl" DNA VI" 3 m<flUIU'ff fltl D I, 02 110:; D3 

DNA Excitation wavelength (nm) Emission wavelength (nm) 

01 : 5'-ATATgCTTgTAg-FAM 494 521 

02: 5'-CACgTTCCAggA-TAMRA 552 584 

D3 : 5'-ATATgCATgTAg-TAMRA 552 584 

http:r"'1n1'j'n~ClCJ.Jn7J1.ff
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r------.- ....-... -.--,~.-~ ~ 

i 
flinhmln~w DXA(Dl) r-------;-,~I"~"";~:~:-~;;----lI

I 1:00 , i i 
I 1000 Iv = 957.23x - '::8.91-1 I II 1000 

R' =0.9963 I II I soo Ii $' 800

I "§
I OJ 600 ! I! ~.~

I -
600 i1 -= 

1 '= 400
i I ' "'2! I 
 200 

o! i
(j 0.2 0 -I 06 0.8 I I 100 200 300 clOO 500 600 :00 SOO I 

: ' ! -200

L.._____ .___.____________C_.O_D_C-_<u_:'I_f_) _ ___ ___-'1 L _______________::~~~I_~~~~~_(_~~?______________-.J 

-'100 

201) 

r---------------· ------- ----.-.--. -.---- ------.--------.----- ----. i-. --------- -----.-- ---..-----.---.-.--- ---..---..- ..-- -.-.i 
l ! I' , I
1 flm~lJlm~1i! DXA (D2) i ! f)mUml'~1~ D:\"A (Dl) I 
. 1200 II 

.1 

! 
1000 ---+ 'I 1000 

\. = 98232\ - 10.034 
SOO 

/ / II 300R' = 0.999
~. ' . '/+/ I'i ,,,I ~. 600 ,i: 600 ,,.. /~/ "§II , 

I

:'100 .....+'//. ~ 400 
I 

200 j200 . , / / II :: 

o ,/ . I o ! 
100 200 300 400 500 600 700 800 I o 0: 0.-1 0.6 0.8 1 I 

·200 Ii w8nlength (nm) .Conc.(!l:'lf) 
~__._______________________________________.lj 

illl1 20 fl'.ilyJlJ1m~llJ'UU'l DNA(D I, fully match) 

illl1 21 f)'nyJlJW1'J~llJ'\JU'I DNA(D2, fully mismatch} 

r------ , -------------------- -_._------------------: , 
f)'j llh.nm 1~ 11-1 DXA (D3) i fl·mhmmg,1l! DXA(D3) ! 

I , 
I If , . 

1 1200 i !! I 1000 . 
i 1000 
I \. = 9-8.88x - 39.0&5 

R' = 0.9967 
i 800I

8001 ~\ 

! 
, 

~ 
, &00'" ...= --lOa. :.tOO I 

:::00i :'00 I 

! (1 

0 100 300 500 
o 

i 
i 

illl1 22 fl'JlyJlJ1m~PlJ'\Jtl'l DNA(D3, single based mismatch) 

700 
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,. 
lJlflmlvllJl~1~1'U'lJfJ-:I DNA lI";'ft!:::rll9lUI1Hyl1-:1 3 rll9lUIU'ff flt) DNA (01), DNA (02) 1I'ft::: 

DNA (03) 'Y'Iu -h1fi'flnrhTI'Ul'ff'W\9l'J-:I R2= 0.9963, 0.9997 IHI::: 0.9967 'flllJrll9lU ~-:lITI'Wfh Rl ~tlfJlJi'u 

i ii ..,; " 'JJ Q ~ 'iii' ~ iI
\9lll'ft!:::UJtlfl1TIJI'IIlJ'IIlJ'UfJ'I DNA l'Y'IlJ'UlJ lJ:::'ff'lF-m lWll Intensity ~'I'IIlJ\9l1t1 

I.2 fll1ffmm111lJ~11'Y'l1:::11l1!::: lJ-:I (specificity) 'Ut)'It)'4DlfllJllUlIlJfllj 'hnl~'Yilfll'j~l 'I PNA(P 1) 

l\9lfJf1111~lJ DNA n'ft:::'I1~-:I sequence 

f1l'J'Yl~'ftfJ'IlJ::: ii'fJ '4 fl1fl'Wll 'UUlJflU 'h'lll~'Yilf1l'J~'ll 'I PNA(PI) Vll,)unu DNA !I";'ft:::rll~UIU'ff 
,. 

l1'1 3 rll9lU1U'ff flfJ DNA(DL full match) , DNA(D2, full mismatch) 'I1~fJ DNA(D3, single based 

mismatch) 11ltlfll'JlmtlulntlUnufJlJDlfl'Wll'UulJnu' 'Yilt)rlt)'W fll'J'fll 'I PNA(P 1) (~hf11UfllJ) 1l'ft:::'Yil. . 
.::::. r/'j) Q 

fll'Jllfl'Jl!:::'I11l1{J1'YlfllJfI Fluorescence spectroscopy 1I'ft!::: Gel electrophoresis (agarose gel) 

l.2.1 fll'J ii'tJ'4Dlfl'Ull 'UlIlJflU im{~'Yilf1l'J\9l1 'I PNA(P 1) 1I'ft!:::t)'4Dlfllll1lJ!llJnU 'lmlrlt)'U 

fll'J\9l1-:1 PNA(P 1) (9l1f11UfJlJ) Ull,)unu DNA (D 1, fully match) 11ltlfll1lJl'lllJ'lr'U'Ut)'I DNA(D 1, flilly 

match) ~'li"~lJ\9i'Un'hnu 0.8 flM N'ft~'MlI'ffll'l9l'lfl1'Y'1 23 

, r----------- . 1--·----------_·_----- ------------_.--,
1. 

I DNA (Dl)-M"\,P-P~A I D\,A (Dl)-Mi\]>-without P\'A 

! 1000 

i
; 

800 I':: ! 

MNP-PNA = tl'4fl1f1lJlllJulJflu'ml~~l'l PNA (PI) 1I'ft!::: MNP-wilhout PNA = fJ'4Dlmnl1HllJfll1 

j'tlllrlmJ\9l1'l PNA(P I)(9l1fllUfJlJ» 

ill't'l23 ffltlflml'IJfJ'I'ffl'J'ft!:::'ftlV DNA(DJ) 1~lJ\9ilJ 1I'ft!:::ff11'ft!:::'ftlV DNA(DJ) ~IWntlfJnlJ1lJln 

ml-:lfll'Jl~lJ tl'4fl1f1'Wl1'WUlJflU 'hrvlu";"!:::'l1lJll 

'Illf)fI1'Y'1 23 YiUl1ffl'J 'ft::: 'ftlV DNA(D 1, fully match) ~IWf)t)tl0lJ1lJ10tl'4f11f1'Ull 'UlIlJOlJ 'lml~ 

I I
i 

• - 600 II €. ~Be-fore ~ 

f ~ 400 

1-
200 

o · 
o 200 

•••• • Af:-.:r I 

800 lOOO 

______.__ ______ J 

1 



•
• 

5-23 

• 
'• 

" 
1l1rnJ\.J lhrll 011 fI1 VII TI'~m 1'11'1..11 ill rYi fJlJ rllJ n '.)1vimm~FU 'IH) ~ 0 N A (0 I) vnr:hihB lJlru '1Hl~ 0 N A (D 1 ) 

• /;l~HI~¥1'i1I1J'W 45 .73 % UTI'fl~11 ONA(D I) flf1V'iI,)m\~lJ'Wu'Wfllfl'Wll 'WlIlJf1U irnl~~~ ~~-:lU PNA(P!) ¥1'i1'" .• 11JmJhnill 745 .01 pmoI1un1iu'llu~'V'4fllfl'Wll'W!!l.Jf)ul'Y\l'lnu'W,,~~ PNA(PI) (9i1flllJfJlJ) 'Y'llJ11

• TI'11/;l::: mu ONA(D I) ~!WtltlUtllJl1l1tlu'Wmflu11u!!lJtli11r1'1'1riu'W~~ -3 PNA(PI) (9ilf11lJfllJ) ih"ilO11. ,•
• 

specificity 1:::'\111~'V~fIlfl'Wl hJl1lJtli11'1'nlriu'W~~ ~ PNA(P I) rllJ ONA(O I) 'WUtlultl~!'v1UfJ'W£l'U fll1V'iI 

• ,)lJ'lJU-3 DNA (D I) lJ'Wtl~mfl'Wll 'WlllJtlU 1'1'nl~"~ -3~lV PNA(P I) ;-3'1~yjlfll111m 1:::"'~1m'l'lflUfl Gel 

• electrophoresis (agarose gel) l'i1V0111mVlJ!'YiVlJTI'l'm:::mo DNA (OJ) l~mi'WrllJTI'n":::mV~\lfllWtl

• uumllnu'Wfllfl'Wll'WHlJtlu'1'1'1yj'lIlPl":::'I1U~ ~/;l~i~!!TI''iI~'fl~fll'Y'l 24.•
•
•
•
•
•
•
•
•
•
• fll't'4 24 I!O'lJ'IlD~ DNA l'i1v (1)

• 'V~fllfl'Wll'W!llJtlU 1'Y1yj'~'f1~ -3 PNA(P I) lit'!::: (3) TI'11/;l:::mfJ DNA(O I) ~\!tllltitlUDtl1l1tlU~fll~'W11'W• 
lIlJtlij'1'Y1yj'nD'W"~-3 PNA(Pl)• 

il1tlfll'l"l 24 'Y'llJ11llfllJ'IHl~ TI'11(1::: /;llV DNA(O I) ~fl fllWtltl'V tlll 1 fWlJfllfl 'U 11U!I1Jf)U 1'Y1yj'~'f1~ ~ .• 
c:::t G.I o'.::S d d c:::t 0'Q.I 

PNA(P I) ('\1lJlVl(l'll 2) lJ"tl1:lru:::'UU-3HlJ'W~'YIntf1l1(1:::1l1-l(l-l nJU1'YIUlJf1lJlIfllJ!llJ'W'iI'\1}Jlum'IJ ) lim; 3• 
~ 

• lIfffl-31'l1'n1'W 11 ONA(O I) lhBmru(l'il(l-lH/;l:::\ln~'iI')lJlJlJ u~fllfllJll 'WlIlJnu 1'Y1yj'~'iI~ -l PNA(P I) 'fl'W 

• '\1lJ1Vnl'U 3 fiv DNA(OI) ~lIVfllJl1l1tl'VlJmfl'\.n l'WlnJflii'1nyj'nvlJ~~.:J PNA(PI )(9ilf11lJfllJ). 'Y'llJ ':hii.

• 'Ill.! l'ilUlJlJ flll1!!'f1 f1lPll-lvUl-liJl1 m:hflt)JlrlmYil.llJrllJ Stock DNA( Dl) l~lJ~'W ('\1lJ 11J1(1'U I) II TI''iI-l1 'l1'I'H '\..l

• 11 ONA(OJ) 'hjl~(1fl'il'il,)lJlJ'W'V'WfllfllJlll.!!llJf1iill'1'lyj'~~~~ PNA(PI) 11lJ.J~1ITI''iI-3~~fl11lJlliiJ non 
'U 'U ••

•
•
• 
•
• 

25 

•
•
•
•
• I 
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" lJ10flll'l 26 l'lUilll(}U'lJfl-3 ONA(D2) n-l 3 lIUU~ lJ'lJU1'fl'lJfl-lIlUU'fl"hill'flO'iil-3flvNiJli'tnYlf11.1! 

U{Y'fl-3hlI11Uil DNA(02, fully mismatch) 'hjhi\lf)vmrUO-lUUfl~fIlfl'U11'UlIlJf)ul'Yl'n~'fl~-l PNA(Pl) 

(l1lJlmCl'lJ 2) IICl~ fl~.fllfl'Ull'UlIlJOU hn1n()u'fl~ -l PNA(P I)(~1m'UfJlJ) (l1lJ1Vl"'IJ 3) Irlfllm vUl'nv'U 
a,. .d " OU!I(}'U'tIfl-l ONA(D2) I'W'fl'U (lflJ1Vlo'lJ 1) 

1.2.3 f11~ 'HfJ~fIlfl'UllulIlJotjhnl~l;lf11';j'fl~-3 PNA(Pl) 1I~1V'fl,r'Ufl'U DNA (03, single 

base mismatch)1'flVfl11lJl'Ii'mi'U'lJfl-3 DNA(D3, single based mismatch) i~lJl9i''Ul'yi1flu 0.8!-1M m\~'l~ 

IIffl'l.:J'fl'lml'l 27 

.. _.._.____.._ ._____...____ -______________________..___..___.__.0._- ___ . , 
, 

DNA (D3)-MNP-PNA DNA (D3)-MNP-without PNA 
1000 . 1000 


800 ; MOO 1 

t Co 600.~600 ; -Beror!! --Beron~'! ";;;, ....c 

•••••• After•••• •• After. .§ 400 ~ ! ~ 400 
I 
. 200200 i 

o ,--- -?"o--.-' " -------. 0 ;'
o 200 400 600 800 1000 o 200 400 600 800 1000 

fIl'Y'l 27 ffl,jfl'fl'Jl'lJtl.:Jffl'H\~m[) DNA(D3) l~lJl9i''U IICl~ffl'JCl~m[) DNA(D3) ~!Wf)tlflf)lJllJlf) 

fJ'UfIlm.n 1'WlIlJOU i'Y\'nll~"~'lfiJl'I 11'1v MNP-PNA = flUfIlmn1ulIlJf)U hIl1~'fl~ 'I PNA(P I) II":;, . 
MNP-without PNA = fJ'U.fnfl'U11'UlIlJOU hn1n()U'fl~ -l PNA(P 1)(~1fl1Uf\lJ». . 

1l10il1l'l 27 'Y'l'Ul1fflHl~m[) DNA(D3, single-based mismatch) YiIl(JOflflOlJl1l10flliil1f1'Wl l-w 

IIlJOU il1-n~'fl~ -l PNA(P I) lJi'hf11';jfl1V1lff'l'hjlll'ln~l-lmh-llJ,rV{hrluJlrlmn(J'Ufl'Uffl'J Cl~m(JI~ lJ~'U ('J,j ... " 

CJllV) ~"l!ff'fl"lHI11ldl DNA(D3) 'bj(}f)V~\'\)'Unm'U()'U.fnfl'U11'UulJf)iji'Yl'Yl~1l~-l~1[) PNA(PI) 1I,,~1'U
" . 

(03) 'U'Wtllifllfl'Uli'WlIlJf1ui'Yl'vl~'fl~"~1V PNA(PI) ~1(J1l1f1iJfl GeJ electrophoresis (agarose gel) il'lv 

f1l'Jlm (J'Ull1(J'UfflHl~n1V DNA (OJ) l~lJ~'W fl1Jffl 'Hl~mV~(} flIWf1flflf11l1fHl'WfIlfllJl1 'Wl!lJf1i1 'hnluvi" . 

I 
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iIl~ 28 IIflU'lJtl.:j DNA hw (I) Stock DNA (D3) 0.8 11M, (2) ff1'H'~l;'lltJ DNA (D3) ~\lf1lWf)tlflmJlfl 

u'4mfllJ11l.J!!lJfluLhnl~",~~ PNA (PI) II"~ (3) ""THl~mtJ DNA (D3) n\lfllWfltltlfl'il1fHllP11fllJ11lJ 

UlJflU 'hnlritllJ"'~.:j PNA(P I) 

" 
'il1nm'Y'l28 'Y'lU1111flU'lJtl.:j DNA(D3, single based mismatch} 11-.l 3 IIUlJ'flU'lIl.J1<fl'llfl.:jll1JlJ<fl1:J 

U"'fl~l.:jtHh.:jihrmhflru IIff"'~h1111lJ11 DNA(D3) l:Ul~(lfl[j<fl1l\Hn1J'Wm.jmfl'W11tJulJflU "hnl~",~.:j
u 	 ", 

PNA(Pl) (l1lJltJ!~'lI 2) ml~OtJJllfltJlllJlIlJflu'hnlri[),\J"'~.:j PNA(pI)(~Jm1JfllJ} (l1lJ1tJm'lJ 3). 	 . 

1.3 fll'l ffmllfl J llJil1! 'Y'l1~ I'ill~ 'il.:j (speci ficity) 'U O.:j O'4mfl'W 11 tJ IIlJ flU 1'Yl'n~'rl1 fll'l "'~.:j PN A( P]) 

l"'tJm'll~hJ DNA Yi~~""tl.:j sequence (DNA mixture 'Uo~ DI+D2 11m; 01+03) 

!!,j'H·mfllTYlfmtl.:jtltlfll~tJ 2 riJ'W~~~ 

1,3,1 	 fll'l fffl'hllfl11lJ~11'Y'll~nl1~ 'il~ (specificity) 'Uil~il'4mfltJ 11 'WlllJflU lh1'n~'rllf)1'l "'~.:j 

PNA(Pl) hJn1'l[j~nrUnu DNA lLuurn'1'lJ 2 rl1~1JlU"" 'l~l111.:j DNA(Dl, fully 

match) + DNA(D2, fully mismatch} ~m~'~m"<fl.:j~~m'Y'l 29 
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D2DI1000 
~ i 

800 ~ - Dl b€foreJl III • •• •• Dl=afterg600 -: ~~ - D2 b€fore...1: D2_afrer~ it II 
Ii..E 400 
~ ..

200 ..t., 

..... 
'#-_40 

200 400 600 800 
Wanleogth (om) 

.fll'W 29 ,n,j~W)'j1'l1u~J;Yl'HI~m[J DNA(DI) + DNA(D2) l~lJl'i't.J 1I~~J;Yl'HI~m[J DNA(DJ) + DNA(D2) ~ 

IWmH)f)lJl~lf)Ut.Jmf)'W 11'W1I1Jf)'U Ihn1• 

,,;
~lf)fl1Yl 29 YlU11J;Y11lf)~~lJ'lJU'HY1'H1~m[J DNA HTI'lJ DNA(Dl)+ DNA(D2) 'YHWf)Uuf)lJl~lf) 

m.pllf)t.J11Ul1lJf)lrhnl~'f1j~ PNA(Pl) 'Wui11'\..J{h'W~lilu DNA(Dl) (l'c¥ull):;) iJfhf)1)m[JlIfI·.:]~~n~ 
, 	 • I )I. 

Iljmll[JunUJ;Yl'H1~mtJ DNA(D I) l~lJl'i'U (lc¥UYiU) ~1f),rt.J111~hm:imtJlIJ;Y~lJ1fi1t.J1Wlfl[JlJnum 1l'l 

lJlm!lt.J'lJu.:] DNA(DI) l'llJi1 DNA(Dl) ihBlJlru~~n.:Jfi~lilu 42.42 % 1IJ;Y~.:]1'11I'Ht.J11 DNA(Dl) \If) 

vmju~':]lJt.JU'4fl1f)t.J11t.JlIlJf1iJ·hn1~~j.:J1'i'1[J PNA(Pl) ri1t.JmlJ1W'lJu.:J DNA(D2) 1um)~~mtJHJ;Y1J 

DNA(DI) + DNA(D2) (l'c¥t.Jll)~) ~IWf)UUf)lJl~1f)Ut.Jmf)t.J1 iWllJf)iJirl'v1~'flj~ PNA(PJ) 'WlJ11 iJfh• 
f11':l mtJlI J;Y.:J 'hhl'flf)~ l.:JU ~l~iJl1mhfillJ,rl Ul'n[JlJ nlJ J;Y1) n~n 1m~ lJl'i't.J (l'c¥t.JYilJ) ~':]HJ;Y~':] 11 DNA(D2) 

\'hj1~i:lf)v'fl,)umlJt.Jut.Jfl1f)'\..Jllw'lJtliJhn1~'f1j ':]~1tJ PNA(Pl). , 

1.3.2 	 f)1)flmnf)11lJ,jll'rn:;I~1:;~':] (specificity) 'IJu.:]u'4mfl'\..Jllt.JlIlJtliJ1'Yl'rl~Yilf)1)~j.:] 

PNA(PI) !t.Jm)V'fl,)unu DNA IIUlJHJ;YlJ 2 ~l~lJllJJ;Y :i~ldl':] DNA(DI, fully 

match) + DNA(D3, single based mismatch) H~~1~1IJ;Y'fl':]~':]fl1'Y'1 30 

http:IWf)UUf)lJl~1f)Ut.Jmf)t.J1
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! 
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ill'W 30 'tYI1JTW1'jl'Ut) 'Hnnl~mVDNA(DI) + DNA(D3) l~ml'U IHl~"n'j~~m[) DNA(DI) -r DNA(D3) 

~IWflt)tlfllJlillfW'Umfl'Ull 'U!!lJflU '1 'YI'VI• 

'illflflll'1 30 mUflml'IJtl~'tYl';j~~m(J DNA HI1'lJ DNA(DI) + DNA(D3) ~IWfltlt)fllJl'illfltl'Umfl. 
'Uli'Ul!lJfl15Uhn1~~~':] PNA(Pl) l"IlJ':h DNA(DI) (l€1'UU'j~) iJtllf)1':ifllV!H" 'H'~~ ':l!rltlI'YitllJnlJ 

'tYl':i ~~mv DNA(Dl) lilJ~'U(!€1'UYilJ) illfl'!'U'I11tllf)1'JfIltlU 'tY ':]lJ1fil'UlIlHVlVlJOlJfl1 1vJlJ1m~ 1'U'IHl':] 

DNA(DI) l"IlJ-,h DNA(DI) iJmlJlWM1~':]~~H1J'U 40.66 % !!Ml.:Jl1 DNA(Dl) lm,.n~~~lVHrflJ 

DNA(DI) + DNA(D3) ofl'ij~ilJ'HlJ'Utl'Umfl'U11'U!!lJflU'1YI'YI~~~-3~ltl PNA(PJ) ril'UmmW'1Jtl.:J" . 
DNA(D3) l'Urf1':i~~m(JHfflJ DNA(Dl) + DNA(D3) (1€1'Ulh~) l"IlJl1 iJtl1m':iflltlllff.:J'1l-lU~fl~1.:Jf)ci1.:JiJ 

lY£Hhntylrlf:JlVltJlJ nlJffn~~ mVI~ lJ~'U (l€1'Ul1lJ) ;-311 ff~-31ll'rthr.h DNA(D3) 'hj"I~\l fl'ij~ilJ~.:JlJ'U 

tl~mfl'U1 i 'U!!lJflln'Yn1~\9l~ .:J~lV PNA(P 1) 

ill fl H~ fl1 ':ill fl ~ f) -3 'Ii'1-3 ~ 'U ff llll ':i f.) ml n '1 ~11 tl ~ ill fI 'U 1 i 'U II lJ fl tj h1l1~ ~~ -3 PNA(P 1) li 

mllJ~1Il"11~!ill~ il.:J {1'.:J~ -3ffllJl':i mi'itl fl 'ijl'l ilJ nlJ DNA ~ jjrllilJllJ{1'~I1J'U tl fflJ n'Ul'Yh,!'U 11'1 vm':i U'U U'U 
'" 	 " 

~lV!'Ylfl'iJfI Fluorescence spectroscopy i.:J'!'U lwilJ~'V'U~'V '1 u~,nl1lfl1'Vllmfl'Ull 'U!!lJflU hl'nmH'nlJ 

DNA 'il~':]I~fH1J'Uf)'UmflilJflWvhill' DNA lJ~{1''YIi. 	 . 

2) nnH PNA2 rihhi1Jl1Jl!'l!'fJ~flafJ-Jnm;1i1Jl1Jl!''UfN zein gene 'UfJ-J.un hv~) !rlfJIVlJ probe 

2.1 	 n7Jffn!J1f111:mf1m1~HJ1~f)-1 (specificity) 'UV-1V'I1n1f1lJ1 TlJIlllnu '1m1~rhnn~1-1 

PNA(P2) Wl::V'I1n1f1lJ1 TlJWmu7rn1~rifJlJA1-1 PNA(P2) ("rm11Jf}1J) 7lJnn{j~v1Jn1J 

DNA u~il~,hi1Jj1Jl!' flO DNA(Dl). DNA(D2) '1110 DNA(D3) 1fltlllU.:JllJ'U 2 '~'U~f)'U i.:J~ 
2.1.1 fl':i1vJlJ1fl':il1'U'lJf:).:J DNA u~,,~rl1ilJIlJff J'-3 3 rllilJllJ1'! nf:) DNA(Dl), DNA(D2) l1~f) 

0 d 9J V J d 	 'lI 0 ~ (f' 

DNA(D3) i ~ln11'YIfl11lJI'lJlJ'IJ'U~1.:J'l flf:) 0 .06, 0 .08, 0 . 1, 0 .2 , OA , 0 .6, 0.8 !!"~ 1 /-lM !lm'U1lJl11fl':il~11 

http:UfJ-J.un
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~1m'V1fl'Wfl Fluorescence spectrophotometry ~fl11lJU11fl~'U l'Uf)1'j m~~'U(excitation wavelength) 1I'l~ 

fl11lJU11fl~'Ul'Uf)1'jfl1t111'ff.:j (emission wavelength) ~.:j~l'jl.:j 7 

, ~ 

~ .... 0 Q.1 ~ 

YllH37 fl111Wl1fl'l'U'lJeJ.:j DNA m 3 'lWl1JI1J'ff fleJ DI, D2 ll'l~ D3 

Sequence ofDNAs Excitation wavelength (nm) Emission wavelength (nm) 

DI : 5'-ACATTGTGGCAT-FAM 494 521 

D2: 5'-TGCGATCCATGC-TAMRA 552 584 

D3: 5'- ACATTATGGCAT-Cy5 650 670 

" hwmwhJl~'j~l'U'\JeJ.:j DNA 1l~'l~rlWI1JI1J'fflJrimHlJ~ ~.:]{j 

1000 

300 

,q'
'" 600 .. 

, :: 400 

~oo .. 

,'= 935 45x-10.66-! 
R' =0.9995 

fl'l1thnm~ It.! D:"A (Dl) 

1000 

800 

o 
~oo 300 400 500 600 ~oo 800 

\Vanlellgth (1I1ll) 

mw 31 mWbJl~:J!l'U'\JeJ.:j DNA(DI) 

,--- '----·,------'---------------------------1 i------------- ---- -· ~- ~ -~ ~ - -- ·- - ~ 

il~ltlm~iln! D:"A (D2) i I il'l wllJ lm~H! D:"A (D2) 

1000 !: 1000 
:: = 9399~X - 15,-I5~ 

//
/ -+ I

I 

: 

800 R' = 0,9983 ,~/ i 800
! 

i::;'.c. 60 0 
'" 

I ; "E 600I j~ -100 § 400I I 
I : 

200 I ; 

• 
i 

~oo 

; 
o ! 0 : ~.".-..... <~ " 

o 0.2 06 0,8 I 200 300 400 500 600 -00 SOO 900 

Conc, (U:\£) I I \\avelellglh (1I1ll)

• 

~ ._
l.... _ _ _ _ ___ ~ ~_ _ •• ~ ____ ~_________~._~ _ __ ____ • _ __ •._________ ..________~ , __ ~ ___________, ~ ___~ ~_ 

mw 32 f1HrbJl\91:J~l'U'lJeJ.:j DNA(D2) 

I 
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----·-_·------- --------- ----------- -----------._------ --------, 
Ir m 1thIlWj~ W D:'\A(D3) I i ·-'~~ --------- --'~,,;;:.",.D-;.A(D3) 

! 1000 ./.• ! 

Ii \'=93'_06'{-6UI ....../ 
800 R:= 0_9919 

, -f$-/I ~ flJO // 

Ij:: ,,~/'IY'/ 

i 0 ---- -- -- - --- - - -- - --- -- ----------- ---------- --, I 
L_._____~__ ;:~C.(U~~6 OS 1 J0_: 

m~ 33 f1'JTYhJlm!l'U'Utl-:J DNA(D3) 

1l1f)f)Hl\hJl~'j!1'U'lJf).:l DNA UI9i~~ciWllllllff J'-:J 3 cilill!llff ~tl DNA(DI), DNA(D2) !!"~ 

DNA(D3) 'Yj1l111~flHrhiJ'Ul«'Um~l~wfh R2 = 0.9995, 0.9988 !l~~ 0.9919 flllJcilill ~~i'itl!iJ'Ufil~ 
"'1" .,; "" d.oJ, 'I'" oJ"t'Jtlmll rl !!"~!lHlfl11lJ!'UlJ'U'U'\Jtl~ DNA !'YjlJ'U'U ll::-;ff~~~ 'I1fl1lntensity tT~'UlJrl1t1 

"" 0 1 .. '1 <I'd 0 d2.1.2 fl1'jflfllJlfl11lJ~11'Yjl::-;I'Ill::-;1l~ (specificity) 'Utl.:Jtl'4.fl1fl'Ul 'UlIlJfl'U 1111l1'Y11fl1':iflH 

PNA(P2) h)t'Jl'l1'o'4m'fl'Ull'U!!lJflUll1r1~l'llf11Hl~.:J PNA(P2) Vrl~Ut1U DNA UIPli1::ciliuIUff J'-:J 3 

cililllllff ~tl DNA(D I), DNA(D2) 'I15tl DNA(D3) lrlVf11'j1mVu!n VUt111o'4.fl1f1lJ"11lJlllJflU1mlnm.J 

d QJ o.Q cljJ a. 

f11':im~ PNA(P2) (fl1fl1UfJlJ) 1I~::-;Y11m':i1Ifl'n::-;'I1rl1t1mfl'Ufl Fluorescence spectrophotometry !W::-; Gel 

electrophoresis (agarose gel) 

fl) m'j1'l1'tl'4mfl'UlllJ!!lJfluiml~l'llm'jfl~~ PNA(P2) !I~::-;tl'4.fl1fllJ11'UlIlJflu'lwYlntl'Ufl1':i~~.:J 

PNA(P2)(i1fl111fJlJ) Vrl;]W1U DNA(Dl, fully match) 1rltlfl11lJl.ulJ'\j'U'Utl~ DNA(Dl) ~1'l1'i~lJ~lJIyht1U 

0.9 ).1M ~,,~I~uffrl~i~m'W 34 

D~A (0 1)-.M~'P-P~A D~A tDl)-MNP-STA 

\000 1000 

800 800 

;>, 

.~ 

::l 
~ 

600 

-l00 

. ~. 
~ 
~ 

600 

-l00 

200 200 

o 
500 530 560 590 

0 
-190 5~0 580 

wavelength I.nm) wa\'eJellgth (I1Ill) 

mv. 34 fflDmn l'UO-:Jffl'j ,,:::mtl DNA(Dl) i~lJ~'U 1Ii1::-;ffl'ji1::mv DNA(Dl) ~!Wfltltlfll.Jl1l1fl 

tl'Umfl'U11w~ll.JflU lmllll9i~::-;'lfiJ~ 1rltl MNP-PNA = o'Wil1fl'UllUlIlJflui'Ynl~~~'l PNA(P2) II":::, , 

~ 600 
~ 

~ .;00 

-DI before 
•••• -. Dl-after 

-Ol_before 
•••• • Dl_after 

I 
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('J'tH1V (n1'Ulh:;» iiri1f11'JfllUlnlHwICl ,url'OrYiVlJOmnHl:;Cl1tJ!ill~'U ('J,j~ltJ (lft'UlllJ» 1l1mrm,hri1 
~ ~ 

fll'J flltJU11' '1111Til'W1WlritllJ01]fl'j1yJlJl~'J !1'U'U'O'I DNA(Dl) 'YIlJ-:i1iilfllJ1tu 'UB'I DNA(D 1) 'MH1'lfi'fl 

ItJ'U 32 % 1I11''fl'l11 DNA(DI) tlfI~'fl')lJCl'llJ'Uv'UfI1fl'U11'UulJou"m,~~j'l~1tJ PNA(P2) fi'flltJ'UIDlJlW 
~ . 

297 pmol DNA nucleotide/mg MNP 1'Ufl'jW'UV'IV'4f11fl'U11'UlIlJou1rJl'n'O'U~~'1 PNA(P2)(~1fl1lJfJll) 

'YIlJ1111'1'JCl:;Cl1t1 DNA(D I) ~UVflV'OOlJl1l1f1V'UfI1fl'U1hJIIllOU 1'Ylllnv'U~~ 'I PNA(P2)(i1fl1lJflll) iiri1. . 
fll'J flltJlI11' 'I i],jIl'flf)1'i 1'1 tlV1'1ii,rVff1fti1Jlrlmri tJlJ omn'J Cl:; Cl1tJ!i lJ ~'U (~,j'U11) II11''fl 'I111'111 'U11 i],jii non 

specificity 'J:;yd1'1V'4f11fltJ11'UmJf)u'hn'nv'U~~'1 PNA(P2) 01] DNA(DI) 'UVnillfid I~VV'UV'Ufll':iV'fl 
,)lJ'UV'I DNA(D I) lJ'U'O'4f11fl'U11 'UlIlJOU ''Yl'vl~~~ '1mv PNA(P2) ~'I '~'Yhfll'J 1!fl'n:;11'~1tJ!'YlfliJfl Gel 

electrophoresis (agarose gel) l'fltlol'Hm tl1Jl'YltllJ11'l'J Cl:;Cl1fJ DNA(D I) lill~'UOU11'l'j Cl:;Cl1fJ~\lfllltlO 

OVfl1l1fW'4fl1fl'U11 WlIlJ flU' nlluI'iCl:;'lfU'fl rlCl~ '~II11''f)'Ii'lfl1'Y1 35 

...... -_.. 

. ".- ,': ."': ' ..... -: 

ill'W 35 lIt1lJ'\W'I (1) DNA (I) Stock DNA(D I) 0,9 JlM (2) 11'1'J Cl:; Cl1t1 DNA(D I) 11\lf1lWflVVfl1l1f1 

V'4f11fl'U11 'UIIUOU 'I'Yl'Yl~~l 'I PNA(P2) (3) 11'1'J Cl:; ClltJ DNA(D I ) ~ \l fllltlf)'O Vflll 1fI() '4f11fltJ11'UIIUflU 

''Ylllnv'U~l'l PNA(P2) 

.::s QJ o'~ el .dt d qIQ..I 

PNA(P2) ('HlJltllCl'U 2) UClflElru:; 'UV,:alU'U'fl'YllClflIlCl~1l1'1Cl'lIUm'YlVlJflUUtlUUU'U'fl'HlJ1t11ft'U I IIft~ 3 

II fI''fl,:j '111'111 'U 11 DNA(D I) iiilllJ ltuCl'flft'lllCl:; tI O'fl'fl ;1UlJ'U 'OlJn1fl'U 11 'WIll fllj '1 'Yl'Yl~~~,:j PNA(P2) fY1'U.. .~ 

'UlJ1'flUlJ'U'fl1],jU'flflI'i1'1V01'1ii,rVff1f1\l,jlrlmYiV1JOU Stock DNA(DJ) i~lJv1lJ ('HlJlfJlCl'U J) IIfI''fl'llHrHlJ 

11 DNA(D 1) 'hjl~\lfl'fl'fl ;1UmJtl'Ufllfl'U 11WllJflU i'Yly]~'f)l 'I PNA(P2) 'j 1lJJ'Ill fI''fl'l~'1f111lJ 'l],jij non 
.. 'U , 

I 
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gJ v ~ j} dl'11 '"'Q.J

mismatch) 1flVfl11lJl'lllJ'lJ'U'Utl.:j DNA(D2) l'llJI'IlH'YI1f11J 0.9 flM ~,,'V\ ~1I'ff~.:j~.:j.fllyt 36 

DNA (D~)-rv:[l\;'P-PNA 

1000 


800 
 -O::J)efore 
to ..... D~ after 

~. 600 
'l. \ 
g 

~OO 

200 

0 
~50 ~80 610 640 670 

wavelength (nm) 

DNA (D2)-M~--P-STA 

1000 

800 

.::;. 600 
;!: 

~ ~OO 

200 


0 .. 

550 580 610 6-10 


wavelength lnm) 


-O::_b"fore 
• til ... • D:_after 

~ gJ d 
.flW-I 36 mllfll'l'll'Utl ·:nnnl::;mV DNA(D2) l'llJI'IlJ ll,,::;'ffl'lrl::;mv DNA(D2) l11WfltltlfllJ1'il1fl 

tl'U.fllfl'U11"\.JlllJnl1·lml11~"::;'lfij~ i~v MNP-PNA = m.J illf1'U 1 i'UlllJnl1i'Yl'yj'~I'I~.:j PNA(P2) ll"::;. .I· MNP-STA = tl'Ufllfl'Ul i'UlllJn'W'l'V\nriv'UI'I~.:j PNA(P2)(~1f11'UfllJ». . 

'ill nfll'YI 36 wlr:il 'ff1'l"::; m V DNA(D2) ~IIV flV fl nlJ1'il1 fl fl'4fl1fllJ 1 i 'UlllJf1'W hnl~ \9I~.:j 

PNA(P2) ihhf11'lfl1(J1I 'ff.:j l~ll\9lfl~l.:jmh.:jihrvrhfltlJlrlfllli V'UO''U'ffl'l''~'' 1vi~ 1J~'U ('l1M1V) ~-lllff~.:j',r
u " 

!,1'Ul1DNA(D2) 1~\lnvI'I~m'l.:j'U'UV'4fllfl'U1 i'UlllJnl1 i'V\n~I'I~.:j~1V PNA(P2) lIm:1lJmw'lJv.:]V'4nlfl 

- 'U1 hmlJfl111'V\nritl'UI'I~':] PNA(P2)(~1f11'Ufl1J) W'Ul1'ff1'l"::;J;l1(J DNA(D2) ~IlVntltlfllJ1'i)lflVlJnlfl'U1. . 

'ff1'l"~(l1VI~lJ~lJ (~11'U11) li'Ul~V1n"\.J ~.:j1l'ff~.:jl,rl,1lJ--;)1 '1~)j non specificity 'l~,.d1.:jV'4mfllJ11'U 

lllJf1'W"hlnrif)'U\9I~-l PNA(P2) O'1J DNA(D2) 'Utlm)ln~ l~tl£hHjlJn1'lV\9l~'U'Utl.:j DNA(D2) 'U'Utl'Unlfl. 
cO 1 tf'~ d iI .t:!1 191 0 ~ tI V .:::to

'Ul i lJlIlJnlJ l1l1l1m.:j1'l1V PNA(P2) 'i).:j \9I'V\lmnlml~'\1\911V1l1fl'Ufl Gel electrophoresis (agarose gel) 

i~Vf)1'lJill V'UIYiV'U'ffl'lJ;l~mV DNA(D2) l~lJ~'UO'1J'ffl'l "~mv DNA(D2) ~\]fllWnVVfl'il1nV'4fllfllJ11lJ 

l!lJfltj'1'1l'll!~J;l~'lfiJ~ ~,m~l~H'fffl.:j~.:jnlyt 37 
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ill...., 37 UtllJ'IHN (I) DNA (I) Stock DNA(D2) 0.9 )lM (2) ~l'Hl~m(J DNA(D2) Yi\jfllWfHHlfHllf1 

DlJfl1fllJ11lJl!lJf)'w1'YJ't1~'fl1'l PNA(P2) (3) ffl'Hl~m(J DNA(D2) ~tlmWf1'V'Vf1111f1'V'Wfl1fltJ11'WUlJf1U. 	 .. . 
1m10'VlJ'fl1~ PNA(P2) 

lllf1J)WI 37 'YIlJ11UtllJ'IJ'V'l DNA(D2) J~ 3 UlJ'W~ i:i'IJlJl'fl'IJ'V'lUlJ'W'fl""hjl!'flf1~l'lOcil'lihj(JrllfltlJ 

Ilff'fl'l hll'lhr:i1 DNA(D2) 'hj.'h)tl f1V'fl'iiU(l'llllW'Wfl1fltJ11 'W UlJf1U 1 'Ynl~'fl1 ~ PNA(P2) (l1lJl(JI"'IJ 2)" , 

u,,~ vlJmfllJ11 lJIllJOU h1l'lom'! 'fl1 'I PNA(P2)(~1'f1 llJfllJ) (l'IlJlVl"'IJ 3) IrliHm VlJlYi VlJti1J!l\llJ'IJ'V~. 	 . 
.,; 'J/ 

DNA(D2, !)lJ'fllJ (l'IlJlVlrl'IJ 1) 

,. 9J V .d ,., I ~ dll'J 'j) QI 

base mismatch) IflVfl11lJl'IJlJ'U').J'lJtl'l DNA(D3) I'HlI'l'Ul'nlfllJ 0.9 11M Nrl'Yl !'flI!~'fl'lfl'lJ)WI 38 

ill...., 38 m,j'f1'fl'Jl'IJ'V'lf1'l'Jrl~m(J DNA(D3) i~mi''\.,l Url~f1'l'Jrl~mV DNA(D3) ~IWfl'VtlOlJl,\)lfl 

tl'WiIlfltJ11 'WI IlJ OU "mlll~m::'lfiJ'fl l'flv MNP-PN A = fl 'I.! iIl'f1tJ1 i'W!llJOU hl't1~'fl1 'I PNA(P2) Url~, 	 . 
MNP-STA = tlWll'f1'l.n l'WIllJ flU l'YlvlOfllJ'fl1'l PNA(p2)(~1mlJfllJ», 	 . 

DNA (D3)-tvIT\TP-PNA 

1000 


800 
 -0.1 before 
••••• D3_after 

,.q 600 
z 

E ~oo 
c: 

200 


o 

6~0 660 680 700 ~20 ~~o 

wavelength (nm) 

DNA (03) -td)lP-STA 

1000 

- D3_befo:'e 800 ...... D3_aft~: 
b 600
;!: 

~ ~OO 

200 


0 

640 660 	 680 700 ~20 ~~o 

wavelength (nm) 
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1l1fl.fl1TI 38 TI1J1H/l'HI:::~lV DNA(D3) ~IIVmHlf)lJl1l1fleJ'4.fl1f11.JlhJlllJflU1nrl~~~.:J 

PNA(P2) n~lf11)mV!!ff.:jil.ill~fl~h~mh.:Jihrmhfi'uJlrltJ!'YiV1Jnmn)~:::mtJI~lJ~'U ()'lI~lV) ~.:JU?(~.:JlH
u ~ 

I-H 'Wi1 DNA(D3) '1l.i\lfl[j~,r1J~.:J1J'U ClWl1fl'Ul1lJ UlJ flU '1 nll~ ~~ .:J~lV PNA(P2) II~:::1'U fl'.j ill 'Utl.:JCl'WfIlfl" . . 
lJ11 'WlllJ flU '1 nlltlu'U\91~.:j PNA(P2)(9ilf111JfllJ) TI1J i1ffl'i~::: tilV DNA(D3) ~l1Vfl tlClfllJl1l1flUlJfI1f1'Ul. , 

d If) o'~ cd V Cl '1" 0 Q 0' iI ~ 1
I1lJfl'W An'YI'YIm'l~1fJ PNA(P2) 11'1 ~'YIlfll)1Im1:;,\1fl1V1'Y1fl'Ufl Gel electrophoresis (agarose gel) ~V 

i~lJ~'Wn1J?(lHI!tIlV DNA(D2) ~()fllWflOOfl~lfltl'UfIlfl'Ul1'U
~ .fl1)lmV1J!'YiV1Jff1)~:::~mJ DNA(D2) 

.. ' :~>,. ,-;~..... 
".- '::~>y':, .. 

ill'Yi 39 1It11J'UCl.:J (I) DNA (I) Stock DNA(D3) 0,9 11M (2) ?(l'HI!cnV DNA(D3) 1l\jfHWflOOtl1J1fl 

eJ'UfIlfl'U 11'UlllJflinmf~\91~.:J PNA(P2) (3) ffl'HI::mrJ DNA(D3) ~t1flllVfltlUn1l1flCl'UfIlf1'W11'WlIlJflU 
• 'U • 

ulf1f1l'V'l 39 TI1Ji1Utl1J'lW.:J ONA(03) -rl''1 3 IlUU~ ii'U'Ul~'Utl.:jU1J'U~o'lhjllr1fWh~mh;jihrrJrhfi'iY 

IIff~;jl,rI-H'Ui1 ONA(D3) i:U'Mllfl[j~,r1J~;j1JW)'U.f11fl'W11'UlIlJf1U1'Y111~~~'1 PNA(P2) (lW1rJnI'U 2)
" . 

!I~:: tl'4.f11f1 'Ul1 'UUllflU i 'YIll tlU'U r1~;j PNA(P2)( ~lfll1Jl1lJ) ('1-1 1J1 rJI MJ 3) Irl tll'l.0 V1Jlll V1J n1JU() 1J'Utl--l 

.,: " DNA(D3) l'jlJ\9l'U ('I-1lJ1rJl(l'U 1) 

l~v'jtJflHrJl'InrJ1JlllV1Jl'tJtlfl~'Uvlfll'j~~ci1J'Utl.:j DNA (01-03) 1J'UeJ'UfIlfl'U11 'UlIlJrlU '1 'YIll~iJ
" " . 

I 
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!-----::----------------- ------------------------ ------~i 

! !
! 100 ! 
I I , 90 : 
1 '( SO ISlI\INP",;IhPK-\ : 
\ !
!1 '-' 70 OI\INP Wllbolll PNA. I 
, ;::. 60 ' 
I c , ., "0 

11 ~~ 
l~o .1 

10 
o .- . -~ . 

I tillly match tillly mi:-llHllch sill~k ba:'"c 
(Dl) (D~) miSIlIJldl (I>31!L __ . _____.._ _ • ....~. 

2.2 nnffmnnn Hv '/.jill fI'1./1 IuwJni17rn7~rhm'H.lj.J PNA(P2) mOmJ1Jf11l DNA H1JllNfflJ 3 

11li1JJllff )~rdN DNA (Dl) , DNA(D2) IU'I~ DNA (D3) 

~ ~~~ w 
I'Ylfl'Wfl Fluorescence spectrophotometry r-I~'Y1I~Uff~~'fI~fll'Vi 41 

- - ---- ------- ------.-- ---- - ------------1: 
.\ 01 L>! D.' l i nI .j \ - D. ",:m., i 

IlltJlI 

/\ (\
-

: 
100 

... .. ... ~J~§ : 80 

't . . - ~~ n· ,1!~ : ,g 60 
t c.. 

~ I ~ 

'--·· -1 
,\.) \.. ! ~ :: I 

I,. j
L~~ ;us _ ! oo 
!i~ly C(\OIplclcl ~' ::. ingk·t'>as.c: 1 .190 <20 )'0 <so 61(' 6·10 670 "00 

C()lllplclllo,;.'U WfY mi$lnah,:1I 1Ili slHiH~h 1 
wawkngrh IlIIn) (DI'I '.I?~___~~~--.-.-J 

,,00 

:00 

~\ 
.•• : 

1 

• Londmg amOlln!::' III!. ,)1'0 '1 ,,\[ ( !. ~uo pmol D:"Ar 2 IIJ~ onr-.l' 

ill'Y'l41 (A) mUfl\9l1'l'\m~ffl'j'{\:::mV DNA 1I1JlJ~fflJ 3 ,h~'U!'Umim1'W ll~:::ffl'j'~:::mtJ DNA U'U'U~fflJ 

3 ~ll~'UI'Uff ~lItJmHHUJ1;)lfHl'Wfllfl'Wll'WlllJf1iJ1ml u,,::: (B) 1,je:lfl~'WI'i'f)11''fI'fIi'U'lH)~ DNA (0l-D3). ~ 

Illflfll'l''1 41(A) 'Y'I1J':ilmUfl\9l~)J'UD.:]ffl1'~:::mtJ DNA U'U'UNfflJ 3 th~'lJI'U'1'1 J:::l·1'll.;J DNA(Dl), 

DNA(D2) I!~::: DNA(D3) ~IWf)e:ltlfllJ1ll1f)e:l'4fllfl'W11'W!!lJniJlml~\9I~~ PNA(P2) 'W'U ":h ''W,h'W~!1J'W 

DNA(D1) (1-ff'WU1' ::: ) iifllf)1'j'fl1Vl!ff .H'l\9l~'1I~t)!'YiVlJn'UfflJ~:::mtJ DNA(D 1) 11lJ~'W (l'ff'Wll'U) ;)lm.Tmll 
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!tJ'Wm1J1W 290 pmol DNA nucleotide/mg MNP ri1'W'lJhnru'lJv.;j DNA(D2) I!~:;; DNA(D3) i'W 

t'Yl':i"::"lUNt'YlJ (l~'Wll~l'I.h:;;) ~I!Vflflflfl1J11l1flfl'WfI1fl'W11 'WIIlJf),W hnl~~~.;j PNA(P2) WU11 iirhfll':i, , 

mUll '" -3 lh;!!~ O~l-3vUl-3ii Umilfti1J lri flIli UlJ OlJ "'1 ':i ~:;; m tIl~lJ~'W(!~'W YilJ) ~-311"'~.;j '1 MI'H 'U 11 DNA(D2) 

!m:: DNA(D3) IlJl~llov~,ru"\lu'Wv'WfI1fl'W11'WulJou"ml~~~-3~1tJ PNA(P2)<u , 

PNA(P2) n1J DNA 1J1J~ffn~1iJ1n.y'1J T'W~ 

fl1':iffmnl'~flv'Wu'Wl1fl'\.Jfl1fl'U11'WlIlJoU'1'Yl'Yi'~~1.:Jfi'1u PNA(P2) "'l1J1':ill[j~,rUOU DNA liii, 

rlliUlU",~!tJ'W~"'lJO'Wl'n1.J'W ~.:J1111J1'l1~t'YvlJnlJ DNA i1vUl.:J1l~ -3~"'0~lJl1l1fl'lh) h-l'fli.;j-5'W~v'W~ 
flri111J1.ul.:J~'W !rlfl111"'1)~::"lV DNA ~1flUl.:J~vilVl'ifl1f!!tll1J1'Yl'fl"'fllJfi'1U1'YlflUfl~h~o1m hf1;", 

(Electrophoresis) l~wi~v:;fll h""ll~ 'Y'IlJ11 DNA ilmh.:J!lMI\lllllu~'Wm\l~l!!'I1U.:JI~fnnlJ DNA ,)1.:J 

'lJtH'U'l11Wll (fl1W 42) 1I"'~\111 DNA ~TvV1.;j~llfltll.:JVVfl1Jl1l10V'Wfl1fliirl1iUlum'li'WI~tJ1n1J DNA<u , 

u~ .:J'lJv.:J.,j'111 'Y-I1I 'WtlO1l1flrlU.:J 1~vi1fll) V'W fl'WN~fll'J'Yl'fl~v.:J~ ifi'~1tJ1'YlflUfl Q1 -1iYIU(l""l.Jo1'Yl'J hn~iJ'Yl 
~ (UV-Vis spectrophotometry) 1'flmmvlJIliulJ':i:;;'I111.:J DNA ~lflU1.:J~tjO~1.;jflflfllJl1l1flfl'4fl1'i'lf)fllJ 

!I~:;;ml\l'\.hil.JI'l~lJ'lBlJlru DNAfi'lU1'YlfllJfI peR WU11filfll':i~~fl~'W!!t'Y.:j'IJtl\l DNA i1vU1.:j'H~\l1l1fl 

'l11il.Jl'~lJm1J1ru DNA fi'1t1l'YlflUfi peR lifillvilJ~'WIrlVllivlJnlJfllfll'J~~fl~'WII"''1'lJV.:J DNA ~lvdl.:j 
. <u . 

I 0 I ~ I d 'iJ ~ Q.I f ~ od Q.I 

flv'Wm peR IIff~.;j11 DNA mvV1.;j'Ylllflm.:Jvvfl1J11l1flV'Ufllfl 'fIv DNA ~1vtJl.:J1l':i.:l'Yl"'fl~1J11l1f)<u , 

.ull lw'fl 1l10N~fll':i 'Yl~'Gltl.:J"'llJl':iflflrill i~11V'4fl1f1'U11 'WlIlJflU ·lml~~1.:J~1u PNA( P2) "'l1J1'JfIIWf) 

DNA ~iirllilJllJ"'~ltJ'Wfi"'lJn'W '1~1l1fl DNA 1l~.:J~ffn~lJlUl0.ulJ 1'Y-1~ (fl1'Y-142)
<u 

http:1iYIU(l""l.Jo
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I. I) 	Iniri<)) real D~A of e,ml 
(2) 	 Real DNA oreom after desorption from 

l\l,\Ps and then peR 

d 	 ~ 'V 1 ~ 'V ~ .. 1
ill .... 42 1I11'lJ'lJU.:J real DNA YHYlWI1l1fl'lJl1 V1~ l-HI.:J1l1flm.:JUUfl1l1flVlUf.l1'lJU.:JtllJfllfllJ1 lJ. 

lIlJrl ljlYJY1!n1:::'l111,jI'~lJfl11lJl,jlJ,jlJ~1uuBmul'~rl l'lfll'1~llJtlI~'N (peR) i~ui~lYlfliJflfll~rl1mhn 

;'N(Electrophoresis) ll'lJ'lJtl~t11 l1m1lrl 

. 
!~'W l'IuilllJ tl f~'N1lJ 1'J lIAU1J'NU tJ .:J~tlfl1'J IU~ U'WI! U rI.:j'lJtl.:j~ ru 'l1.IJlJllrl::YlW'I51l1f)uBm tlll'l tl ilnm '1 'J!'lI 

'lfU l11111'm.Jfllflu11 UlIlJf)U 'mln~u ~11~UU'J ::lJCl1J~V.:jfl.:Jfltu 'NlJilllm1lJI~ulIljl'l1~ f)'N.:j 'N1lJlJlI 
.. 	 ~.. 'U 

m::: 1l1U1'l1 'l~~~u,rltlm::: 'il1U1'l11uJ1 1IC1::ff.:jNrl1M'tlUfllfln'lJ'Wl~'~lJ~'\.Jl'lf'\.J!~[nnu ; .:JlnU¥I'il1'Jru 1 . 

IrlU ff1 'J r\ ~ munfhYlW'l5I~lJ ~U(fl11lJlllUI1Jffl ~lJ ~U) tlllfllflU 111..1 IIlJ flU' Ynl~~ f1!fI~ tl'lJ~1U'YW~ 
IDUtl::: Ifl1r1vrI \lrlrl~u\!ml1lJ1A~ .:J~1ummUA11~Uf-huuBmU1m'lJ~ (amino acid coupling) l'I'lJ ':ilii 

'UU1~I~lJ~UI~U 736.5 '\.Jl i'\.J!lJA~ 1Ir1:::'illrlrllJffmJlrll'JA~.:j acpcPNA ~n'l1~umt'Jlllu'1J ltl~U l~v 
DlrlUfl11lJ1illrn:::I'ill:::'il.:j'J :::'l11VI'N1A'JUA11~UO'lJ 'l'lJ!U~'U l'I'lJl1nilllllW'Ut).:J acpcPNA ~\!fl'il~~rI.:j'lJU 

~U~1tl~fllflln l1..JlIlJf1lj th1l111'1l0lJ 126 pmol/mg -'UtI.:J MNP 1If1:::'il1f)fl1'JffmnflW\.htJ'llfllfl'l.nl'W 

c::t tq cI.:i -<9 v d ~ ~ 	 :. i ~ .
IIlJf)U nlYll119l'S.:JWW acpcPNA 1111..1 ll'1nlll'ltl1'lf !'Wfl1'J'}'l~'NtllJt11'JIWrl DNA 1H 1..1 DNA 'N.:jlml:::'l1Url::: 

DNA 'il1.:J~ffn'il'illfl.ij111l'1~ 1'i1Ul1ll'mU'lJI~U'lJnm11fl1'lJfllJrl~11fit) t)WllflUl i lJlllJrlU imlrit)uA~.:J, . 
~1V acpcPNA l'I'lJl1 acpcPNA ll'1'J'lJ nfl11lJ'NllJ1'J1I1Ufl1'JIWO DNA ~)jfl11lJ'i\'1Il'11:::I'ill:::'il.:jnmhl'llJ 

1'lJ'N'IItl.:J PNA 'l~ I'l.:jJU'ill0fl1'j~f)1l1.:jlU 1'1lUt'l'llJ11 tl'llfllfl'W11 UUlJf)ij im1~nfl1'jl'lm,u'j;fu~b~1U 

'WUill~h.JD~ 'lf1! rlVrI iOrl~'W (PNAG) 1I~1A~ .:j~1V acpcPNA !ltV!lIu1l'l'j 'lJ'N1111'J fl'l.b ~ Qfl'f11~1~uim;J 

1u fll'j 'i\'1IlUf1!H1::1~lJfI11lJl.ulJ'Uf).:j DNA 'illrlI'l1mh~'il1.:j '1~ 

I 

http:WUill~h.JD
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UlJ111N~ 2 01'Hi~u,j'S ~'W ~btl~ fllfll.nlwmJolj 1l'll"~":HJ PAA !~ml11i'1J11'I1 ~n'lJ acpcPNA ~"J(Jl!'S ~ 
'j ::::l'd1~,j'j::::~.(electrostatic interaction) 

"'..11lfll'll1yUl6-3 

n~l!iJ'Wf1WYWHrv~I'WI!'WTYlVI~ 2 !!'li~t)fJmll'W 4 4''WI'I't)'W'I1rl'o~~~ 


~'Wl'ltl'W~ I fll'Sff.:jIm 1:::: 11tl'Wi'll'mn l'WlIlJO-U 1'Yll'i'~llf1lfl~tJ'lJ~1(JYw~nJtJf'lliJI'IYw~tJ:::: llm~ O!!U~I'I
. " 

05'W I'Itl'W ~ 2 0 l':i1'l1.:J acpc-PNA~ .:J'lJ'W~'W ~hfll~ .f)lfl~ \! mfl~tJ'lJ~1(J'V'It)~!lJ't)hiJ~l'l't)~ tJ:~ IfI'j ~ OIlU~1'I 
~ , .1 
1'11(Jm.:Jn'l111~u'S::::~ 

.J'lJ\Plm..l~ 3 01':ill1't)~fl1f1~ii fll'S\Pll.:J acpcPNA lJ1ftf1111fll'S ~1'I,r'lJ~lglJl't)~ 1~'010fl1'j ff.:J!m 1::::11 

-5lJ\Pltl'W~ 4 fll'St11tlllfl1f1~iif1l'l\Pl1.:J acpcPNA 1~'t)1J111'S::::~f1~H'i1lJn'lJ~!g'Wm'il1.:J 

~O'S;~Nf.', 

.--1
0/ ' 

\/0"---"",, 
OSI, 

1. 3-am,nopropyl lrielhoxysilane(APTES) Q-OOS;~NK _ charac lenzalion by o 
O-s~ .' FTIR and TGA lechniques 

2. TEA in loluene_ 24 hr 
MNP-coaled Oleic acid I 

Amine-coaled MNP 

j
1. NaOH in H O. DoC 

2. Acryloyl Ch~o"de (CI~ ) 

\/ 


OS, ~OOH \ /
( ' L 0 .~ , acrylic acid (AA) in 0 1 waler 0 s~ 0 
~O~' ~ .. ' 'Q-O'S;~N~ _ charac leriza lion by FTIR. 

O~SI --'VVV' r- 2.Ammonlumpersulphate. 70 GC 0 . H . 
I 0 01-1 O-S;~ TGA. TI'M and PCS lechnlques 

I 

Acrylamide -coaled MNP po lyacryllc acid grafled MNP 

chalac lerizalion by FTiR TGA. 

1 EM. PCS lechniques and 

conduGlomelric tit ra tion 
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1.1 nUif.Jlfl'i1~HfJlJf)1fIUI lUlllmu 11-Df (MNP) ~1(JmfliJfln1'J~n~:;nfJui'w (Co

Precipitation) ~mm 44 

NH OH, RT characterization by 
4 Fe 0 .. FTIR and TGA techniques FeCI + FeCI 3 42 3 

stirr 30 min 

1~ut11':i'vil11~m (ll':i~'\'rhHyjf.)i''i1'fl£;W lHl (FeCI
2

) un~lyjf.)~ flfl{;Hl h~ (FeCI) 'Yilf11':ifl'WIlJ'hI 

11m 5 mn ~lfl,r'WI~h.JUtJlJ 11Jlihn/lfJ~':itJf)19irl (NH4 0H) fl'hl~tJ lu~-qru11lJihrtJ 'lllJ'WI1m 30 \.nYi ~ 

-qru 11lJiJ11'tJ.:J 'lJIll ~~uBmtJlfh~.:Jii1I'U14 i u'il~ t1.:J1 flm 11 'hi f11':i IU~(I'WI111t'l.:J'lJ tJ.:J 'i1'1':i ill flm ':i t'l:;mUffl:UVl 

m ~ tJ.:J!lJu*fi1 11~.:J~14 'il'~l1~m Vl'Yilf11'j1!VfltJ~.fl1fl14 1114 UlJflU l'mlf.)tJfl~1Uulin1~fl 'li1fll':i ti'1.:J~1vJ1 

1.h 1ft''illfl l()(Hl14 2-3 flf" 'l'il '1,ru ,r.:Jun:;~ 'i1''ilUltJ fl~flllru'lJtJ"tJ'Wmfl~1V1'Y1fliifl yji~ vm 1 'hi -ffyj()f1J'" , '" 

~14yj':im~mUfl111':i'i1'lfllJ (Fourier Transfonn Infrared spectroscopy, FTIR) 1m:; mtJf1lJfl'j1111J1I~fl 

tJ14l h~'i1'(Thennogravimetric analysis, TGA) 

Cf ~ " .o::::t. 1 d"l ~ ~, d 

1.2 rlnlflftfJ1J Oleic acid 1JU'l'VUN1'1lfJ.JfJUfl1f1UlllJWJnlJ mn (MNP-Oleic) HVDH'10(J'j. 

'" ~.. ':;II 'I' ...fJ'/{fl1f1 'JJJ I11IrlAlm~rl'JlJllJU~~nDU 111f)f (aggregation) lI.:Jfll'W 45 

Oleic acid - coated MNPs 

OleIc acid c harac terization by .. FTIR and TGA techniques 

in toluene stirr 

Fe 0 30 min 3 4 

'" .l .. ~ cOli( '" 
ill'Yi 45 f11':ilflt'ltJ'lJ Oleic acid 'lJ'W't'i'WN1'lJtJ.:JtJ'Y.fl1fl14ll'W!!lJfl'W 1'YI'YI 

'1l1!tlltJ'Y.fl1fl'Wl1'W!!lJflUhnl~t1'1!fl'jl ~ 'l111~1Jl'Yilu5mUln'lJ Oleic acid 1'W Toluene fl'WIlJ'W 

nm 30 mn ~tJru11fliJ,rf.)" 'illfllj\nhf11':i~1'l~1(Jf.)~~111'U 2-3 flf:j uUflf.)14mfl14l1'W11lJfliilml~. '" , 
!fl~f.)'lJ Oleic acid ~1Ul!lil'l1~fl'Yill,r!!,r'l!l~1TI'i1''il-U!tlfl~mHU'lJf.).:jf.)'U.fl1fl~ lM~':Wl'Y1fliJfl yj!~ (J'YI':i 1'W If

'" . " 
yjuflJ D'Wyj':ill':iflmllfl111':ii'T1f1lJ (Fourier Transfonn Infrared spectroscopy, FTIR) !!~:; l'YItJf1lJm11 

Q '1 ..!lJ1I':ifl tJ'Ul ~9i'i1' (Thennogravimetric analysis, TGA) 
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1.3 fll'HI5 ,rv:::iJhJ ly.j'.i~~ 'mlt)l1'Yltlfl~iC)fnl'U (3-aminopropyl triethoxysilane, APTES) U'U 

~'UH1tl~mfl'U11'UIIlJf)ilhl'Yl imnY 46 

\3-aminopropyl 
O'Si 

trimethoxysilane (APTES) 0/\ 

, _T_EA_in_to_l_ue_n_e-.. ~ 0, ~ /'-. . characterization by
+ ,- ~ O-Si --- ---..,..- -NH • FTIR and TGA 

24 hrs. RT. Nor! .
2 ", techniques

o_S' 
/ 
Amine-coated MNPs 

Oleic acid - coa ted MNPs 

ilWi 46 fll'.i\?lj':W:::iJ1'U ly.jJ~~ 11m W'YI'YI tl flCis '191m 'U (3-aminopropyl triethoxysilane, APTES) 1J'U~'U~b 

tl~ fl1 fI 'U11'U 1111 fl il hl'vl 

l~tlfl1'.i'l11D'Umfl'U11lJlIlJflilllml~I?r(jtl'.i'fi'1t1 oleic acid lllfl'.i::: 'il1t1If111'U toluene 'il1m1'UfttltlZJ , . . 
!~lJ triethoxylamine (TEA) rl~l'U?r1'.i~:::~1t1111~fl'U~ijtl~mfl'U 11'U1I]Jflillmll1~~'il1flJ'Uft()tI'lI~]J 3

AminopropyJ triethoxysilane (APTES) fl1t1'~""m1:::fl11lJ~'Um'.i (J1mff'lJ()~ l'U lml'il'W ~Qrul13Jihrtl~ 

11~~ilJ~fltJomfJl'rl1fl1'HWflf)~mfllUJf)U imlmm l~tI'i'mjll1~fni1fl1'j~1~'fi'1t1W'Y1l'Utl~ 2-3 fir~ 'Vi1 

.':r a'~ ., a' • ~ 'I ." '"" ~ i ""iii a' 
1.4 rl1'ifV-JfJ'lf'IJ'lJfJC'I I C'lCJf'HljfJ::mC'l 1 om (ACI)'/amide) lJ'IJ'W'lJN,}fJl-Jn1f1'IJ1 'lJWJfJ'IJ l'Y1'YJ 

(MNP-Ac) i-Jn1'W 47 

0,_ 
N,10H ,n H O. 

.1 

, 
I 

~-----l~, 

o 
0-;& / 

' I 
~ FTIR TGATFM ! 

A,,_/" '. N.I 
A, ct PCS I 

:__________J
0 . -5, 

/ 

MNPs-APTES Acryloyl chloride MNPs-AC 

1911~(JlJ h~'j tlfl '191'fl'il1flJlJ'I11lJl'Vi1tJomtl1nlJ acryloy\ chloride mrJ119i?rm1:::mllJ'f1lJm'HJlfl1ff'lH)~ 

i'Wiml'il'W ~~rul13JiJ DoC IlJ'U!1~112 i11]J~ 'j)lflJ'Ul'lltJiJmrJl~()thJ~~rul13JiJl1'() ':J'inJmlJ 24 iJl]J~ 

I 
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11"..:J~'\..Hrfl11iJmtmi1fl11UVm)'4f11f1'V'Vf)~1V!nj!11~f) 'Vi1f1l'j~\~ri',.wJ111'.ilmJlf) i 'V 'V mJ 2-3 f1f..:J 'Vi1 '1li 

llli..:Jl!(l::;Yl~1JUmf)"ml\lr'IJ'V..:J'V'4f11f1~1V!'YlflUfl FTIR, TGA, TEM 1m::; lyj1flfl'V~I'j'lflHYll1f)1flny1m1'] 

(Photo correlation spectroscopy ,PCS) 

y 

1.5 rl1HjAHU'j'JJ't.J';;'tJ;;:J'lJEJ.JEJ'ljmtl/f:J(j'WEJi-ifl~7f1'ji-inJlfl;A (MNP-PAA) ~.JJ7m 48 

1 characterlizatlon by 

FTtR. TGA. TEM. pes techniques and 

conductometrlC titration 

WllJ 1miiVlJ 111'Vfi(llvJfl (Ammonium Persulphate, APS) ('1'*rJ'm1rhu 1lJ(l'U'V..:J initiator : monomer 

l'YllnlJ I 100) ~tJWl1j)ij 70 tJ..:Jf11191(lI'iiVrY I11UI1(\1 I i11lJ..:JfI1v'1~rYfI11::;m'jV1f1lf1'U'V':Wnff
• 'U 

"'":I 9J ~ 0 ~ lfJ tI ~ Q d .:1 rv:f 
IfI(ltJlJfl1V Acrylamide IYW'Yl1f1lnW (lllJ'V ! 'j9l(l..:JlJl.J~U ~,)'U'V..:J'V'4f11f1I1JUI1(\1 30 U 1'Yl11 (l ..:JfflJ t1fl 

11iJ mVl'I'l1f) l'HW f)'V '4 fI1 fI'V 'V f)ri'') villi 111 ~ fl 'Vi1f1l 'j ~1..:J ri'1 vJ111 'j 1f11Jlf1i 'V 'V 'VU 2-3 fI f.:] 'Vi1'1lill li.:] II (l::; 

YlrY1JUlf)fl"f)lJru'IJil':]ilUfI1f1~1V1i'lflUfi FTIR, TGA, TEM, PCS u(l::;fl1'jii'llmfl1fltrJflfi1f1l1'\.h 'lvJVh" . 
(Conductometric Titration) 

2.1 m'jff~Nn'i7r1JJW1'jjJ1'tJ'lJfI.J acpc-PNA 

lU':]lU1ivtii~I~'Vf)1'* acpePNA ~lhhfllJllJrYfiil Ae-ATG-CCA-CAA-TGT-Lys-NH 2 

I 
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.,;"" ~ ~ II 1 1 " '" 'lJ0t11'ffl'HI::~ltl acpcPNA 'YIlJfl11lJl'UlJ'U'W 100 lJ fI';i lJCl1~ lJ1'Y1lf11~I~cHll'l'fl1t1'ffl~~::CllU 

Ylr:l'ffIYlI9l1rrJl'rluf pH 7111'iifl11W'li'lJ'li''W 0,10,20,30,40 11~:: 50ilJ1f1'J 1mnf,j~lJlI9I~nlJllhn'U 5 

ilJ lm~I9I'j mhn101~1f1T11f)1~~'flf)~'WU'ff'l~1t11'Y1f1iJfI UV-vis spectrophotometry ~fI11lJU11f1~'W 260 

'W11 WlJm "''''I illmr'W Yi1 01) 'V'HIU'fltn 1yJlJ1~l'j11'W):: l111..JfI11W.ulJ'li\.J 'Ut)..J acpcPNA l1Cl::T11f)1'j cafl fl~'W 
.d I V ~ 

U'ff'l'UD'I acpcPNA 'YIUflCl::mllJl'UlJ'U'W 

" . 
2.2 n7'i~1.J acpcPNA ft.Ju'/.,J'wuihal/n 1fInfJnlfl~fJU~'JlrWa~llJa5'lfiJrI'Wf)~f)~ 7m~nHf)CNrI 

Trio Ufm .J'J::'I1iNUJ::V~.Jn m 49 

O , OH 

. 0 ac.pc:·PNA 


HO . . 0- 01-1 _ _ . 
 J '.~ .......,., 
-0o - 0 	 . 1 . 

HO 
'mmob,I 'z.11ion of PNA 

MNp·PAA disperse in 
:)" MNP

phosphate oufler pH 7 : magnetic 

.' . : ~ ep;~rallon
DetAcleo by 


UV,VI5 Specl<Ophotometrv 


Supernatant of PNA 	 ! 
r 

FTIR. TGA. TEM . pes and chClfClctenzalion . (> ~ 
-~, 

Condw;[(llTlnlric tt~ra ti() (i 

PNA'grClfte<:t M'JP 

mow 49 fll'J'fl1'1 acpcPNA Cl~'U'W~'WN1U'4fllfl~\lfllfl~mJ~1tJl'W~llJUf'liiJfI'YW~U::'m~flUU~fIhwH' 

I !H'j ::"'11'1ih::~ 

t11U'Wfllfl'W11'Wl!lJflU '1ml~(}f1!fI~UiJ~1Vl'lU~llJil{'liiJflWil~il:: 1m ~flUU~'fl 10 iJ{j~fl~lJ lJ1. 	 " 

Yi1,j~mtJ1niJC11'jCl::mu acpcPNA 1'WYlilmYl'fluYlIYluf pH 7 Yi1fll'jfl'\.J~~ru"'lJiJl1'U'Ilil'WnCll I i1llJ'I 

u1mr'W'Vilfll'J IWflil'4fllfl'Wll 'WUlJ flU imlUt)fl~lfl'ffl'Hl::; CllV acpcPNA ~1tJlI1i1l1 ~f) 'l11C11~C11~{j::mu 
acpcPNA 1}'~i)lH''1f)1'jYil,j~mtJllJ11'flfhfll'j~'flfl~'UII'ff'l~fl11lJV11f1~'W 260 'W11wlJm ~lU1'Y1f1Ufl 

~1-1~l'uClmtlfl1\91'j lYl1\911lJ'fl~ (UV-Vis spectrophotometry) ""rl'fl~lmf.\.J'l11U'4mfltJ1I'WlJlJflUi'YIl.f~l'l1 
4 j.I ~ 0 iJ I) 9J ~ 111 t C)J 0i'lJ 'lJ 

f)l'jm'l\9l1tJ acpcPNA 11m1Jl'Y11f)l'j Cll'l'Yl1f111lJC1::mflflltJ'U11h lf111'lfl nHlUtJ 2-3 m'lIW1'Y11 '1111'11'1 

!1Cl::-rhJ~Ulf.)flrl'f)lJru~1U1'YlfliJfI FTIR. TGA, TEM, PCS l!"::;f)l'ji'YIl'Yl'j\9lI'fl(r)\9I~lfl1'jt11'yJ~h 

(Conductometric Titration) 111mr'WYilf)l':i1111hlJltu acpcPNA .J'I'ffil'l'liU\9l~\lf)\9I~'1{j'liJ'\..JU'4mfl~1tJ 
l'Ylfl'Ufi Ql-1ftI1l~m,jfll\9l'j1Yl1\91llJ'fl~ l'flUf)l'j'l1T,h'W'lJu~{j::;mu acpcPNA nu'U'fl~ '1!1"::'I1rl''1\91~ '1~'1iJ'\.J 

il'WmfllJ11'flri'lf)l'j'fl'flf)~'UU'ff'l~fI11l.JU11f1~'\..! 260 'U1IWlJ\9I'j~1Ulllf1UfltJl-1~11l{jm'llf) l'fl'j 1YlI'flllJ'fl~
." 	 " 

/ 
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1.yt'V111m lJ 1W acpcPNA lhri1fl1'J~~ n~'Um,.'l~ '~:JJlIVi tJlJ O'lJ m l~lJ lf1'J! 1'U 'U [J'l {Y1'J ft~ ft1 tJacpcPNA 

uft~fh'U1Wlflm:JJlW acpc-PNA~'l{ylJfl1'J 

. 
3. f)1":1l1unpntl'nilllnfl;':J acpcPNA mH1'nJf)1J~16'U1D 

3.1 n7Jl11fJ'l/mflniJnI'HI7.J acpcPNA 1J1;;mnn7JfJflU1J~lguw~7~vWnnffm'ln::H 

(synthetic DNA) 

<J/ ... .1 ad OJ ~ 
3.1.1 m'J{y'J1'lfl'n''llJl~'J~1'U'U'V'l~m'Um{Y'llm1~'l1 

1~tlrl1~lJl1Jff'U'V':) acpcPNA Uft~ ~hD'UI[Jrl''lIm 1~11~lJrl1 ~lJllJffff'V~fl~[J'lnlJ ~ho'U!flul'l~i~uMI'l~'l 

fl1':i1':) 8 

d oj"" d oj 	 . "" 
'If'U~'U'Vwll'V'Um (acpc-PNA) ftl~1JllJ{y'UD'l~w'Um excitation emission 

FAM-S' -ACATTGTGGCAT-3' 490 520 

Fully match (0]) 

Ac-ATGCCACAATGT-LysNH~ 	 CyS-5'-ACATTATGGCAT-3' 650 670 

Single based mismatch (02) 

TAMRA-S'-TGCGATCCATGC-3 ' 552 584 

Fully mismatch (D3) 

ilHY1'Jft~ftltJ~I01..!1fllll'ift~'lfU~~fl')llJ!oUlJoU'U l.ulJoU'U 100 IlJlmlmns tJ~lJlfl':i 70 

IlJ lmi'ifl':ilJl'Vi1f)1'Jl~DuH~1tJff1H'~ft1Vl'l'Vffll'lflVl'lI'W'VS pH 7 hriJfl11lJl.ulJ.u'U 10 llJ 1m[milS 

mlJlm 700 tIll lmi'im 'l1~'lu1mf'Ull1f)1':ilfI~(llJ{yTH'l~n1VlJ1mjl'U~!D'Um~m1lJl.,j'lJ.,j''U 0.06,0.08, 

0.1,0.2, OA, 0 .6, 0.8 un~ IllJ1m llJn1s 'il1flff1'JtI~mtJ stock 'lJt)'l~ID'U1D \0 'llJ 1m IlJms mlJlfl'J 

'l llJlyilnlJ 2 1Jni'ii'im U~1'¥i1f)1<j"j~ri1f)1'Jm(lU{y'l~l£J1'YlfliJfll'lftUfll'JffI'lf'U~{YltJf) lf1'l 1l'l1f1!lJ~~'¥i1 
" 

~ r.:i t V ~ 
It.l'UW'Ylll~n~ fll1lJl'UlJ'lJ'U 

3.1.2 fll'J'Yl~ff'VUfll1lJff1lJl';ifli'Ufll'J~~,rlJ~ID'U!fll!l'in~'lfiJ~ (01 , 02 Ilrt ~ D3) !lrt~ 
" 

ftfllllfll1lJ ~m'll~ !u1~ u'l'U[J.:)'Vl;jfl1fl'U 11 'U!!lJf),u 1ml~\! flfl1'l~lV acpcPNA (MN P-PNA) I'tltllJnlJ 

I t:9 iI 	 Q.I Q.I 

Dl;jfllflfl[J'UfI'J 'l~lV acpcPNA (MNP-PAA) ~-:]Uff~-:]<fl':).fll~ 50 

I 
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f- ~ 01 
II N~~ 

MNP-PNA 

"" 02
I-

or 

~ ,I 
,I 
I f-
I 

I 

i 

- -

+ 

.~. 

,r ± ,r,r "'

A~ 
,r ..... 

,.,r' ~ 
.,r ~ v ~ 


magnetic EJ-:l ~ I 
separalion ~ . I 

Supernatant of ONA (01) 

magnetic 

separation 

Supernatant of ONA (02) 

magnetic I IV\>"'0'""'"'>.. "'" ".lseparalion 

f ' " ~
Supernatant of ONA (03) 

Oetecled by 


-Ftuorescence spectroscopy 


~er eJectrophoresis 

JV>,.' -ONA fully match (01)._--------
MNP-PAA ~acPcPNA ! , ____.____J rV' -single based mismatch (02) I,' 

~ 

f'J'O -fully mismatch (03) 

iJ d ~ 'd 'lI 
1'l1tJ acpcPNA (MNP-PNA) !'YIfl1Jfl1HJ'4.f1lflmn.J\9l'j;j1'l1fl acpcPNA (MNP-PAA) 

,,~')j'-Ul'lnrnJH ,,::; 11 '1hVhf)l'l 1'l1'l,)1J 01J0'U fl1f1:1Jl\9l'j 111 11'lft 1f) 1J fl1 flU ff,:j'YJ" OOlJ ffl'lf'U ~~1 fll'YIfl-Ufl'YJ "00 
~ ~ <U 'Y 

lJm'lf'U~ffll1f)1\9l'j'ff Ifill 1I":;U1ft1f11JfI1t1U'ff;j~ 1~:IJlI'Yi(J1Joum nhJ11'lJ ~1'U'U0;j'ff1J ,,::; mfl~I~WOIl~ 

,,:; ')j'lJ I'l u,,::; 'Yilf)1HlnnW 111 111m W~ d~ 'U IV ~ () f)1'l 1'l,)1J 1J 'U tJ 'U fllfl 'U 11 'Ul!l.Jf)il '1 'YI y]no 'U 'il1;j~1 tI
" " . 

., .d 1 iiiiIac.:pcPNA (MNP-PAA) )("~0'4.f1lfl11"~I'lJ;j1'l1t1 acpcPNA (MNP-PNA) fW ')j'fflJfl1J 

. . 
lfj iJ HU D~A 'hlfW1Yl.ij1J = tfhJlW DNA rimH~llJf)WHfl - tJ1lJ Hi.! Dl'\A 11m ~D1 wrnHl~: (lltJ

v v 1 

3. 1.3 f11JUTD'4.f1lfl'Ull 'UUlJf)\J 1'Y1y]~\lf)1'l1;j~1(J acpcPNA :IJlftmnfl11lJ')11'1"11::;1111~11;J 

1uf11J~'iI')u~I~ '\.H01'U'ff1'j"::;mfl~!~WV~fflJ 3 ')j'-Ul'l i;jIl'ffI'l;j'l'Ufl1~ 51 
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01+02+03 ~ ~EB ,.,.""" - "" "'~.,. 
/V' 

""> """ 

'.tt"f''''" _ ~ 

MNP-PNA 

Detected by"" ~ 
magnetic "'" ""\~'J.Aft _. -Ftuorescence spectroscopy 

separation L, -Get electrophoresis ,r I' 
Supernatant of DNA 


(01+02+03) 


!=~~pc Pw;-----' """. -DNA full match (01) 

Il__ • ________.1 
/V' -single basemismatch (02) 

~ -full mismatch (03) 

d d ddt Q d gJ gJ ~ 0 .::::1 tl 1 1 
ft'l'Hl::~ltl<fl!ll'WltHH'UJ D1+02+D3 <fItI<fI!ll'W!tJIl<fl~::'I1'W<fIlJfl11lJl'UlJ'1J'W 0.4 lJ m mIl'S'Vllfl11fl'W'Yl 

'QWl15Jih1'o .:ulJ'WIJ-nl 1 0;1 llJ~ 111:i':I1:nmil,jflmtll1WfH)'4I11fl'Wl1'WlllJflii'lm,oOml1flft'1)B~mtll~w 

1i'mil11 ~ flflltJ'W 0 fl II -n~'Yl lfl11fffllJ11111G lJ lUl ~I fl'WlO~f1f1'fl<f1 ,jlJlJ'W O'W fllfl 1 <fI tl111ft'11 -n~ mtl~lfl'Wltl 
'U 'U • 

I Q,lO wv- dd~ 0 Q,I'lJ Q 

Hft'lJfltl'WIlB:::1Hl~'Y11fl11 ~<fI1J'Ufl'U0'4fllfl'Ylm ~<fI1tJ acpc-PNA (MNP-PNA)'Ylltl11m 1u1<f1<f11t1l'Ylfl'Wfl 

yj -nOtll'J f1'i9l'W ~ft'l,j fl hn ft' i flumi'1'Ulri lf11HlltJllft' ~yjmHH 'J ft'!CJf'W~~ '1~lJlA'Yi fJlJOlJ f)'J lyjlJl<fl1 i'! 1'W '1JO~ 
'U 'U ~ 

ft'11 [1:; mtl~!3'Wmll~B~'I1iJ<fI'Yllfl1Hi1'W 1~J111m lJll.U~lfl'Wl'V~f1 fllPllPl,j'UlJlJ'VlJfllfllJ11 'WlllJ flii i 'Yl rl~<fI~ ~ 
'" '" . 

~1tJ acpc-PNA(MNP-PNA) 1~w'i'ft'lJfl11 

Old7 • v 
rrd e$ jJ o.d jI

3.2 nJ'Juw'tjmfl'l.J1 ummu nnnm.JWWacpcPNA (MNP-PNA) JJ1mnnn~trf)'UlUf).J~U 

1Un7'j~r/fju~IDUWfJ~.J (rDNA) In(junUf)'tjf)mrif)u~1.J aLpcPNA 

odd Y .d 0 Q ~ QI c:. 

'Wl'V'4fllfl'Vlm~<fI1£J acpcPNA (MNP-PNA) m'V 'Vl;II11fl MNP-PAA 1JllJ1'W 2 lJ-nBf)'JlJ lJll<fllJ 

(j ~1lJft'l'J 1:'1 ~ m£J~lfl'WItl1J~ ~~'Yllf11111VmlJmntJ1~tJl!l&i'1~'VUll1 fllJ 90 'V~f'1'119l1:'1IClitJft'1 'W,j~ lJl\9l1 40 
• 'U 

'llJ 1m ~m IlPltJ~!fl'Wm1J~ ~~lfh..!fl11fffllJl,j1:;flo'U '1,j~1tJ~lfl'Wltl~ft'olPllM1Jlfl,j'1111'I<fIIl1:'1:::~IU'WItl1J~ ~ 

~ft'O<fllf11Jlflf1~-:ltJ'1lY~~ 'M~'UfI11lJ'V'Wlml~,flJlulfl f-lf'1'. <fI1. lJftl11 Ul 'Wlfl'1J'W'Yl<fl fllfll'111;11'YltJl flUl~. . 
l'Vl£Jlfflff<fl~ lJ1111'YltJ1J;)tllJI'lf'1'1'J 'Yllfl1'Jfl'W~~Ull1iJih10'l!lJ'Wnm I 0;11lJ~ 1JlflJ'WIWfl'V'4fllfl'Wl i'W 

illJ flii '1 'Ylrl tl tl fl ~l fl ft'11 (j~ 1:'11tl~ lU'W I'V 1<fI til i'm.il11 ~ flfll V'W f) n II ~ :;'Yllfl 11 ffnElllif 'V ~vl'U I~tJ1n'U 
fl11lJffl1J11fl1lJ fll1~<fIll'U~IUlJl'V1J~ ~'Utl~f)l;Ifllfl~<fI~ ~~1V acpcPNA II~::; O'\.,Fllfl MNP-PAA l~v'\.h 

http:nJ'Juw'tjmfl'l.J1
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~ ~ Q r III 0 QI Q,I ~.crt. 0 WI Y Q c:I QQ 

ffl'Hl::;"lV~W'WI~H)'j.:] o tl'U11"::; '11 l;'l.:]'Yllf11'j ~~ 'il'UmHHHllfl'Yl':] 2 'I$'U~'Yl1f)1) ~'j 1'il1~~1V1'YlflUflV 1-1ff.. . " 

J1'l" ffnJ 0 1~) hn~llJ~1 (UV-Vis spectrophotometry) 1l'fl::;I'il"-~I~f)hl'j1m~ff IIff~~~':]fllTI~ 52 

.-~ 
.., ,:rIV' 

magnetic 
MNP-PAA 

separation..,+" - IJ" 1 .-.MNP-PAA , f 
i 
i 

! Detected Dy 
Supernatant rONA 

or -UV-vis spectrophotometry 

-Gel e leclrophore:sis 
}

-". I 

* 
magnetic 

separation 

,r ,,'" 

~ "" 
,; I I,v-

I i I 

t:t 
rONA 

Supernatant rONA "..,. 

--:--' 
90 C 

MNP-PNA +
MNP-PNA-fONA 

-.-------~ ~-------.----, 

1 A" acpc PNA I j ~ real DNA i
L--.-_ ___: t _ ___.____ ________.J 

. 
o 0 ~ ~ '\ v d d Q d <V 

m~ 52 f)1)'U 1tlWllfl. MNP-PNA lJl'Yl 1f11) 'Yl~fftl'UI'Utl':]~'U 'U f\1') ~~ 'il'U~H'f)Urv'ilHl'\-l V'U O'U tl'U fllfl.., 
MNP-PAA 

... ~ 

N~fll~nl'mD-:JII~~1'\l1~Om~fl1'jnl'l~t).:j 

':]lU1~V~!~l'ilf\1'j ~~mhlf'U r.i1tl'Ufllfl'U 11UlllJOU !'Ylli'i-H'lhh ::; 'il"'lJ~1VTItl~llJtlf'l$U~TI tl. . 
~tl::;'1m~f1 IItl~~ (Polyacrylic acid, PAA) !~U'll1lJli~~~.:]n'U acpcPNA ~1vu'j.:]'j::;'I1'h:nh::;~ 

(electrostatic interaction) GhJff.f)11::;~mlJl::;fflJ 1~VtlU.f)1fl~r:Y.:]!m 1::;1'f1~ff1lJ1'.i (lU1 '1 '!Jll:i::; (Jf)~'l~!1Ju. . 
., " 

tl'U.f)1fl1 Uf\1'j'Pt') 'H)ffu'U"l~'UI'lJff'\JV.:]~lIVUm 1!"::;~~'}'U~lg'WIVYiff'U '\ 'il 9i.:]! UHwi,}vu '1~ll'lj~ ~l;'lon. " 
mmD.:]i~'l1lJ~ 4 TI-l'U 1~v~h1v"::;IBV~~':]~ 

I. f\1'j r:Y.:]!m 1::;l1m~.f)1fl'U1i 'UlllJOU! 'Y1l1~~~1l'!J'jTIV~!lJtlf'l$iJ~TItl~tl::;1m ~Oll'f)~~ (MNP

PAA) 

2. f)l'j \9l1':] acpcPNA l;'l':]'U'UVl..jIllfl'Uli'UlIlJf1'U 1'Yl'yf~~~1I '!JJTIv~llJtlf'l1u~TItl~tl::; '1 m ~Ol!'f) 

~~ (MNP-PAA) 

3. f)lnhtl'l1fllfl'UliUlIlJOU !ml~~~ ~~1V acpcPNA lJ1'Yl~ff'f)'Um1lJff1JJ1')(I !'Uf1l,) ~~'}'lJ~ 

!g'UItJIIl;'l::;m l'ilfftl1J"1~'U!'Uff'IJtl':]~!~'U!tJi1m;'.:]~ '1~'il10f1l'j r:Y.:](m 1::; 11 
4. f)l)Ultl'l1f1ll'l'Ul1 'UlIlJOU '1 m1~\9l~ ':]~1V acpcPNA lJl1~~1lJnU~\lv'\.Jltl (9btlci1':]'il~':] 

I 
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11i nl'nJlil~mfl'Wl i 'WIIllOU 'hl'Yl~!f1~il1J~JtI'I1~il::::f1~n:::: 'lllfl (Acrylamide, Ac) lJ1Yil1.Jfim tIlniJllfl'Wil 

!'lJilf 'Il'ij~il::::1m~fH!il~'Pl (Acrylic acid, AA) i'Pltl~,h'Wil'4l,!nih'('i:::: (free-radical polymerization) ~.:jm'W 

59 l'PlrJil'4mfl~ff.:j!m 1::::rl1~J"wu~n::::~'W'Plil'W ~llJl'ii)~tlll,rIf.)OJ;\OfJru~JtJI'Y1f1ijfl FTIR, TGA, TEM 

un:::: Pcsl'PlrJihltln::::!ijtl~~.:ji1 

. 
. 

~ 

1.1 on fYrlEJ 7wml'0 !JW'lJEHfJ'/.Jn mnlY.JlfI 'j 7::nu/1umi 6l::.,ju"'fJl.J~'JCJmr)'iJmvi1on 'j mcY 
~ 

WfJ1lf vurhm~,mJn I"'Hr TflU (Fourier Transform Infrared Spectroscopy, FTlR) 1'PlUHnOU1lfl'il::::rl 

l!~'Pl-l~-lm'W 53 

0/0'1' 

~~- ---------.. 

Si· 0 ,"clclung 

B 

998 em· 1 

y\FC"O':lll:~I-Icm' l r' ' 

( 
o 

o-0.~I~N"'I 

\ 
o 

:'Ii·I/ ,Irelchin!; 

3-10~ ('Ill,l 


.---~,.. o.f~~~ 
/ ~._ ___ ._--~ / C 

r-'-:~OH / \ 
O. O'~'~~~ .NIICO.'lrdching Nil hmding

1 
.. ; H ~--'~. 1615.ROcm· 1557 <'1ll.1 1"'.• 0, 57~ . 2h.,n·1 

-~,:;~~ D 

.011 sU,,(ehiDg 1714.27 em" ."IIQl""dChi,,£ i~~t5';;'~'~i:g, 
3392.13 em" 1620. 15 em" 

._..._._.... __.. _,___._..__ ___ ._....__ .•_.. _..___..__._.___..._...._.__.__.....Eo:~~ '.. ~~~: I ~.~.m~~ .... _ 

40UO 3600 3200 2800 2400 !OOO 180U 1600 HOU 1200 1000 600 600 400 


em· 1 


m~ 53 m1.JfI'fl'i-1 FTJR 'lHJ-l A) MNP, B) MNP-APTES, C) MNP-Ac un:::: D) MNP-PAA 

111 fl FT-I R ~ l1.JflI'l111 'lJ fJ.:j fJ'W f) 1f1'W 1!'W 1I11 flU 'l 'Y1n~ -ff.:j IfI 'j 1:::: 11'1 ~1'W II~TI:::: ~'W I'lu 'W 'WiJ 111 'W. 

~11.Jfl'fl111'lJu.:jil'4mfl'Wl!'Wlillnij1'Y1n~lflfium1JtI 3-aminopropyJ triethoxysilane lAPTES) 'i)::::'W'lJ 

-ff\y\ylU1'lJu.:j'\1~Y1.:jni'WIuih,l NH stretching ~ 3405 cm· 
j 

IlTI::::-ff\y\yllll Si-O stretching ~ 998 .16 cm· 
j ~-l 

http:JW'lJEHfJ'/.Jn
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<4 ~ 4 I ~ ~ '" I cv :ll 
Uff'fl~().:Jf)1'jlJ 3-aminopropyl triethoxysilane (APTES) IfHH)'l.Jv~lJ'Ul'fUN1v~fIlfl ffllJfll9l'JlJ C lu'U 

fflDfll9l~lJ'\ro.:Jtl~fIlfl'W11 'U IllJ flU hl'n~lfl~t)lJ~1V fl~lJ'\JV~ Acrylamide (Ac) 'il:::'WlJrl'tyty1UJ 'Ut)~11 ~fI1{ 

lJtlij~'\Jtl-3l1~m'llJ~ -NH-C=O- stretching ~ 1615.8 cm· 
j 1I~::~tylUJ'Uv~ N-H bending ~ 1557 cm· 

j ~-l 
SId d d , ~ I ~ -=a c; Q.IQ,.I

I!ff'fl~hmnJ()~fll'JlJ 11lJ Acrylamide lfl~t)lJt)~lJ'U'WlJr-l1v~fllfiIlCl:::fflDfll9l'JlJ D IUlJffltJfll9l'ilJ'Ut).:J 

V'4fllfl'Ul1lJlIlJOii hnl~ i'fllltJ'J~'U ihf1'1U'W v~v::: IfIJ ~OUt)~'fl 'il::'WlJ~ty\yl\lJ'UV-ll1~fI1{lJt)ijCl 
(C=O stretching) '\JV-ll1~ 

'l1J.1 '1 el'fl'J vfl;'\Jv.:Jl1J.1f11{lJvfl ~~fl UV~f) ~ 3392 cm· 
j ~,mfff)~1'I1'111lJO~ fll'Jij'Wtl~tl:: tlm~ fl II v~f)

'" '" 
lflft VlJmilJ'U tl'UfllfllJ 11lJulJfl-U Ill'll1 ~~'illflHCl 'IJ v-l mfllJfI FTIR ~ i ~ffllJ1'i () flri 11i f1'11VlJfllfi 'U 11 'U'" . . 

100 
95 

(a):? 
1~ 90-e ,__ (b)

'V; 
~ (c) 

H5 
~ ------(d) 
?;" 

~o 

75 
0 ~oo 400 r.oo 

m". 54 rYlvnlJllflJlJTGA 'Utl~ a) MNP, b) MNP-APTES, c) MNP-Ac 11~::: d) MNP-PAA ~~UJl1iJiJ 

25-600 "t).:Jr1l1'lHl!;VfffllVMfI11lJilJlJ'.i 'j Vlf)lft''UV.:JVVfl~!'il'U 

1llfl TGA !'YIvnlJ!!flJlJfIl'W 54 YllJ11IrlV'l11fll'J~f)lID'i~'UH1'UO.:J O'Ufllfl'Ul ItJIIlJfllJ IVll'i'lwulPi. 
~:: ~'U 19l0'U iJ fHl'l'111 'I1'ltJvfl,~h fll'i l11Vl D'Ut).:Jff1'J ~'UYl~ V~lflft vlJmilJ'U H1'UtJ .:JB'UfIlfl!~lJ~'U 1 'flU! 'U'" . 
~'U I9ltJ'U fl1'J~'flHtJ'J~'U H1'UtJ~tJ'UfIlfl~1V APTES 11 f)l'J l11tJ '1 tJ'Uv.:J ffl'J U'UYl~ v1 'fl1'Jl-nVlJf1lJtJ'UfIlfl'U 11'U. . 

'UO~'ffl'Jfl'UYl~vlf)(JI-nvlJnlJo'4f1lfl'U11'U1!1JfllJ1Y1'tl!~}J~'U (MNP) ~'flI1JlJ 6.4% (e) 1I"fl:: O'4f1lfl~~f). . 
IlU'Jl~lJ~1~-:ltI PAA ilfl1'Jl11V1u'Utl.:Jffl':i U'UYl~ vl'fltJI-nUlJf1lJv'4f1lfl'Ul hHllJ fllJ '1 mll~lJfi''U (MNP) fif) 

I 
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. " 
'V::: lm~flllt)~fl~~r-H'lf)1':i1~m 1::: l~ihH)flfl"tJ~nu f.l~ fll':i l~fI':i 1:::"'~1(J!YItl'Wfi FTIR 

. " J.3 nnffmn'IJUw/lw:tftmJW:t'UfNfJUfI1flUllwwni17'YnlnfJUIJ{'I:tl1ft.Jt1W1H"'lflmhnu(:h 

." d' ... 

Microscope. rEM) f.l~f)1':i1Im1:::11!rfffl~fl~ill'Y'l 55 

(8) 

'.. ~', 

Jll'W 55 m'Y'l1l1fllYlfllJfI TEM 'IJ'V~'V'4fllfl (A) MNP-Ac Hi:l::: (B) MNP-PAA 

1l1flfll'Y'l TEM 'Y'IU 11'V'U fllfl'U1 i 'UlllJ flU lYl'Yf~iJfll':iiflll11'j~'Uib~11J"njtl:;fI~m 'Iml (Ac) ~~ 
q .. 

!ll'Wtl'4fllflom.l f)1':i iflll1hifuH1~11J'Y'I'V~tl::: '1m ~ fl!l'V~~ (MNP-Ac) fll'Y'l 55(A) Ufffl~ 'lMll'h.J~~fll':i 
m:::1l1(J1'i1'\Jtl~tl'Uillflhni111':i lf11l1fl '1tltltl'U '1~~ l'U'Uru:::~tl'Wmfl~iflll11~~~'U ~b~1V'Y'Itl~tl::: '1fl':i~ fl 

q q 

!1JtlfM1JmiiflV'WU 1Ii:l:::Il~~:;flri'lJ!Wflf1'UtlVv{h~'I7flI1l1.l~~'IJ'U1<fl'\J'V~ clusters VV~'lh:;1J1ru 100 'U1 il.l 
q qJ 'U,,'U 

l1Jm J~~(m)l~V~1J 11l1fl'Y'l'V~ v:; '1 m ~flllU~l'liJc111.11'h '1 Mlfll'lfll':i I~V1J i(J~m'\h(J':i:;1111~ V'4fllfl~1V 
Ol.llV~~~iJmn;,1MV'Uillfllfll'l fll':i 1m:; fl"l1Ol.l 

q • 

.d ~J ,. I d.4 JI at if Q ~ lJ .Q

1.4 flnfYn1:J1flJ JJJluUU'i::fjlJo::'lJUlfl'UfJ.JfJ4fJ 1fl'YIlflofJUW](JWfJoJ1JfJ'i<]fUflWfJofJ:t tf)'i an 

jjfJ9ffl~-wmfli1fl IJ4IflflfJ5-I'Jiu!t'IVfl YAm im1f (P/lOto corre/atiOiI spectroscopy. PCSj 

I~ V~,., 1fl'Y'l U~ D:; '1 fl ~flUV~1'l (Polyacrylic acid) Ill'U 'YIU~I11 vf~ ff 1111 'H1 fHl'lJ'ff'U V~~V fll':i 

'11~V1.,l!! l1~.:I'Uu.:Ith::;,., I'W 'ffu~::: ~l(J~iiTilYlW'lf~~l.:J nl.l I~V.:I1l1flfH'l'IH)·:lfluiim.lmfUVO~~fl (lOU'U , " " 

~l.IH1 i.nr'U~~ '1~'Yhf11':illfl':i 1::: 11111'\J'U 1l'lUa:::rl1fl1111 III 1.I 11 ':i:; ~'\J(l.:lV'4fllfl'U11 'U 1111 ol'l1'I'll'i'~il'll!l1~.:1 
~'W ~h~1U'YIV~V ::; tlfl~flll'V~1'l1 'U'ff1':i a:;muu'Yh~'Vf~iJth pH ~1 'H1l.11vt irYl\1'1ltlf)ru ff1JU~~1'IJV.:Im) ~1'lJ'Vf'lf 

lJ<flrl il'llJli'I'YlflUfl pes Ni:lfll':i'l'lI'li:lV.:JIlTII'l.:Ji.:lflTW 56 

I 
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r,t~l 

550 

500 

450 

-
J 

. ~ .\O() 
~ 

_~50 

1{>O 

(a) 

~ (. 1( III 

pH (b) 

I. - .\ 10 Ie 
() 

-
;;.- ·10 

.~ 
-20 

i 
'" ·30 
~ 

" 

·40 

·50 
I) 

'--________1"_1_______--.! :...__..._.._ ._.______..______.._...__.__.._.________.___.___ _____1 

.flll"l 56 (a) 'UlJl~ Ll~ 1~'j 1~'Wlilfl'\Jtl'ltll_lfllfl~~~l1tJn-.:j~lJ ~h~1fJl'ltJfttJ::; 'lfl'jftfll!tJ~~hHYYHl::;mfJ 

~ o'.,Jct 1 ~ I I cl d ~ ~ v(V

'Ul'Jl'y~tJ'j'YIlJfI1 pH ~'1!1~ 2- J0 !In::; (b) fI1f111lJlll'\.JtJ'j::;~'UtJ.:lU~mfl'l1~~llItJn.rY-l'\.J~1f11fJl'lfr 

fttJ::;'lmftfllltl~~1'\.J(Y1HI::;rtlfJurJl'r~Df~ii'fh pH ~'1Il~ 2-10 

illflflll'l 56 l'l'Ul1IrlDm~mfltJQ1'\.J(yl'j rt::;rtlfJUrJlrJflf~ih-h pH \'f -3~'\.J'Yh 1l1'U'j::;~'1'U'U'\.J~lJ~1 
'Utl'ltJ'\.Jmfl'Wl1'\.JmJf)u>1'Yll1lJlfl~'\.J U'I::;'\J'\.Jlfl'lJD'IDlJmfliimnhjlJ~l~lJ~lJ i'l~!~D'IillfH'I'1'jrt::;mf.l. . 
urJuJtJf~iifh pH \'f -l ii ~rt 'Yll1l1'f)1'j U\9l fl~11l1'1 tJ 'j.~fl'W 'lJ tJ -3'11 ~fI1f'U Dfl~ftfl II tl~fI 'UtJ-3l'ltJftD::; 'lmft fl 

~ Q ~ ~ 01".<:::00 d I tI ~ .d d ~ ~Q.I ~ Q.I 

l! D9!fHl'llJ'UlJ il'l'Y\1 '11 !f)~1UlJ '11lJfI1'j 'UDfl9!lrt~9! 'IIII lJ 'th::; ~ rt'UlJlfl'UlJII rt::; lJ tlflillfllJV-31 flflf)1'j 'UllJfl1 

'" "'''I ~ & 4 '" 1 ~ '" 1 ~ d .1 ~ '" "'.,; "I ~,J
'U D'll'ltJ rt IlJ tl 'j I~lJl fl'IJ '\.J 9! 'llJ v.ln '11'UlJ l'f1'Ufl-3 tJlJ .fl1f1lJl! '\.J 1 lJlJll'llJ'lJlJ~1 f.I illfl v.lrt f)1 'nlm 1::: 11 'YI I 'fIlJ. 
"cl ~ I d'~d ,<vQJ

'Y\1~~llJmllJIUlJtJ'j:::~ II rt:::'lJ'Wl'fl'lJD-l Dl_lf11f1!lJtJD~1'W (Yl'j n::;mfJ'Ul'JlrJtJ'j'Y\1J pH ~l'lfl'\.J 

1l1flv.lrtm'j -ff-lIm 1::; l1tJ'WfllfllJ11 '\.J UlJ flU '1 'YI'vl~~~I!'l.h~'\.JH1~1(Jl'lDftfl::; 11 m ft f1!W~'fImhY\ lfll'j. 
11mltl1fi'1V!'Y1f1iJfI~l'l'l ~f)ri l1lJl.,jl-l~'\.J(yllJl'j Umill 'l~-jlD'4fl1f1'\.Jl1lJulJflU1'Y1'1'l~-ff'1!m 1:::'111~iJl'l tJ 

ftD::: 'lm~flUD~'fI!fI~D'UDci~f-h.. 

2. f11'jfi1.:l'rHhfi~ihl'rh~lJlf) (acpc-rNA) "-31JlJfll;f.fllfllnllJmJflil'ml~Yl~IIl.h~'WN1~·:UJl"Iflfifl::;'f1 
'jfiflllfl~~ 

1'\.J '11lJ 1iv~'1~I~Dfl acpcPNA I~tlfl~ 'In 'I 'U'W u'4.fl1f1~ii m'j ~f1U'Lb ~lJ ;'hfi'1Ul'lD~fl::; lm~ fl 

IID~f11 fI Util ffU II 'j 'I 'j::: '1111'1 tJ 'j::: ~n 'U 'l.I D'I l'l tJ ~Vt '1 fI 'j ~ fl IIflci~'UlJlflJ H1'lJ V -l tl'4.fl1f1lHlt U 'j t ~'U 1fl'UtJ.:J 
. 

acpcPNA 1'W{'(f)l1:;flmlJl:::(YlJ 1f1Uftl~'Ul'U(y'UV.:J acpcPNA iJftl~'UI'U(y~.:Jii 
~ 

Ac-ATG-CCA-CAA-TGT

Lys-NH 1f1V'Yllfll'j OlJVlJ fllHl~.:J acpcPNA rt'l'UlJ~lJ N1'IJV.:JDllf11f1lJl1wllmii Il'Y1li'~~f1l1tJ'jlflJih
2 

Y1'1Ul'lD~D:;lm~flIlDciflY1":WI'\'1f1iJfI FTIR, TGA. TEM 11(;1:; pcs l~uiJ,)lvn:::leVfI~-l~ 

II 
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2.1 n11uwilJn1JlPIJ.J acpcPNA jj.J7JW)1Jmfl.;jilPlullJ'tlJNJ~-J(J'WV~V~ 7'fl'JEnuvt;lPI~-W 
I'n'flil'fl tflJtJ'YInlJffwafJJ VlJWnl'JlPImlln 7lP1HY 7'flV(Follrier Transform Infrared spectroscopy, FTlR) 

fe O. SSD.S~ _ ';1 . 

oc 3500 

err·1 

mTI 57 (YnJfl'fl':il FTIR 'IJf)~ A) MNP-PAA !l"::: B) MNP-PNA 

~1fl (YIUft~i'lJ'Utl.:] FTIR Irlvvi1fll'.il1ltl'4 fl1f1~~~!lU 'j «u N1~1fJYW~ tI::: i 'fl'.i ~ flll V~~lJlvi1 fll'.i 

~1':]~1fJ aepePNA l'I1YlTff'tlJilJ1ru C=O Stertehing f11f1Jtlfl<i~fl'IJV':)l'ItI~v:::imiifllW~~~ 1709.97 em·
1 

~,:]lJmllJ!.uJJ"~M ~.:]1'U'Uru:::l~fJ1n\.J'il:::l'I1J1hytylru c=o Stertehing '\IV':]'l1~W 1JJ~'lJtJ':] aepe-PNA( PI) 

~ 1652.9 em'l 1l":::rl'tytylru'IJtJ':]'l1~ltllJ'U- N-H bending '\IV':] aepePNA ~ 1552.49 em'l i~vcil.:]'}$~I'il'U 

II (Y fl ~ 111'!11 'U () ~ fll '.i lj 'l1lJ
" 

'W':] n'}$'U 'IHl ~ WlJ 'U 1J 'U vt''U N 1'IJ tI.:] tI 'U.j) lfll~ JJJJl f) ~'U ~ ':]fl1fl 111lJ'U f-HIJJ 1 'ill fl 

.:: d ~ ~ ~ ~ I -/ .,>c:d i
aepePNA 'l1\lfl~H(\~1JlJl'I'Uf-l1'UV~f)'4il1ft9f~lw 1'fl'.i~n'.il~'Uv~ aepePNA JJl1~'W~fl'}$'U'\If).:]W ]J~lIth..1 

~1'U1'UlJlfl 

., "'1 tq d'~.:::t. a. Q

l'n'fllJ'flma'J JJn'Jnj1J~'Jn alJlli:l<Jfff (Thermogravimetric ana~vsis, TCA) ~(\flln!fI'.il:::ml{yfl':]il1l'1 58 
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T<.!lllpcrJlUn; ( C) 

JIl'Y'l58 	 lYlUnlJllfl'.ilJ TGA '\JU.:J a) MNP, b) MNP-PAA U~~ c) MNP-PNA ~~UJ11JJiJ 25-600 U.:Jf11 

19f~I~V't'I'm£lMfl11lJfllJUl ':i £llnlf1't1U.:JUUf)~1 'iJlJ 

'illf1N~ nl'Jl1ml~lfrnJ':hlrlU'\'11nl':iflflU'lh .:JyflJ Hl't1U.:J Ulj fIlfl'Ul i lJ UlJ f1U 1'YIY)'llJ 1!~~~~lJ \?IUlJ 

unJ U{ I~lJ f1l 'J 111 Vi lhn:mi111 tTm~lJ~ lJ ilJ,TlJ \?I U lJ f1l'J flfl lllh ~lJ H1'U1J.:J Ulj fIlfl ~1 V'VHl il lmA'lflJ fl 

polyacrylic acid Uf1WI11£lllJ'lJU.:J't'I'l'JDlJ'Yi1 rJl~mVi£lunUU'4f1lfllJlllJlIlJf1U1'YIY)!~ mi'lJ (MNP) fl~l1JlJ 

10.4% U~~lrluyjlnl'J\?I1.:J acpcPNA Uf1l':il1lV lu'lJu.:J't'I'l'JDlJ'YI'1 vlflmlivun\J3'4f1lfllJ lllJl!lJf1U 'I'YIY) 

l~lJ~lJ (MNP) flfll1JlJ 13.3% U't'I'fl.:Jhrl11lJl1 acpcPNA \}f1\?11.:J~.:JUlJU'4mfllJl ilJ!llJf1ul'Y1Y)~\}f1flfl 

UU'J ~lJ H1~1£ll'lU~llJU{'lflJm'Hl~U~ '1 fI'j il f)UU~f1 ~.:J't'I'U~f1 rlu.:J nUf1l'J 'W U'ilUl1 ~vr.:In'lflJ~1VI'YIfllJfI 

FTIR 

-=:::! 31 ~t:::l d " 
mflUflnrlfJ.JVrI'I'1riffUfJWnmfJUU1J1JffENN7l-l (Transmission Electron Microscope, TEM) 

o .o::::t. ~ Q.I ~ 3J ~ 'J} tie. d r I 

acpcPN A 1.1 1'YI 1nl 'J l'IU'illJlU f1flf111UJ ~1V!'YIfllJflf) nU.:J ~mn 'J f1lJ tHfl f)\?I) UlJ! IUU 't'I'U.:J NllJ (Transmission 

Electron Microscope, TEM) Nflnl'J'YI~flu.:J~I~I!'t'I'fl.:Jfl.:JfIll'l 59 

I 
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ill'W 59 ill'YHllfH'YlflUfl TEM 'U_V'Hl'4illfl (A) MNP-PAA Int:: (B) MNP-PNA 

jJ Q.I ~ ~ q "'~ ~ , ~ q 111!11 '" 
~1[J acpcPNA (flll'! 59B) 'cYllJl1t1'cY,mWll'l1lJW_v'U_V_:)l'!_V~I1J_V1'YllmHllJ_V~lJlJl'IlJf-Il'U_V_:)_V'4fllfl ~'li~I'illJ 

ll~:: lJlflfl11_V'4fllfl~!flfi-VlJ~1[Jl'I-Vi'i-V:: '1f11i'ifllW~~ (fllW 59A) ~_:)'cYllJlHlfl~11'1~11lJlJ~lJ Hl'U_V':) 

_V'4fllfllJl1lJlI1Jnu'lmln acpcPNA lfl~tllJ_VQ~r:h 

. ., 
~ IV di cjQ,.l ,.1 ~ ~ jI ~ "J oC). .::::t jI

2.4 n7JeJum.Jn1JfPI:n acpcPNA i'I-J'lJUf)'l-Jmf1rWI~HU'jWUN1WJ(JWf)i'lf):: jfI'ji'lntW'1f~~1(J 

mfl'uf1 I rJ I~nf)1n'iuml1n I~ '.iCy In 'jlJ (Photo correlation spectroscopy .pes) 

_VlJfllfl~lflfi_VlJ~l[Jl'!_vi'iI1J_V{l'I_Vi'i_V:: '1 m i'i fllW~~ (MNP-PAA) ll~::_VlJmfl~~'% _:)~l[JY;d)lJW (MNP. . 
PNA, PI) lmn1~::m[Ju'YhyJ_v{ pH 7 f-I~fll1'Yl~~_V_:)~'MII'cY~_:)~_:)mv~ 60 

, ~-.----------------
(0) : , (h) 

I -1.19 

. ' 
-10 

- --- _..__... _._.... ......_.. _._._. .... - --_..._-_._----- .....- ... . ......._..__................_ _...... ----------- ------

ill'W 60 (a) '\JlJl~ 'l~ 1~11~lJliJflll~:: (b) r11ml1JI1JlJ1h::~'U-v-:)-V'4fllflri-VlJ~~ll1J~,:rvflJrh~1[JW-vi'i 
_v:: 1m i1 flIW~~ (MNP-Ac), _v'4il1f1~~~lItJ~.:j~lJth~1t1W-vi111J-V{l'!-vi1-v:: '1mi1fl1w~~(MNP-

I 
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1l1f1nlW 60 'W'lJ':hr),Wfllfln'UlJ 1~!~lJ~'\.JlrlVl'i1fll'J ~~lnh~lJ ~1~1{)'YHlilm:'m~ f) H'D~~ !I~:::. 
acpc- PNA ~ ,nf~d!~v~1l1f1~lJ~1'lHl ~ 'D'4fl1fl~~ f1ri nihh::: ~ fllJlJ 1f1 f)11V'4fllfl ri VlJfl~!lll~.:J~lJ ~1.,)1(/ 
'YW iIV::: 1m~f1IW~~ (MNP-Ac) ~~l'il '11'n f11'JU1lJf11 i mn'J~::: ~l{)tr'V'Jl'rlvfl.,)~f)11 lJVf1'i11~'WU11 

VlJjnfl~fl~l1ll'J ~lJ ~l.,)l{)rw~tJ:::1m ~nUf.)~~nfil'lh::: ,HlU 'i1:::1 ~lJ~lJl~ f.)~'i11f1'W f.)~V::: 1fl 'J ~f1IW~~~-l. . 
l1JlJWV~llJV{~~v'lJrrlJD.:J~f.)Th pH IrlDv~1lJrrl'J~:::m{)~n~1 pH '0' -lll:::rhi11'11~fI1{uvn~~IlIl~Ilf11'11' 
l1h~vtJl'i1 i ,rv~ilJ~ll'1Jf).:Jfll~'lJDn~m~~nlh :::~~UlJ11l~tJ 1lJ'Uru::: ~f.)'4fllfl~l'i11l1'J ~1-l ~1 () acpcPNA 

'WUil~lfl11lJ!1JlJ1.h::: ~fI~fI-l f)1'i11~ 'D.:J1J1'i11f)fll'.i ~1.:J acpcPNA ~1 VB 'J .:Jnwh:J'lh::: ~"u'Uf.)-:j'Wv~v::: 1fl 

'J ~ f1IW~~lI":::'lh :::~U1f1'\1()-l acpcPNA nH~Yl1i11'l1~mfuv f)~m~~iiv~ulJv'4mfl1J11lJ IIlJnu hnl 

"~"-l~.:Jii~m 'Y\'li 11'~lml'IJl1JlJ'lh::: 'i1"~".:J. 
" 2.6 rl1'iflmnnnnn:tJ1VW? lUl-hlh1fl'tJ1n 1VEHJU'UtJ-3tJUfl1f1U1 IUljJJniJhn1ritJu~f)Jl1h. 

iu;b~'wwvjjv~ 7m jjnuv;Ufl Vllfl1f1 ~Jflll1hiUN?~'wwvjjv~ 7 m jjnllV;Uf) lJij~Vlifl1f1~fl1-3~'w 

acpcPNA 

111V1-.!.fl1fl ri DlJ Ifl~DUI91'1 V'W V~u::: , m ~ III I'D~~ (M N P-Ac), VlJ.fllfl~lfl~DU.,) 1 V'W u~IlJU~'WD~D::: 

'1m~Il1I'D~~(MNP-PAA) Im:::V'4fl1f1~Wl1-:]191'11'J-WIVlJl'D (MNP-PN A) U~fI:::'1I'U~rilm'Jm:::'i111'J\1h ilJ,J1 

DJ ~.:Jyf-l 'i'~tJrul1.f)iJ11'D.:JI1JlJrnn 48 i11lJ-:]H"f11'J'Y1~flv.:Jurr~.:Jfl-:]fl1l'l 61. . 
- 1 1- 2 -"--3 1 2 3 I i 2'T "j 1 l 2 ' 3 " 

! 
-~:r.":':. ! - .~~.~r~~04~ . t:-.... ·~r:-~ ';.~----- ~~:~:,:c;:~,(.,...~.:--< ,,;,:,~;.' '"'~ 

:,.::-':~'" ...._"- ~..:;~:;7~~~ --~ -''¢'~ - ?Pr-,-' •'""::- ~.:~-~ :~~:~' ~.~."'~,-;..;; ~ . 
.!..:t...~ ...' 

-_.. - t'I.":; • - ___ ~ ~ ~ . .' I 

Oh 6h ] 2 h 24 h 

(MNP-PNA) 

~ 

1f1~f1U 

Vlf1W1:::f1VlJ i:1.:JlJlriVlJVl.Jfl1f1~!f1~VU~1tJl'lV~llJVfvw~v::: imillllw~~ (MN P-PAA) II"::: DlJfllfl~Wl1-:]. . 
191'11'J-W13lJltl (MNP-PNA) J-:]~U1'ilI~V.;JlJl'i11f1 VlJfllflvr.;J 2 'If{J~~iirnJfl1fuVf1~~f1'UtJ ':I'W'f)ilv::: im~ f1 

• u 

I!V~~~V rJU'W VlJ fllfl~ .:J'lf,:Wi lJ f1l 'l f1'j::: 'i111'Ji11lJJ1i")~ ,j'WD~ !~ Vri1f1l'.i Yl~rrDU f1l'J WltJurr'W tJ.:J~v 
u • 


I d !. ~ 
 Q.I 

IIlJIlH'lf1'Uu-:]u'4fllfl'Y1~ 3 'lflJ~J:.mf11'J'Y1Y1"tJ.:JII(Y~'1~-:]fllW 62 

, 
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Omin 2 mill J min Smin 

m (MNP-PNA) 

1l1flfll'YI 62 !rlfllJfll) '1 ~1Il.i1l1 g flulflmv'W flfllJl'Y;lfll'J ri fl 1l1' fl'Wmfl~ f1\9l~ f1fl'Wl'lU ..hOlw lflnO'W. . 
!fI~DU~1Vl'lflftfl~1mftflIlO~'fI (MNP-AC) \9lfl\9l~f10'Wf)1Vl'Wl1m 2 mYi 1l1fll.f'W!rlomn~hu'hJ 3 'UlYi 

fl'Wmfl~\9l~ -:!~1VYh3'U10 (MNP-PNA) U-:!! n'flfll'J \9l fl\9l~ f1fl'W 'lJ'lJru~~ VlJmfl~!fl~flU~1Vl'WftllJfl1l'lflft. . 
fl~ tlmftflutJ~'fI (MNP-PAA) In'flfll'J\9lfl\9l~fltJlJ,*1"1'f1!rltJ!1f11rhlJ 'h.Jnr;n 5 ml1 1l1flNflfIl'J'Yl'flr;H)-:!~ tl~ 

1I€1''fI-:! 1l1'lll'Wn-:!fl~mfl~\lf)~'fImh~lJ~h~1vl'lvftfl~ 1mftfllW~'fIlJfI11lJ€1'llJ1HlllJfl1'J m ~ ulVIl11 lUJl 

iOO~€1''fI '1lJ'lJru~~VlJfl1fl~() fl\9l~ .:l~1vtl!glJm (MN P-PNA) 1l~lJ~1lJ'lJv.:l11l.im1uflfl~m\9lti'vUfI.:l1I fI~lJ 
.. .. lUI 'U . .", . " 

acpcPNA ~.:l!lIlJ lm~fl"Yi 1l.i'lfOU111U.:ll11il1,n'fl fIl'J\9lfl~~ f10lJfI.:llJ1nOlJV~mflYi~'fIlItJ".:l-WlJ ~1~1U 

l'lflftfl~ 'lmftfllw~'fI 

2.7 nlHfl1Jhnru'IJeJ.J acpcPNA nQn~1.J{j.J1JlJ'iuHJ'lJf).JfJltmfJln IuwmiJ h1)1#;jnn 

~f/II7..1{j.JifUHJ~'JOWfJftfJ:: 'lm ftmw;Uf/ 

2.7 . 1 fl1'J€1'~Vlfl'jlyJlJl\9l'J~llJ'lJfl.:l acpc-PNA 

'jJ .. .I ~ 'J/ 'jI 

fIl'J€1''Jl--lflHl''IlJll9l'J5!l'U'Ufl--l€1'U,,:::mu acpcPNA 11f111lJ!'lJlJ'1JlJ 0, 10,20,30, 40 l!fI~ 50 

'1lJ 1m1mnf 1\9lV'I11€1'1'J"~lllV acpcPNA U~ll:::fl1ilJ,.ulJ.u'UitJ1'f1rilfll'J~'fIfI~'U!I€1'.:l~...ltIl'Yl'fl'Ufi UV-Vis 

spectrophotometry ~fl11lJ U11f1~'U 260 'U 11'UllJ\9l'J ml--l'ill fll1\.J l11fl1'Jl'l1:Hl\9l fl'.i ll~lJl\9l'J ~ l'U'.i ~ l"1':l1--lfl11lJ 

l'!!lJ'IJ'U 'lJv .:lllii nHl ~iJ "tll~'U!tJ11 ~ ~ ri 1 fl1 'J ~\9l fl ~'U II €1' --l 'Ufl--l acpcPNA ll~ll ~ fl11lJt '!!lJ.u'U Nll fHi 'Yltl"fl-3 

U€1''fI-3~--lfl1l'l 63 

I 
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concenlra!iofl (uM) 

.n)'W 63 mlvJlJ1m~llJ'lJtl.:J acpcPNA ~mllJl.ij'lJ'li'lJ~l\l"l 

'illfUH¥1 63 l'fl..dlfl'nvJlJ1~'.i~llJ'lJV.:J acpcPNA iJfl1llJ!1JlJIfflJ~HIlCl:::;iJfilftlJ'l..b:::;iY'Yl~ 

ff'l1 lllJ ~'YI imj!lJ'lf1.:J~ fHW i\/l~ .. 

.... F- .td ~ 
y 

~ 
• 

~ jI d'Q. Q. 

2.7.2 f1l'J lflunJlOJ'lJtl.:J acpcPNA\l fWl'.i .:Ji\.:J'U 'W ~lJ ~1tl'4.fllfl'YI\l fllfl Cltl 'U~1U)ll tl ClllJtl d 'If 

iJ~~tl~tl:::; lf1'j~f1lW~~ hHJ1~llHJ:::;W;l1.:J'l.h:::;'il. 
f1l'J ~~ \I acpcPNMI \I'UlJ yflJ ~htl'4f11f1~\lf1lflti tl'U~1Ul'Itl~llJtlf'lfiJ~'Yw~tl:::; '1 fI'j lIfl!!O~~ 

'il:::; Yl 1 'il:::; 'V1l IlJ ff 1 'J CI:::: Cll u'l1vJ I vJtl f pH 7 Irltl Yl lf1l'BlUfltl '4 fllfl 'W 11 'W IIlJ flU '1 mi'tl tl fl 'ill fl ffl) CI:::: m tJ 

acpcPNA~1UU:JI'I1~ fl l1lff1'JCI::::CllI'J acpcPN A ~l'I1titl'l1 ,,\I fll'J Yll1.Ji) m1'J1lJ11~~lfll) ~~ fl~lJll ff .:J~mllJ 

tIl1f1~lJ 260 lJl1lJ!lJ~'J ~1[Jl'YIflilfl~1-1iYI'UClm1.Jf11mhn~!lJ~~ (UV-Vis spectrophotometry) 1~u 
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I • ~ 	 Q,I 4 ,0::;1 , 

il1f1fl1Y1 64 YI'U11fllf)l'j~~f1"'W1Iil'-J'lJ6~ acpc-PNA 'I1"~il1f)~'j ~"~'U'W6'4fl1f11Jft1~~,,~ 

Irl m Yi tJ'UomJ lOl'j ~~ f)i'i'W II rI ~'lJ6~ acpcPNA n6'W~~ ~~-:j'U'W 6'4fllfl II~::: Irl tl '1'11 f)l'j 'I11U~ lJltu 'lJ6~ 

acpcPNA ~\1f)~~ -J~~'UlH)'4fl1fl 'Yf'lrh acpcPNA \lf1~~.:jJ;l-J'UlJ6'4mflfi~llJ'W 0.18 mllJ lmwi6ij~ ~f1~lJ 

'lJ6\l6lJinfi• 

3. f)l'j ~16lUlUlh!11h!ulJnil''t'l'rl~Y1~-l~1[J'W~1 'ji)~ij tl~lihJ1f),y-l'Hl.:,j'll ij~lJ11~hlJn'U~It)lJl6
q 

3.1 n/'i lheJl.Jfl1f1u1 TUUlmi17YnHi{Pl1 ~~J(J acpcPNA 1Jm~HrDUm1lJiT1lJ'j'iO 1um'i~~ti1J~ 

'" , A 

flJDtn~1J'i~ 

~lglJW~ i';1 'W f)l'j ftmn i ~ij f)l'j ~~rll'j I~ 6~1I rI-:j~U-01tJrl11'J1~ f.) 111'~ltJ~ f.) f)lHl'l1il 1~~-:j 

u'j:::fmuiu~1tJ~!~'W~i~~1f)mnl~lm1:;"r~ihiwi'UI'UrI~rllJ (Fully match,DO, ~lg'WIf.)~ijrl1~'U!1Jr1i,j 

!t1'W~mJ'I1~~~lll'l1'1l~ (Single based mismatch, 02) II"::: ~lglJw~l:UlJrll~lJI'UrI~ltI'W~rllJ (Fully 

. .... 
'" dnl~1JlmJ'lJf).:,jVlmh!1f) excitation emission 

Ac-ATGCCACAATGT-LysNH2 	 FAM-5' -ACA TTGTGGCA T -3' 490 520 

Fully match (D I) 

Cy5-5'-ACATTATGGCAT-3' 650 670 

Single based mismatch (02) 

TAMRA-5'-TGCGATCCATGC-3 ' 552 '584 

Fully mismatch (03) 

1'WfmftmnmnhtJ\lillfl'W11'W1I1Jf)U l'Yrvl~~~ ~~11'J acpcPNA 1JTYl~ff6lJmllJrlllJ1'lfl i'Wf)1'j~~1iu~ 
~ 	 OQ..' dC;:CV o'l~ Q,I.J'

IU'WWlw:;m 1ilrlf)'U~ l~'UI'UrI'lJf)~~m'WrI~Im 1:;'I111'U~I1JlJ 3 f)1'j 'Yl~ (16~~~'W 

v ",.1 <=:t d
3.1.1 fl1'jrl'jl~mlnlJlm511'W'lJf)~~WlJlU (01, D2 ll-o:; D3) 

a dd I 	 .Qd 9J'j/ 

mil'1'j":;"ltJlJ1~'j~1'W~m'Wmll~~:::'Jj''W~'Ylm1lJl'lJlJ'lJ'W 0.06,0 .08,0 .1,0.2,0.4,0.6,0.8 

II":; I IlJ1 m IlJm! 'Yhf)l'j1~rilf)1'jft1tlllil' ~~1t11'Ylfliifl 'V'j~6UI'jil'I'1f'Wl9i'muf)1mrllf1u~lmhJ Yilm'j
" 
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1000 1000 ..• (a) ...• (b) 

800 t ,...... '800 .. ' 
.' 

.' •.....' , r· .. ·~· .. .c 600 .'>- 600 .'" OJ> .~ ."c: 
OJ .•... ..... y '= 93S .4Sx ... 10.664 __ 400 y - 9Jl.OGx-I:i1.~)1~ ••••tC 400 

• ' R' = 0.9995 ~ .... 
.... 

R· = O.9G19.~..... 200200 •.... • 
.... 

.'••• I o l~__...!_______.l .. ___.___..i_____•__-L_______.L_.__o L _'----_-'--_--'-_-'--, --L-_ 

o 0.2 0.4 0.6 O.B I 0.0 0.2 0.4 O.G 0.8 1.0 

_ ..... _ ___... ___ .~ __ ••ntra c"...( M __._._______ . ____.._._._. __ ~_"_':"~~rati~~~. ___.......__.J c_. .....____. ___..._ .. __ .(..o_nc.e.•.._..l i._.,_ ..'.•J...._J .. _._.• 


1000 Ie)
••1 

800 .•....' 
.' 

:::-600 ...~ ... 
. ';; 

.'c: •••• y = 939.97x • 15.452 El400 ......s 
R' = 0.9988 

200 

, 
 .... 

o 
0.0 0.2 0.4 0.6 0.8 1.0 

• Concentration (uM) 

• .1 '" d.fl1W 65 mlTtlJlm~l'W'UU-.l~W'UW (a) Fully match (Dl), (b) Single based mismatch (D2) II"::: (c) 

Fully mismatch (D3) 

Yl1J':l1m ll'llllm ;jl'U'UtJ\I~ L~'U WI L~m: '!iii fltJ dl 'W'lh\l'fl1 llJllJ'WH1'W ~') .:]u,,:::lifil 
~ ~ 

ftmh::: ~'Yl~f('H 1YlJl1'WntJul'U'li1\1~m.llJf1J 'l~ 
" 

d 0 1 ""It)'-"" d
3.1.2 01'HTf)1:Jl'fl11lJf(llJl'Hllm::: fI11lJlJllYll:::llJl::: lJ\I'UtJ\ltJ'Ufllf1'W1 'WlllJO'W l'Yl'Yl'Ylfl om \I. " 

1~[Jl.htJ'4fl1fl'Wll 'U IllJf)i11m1nu'W~~ \I~1[J acpcPNA (MNP-PAA) 11"':::tJ'4fl1fl'H"\I~~ \I 

~1t1 acpcPNA (MNP-PNA) 'Ylflf(fl1Jf)1')~~,r1J~I~'WItJ 3 '!iii~ ~'lh:::OtJ1J~1t1~I~'U~lithfl1JI1Jf(~f(lJ 

(Fully match,vOl), ~ilv'Ww~lirlli'lJI1Jf(hillJ'W~f(lJl1i1\1~llll1,j\l (Single based mismatch, D2) ""'::: ~ 

A~'WHl~ l:ulirlli1JI1Jf(~llJ'W~f(lJ (Fully mismatch, D3) 1~tlO1,) 01') l~lJ tJ'4fllf1I1~Il:::'!iii~" \l1'W f(l') ,,::: mtl 

'UtJ\I~I~'Wm Dl, D2 II"::: D3111f)1')f101:Jll11mlJlru~1~'WW~flf)~~~1J1J'Wf)Wllfll~[Jl.hf(1,)":::fI1[J~lg'W
'U " • 

I 
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300 (A) 300 (.) 

250 250 

200 i 
~ 1 

- 01 before adsorpt ion 

.... - .. . 01 after adsorption 
.?< 200 

- 01 before adsorption 

,.._ .. , 01 after adsorption 
~ 150 f ,.'- -.. -........ ~ ISO 
c ;. 
- 100 , -_./' =100 

50 I 50 
o L! -____________________________~ 

o - - - -- --- ----------
500 520 540 560 580 600 500 520 540 560 sso 600 

Wave length(nm) Wave leneth(nm) 

350 I 
(B) 350 Ib) 

300 i 
z: 250 I 
~ 200 i 
!! lSO 1 . 
E 1/ 

100 ( 

"', 

'. 

-02 before adsorpt ion 

......... 02 after adIDrptlon 

so I '~" " 

300 

250 
>
." 200c:

§lSO 
100

,0 

-02 berafe ~d~rption 

... _.". 02 atter adsorption 

I o ' -- -----------.. -------------------------  0 '----- -------------------------- _. 
640 6G:l 680 700 710 74Q 640 660 580 700 720 740 

Wave lenethlnm) Wave len~(nm) 

600 I500 

>- 400 

." t,300 
C 
-200 

100 

o 
570 59D 

(e) 

- 03 before ~dsorp tion 

......... 03 after adrorpt lon 

610 630 650 

Wave lenclh(nmi 

~:: I , ..' ...... 
~ 300 ...... 

E 200 

100 

....... 

. 
-03 before ~d50rption 

- .... .. 03 after adsorpcion 

o ~------------------------
570 590 610 630 650 

Wave I.",th(nm) 

Ie) 

d d ... , 4 if 

tl'lfllfl A-C : tl'4fllfl'YIllH1I1V acpcPNA (MNP-PNA) 11(1:;: a-c : tl'4mflntl'Um.:j~nv acpcPNA 

(MNP-PAA) 

~lnm'WYfU11Irltl 'l'lftl'lfllfl~~~.:j acpcPNA (MNP-PNA) lJl'Yiln1'j~~,rU~I~'WI!~(I:;:'lfiJ~ 

D1-jfllflffllJlH)~~,rul~m'Wl:;~&U~~lJrll~UIUff~~lJ (Full match, 01) I'nlJ'U l~v'illmhnnmV!lff_1 

yJm)()I'HH9i'Wff'UD.:j~l'j(l:;:mV~I~'Um 01 l'I~_1~~lJtl'Ufllflii~T~~".:jtlcil_1lJUtlrllrrru (m'W 66A) l'U'UtlJ:;:~
" • u 

f .. .I 0' d Q d I I V Vd ~ d1 
fllm'jf11(JII~_1Ti(lDDlnU9i'U~'UD.:j~l'j":;mV~Itl'U1tl D2 1m:; D3 lJf11fltl'W'lJVl mllflV_1flU~l'j(l:;mv~

" 
!g'UmrlD'WI~tJD'4mfl (.fll'W 66 B 11(1:;: C) IIff~~lMI11'U11D'4mfl~~fl~~-1~1t1 acpcPNA (MNP-PNA) ~lJ 
fl11lJ,)11'Wl:;lill:; il.:j' 'U nl'j ~~,ru~lg'Umlll'Wl:;:~lfl 'W1D~ii "l~Ulum1J'W~~lJI'YilJ'U ''U'Yll~fl~un'\.J!~tl 

I ~v cv~.:t~ , 

mHYDUfl11lJ'fYllJ1Hl'Utl.:jtl'4f11flntl'Wm~~1t1 acpcPNA lJl~'fluUflU~W'Ultl 01, 02 11":; D3 'WU11 

D'Wf11fl'fl~,rU~I~'UIDJ.:j 3 'lfU'fl'M-uD{JlJlfl 1'fl{J~ l~,;)lmhm'jf11vll~.:jyJ "DDI'.i m9i'UI'1''UD.:j~l'g'Um!l~'':;
q, 'Y cu 'U 

I 
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f1ci11 'hl":htl'41l1flritl'W\9l~ 'l acpcPNA (MNP-P AA) 'hhnfl!l'Hm:::yil111tl~~lllJ!llJlJl,j~1!'Yn:::!111 ::: 'il'l 

(non-specific adsorption) t1lJ~hv'Ww,f'l 3 'lfiJ~ !rlufil'W1tlJ1111IhJ1tlJ'lJU'l~IV'Ultlll~l'!:::'lfU~~\]f1~fllllJ"'l 
lJ'WtllJ1l1fl H~::111~ll.GlJltlJ'IJ() 'l~!g'WU)~ i~lJlyhf11'.i 'I11~1I'IJtlfl;'W ~f11'.i ~~ ,r'lJ~lglJm~nJ'u tllJ1llflll~ , ". 

15 ] 
20.7 

10 

1l.J 

oIo ~ 
Fully ma! eh(Dl) Si n Ej,h.~ based rni 'S. m dtc.:h (0 2) FuliV misrllotl.: h ID3 ) 

Tvpe of DNA 

.flll'l 67 ~lIUtlfl;lJ~f)l'j~~,rlJ~IVUmn'l 3 'b'iJ~ OJ, 02 Ill'!::: 03 1~tll~u'4fl1fl MNP-PNA Itltl'lJt1'lJ 

U'41l1fl MNP-PAA 

11l'W~fflJt11J acpcPNA l~UhJ1t)jlJlf1~~fllf1t1iirilIUf)fl;U~'lJU'l f1l'j ~fI')1J~IU'W Itlfi~lIll'W 20. 7 ril'W~ 

tuum 02 Ill'! ::: 03 ;'ll'iJu~13'WIt)~ih\'1ilJllJffll,jl1JlJrifflJIYltl'l J rlllll1lJ'lIW:::~IV'Ultl~ii~hi'lJ!'Uffl,j... 

'lJU'l ~I v'W wi 'W,T'W fI U'W 'IJ tl 'l f11'j Uti f1~lglJWtlU f1 1l1f) U '4 n 1fl ~'lYh1"11'Ifi fI f11 'j \1 \)J111 til U'lJtl'l ~I g 'W W 1'W 

'Uru:::~ f1l'j 1i'm..lnlfl MNP-PAA 'Il.! f1l'j ~fI,rlJ~&W mll~l'!::'b'U~ 1"11'~l'!~ '~/!hjUflf1~l'lt1'W ;'l f1~11IM':h, ... 

Q.I .:::I d ~ ~ '" v g) .1 Q..I '" 'j/d 0
ff llJlHl ~~ 'UlJ~ W'W 1tl'YI'l 3 <JflJfI !~'W tltllJlf1 'W Uf1 U1 f1UtI'l &flf'if1111 f111lJftllJl'j (111 l'! :: fllllJ ullyn::: I 'Ul::: 'U'l 

IlJ f11'j ~~')lJ~tUlJW'UU 'If)'Wfl1f1I1~~:::'b'UfI 'l 'WL~'lfltlJ nWl1f1 (11 i'l'YIflUfi I 'U" V I~ f11m hit 'j ~ff rl~ f11'j" . . 

I 
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.fllll 68 fIll'!!~'aVl~n 191'j lyJ!(l~ft a. Fully match (DO, b. Single based mismatch (D2) I!(l~ c. Fully 

4' tf .::::t d t Q 

mismatch (D3) I : :lJ1'jflInU'j 100 IUft, 2: ftl'j (l!:(lltlflltl'UlUnu'U f)l'jI91lJUljillfl, 3: ffl'j(l~m(J 

de::: ~Q dQ Q.fQ 

flWUWl1'a.:J!91lJU'4f1lfl MNP-PNA U(l~ 4: 'C11'j(l~(ll[J91mUWlHl.:Jl91lJ0l.lfllfl MNP-PAA 

I tid d:'1 rI c:I t:S ~ ct ~ ~I I0 

~lnflll'!l'!U11UU'U ~11 3 '1f .:J!lJ'U!l1J'U~ 'lJO-l ffl'j (l~ (ll[J'UU-l ~WUWl1lJ 'al~UIUffIu'Uf;) ftlJ (Fully 

match, DI) (fill'! 68 a) l1~-lf)l'jI~lJV'4f1lfl MNP-PNA i"iff~1~(l-:)I'Yil,r'U~-:)!lft~-:)1,rIl'hrll}j~!3'U!v (D}) 

W~JJri"l~UIUff'hJI1J'U~ftlJ!Yl(J~ I ~11l11-U-:) (Single based mismatch, 02) (flll'! 68 b) !I'a~ ffl'j(l!:(ll(J~ 

!3'U!v~'hJ}jrll~1J!1J'U~rrlJ (Fully mismatch, 03) (flll'! 68 c) }j'U'Ul~'I.IV~!!U'U~!l11!~lJIli~Hll(Junu 

ffl'j(l~(llf.l~lg'Umnv'U!~lJvl.Iillfl~-:)urrfl-l1lJuu'U~~ 2 (fill'! 68 b U(l!: c) ~~!!fffl~1,rI'H'U11 02 U(l~ D3 

':ul~\lf1~fl'iiU1JlJv'4f1lfl '1 'U'Yll-:) ntfunlJlliV'rhf)l'j~~'ilu~lg'Ultl~1(JU'4f1lfl MNP-PAA l'!U11'IJ'UlflU(l!: 

~'Utl-:)uu'U~'\Ju-:)rrl'j(l~(lltl~!fllJm.J-:) 3'If'Ufll1tf-:)f)1'j!~lJtl'4fllfl ~-:)urr~-:)1'Ul!u'U~~ 4 (fill'! 68 a-c) IhiiJ 

f)l'j~l-l'a-:) ~-:)ffllJl'jflmh1'1~11~!3'\.Hv.J~ 3 'lIUfl 'h.;\ln~fl'ilU(l.:J1JlJV'4f1lfl MNP-PAA ~~ H(lf)l'j l1~(lv.:l 

~ 'MrrVflfH)V-:) OUH(lf)1'jl1fl (lV~'lJv~yJ~Otl!'j ffI'1f'U'f1ff!lln 1m ff1flll 

acpc-PNA 

l~uu'UiJ'UmllJffllJl'jflll(l~fl11lJ'illll'!1!: I~l~ 'i).:l'UU.:l V'4f1lfl~\l f)91~ -:)~1[J acpcPNA 1'U f)1'j 

~~Hiu~ilflum~~ i~Yiltllnl1vl.IfIlfl'Ull'U!llJn-U il'ln~l>l~ ~~1V acpcPNA (MNP-PNA) lJl'YIflffvUf)l'j~fl 

'ilu~!glJlV 'lum'j (l~(ll[J~lg'UIVHrrlJ 3 'lfUfl J~1111~ffl'j(l!:(ll{j~lgulV D I +D2+D3 111f),r.\.J'l.hel'1·H;~ Cllf.l 

~13w.jfflJ 3 'lIUfI riV'Ull(l!:l1~.:JYiltllJ~f1'ilunUtll.lfllfl MNP-PNA Yiltll'jl>ln~1f1~1Vl'YIflumJ~VtltJft 

1'l1'U'f1rrlllnlmff1flll mhYhtll'j 111rilltltlfl~'U~'Utl~tllJ~'fl'ilU~lgUItl H(lf)lJl1'fl(lV.:ll!ff'fl-:)~~fIll'! 69 

I 
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;0 
0.9 

Fu :'fmrt.c.hIDl) $ in2~ ba~ed ~; ~.tchlC~i fu S., ml~m)tc.hiO )) 

l¥p\>ol DNA 

w .:t c: '9 c:f c: ' -=:t. ?I 
MNP-PNA lYllJl'Hl~~'il1J~1f)WU Dl !lHnH'l:::"1(J~!U'W!u~HYm:::'I111~ D1+D2+D3 f1~!uU 27.9 'illf)~m 

fll,)'\'lI'l"D~~ tlvi\j\J"ffllJl,) t1V'WV'W "1Yi'11u'Wfllfi MNP-PNA 1I"ff1'l~f111lJlYlm') t1llJ fll') ~~>ij'U~llgum~~, ~ 

• II 'f1 :::iifl11lJ ,)1 lYl 1::: l'il 1::: u~ IU fll') ,i)D fl,r1J~lg';W~"ff ~ ~~ "ffllJl ') tllWf1f111lJU\91 fl~h~'\J U~~lglHU~ihi1i1J
~ 

'1J"ff~A1JlJti"fflJ 1l'f1::: IlJllJuti"fflJ'J 1lJ i1~~lgum~lhi1i1Jl1J"ff~~l~OU l'WV~ 1 ri1i1JI1J"fflYi'm;w~~I'illJ 

3.2. rlnffmJ1l1ifJ-J~u lUn1:jlhfJl.Jmf1;i(PIj-J~·J(J acpc-PNA(Pl)(MNP-PNA) l11'Yhn1'j~~,r1J~ 
I VU/fJ vj-Jl*fJ UfdlUfJWl1f1 lUnn~~U1J~IVWf)~ffU Iv, .. 

~1i'YlV1 f1tu::: i'Yl V1f1'1"ff\91f lJ'I11i'YlV1rl'VW'J f1'1'J ~~ fll') 'YJ1'l" D~ llYi''I11DlJfllfl~ \911 ~Yi'1vYlfh ~~1j'f1Yil~Ultl, 

(MNP-PNA) '\1~U D1Pllfi MNP-PAA lJlYilfl1'jl~lJ"~ 1'W"ff1'J":::mv~lgwmij ~~I~V1.utl~O'U hh~lJCM'W 

~lYO~ iYi"11f).u111l'i~~l'ilfll,) lWfli,rllJ'W~I~Um"ff1V!~V11!~1 111mTUU1"ff1'J ":::'f11V~lguw'il1 ~ntllJll'f1::: 

'\1rl'~)11fllHl~,r'UOlJtllJfl1f1~\911 ~Yi'1fj'YHh~~1j'f1YlI3'W!u(MNP-PNA) '\1~tl tlUfllfl MNP-PAA )11fll'J 
" q q 

\91J1'ill~!-d'U-3~m11t1l'YlfliJfI tl1-1ihiJ'f1mufl 1\9l'j hn\>l!lJ\91~ 1l'f1:::1'il"-~I~fl 1\91') hn~"ff N'f1fll'j'YJ~'f1tl\l
" 
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(A) 

~ 0 Q,I jJ .::t 
'HFll'l1fl1Hl~lllJmtlfltJmfl MNP-PNA 'Yi',Hl MNP-PAA" . 

fltJmfl MNP-PNA. 
I I .c!i d d (l.I I CI. ~ ~ 

1l1fliHW 70(A) 'WlJ11fl1fll';i ~~ml'Wu'CY -:j'Ufl-:j~WlJ lfl~lfltJ1-:j1l';i -:j,\-H1-:j1l1flf)l'H~lHl'4mfl MNP

PNA nfi1ll~ll-3fltJl-3'1f~11l'W~-:j'CYtl~;H)tl-:jflmmn1J'Yl~lltl-:j1l1fll'VlfliJflllllli)l~n1m 1YJ!';i~'CY m'W 70(8)~-:j 

'WlJ11f111lJ!.ulJ'tIfl-3!!lJ'W<p)'~ 4 ~ ':)llJ'W lIUW <p)''tItl-3 'CY1';i m: mtl~lglJltl~lVU1':)1l~ ':)'Yi~-:ju1nfll';il~lJfl'4mfl 
~d QI etC: ~I 0 a"o'iJ 

MNP-PNA 1l1-3ll-3llJflI'VltllJ nlJ 'CY1';i ll~ll1tJ~I'tl'WnJll';i -:j ntl'W 'Vllfll';i ~~lllJ~lt1fl'4 J11f1 MNP-PNA (m'W 

70(8)'YilJ 1t11ll'lJ 2) 1I'CY~.:j '1 'I111~IB'Wltllll-:j1J1.:j ~Y1lJ t1 n'fl'fl,)lJ 1 'lllJtJ fl'W fl1f1~ -3llJtJ HlllJ 11l1mY1tJ'lJiJ':)?1lBtJ
" " . 

w lll.:)ihh'fi1JllJ'CY1J1-:j~Y1'WllJ 'W~ 'CYlJ fllJ acpcPNA ~ \l n\?l~ -:I fl~~N1't1tl.:) fl'4J11fl 'llJ l'l1-3 fl~lJ n'Wlritl '1 i' 
tl'W mfl MNP-PAA l-U fll';i ,rlJ~lglJltl'WlJi1~lfll':i 'fl\?ltl~tJ II 'CY -:I 11h'll~tJ'W!I'l.Jll-:j11 ~-:j1l1 nnlfll':i ~~,rlJ~lgtJ

• " 'U 

odd Q,I' .c:a. QJ oQ d gJ I c:\ d -=t <£,I 

'CY 1 ';i II ~ III tI'fl wtJ W\?lltl tJ 1,:);) ';i ':)'Yi M 111 n f)l ';i I~ lJ 't) 'W fll fI MNP-PAA JJfl11lJl 'U lJ I'Vlll~ lJ IlJ tlll'l tllJ n lJ . 


ll-:llJtJ 't)'4 fllfl MNP-PAA I~'t)nl fll':i umJ'Wlb ~ R'Vl~ fll'W'Ufl-:l tl'4mfl~\?l~.:j~1VYl {h TI ~iJ II ~d)lJI iJ 

(MNP-PNA)'llJ fll'j 1~'t)mrlJ~lg'W It)~ 'CYtJ 'llltldl':)')ll'Wl~ 11l1~ 11-:1 '1 ~nlfll'j 'Vl~ 'CYfllJ nlJ~hv'W! flll~ 'l~ 'CYfl'fl i ~ 
u1nnrf1tJ llf~'lllJlJ~lglJlt)~ lli!~ V1.utl-:jfllJ hl'j~lJCb-lJIllldjih'filJllJ'CY~ 'llillJlJ rl'CYlJfllJ PNA ~-3'1'11f)l'j

" 
\?l'j 1111'fl fI' l'j ll~ lllV~ Ig'Wltlll~':) ntlWlll ~11 ~-:jn lfll'j 'fl~,)lJ nlJtllJmfl~\Pl~ -:jr1'1vYln ';i ~ ~iJ llYiIB'WIfl(MNP

... . 
PNA) 'I1~iJ iJtJmfl MNP-PAA 1,jt)'l~lJr1'1t1!l'lflUfl v1-iRrullmlln1m hn\?lllJ~l~ lI~~lll~-i)I~n 1\Pl'j h~. " 
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_.. -" 

(A) 

- Initial DNA 

- The supernatant after removing MNP-PAA 

~Q,I 0 ~ ,., 

"Hl~'Y1lf)1~~W)'ilU~1VU'Ufllfl MNP-PNA mu MNP-PAA... . 

MNP-PNA 

I 1 ~ d d Q..I I .t::::I Q..< ~ 

'illf1fll'W 71 (A) 'WU1lf1lf11~~~f1ft'Ullff .:J'lJU.:J~W'UlU~1UV1~'ilH11 M'illf)f11~ !~lJUl1fllfl MNP

PAA !!n~ MNP-PNA ihi11mi'lftV'lilU'fhf11~~~f1~'WUff~'UU~ffl'jn~mv~dh'!!tJnu'Ul~lJU'Ufllfl ~~ 
~ . 

fftJ~mi'tJ~ilu!'YlflUfll'ilnUI~f)1m lvJn~ff nl'W 71(8) ~'I'WlJ1lfl11lJl.,jn'UD'll!lJ'Ur1~ 3 !!ft~ 4 ~'lllJ'U 

UlJ'Ur1'UtJ.:Jffl'jft::;mV~IU'UIU'fhmh~'il1.:J11i:l~'illf)f11~I~lJU'Ufllfl MNP-PNA Uft::; MNP-PAA iJ.jIl\9lf)~h~. 
tI.c=:i ~ ~I a' q d ~ I <V V q V d d0 I 

'illf1l1lJ'U \9l'YI 2 ''If'lllJ'UlIlJ'U ~'\J U.:Jffl~ n~ mU\9lw'UIU'iI~ ~ f)tJ 'U 'Yllf11~ \9l~'illJ\9l1UU'Ufllfl II ff\9l.:J !111l\9lW'U1U 
~ . 

'il1 ~ ·lJ.jtlf1\9l\9l~lJ '1 'l.JlJ'U D'Ufllmf~ ffU~'l1ij~~ ~~I~U~lJl'illf)~!V'WIU~ffil~ i ~'ill f) f)'"1ULhJ~L1J.jiJrlwlWlJff 
... 'U • 

dQ I cv ~d ~~ 'l~dd 
'YllU'Ut]fflJ f1lJ acpcPNA 'Y1\9l ~ ~lJ'U'W'U H1'UD.:J tJ'4fllfl 'illf1Hn f11~ 'Yl~iHJ ~lIff~ ~ l'itl1'U tl ~fl11lJffllJ1~ ()'lJU~ 

D'4i11fl~\9l1.:J~lV-Wn ~ ~~ij ftWID'UltJ (MNP-PNA)'1 'U f1l'J !~Uf1~lJ~ID'U1Dill 'Wl~ ~iJrll~1JllJ 'H1J'W~fflJ 

'illf1Hft f)1~'Y1~ftU~I1ftJ.:JI'i''UffllJl~ ()f1ci11 i~11tJ'4mfl'Ull 'U1llJf1U 'lm1~\Jf1\9l~ ~~1V acpcPNA 

i:YllJl'j ml1lJl 'li'~ 1lJillJ~lv'Wm~1mh~'il1'1i~ l~VffllJl~ ml1lJl '1 i'llJ'Uu'Ufllfll 'W f1l~ \9l~ ~lJtll'W1~ ~13'W1U 
• 'U 

iY~tJHt'fll'j'Y1V1J;l,£)'l1l'U1'Y1H~ 2 

llHl'U 1,rvi1i~'Yhf11~ ff.:Jlml~11v'4mfl'U11 'WlIlJ f1U '1 ml~~\9lIl'lh ~'Uf-h~1V'WU~U~ lIm ~ f1 

IItJ~\9l ~~u'Wmf1~ff'l1fl'j1~'l11~lIff~~flrufflJ'lli1iJtJ'j~'ilnlJlJ'W~'U ~hff 'I iJfl11lJlffnv'J 11ft::; f1l~ m ~ 'illU~1 
q ~ q ~ 

hnil~~ 'W tlf1'illf1~V~ff1lJl'j()\9ltllJff'UU.:JI'iU~1 pH 'UtJ.:Jffl'j n::;mV~I1J~V'UIl'I.Jn~ '1 'I.J l1"~'illmr'Ul~tl'Vil 
dl ~ ~ 9J ' ... 1 I ~ ... r.: d d 

fll'J19l'J ~ acpcPNA n~lJ'U'W'UH1'\JrNil'4mf1~1VIi'j ~'J ::;'l111~u'j::; ~'WlJ11lJu'jlJ1ru'Uil~ acpcPNA 'Yl\lf1I9l'J-:j 

n~lJ'Uu'Umf1fi~lll'U 0 . 18 'W11'U llJ.!l~uiJn~f1~lJ'Uil~U'Ufllfl. . 

http:n::;mV~I1J~V'UIl'I.Jn
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Irl ~.n.htlllfllfl~ Wl1,:j ~1t1 acpc P N A filill'J 'YIWI ffD'Ufl111Hl1lJ1'J fill ~:::m1lJ~1!'W1::: \1)1::: 1)-3 '1 'Um'J 

,)'Un'U~!g'Uw!l~~:::'lfilWl ~-3'W'U-jltl~fllfl~Wl1-3~1V acpcPNA ff1111'J(\,)'Un'U~lg'Uw~ihi1~'UI'UffltJ'U~ 
fflJn'Ul'yhJ\A-3l!ffWl-3 'HI~ 'U i:i'lm1lJ~1!'W1::: I,n:::1}-l hlf1l'J !~tlfl')1J~dhJ!tl U~::: mllJffllJ1'J(\1uill'J !WfI 

fI1llJUWI fI~ l'1'lJtl-l~ I~U ltl~lhh~1J!1J'CY ilh1J 'U ~fflJn'U!~V'I1'i11111 U-l l~tl1M 'ill mfu Irlmil tl'llfllfl~Wl1 'I 

~1lJ acpcPNA lJlffflEl1liftl~~U~1lJn'U~hih.J!tHi1.,'J i~lJ111fl'llfllfl~Wl1 ,:j~1[j acpcPNA lJ1l1~'CYfl'Uill'J')1J 
Q.ldQ ~~ QJlIJV iI di .l ~ I ~d~ 
fI'UWlItl'Ulfl'il'J ,ll1fffl~ 1~1)10'U111~WI 91 ~'il10H~ ill'J'YlWl ~fl-l!1JD-lYlUW1J11tn.linmWIHWl1V acpcPN A 

ffllll'j[}~WI')1J~!g'U!t)i1mh'l1}~ '111~ 
" 
1)lOf)l'J'Yl~~tl'l~ i~ffl111'J[}fI~11i~iltl'4mflU11 'WUlJOU i'Yl'Yl~'Yilf)1'j Wl1 '1~1t1 acpcPNA ii 

fI11lJ'CYllJl'j[} l!~:::iimllJ~lIWl:::l1)l:::1)'1 '1u fIl'J !~tlO')1J~!ij'Wwi~ ~-lfllW1iltl~mfllJll 'WlIllOU 'ml~'~ 

~'1fl~111'1ffllll'j tl'l11111'\.h::: vml!1J'WDu flWlIUfIl'JWI'j 11)'CYDmi1~1J!1J'CY'Utl,:j~!gU!t) U~:::WI~')'U~lgum~. . " 

, 
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~vlfl'$'IInTHimJ A theoretical study of structural and .energetic properties of peptide nucleic acid 

~::v::L')~11fl'$·:mT~ 17 ihmllJ 2557 - 16 ihnfllJ 2560 1vWUB'UOO~'!JEJ1EJLlm(i~ 16 f1'UEJ1EJ'U 2560 

~1v·nu1'U'!h~~.m;i1'U~ 17 ihmllJ 2557 i)':)1'Uvt 16 f1'UV1VlJ 2560 ' 

~TI,,,hlfl~':)n1'$tivv 

t.Jf'1 . m.f'i'll~lJY\'i ~~1':)1'1 

.... 
VI nn nT'HLn::L'VI ~HH~, 

L~El,,.;:nm.mnTl~mnhn·'El..'Julju1inTlVHJ11 pyrrolidinyl PNA iifl11~~1~T'H)hnTWll1 

finum~ibfl~~mn!3HiJl.1.t~L~ntl~tJTl PNA-DNA, PNA-RNA LL~:: PNA-PNA 1~1m,,~f1,,~ii
'II , 'II 

m1~L~ntJ"H-n..'Jm1~fm,m..'J tJE.i1..'Jhnm~ L~El",;)1nlaJmwj..'J~f1" 3 ij~'lJEl..'J~L5l.1.LEl"l!il.~i..'Jmh)
'II 

~..'JlaJ~1m1rltJTItJ1 tJ~~u1in1wihfiYiLL~n~1..'Jnl\'lJtJ..'J~L5l.1.LtJ~ 2 "l!ii~it'1~ ~..1~1LUl.1.mh" n".yj
'II 

~tJ"~m~n~~u1i'Yl1"tm..'J~f1"~1 [J1TIYl1"'Ylf)Mn l'I1tJ lTIYl1..'J Lflih-n..'JfltJ2J~"H~ Elf Ill"trl\tm"n11 
I J'd..::;lQ..o .. 1 • .::t.d.d Q.c:a, 'lI Q..; Q..o dt 

tJ El tJW;J..'J 2Jl ~ ~ u1::~"fI flEl L W El~ m~n ~2JU~'Yl1..'J m..1 ~11" LLrI::YHl..'J..11l\ n11,;)U tJ~'lJ El..1 pyrrolidinyl 

d 1 d .cl' 1.... "" ~ ~ t'1l" l.1.n11~nM1l.1.,;):: "l!1])n1PNA 0

1,;)1~tJ"LLUU •'Yl1"Wrll~L"l!..1 ~L~n~ (molecular dynamics 

simulation) t~tJ~nM1rf..'Jl'I~~ 2 "l!il.~ (1U~
'II 

1) ~"l~LlTi (2R,4R)-prolyl-(1 S,2S)-2

aminocyc/opentane carboxylic acid (acpcPNA) LL~:: (2R,4S)-pro/yl-(1 S,2S)-2
.d 'l; I QJ Q.; .... 

aminocyclopentane carboxylic acid (epi-acpcPNA) L2JElL'lJ1f1nl\nU DNA, RNA LL~:: PNA mtJ 
'II 

nl\LEl"Ln~LUl\hILL'lnrl~1tJfi PNA-DNA, PNA-RNA LL~:: PNA-PNA mmhiu 
, 'II 

A
o 

, sase 
l
I 

N------L. I 
( "0 I 

"-NH I 
\ ! 

I
.-I n 

DNA RNA aegPNA acpcPNA epi-acpcPNA 

":iU~ 1 tfl1,,~f1..1Lflii'lJtJ" DNA, RNA LLL'I:: PNA "l!ii~ N-(2-amino-ethyl)-glycine l'I1El aegPNA,.. 
(2R,4R)-prolyl-(1 S,2S)-2-aminocyc/opentane carboxylic acid (acpcPNA) LL~:: (2R,4S)

pro/yl-(1 S,2S)-2-aminocyclopentane carboxylic acid (epi-acpcPNA) 

n11L-ll1fi nl\'lJEl" mIi1'u.lfl~5 mn~LlhLn~ rr.lTl (double helix) tr,"L1J-Ulul~l'Itl1 tJ1UUUU 
'IJ 'IJ 'II 

(form) L1il.1. 1l.1.1mtlnrl~1tJTi'lJEl" DNA Yiwumn';)::LUl.1.LLUU A-form LLrI::LLUU B-form (Saenger, 
, 'IJ 

1988) 1l.1.'lJrn::Yin11L'll1Ti'lJEl..1 PNA "15il.~ aegPNA ,;)::L'Ul.1.UUU P-form (Sen & Nielsen, 2006) 
'II 

t~ tlW111ii L~ ElfYiu El nm12JLL~ n~1,'H1,"'lJ El..112JLEm ~ ~1 uTi LLIii~:: LLUU LLU..1 El El n Lilu 2 U1::LIl'Yl ;; El- , ~ 

m111..1il'lJtJ"fiLu~ l'I1El base-pair parameter (U1::nElU~ltJ 6 w111ijL~tJf liilLLri shear,
'II 

_ I d I ~ - .:::. 

stretch stagger, buckle , propeller LLrI:: opening) llG'! :: n1111..'Jlill'lJtJ,,~u..1mUff'YlElU~~n," l'I1El 
'IJ 'II 

base-step parameter (l~LLri shift , slide, rise, tilt, roll Uri:: twist) (mu~ 2) ~1l'1futJJlL'lnrl~1uTi 
'\J'U ... '\I 

, 



6-2 

LLUU A-form -;)::ih~T'j"ljjLCilErf rise = 2.5 A LL~:: twist = 32.7° (rhli~-;il'\.1.1'\.1.~LU~ 11 ~~unT'j" 


VllJ'\.1.Ln~tJ1 1 jtlU) llJL~n~~ltJfiLL1J1J B-form -;)::~~ljljjLCiltrf rise =3.4 A LL~:: twist =36.0°
. . " 	

" - " 

('Yhli~-,)lW)'\.1.fiLU~ 10 ~~umj'VI6J'\.1.Ln~tJ1 1 jtlU) LL~::hJL~n~flltJ~LL1J1J P-form 1J::~ 
" \I" 	 .. 'U 

~l"njjL'llt)'f rise = 3.3 A LL~:: twist = 20° (rhli~-;il'\.1.1'\.1.~LU~ 18 ~~tlmj'VI6J'\.1.Ln~tI1 1 jtlU)
" " . 

LL~::Th~lnjjLCiltrf slide ~fil1..h·::6J1m -2.5 A (Rasmussen et aI., 1997) 

z 	 z, · 

Shear 	 Buckle 

z 	 z. · ..x 

y ' ~:~~,:.)c 

Stretch Propeller 

y
;r 

~r:.._ 
'"""'-." '-;. 

y

z · 
~:.::~~:: :.:. 

...x 

Stagger Opening 

y-

y

.. 
J 

"" ~;jL 

Shift 

;c 

F·_. 

Slide 

y-

y . 

Z 

~_x.. " 

. . ;;,... /:C 

Tilt 

Z 
I 

j ~ 

::t:.~?-" 
Roll 

y-

Rise Twist 

JtI~ 2 	bLfl'll-1mj1l-1i1"lJtl-1~LUt'fW1WrUwm~TnjjLCiltlf~1-16) 'llfiurl base-pair ('llltJ~tl) LL~:: 
base-step parameter ("lJ1l~tl) 

m6JYln~116J1LL~1,rl,'1lfiw:h'l3J~lflj-1~fl-1 3 :iHi"lJu'" pyrrolidinyl PNA yf", 2 'I!ii'll i,'l,r'\.1. 

hm1~11"'LLUu-;h~u-1Ly:jtlflm-tl~lJ1J1i'Yll-11m-1~fl-1"lJEh1 PNA i-1mh1~-1IfiEl-1~11'"Im-1~11-1 
L~lJlfi'\.1.yf" 3 nlLLUU Ly:jtlfln1;.1·:hlflj,'l~11-1Yld]'\.1.hJl<i1"lJEl-1 PNA ':h~jtJLLUUEltil-1h Eltil"l~n 

" 	 " 
'llllJLy:j muunlj'W ~-;),""h1::LU tJUlljl'1"'vilfl1l~Jt)nlfiEl,'l ~,'IGiEl,'lfln1;.11m-1fl11-1"lJ El'" aegPNA ~-1 

" 	 " 
LU'\.1. PNA ~illfl'~-1~fl'" 3 jj~ ~1vJ"dLy:jEl'W~v,"11~~~'l1fi111nm1,h~El,'lLL1JU'Yll-1~~-r'llL-n-1

" 
hJL~~iil1'VIlflj"'~11" t'ftlCilfl~El"nU1flj", ~11" 3 jj~ ~L~111nn11fl n1;.11w.~·u,'ltl5u1in1j'VI1Ellli 

111n,rmblfl1'" t'f11,'1"lJ El,'lllJL~niil~lv~~1~111nmj-;)1~ tl'" LLU1J'Yll,'1~,r)~L-n"hJL~nm,b6J1v11'\.1.1 ill. 	 " , 
~i-1,'11'\.1.~'lliu (binding energy, L1Ebinding) Ly:jmtl1tJULYiVUfl116JL~nmL-n"Im,'l~11-1"lJEl-116JL~~~ 
nUml:kJLt'fnv":a-n",mllJ1ElU (Tm) ~L~,nnmj'Yl'lliilEl'"1'U.iEl,'lt15u1im1 

Ly:jEl~n1;.1~lJu1i'Yll\llm-1~11"'LLiil::~~~""1~"lJEl" llJLiiln~~lVfi PNA-PNA, PNA-DNA LL~::: 
• 	 'II 

PNA-RNA L~El PNA LU'U. acpcPNA LLiil::: epi-acpcPNA 1mJ 1imj-;)liilEl"LLUU'Y'l~1"'~L-n" llJL~nfl• 

I 

http:L~lJlfi'\.1.yf
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""<0 0 

11in')";H'I''H1 rn 

nT~~m·rlt1l1 rJll1m1,h~ tl,') U U U'Yl,,')y·mllil L -i,')1:IJ L~n ~-;)l LU'U.11itl,') ~fl,') Vn-niJLIil tlf~ ll~lil,')• 
d..... oO,Q, I d d d .A ~ ,..r I 


fh'l DWi11mm1::'W'"l1.J tl::<1l mJ"lItl.J1::UUmm'Ml L"Wn'Y'l,1IaJ Llil D1Ll'l~TI,nl ~'U.laJLL1.J (force field) 


llilrJl'U..JI'U.i,)rJiilt1l~fl.J force field ~ll'l1U PNA t.J 3 '1lii<1l LL~~::'1liili11.h::ntlUt1l1mU~ El::~,"'U. 


(A), L'lfl'Yloii'U. (C), nl,"'U. (G) LL~:: L'Yliiu (T) lm.J~fl.J~UlaJlLU'U.1!I'U.itl~~kll'l1U force field 


"lID.J PNA -ll1.J~'U.Lt1l~lnm1r1llnrn'Yl1.Jn~r'lI~li1fm D'U.iaJt1l')[n::LU !.Juilj B3L YP/6-31 G(d) LL~:: 


T1T\.nrn1.h:::U'llD.JLL~i'l::tl::liltlaJ (atomic point charge) t1l'wili HF/6-31G(d) UI~~~LIi11U~fl.JLU'U.
• 
force field L v1tllinlJm1'h~v,')LLUU'YlI.J'Y'l~1<1lL-i.JlaJL~n~'llv.JlaJL~nmnmi~DLu 

q q" 

1'U.m1-;)'~ tl.JLLUU'Yl1-J'Y'l~lIi1L-i.JlaJ Lfln~'il::1~1::UU (1aJL~ nfl~,vfi) Dtil'U.~nl-l::~11~::~'V 
.. 	 It '\J '\J 

llilUtlE.ll'U.niilv.J~Ll'l~uaJ~iiJI~vaJ1tlUV;I.J'illntaJL~n~~ rJfidjm'::rJ::U1::m ru 10 A 1 'U. 'YlnYir'l'Yll.J 
'lJ 	 , '\I .. 

LLfl::l'i,m1-,j1~ D.J LLlJU LU'U.L1~1 10 ns 'illmf'U.ullm.J ~fl.J~Lt1l'illA-n'1,jl fl D.J LL UULUr1I'U.l ru 

~an'1'~h,"1rn 

1. T3JL'G'lnaG1'tJA PNA-PNA 
• <u 

Lrtv.J'illnm1~n'Mru.::'llD,'ltaJL~nfl PNA LdDiim1L-lllfiLn<1lLUU PNA-PNA LL~l ~laJl1n,)IilL1!.J.J. 	 " 
il1uYir'l'YlI.J~LLliln~1.Jnu1.~ 2 LLUU ~D (1) LLUlJ'llUIU (parallel) llilrJu~'!.Jt1ll'u. N-terminus "lID.J 

"J d ~ ,~ " "" d 	 t 
~!.J~I!.J'Yll'lU.J'ilUflnUIi1lU N-terminus 'lltJ.JtJn~rJl'lu.J LLfl:: (2) LLUlJ"lI'U.lU~lU (antiparallel) IilV 

'1/ 

U~IUt1lIU N-terminus "lID.J~lrJ~l'lii.J,)ufin"'uu~'rJt1l1'U. C-terminus "lItJ.J~ltJ~~D.J l<1ltJ~h~lJLU~ 
" d d d a 

'YlL~DnaJlr'ln'MlfH) N-GCGAATTCGC-C: PNA1 LL~:: N-CGCTTAAGCG-C: 

m1~m~1111Lfln~~ltJfi PNA-PNA "lItl,') acpcPNA Lm:: epi-acpcPNA ~~ltJ"lID.J PNA iunul-u.. " 
Yir'l'Yll.J antiparallel1::lJUtaJL~n~~ltJfi'il::LUU PNA1-PNA1 LL~:: PNA2-PNA2 lu"lIru::~ 

q " 

m1~n'MlhJLiilniil~ltJfi PNA-PNA ~~lrJ PNA iunuluYir'l'Yll.J paralleI1::UUlaJL~nfl~ltJfi'il::
.. '\J 	 .. '\J 

LUU PNA 1-PNA2 

'illnnT~'Yl<1l~D.Jl'U.~D.JufiullnlW~u':h acpcPNA hj~laJl1mil~nl.l PNA 5n~ltJl'lrt.Jl'U. 

Yir'l'YI1,'l antipara"ell~ (l'lmvmlaJ--hLaJ~laJl1mnIi11aJLiiln~~lrJfl"llD.J PNA1-PNA 1 LL~:: PNA2. " 
PNA2) LL~~laJl1m"lllflnU PNA 5n~ltJl'lii.Jl'U.Yir'l'Yll.J parallell~LU~vth.J~ (~laJl1nLnli1 
hJL~nfl~ll'Jfl PNA1-PNA2 1.~) lli1rJiifll Tm U1::aJlru. 31 DC ~lWrlJ epi-acpcPNA 'Y'llJl1 . " 

" 

~laJl1nLilfi PNA 5n~ltJl'lii.JluYi~'Yll.J antiparallellt1ldJumh,'l~ rf.J laJLfln~~lvfi'llD.J PNA1
" 	 . " 

PNA 1 LLfl:: PNA2-PNA2 lli1 rJiifil Tm U1::aJl ru. 33 DC LL~:: 39 DC li1laJ~li'U (Mansawat et aI., 

2012) ~lum1,)unuLLUlJ parallel "lID.J epi-acpcPNA l~fil Tm U1::aJlru. 35 DC 

1.1 	 aegPNA 

LdD-,jlflD.JLLUlJ'Y'l~l~Ii1L-i.J laJLflml'llD.J aegPNA-aegPNA riLilflLLlJlJ antipara"ellli1m~aJciu 
q 	 " 

'illn A-, B- Ufl:: P-form LUUL1fll 10 ns :Ulmfu'Vnfil root-mean-square deviation 'VI1tl RMSD 

http:llilUtlE.ll
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LYi£Jl111Ulm.J~fl.JL~1Jci'U. LLCI::l~ tlnUl.J1"1.J ~fl.J~lci~lnnl1~ltl tl.JLLUU1J1'J5tlWnUnUlm.J~fl.J 


L~1Jci," ~Clrft<j)1l~~.Jb1UYl3 Ll&'l:: 4 .J1.J~::L~w)lLdm~3Jci'U.m1-;)ltlEl.JLluu<j)1£Jlm.J~fl.JLLuu A
'IJ 

form LLCI:: B-form WU'·hL~1m.J~fl.J~LaJL~i'im-LLtl::Lfi£J.JlU,"~lnlm.J~·h.JL~1Ji'U. (:iJ~1 RMSD 

Lu~m.J1::3Jlrn 8 A) LLCI::iiinkl'rn::'lJEl.J13JLClml~lu~~LaJ&i LL~~.J ';h1m.J"fl.Jl1JLClnCl~lu~'lJEl.J 
~ ~ ~, 

aegPNA LaJhuuu A- HCI:: B-form h~'lJrn::~lm-l~fl.JL~3Jci'U.LLuu P-form ii~l RMSD Lu~U 

U1::1Jlrn 2 .5 A LL CI:: ii i nkl'rn:: 1ii 'U. ~l uTi tl rh" &i II CI:: ~ LU~ ",3..111 m -lll~ n'U.L<j)dlu, mh.J ~ <i1-l 
'IJ 'IJ 'IJ 

~tl~fl~El"nu1"1,,~fl-l X-ray i,ni\.~~"~11J11tl"1ULcii11::LU uui~r:hl,"m1~nkl'l'tliiwn1J 
d .. 

• 
\l,lL"ll"EltlEl 

10 

8 

~ 
0 6 
(f) 

~ 
IY 4 

2 

0 

B-form: 8.20 :,+.0.81 A 
'f 

0 2 4 6 8 10 
Time (ns) 

dU~ 3 LL~~"~l RMSD 'lJEl.Jl1JLClnCl~'u~ PNA1-PNA1 Yii1Jn'U.LLU1J antiparallel LdE> PNA L1J'U. 
.. • 'IJ 

d .... 1 ..:. Y .9
aegPNA 'll"-l3J1uLLUUL'HJ<ilULlJU A-, B- LLCI:: P-form 

'IJ 

; \, . - } .. ,
':.. ,"." . 

A-form B-form P-form 

dU~ 4 LL"~.Jm1'l1ElUrlUn,"'lJEl.J1"1"~11,,Yi'1<j)~lnm":i-;)lClEl.JLL1J1J'Yln 2 ns (,t.,L~U) b'YiUUr11J.. . 
lm.JN11.JL~1J'31'U. (LLIil.J) 'lJEl.J PNA1-PNA2 Yi~~1Jr1ULL1J1J antiparallel LdEl PNA L1Jll. 

aegPNA 
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1.2 Antiparallel PNA-PNA: acpcPNA 

j:.Jflm1·~hfl D'] LLUU¥lfll'i1L-n'] h.llfln~"lJD'] acpcPNA-acpcPNA LLUU anti parallel ¥lUll
• 

lm,]~'h']1J D'] acpcPNA ~~ ihiuLu~J,] PNA1-PNA 1 LL~:: PNA2-PNA2 iifl113J~'\.mTil.LLrl:: 
LL'ilnGh']~lnlm,,~i'l"L~3J~ufitl'""Vl"3JlnJ']LLUU A-form LLt'l:: B-form 1u"lJrn::~lm,,~i'1"LLuu P

form ~n1".iL1.1~uULL1.1~,]1.1.1~lnlm,]ril']L~3J~u,"mJn':h (mu~ 5 LLrl:: 6) LL'iiLdtlVi~11rnl1m'-3~i'1" 
'II'll 

(11.1~ 7 LLrl:: 8) 'WUll1m,]~i'1']~L~~lnnl1~1fltl"LLUU1JEhllmrlnfl~lUfiLL1J1J P-form iiflll3J~U 
'II • 'II 

mU1Jtl,]lm,]~i'1']1UthU1.1fllU"lJD']~ufi LLfl::f1 Llm1u~'mdrJ" L~ [.1-3 LUUDtln'Utln 13JLrlnrl an~l [J Ld D 
'11'11' 

iLml::~m1Ln'ilvruli::LTI1'i11L~'U.mlJnl1"il""Uf1LU~LLUlJ Watson-Crick 1JD-31m,]~fl"~L~~lnnTl
'II . 

~1 rI tl']lLUU~l'U.l'U. 10,000 1m,]~i'1" 'WlJl1nl1Ln'il'W"'U1i:: 1.v lmL~U1JD-31J1']f1 Lu~iif11,"D [J3Jlni']
'II 

LL~'iI']lU'ill11']~ 1 LL~'iI-3l1 acpcPNA 1.3Jlfl3Jl1mn'ilLU'U.1:IJLflnmnUf1 LLUU antiparallel PNA-PNA 1.~ 
• 'II 

~ 
o 
(f) 

~ 
0:: 

"HJ~ 5 LL~~"fil RMSD "lJD-3 1:IJLfln~~1[JTi antiparallel acpcPNA "lJE),]1::1J1J PNA 1-PNA 1 
OJ , 'II 

12 

10 

8 

2 4 6 

~ 
" P-form~3.70 ± 0.68 A 

8 10 
Time (ns) 

12 
A-form: 8.57 ± 1.32 A 

10 

~ 8 
0 
(f) 6 
~ 

vfvl¥~~J~~~'!Y'-lNii;ViJtll.t~~ 
1 B-form 7.47 ± 0.94 A 

0:: 
4 

2 ~~ 
P-form: 3.19 ± 0.48 A 

0 1 , 

0 2 4 6 8 
 10 

Time (ns) 

TU.yi 6 LL~'iI,]Til RMSD "lJE),]13JLG'm~~1[Jvi anti parallel acpcPNA "lJE),]1:::1J1J PNA2-PNA2 
OJ , 'II 
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A-form B-form P-form 

dt.l~ 7 LL~cn":JnlditJ'\.l,y]un~'U."1JtJ\llm\l~fl\l~L~,nnnT)';hi.H)\lLLUU'Yln 2 ns (~lL~'\.l,) L-n£JtJf1'IJ 
~ . 

1m,mf1\lL~lJ~," (LLcn\l) 'lJtJ"llJLi;m~~l£Jfi antiparallel acpcPNA "1JtJ\l1::'IJ'IJ PNA1-PNA1 
• 'II 

A-form B-form P-form 

dtl~ 8 LL~cn"mditJ'\.l,y]U n'U.'lJ tJ\l1m"~fl\l~L~'illnn11-;il~ tJ\l LLUU'Yln 2 ns (~1 L~'\.l,) L-n £Junu 
~ . 

1m\l~fl\lL~lJ<11'U. (HIlI\l) "1JtJ\lllJL~n~~llJfi antiparallel acpcPNA "1JEhn::'IJ'IJ PNA2-PNA2 
• 'II 

1.3 	 Antiparallel PNA-PNA: epi-acpcPNA 

rll'l1~'lJm'l'iil~tJ\lLLU'lJ'Y1l\lW~lcnL-n\l llJumfl"1JtJ\l antiparallel PNA-PNA -n"1lucn"1JtJ\l PNA
• 

... • I .J
bU'\.l, epi-acpcPNA fll RMSD 'lJu\l PNA1-PNA1 LL~:: PNA2-PNA2 ll~cn\lIll\l1u'Yl 9 LLfI:: 10 

'II 

1lI1lJ~lri'IJ LL~:: If'1d,,~fl\l LLfflll\lri"ntJ~ 11 LLfI:: 12 1lI1lJ~lriU llJLG'1n~~ltJfi~lm,,~fl.JL~lJ~'\.l,Li:l'U
'II 	 , 'II 

LL'lJU 	A-form LW:: B-form LtJ~lJ'ULLU~\lLU'illnIm.J~·h.JL~lJ<l1'U't!tJlJ~~1lI (iJfil RMSD ~l) L~tJUl• 
,~ ,.J 	 .J1JJLfln~~lUf'l'Yl.J~v"JJ1'VIlf'llLUfllJ"1Jv.J base-pair parameter LL~:: base-step parameter (cn111.J'Yl

, 'II 

0. 	 II "". ~dQ../' .... "" .d
2) WUllnl1L'lJlf'l'lJtJ.J PNA "1l'\.l,IlI'\.l,JJfln'btrn::m111\l1ll1"1Ju\lmU~f'lfllmLUU B-form mnm~cn 

'U 	 'U , 

ri\l~'UIm.J~fl.J1l1nn1d111f1 u.J LLUU~L~lJ<l1'\.l, 'illn B-form ~\l()nU1JJ1~n'btlnT':iLnlll~'U.li::ltJhm 'il'U 
'\J 

~'iilLYn::d::'V\':il\lfiLU~ Watson-Crick ~.JwUn11Lnlll~'U.li::ltJImL'il'\.l,mnnil 90% 
'II 

I 

http:l()nU1JJ1~n'btlnT':iLnlll~'U.li
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8 

P-form: 5.15 ± 0.60 A 
6 

~ 
o
(/) 4 
2 
n::: 

2 

B-form: 2 .12 ± 0.41 A 

o~--~----~--------~--------------------~------~ o 2 4 6 8 10 
Time (ns) 

d.I , 1 ' 1lJ'Yl 9 LL~Cil\lm RMSD 'lJ€)\I 3JL~n~~lr.m antiparallel epi-acpcPNA 'lJ€)\l1::UU PNA1-PNA1 
'U • 'II 

10 

P-form: 6.29 ± 0.72 A 
8 

:? 
6 

0 
(/) 

:2 40::: 

1A\At\ 
I A-form: 3.24 ± 0.25 A 

2 

0 
0 2 4 6 8 10 

Time (ns) 

1t1~ 10 LL~Cil>'l,h RMSD 'lJ€)\l13JL~n~~1[Jfi antiparallel epi-acpcPNA 'lJ€)\l1::UU PNA2-PNA2 
'U • '\J 

A-form B-form P-form 

1t1~ 11 LL~CjJ\lnT)i€)'U.~un'U.'lJil\l1m\l~fl\!~LG1'innm1"ih~€)\!LLUU'Y1n 2 ns (J1L~'U.) LYl[Junu
'U • 

- 1m\!~fl\lL~3J~U (LLCil\l) "liD\! antiparallel epi-acpcPNA "lIil\l1::UU PNA1-PNA1 



" ,., 
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A-form B-form P-form 


'.i1J~ 12 LLaWh'lnT·jitlll.l1Un'il.'lJ tl\llm,H~1l\lYli.~"ill nnl1"illfHhHLUU'Yln 2 ns ("tlL~'U.) LYi tlunu 

~ . 

tm.:Ja1l.:JL~:IJ~'iI. (ucn.:J) 'lJ1).:J antiparallel epi-acpcPNA 'lJtl.:J1::1JU PNA2-PNA2 

1.4 Parallel PNA-PNA: acpcPNA 

-;nmJ'flnl1-,il'fltl.:JLLuu'YHr)Qa-n,'l1:IJLfWWlItl.:J PNA 1-PNA2 ~,'ILu,"nlJiun'U.'lJtl.:J PNA l'U.
• 

Yif'l'Yll.:J parallel L~1) PNA fit) acpcPNA 'Y'IU1T'J::uuYl,h RMSD ~lYlacnflt) P-form (1uYl13) f11, ~ 

RMSD U1::mrn 2,8 A 9llnm1w"il11rnllf11.:Ja1l\l (Juri 14) LL'fl::"illnnl1~mnf1lLU~U'lJtl.:J 
~ 

- base-pair parameter LL'fl:: base-step parameter (cnlJl,'lri 2) 'Y'IU-h~f1l1mfL~tI,'Inu P-form 

~.:J~'il.lm.:Jafl\lYlLu'il.i.ui.~'lJtl\lllJLc:ln'flal Ufl"ll tl.:J PNA "1!U~d"b91:: LU'U.LLU1J P-form 'il.tJn"illmr'U. 
• 'II 

u.:J'Y'IunTnn~~,"1i::i.nlcn1L"il'U.m:IJnlJ,i"uflLuaLLuu Watson-Crick :lJlnnll 95% "lItJ.:JJ.:J 10,000 

'"' .oJ 	
~ 

1m.:Ja":i'l,'l (m1l.:J'Yl 1) 

10 

8 

~ 
o 6 
C/) 

~ 4 

2 

0~1------~--------~------~------~------~,
o 	 2 4 6 8 10 


Time (ns) 


dtl~ 13 LLa~\lf11 RMSD "lItl.:Jl:IJLflnflaltlf1 parallel acpcPNA "lItJ.:J1::UU PNA 1-PNA2 
~ 	 • '\J 
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A-form B-form P-form 

" 'nJ~ 14 LL~~.JnT':i'llenn1UnU'lJEl"hr':i.J~fl.J~1.~·~nnm1-;)lfl El.JLLUU'Yln 2 ns ('IllL~U) Ll1vunu 
<u , 

Im.J~fl.JL~1)~U (LL~.J) 'lJtl.Jl1)Lflnfl~lv" parallel acpcPNA 'lJtl.J1::UlJ PNA1-PNA2 
, '\I 

1-4 Parallel PNA-PNA: epi-acpcPNA 
... . 1 ., d1umrn'lJtl.J parallel PNA-PNA 'lJtl" epi-acpcPNA ,nm.JfI'lJeJ.J RMSD WU11 m.J~":il"'Yl 

1~\llnm1-;)1~tl"rf" 3 1tlLLlJlJ iiml~LL~n~h"\llnhn.J~fl"L~1)~ulncrL~v.Jnu (1tl~ 15) ,;]In
'\I '\I 

m1~\l1":irnl1m,,~1l.J~1.~,nnm1~1~El"'Yl~" 3 1tlUlJlJ wu':hfiLlJ~~lm1mil"nu1.~tlrJl.J~ (11J
llJ '\J cu 'U 

~ 16) ~"LL~~,,1"'L~Un"f)111)LUultl1.~'lJtl.J1m,,~fl.J.wL5ULtlrf.J 3 ":itlLLUU LL~LdtllLml::vI 
.. '\I 

base-pair parameter LL~:: base-step parameter (~l":il.J~ 2) WUll 1m.J~fl"L~~~ULLUU A-

form LL~:: B-form 1"';n~rn::;m":il1.J~"'1'lJEl""LUa'~1n~L~V"nU~af)~lV B-form LL~iifh twist 
'II 

"eJUil"~l 'lJ rn:;~ n1":i,h~ a" LLUU~l rJtm" ~fl" L~1)~ULLUU P-form 1'IK~H~ ~1" tl tl n 1.tl hiLLff~" 
;n~rn::'lJu"n11Ln~LUULn~£J1" i"Ln~1.~,nn twist i1fhLuuuln-~u~;unu1.tl (~111.J~ 3)

'\I 

1l1",fU~1tl1.~11 epi-acpcPNA ~11)1"H) Ln~Luu11) L~n~~i1n11i~ L1 rJ"1l11 LLUU para"ell~ LL~, , 
Im"~fl,,Yi'1.~iimlm~ntmi,,1m,,~fl""auil"~1 

6 

4 

~ 
o
(/) 
2 
a: 

2 

Time (ns) 

'n..J~ 15 LL~~""l RMSD "lJtl,,1~L~mHnv" parallel epi-acpcPNA 'lJtl"1::UU PNA1-PNA2 
<u , 'II 

http:i1fhLuuuln-~u~;unu1.tl
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A-form B-form P-form 

1tl~ 16 LL~<ilJm1'1iflUrl1Jf)U"llth]1"1J,ri'lJ~~~lnnT~-;}liiH)JLLUUl1n 2 ns (JlL~U) L-n£.J1JflU.. , 
lmJ~flJL~)JCiiu (LL<ilJ) "lIflJ parallel epi-acpcPNA "l.IElJ1::UU PNA1-PNA2 



6-11 .rnf\~'lnn - ';il~~~LijV~V11'11'tj1n1';i"lJv'l1f\"I.:jn1'ah:1tI 

d 
11I111"'Yl 1 fll L\l,~ V"l.Itl.J miLn<3lWll. 'Ii:::lt:JlW1"a';)'Will2JnT1,)miL lHnLUU Watson-Crick "l.I tl.J1::UU 

'\I 

!iil.J ') rM~\nnmi<ijl'H).JLL1J1Jm.J~fr)<3lLi.J12JL~mvih'ul~ 10,000 Im.Jj;f11.J, 

Base- Concerned % Occupied 

pair atoms AntiparalJel Parallel 

acpcPNA epi-acpcPNA acpcPNA epi-acpcPNA 

P-form P-form B-form B-form P-form B-form 

(PNA1 (PNA2 (PNA1 (PNA2 (PNA1 (PNA1

PNA1) PNA2) PNA1) PNA2) PNA2) PNA2) 

O(G)· "H-N(G) 97.1 99.4 97.2 98.7 99.2 99.0 

N-H(G)oo'N(C) 99.7 100 99.9 100.0 99.9 100.0 

N-H(G)oo·O(C) 99.6 99.9 100.0 99.6 99.9 

2 N-H(C)oo'O(G) 89 .8 99.5 99.7 99.7 99.9 99.7 

N(G)"'H-N(G) 93.5 100 100.0 100.0 100.0 100.0 

O(C)oo 'H-N(G) 98.5 100 99.5 100.0 100.0 100.0 

3 O(G)oo·H-N(C) 46.4 99.9 99.1 . 96.9 99.6 99.6 

N-H(G)oo·N(G) 54.3 100 100.0 99.9 99.8 100.0 

N-H(G)oo,O(C) 95.4 100 100.0 100.0. 99.9 100.0 

4 N-H(A)oo 'O(T) 97.2 96.7 97.7 99 .2 99.0 99.4 

N(A)oo'H-N(T) 99.3 100 93 .8 99.7 100.0 99.9 

5 N-H(A)"·O(T) 98.8 99.4 99.9 98.2 99.2 98.4 

N(A)oo'H-N(T) 99.9 99.5 100.0 100.0 100.0 100.0 

6 O(T)"'H-N(A) 99.5 97.8 100.0 .. 96 .5 99.7 97.4 

N-H(T)"'N(A) 100 .0 99.9 99.8 99.9 99.7 100.0 

7 O(T)"'H-N(A) 99.9 97 .6 99.3 96.4 99.8 97.5 

N-H(T).. ·N(A) 98 .3 100 99.1 100.0 99.9 99.9 

8 N-H(C)oo'O(G) 99.7 99.9 99.0 99.8 99.9 99.1 

N(C)"'H-N(G) 100.0 100 100.0 100.0 100.0 100.0 

O(C)oo'H-N(G) 100.0 100 100.0 100.0 100.0 100.0 

9 O(G)oo'H-N(C) 12.2 99.9 99.7 99.7 99.9 99.9 

N-H(G)oo'N(G) 28.0 100 100.0 100.0 100.0 100.0 

N-H(G)oo ·O(C) 19.4 99.9 99.8 100.0 100.0 99 .9 

10 N-H(C)"-Q(G) 8.5 1.9 98.7 99.6 99 .8 95.3 

N(C)"'H-N(G) 8.0 2.5 99.7 100.0 100.0 97 .9 

O(C)oo·H-N(G) 8.0 99.8 99.9 99.9 98.8 



Vll11,j-n 2 ~lbu~iJ'lJtl~ base-pair parameter LW::: base-step parameter 'lJu.J~:::'lJ'lJ~il~ ') ~l<il'll nnl"'l~lm).Jbb'lJ'lJY1l.J'\IHn~~\'1i.J13Jl~n~~lm'U. 10,000 hrm'fhl, 
(ri-'bD [J.J L'lJ'U.3Jl~1·i! ·1'U.LL1Whl1'U.l.JL~'lJ) 

" Parameters 

Shear (A) 

Stretch (A) 

Stagger (A) 

Buckle ( ' ) 

Prop-Tw C) 

Opening (0) 

Shift (A) 

Slide (A) 

Rise (A) 

Tiltn 

Antiparallel epl-acpcPNA 

PNA1-PNA1 PNA2-PNA2 

A-form B-form A-form B-form 

0(0.3) 0.0(0.3) 0,0(0.3) 0.0(0.3) 

-0.1 (0.1) 0.0(0.1 ) 0.0(0.1) 0.0(0.1) 

0.1(004) -0.2(0.4) 0.2(0.4) -0.1 (004) 

-1.4(9.1) -7.1(9.2) 0.0(9 .0) -0.3(9.6 ) 

-2.6(8.5) -10.B(7.1) -0.9(8.0) -10.5(7.4) 

-1.3(3.6) 1.9(4.6) -2.3(3.7) -0.7(4.4) 

0(0.4) 0.1 (0.4) 0.0(0.4) 0.0(0.5) 

0.3(0.5) -0.1(0.6) 0.3(0.5) 0.0(0.9) 

3.4(0.3) 3.3(0.3) 3.4(0.3) 3.2(0 .3) 

-0.4(43) 0.6(4.4) 0.0(4 .1) 0.3(4.5) 

Parallel 

acpcPNA 

P-form 

0.0(0 .3) 

-0.1(0.1) 

-0.1 (0.4) 

3.4(9.5) 

-5.7(B.O) 

-0.2(3.B) 

02(0 .5) 

-2.2(0.5) 

3.4(0 .4 ) 

-2,3(5.2) 

Parallel epi-acpcPNA 

PNA1-PNA2 

A-form B-form P-form 

0.0(004 ) 0,1(0.3) 0,0(0.3) 

0.0(0.1 ) 0.0(0.1 ) 0.0(0.1) 

-0.1(0.4) 0.0(0.4) -0 .1 (0.4) 

8.0(10.6) 1.3(9.4) 5.6(11.1) 

-2 .6(10.6) -9.3(7.6) -4 .8(9 .9) 

-0.4(4 .1 ) 0.B(4.2) 1.3(5.0) 

-0.4(0.5) -0.5(0.4 ) 0.3(0 .7) 

-1.1(0,7) -1.7(0.5) -3.4(0.6) 

3.5(0.4 ) 3.4(0.3) 3.4(0.4) 

• -3.'1 (5.4) -2.4(4 .9) -2,9(5.8) 

aegPNA 

0,0(0.3) 

-0.1 (0 .1) 

-0.1(0.4) 

-0.3(9.4) 

-10.4(7.6) 

0.2(4 .1) 

0.0(0.4) 

-2.2(0.4) 

3.4(0.4) 

0.2(4.6) 

aegPNA 

(X-ray) 

0.0 

-0.1 

0.1 

0.0 

-7.2 

-1 .B 

0.0 

-2.5 

3.3 

-0.3 

::;, 
..J 
:!) 
~ 
l>! 
...l 
;:, 

"" .J 
~ 
:ll 
(( 

1':ia 
~ 
s 
~ 
..J 
.:.. 
...lP 
d 
..J 
::) 
.J 

"" c:! 
(!) 
.:.. 
.-'I 
:ll 

"".:.. 
:::l 
..J 

""~-
c:l 
~ 

. 

Roll n 0.7(5.7) 5.2(5.0) -1 .1(5,2) 2.9(5.3) 7.3(5.5) 0.9(6.5) 8.0(S.3) 9.3(6,7) 6.1(S.0) 3.0 

Twist (') 33.8(3 .3) 33.3(3.B) 33.9(3 .3) 34.7(4.1) 21.4(4.1) 25.9(S.B) 2S.6(4 .6) 7.2(6.7) 21.4(4.1) 19.7 

0\ 
...... 
N 

I 



mn1~ -' ~l~'\~ tJ'lJi) \J base-pair parameter blt1:: step parameter "lHl-J P2 fiiinT·H1tJ.JI1l-HL1J1J parallel (PNA 1-PNA2) 'lH.l\J h.JLt1 nt1 ~ltJfill1J1J P-form ~llil~ln nl'J , " 
1ilt1tJ']LL1J'Um~Vi~Jv~H'n ~h.Jlil ni'l~l'\.tJ'U 10,000 lm\J~i\j 	 ~ 

...l• 	 :ll 
~ 
£!Base-pair Shear(A) Stretch(A) Stagger(A) Buckle(O) Prop-TwiG) Opening(O) Shift A) Slide A) RiseAl TlIWl RoIW) TwisW) ..., 
::I 

2 0.41 -0.11 -0.12 -5.07 -7.56 1.11 0.00 0.00 0.00 0.00 0.00 0.00 	 ..... 
..) 

C! 
~ 

3 -0.40 -0 .1 4 0.09 8.65 -8.06 ·1 .41 0.75 -4.15 3.24 -2.47 12.53 -14.55 	 H..
~l 
C! 
:94 0.20 0.05 -0.04 -7.60 -3.34 4.70 -0.50 -2.54 3.54 -2.90 9.42 36.49 :; 
...l 
u 
...,~ " 	 5 0.08 0.01 -0.02 9.16 -8 .03 -0.50 0.80 -4.20 3.25 -0.97 10.39 -12.56 
c! 
..) 

::I 
6 -0.09 0.01 -0.64 5.77 -12.30 7.87 -0.49 -2.51 3.50 2.40 4.89 29.19 ...J ..... 

c:! 

7 -0 .08 0.01 -0.29 9.77 -8 .1 9 -0.43 1.24 -3.84 3.67 -0.93 10.65 -4.28 	
~ 

~ 
::§) 
..J\ 
u8 0.41 -0.11 -0.16 -2.78 -5.47 0.70 -0.74 -2.11 3.60 -2.96 14.19 34 .71 	 ::I 
...l 
..J\ 
C!_

9 -0.4 9 -0 .06 0.19 27.13 14.32 -1 .56 1.07 -4.26 2.85 -12 .24 2.72 -18.94 	 t:) 
C! 

0

...... 
l;.> 

I 
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~lnC-J~m1~n'l!tlfHU,nJu1)Yn,) l'l1,)~fl-ll~[Jit1nT'l-')l~€l-lLLUU Wtl1"'~L-n-lhJL~ntl Yll1i, 	 - , 
Yrnu;n'l!trn:::1m')~11-l~Lil"hJl~1\\n11Ln~LuullJLtln~~1[Jvi PNA-PNA 'lJ€l-l PNA LLGi~::'Jlit~ 

, 'IJ 

1~[J acpcPNA ~llJl1mn~Luul:IJL~mHn[Jvi PNA-PNA 1WYlrll'l1')LLUU parallel lu'lJrn::~ epi
, 'II 

acpcPNA Ln~LUuhJL"ln"l~l[Jvi PNA-PNA i.~1Wnrll'l1"J"LLUU antiparallel LL~::LLUU parallel
, 'II 

l~rJ~LLuu parallell'V\lm,)~n-l~L~vi€l[.JL~i1[J1:1Jlnirn C-Jrlm1fin'l!tl~11li.ii')~111')~ 4• 

1OI'l"il\lrl4 ~".l1l1f\".l,)~11,)~li~lnm".l-,)1"l€l')LLUU'lltl-l PNA 'Jlit~Gil') 6J• 
Lrl€l ./ 'VIlJlfJn-l ~1:IJ1".lmn~LiJul:IJL"lmHn[Jvi1.i

• 'IJ 

x 'VI:lJlrJn-l L~~lJTHHn~LuullJLtlntl~l[Jvillli, 'II 

PNA Strand 1 Strand 2 Direction Duplex Form 

acpcPNA PNA1 PNA1 anti parallel X 

PNA2 

PNA1 

PNA2 

PNA2 

anti parallel 

parallel 

X 

./ P-form 

epi-acpcPNA PNA1 

PNA2 

PNA1 

PNA1 

PNA2 

PNA2 

anti parallel 

antiparallel 

parallel 

./ 

./ 

./ 
(ml1JL~i'i[n~h) 

B-form 

B-form 

P-form 

lOIT'n\Jil 5 	 W;.J.Jlum1V~;)U (~Ebindin9) 'lJtl,)tm,)~fl,)~1.~~lnm".l-,)ltltl.JLL1J1JW"ll~L -n.JllJL~~~ 

~lnm".lf11lnrn~1!Ji~ B3LYP/6-31GH LU1tJULYitJunu,h T", (fhL~tJ')L1J'\.l,lJlm~l'\.l, 

LL~(j1,)1\\1')L~1J) 

PNA Strand 1 Strand 2 Direction ~Ebinding (kcaJ/moJ) TmtC) 

a 
acpcPNA PNA1 PNA1 anti parallel -173.2(12.2) <20 

a 
PNA2 PNA2 anti parallel -173.7(9.4) <20 

PNA1 PNA2 parallel -199.4(8.5) 30.8 

a 
epi-acpcPNA PNA1 PNA1 antiparallel -194.4(8.4) 31.9 

a 
PNA2 PNA2 antiparallel -191.4(7.9) 38.7 

PNA1 PNA2 parallel -180.4(8.5) 35.4 

--
a 

Mansawat et al. 2012. 

I 
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L3JL~mHntlfiL~m¢h'Ulrnl'li\l\ll'\.mT~~!i1iu (L1Ebinding) ~lUl1rn~m~!i1fmtl'\.\~:IJ~lm:::LUUlJl1r 
• 'U 

B3L YP/6-31 G** L!i1 U h11.hUn11J GAUSSIAN09 L!i1t1 ~Ebinding = Eduplex - (Estrandl + EstrandZ) 

~3 .cLs '1 ~ ~.d .. ~ L ' 
'Yh''\.\'''::lJlJ'Ylf'lm~ntlu '\.\ln111'HLn~ L1Hl Eduplex ,HlYl~\I\ll"""lJtl\l ~mm~~lUfl Estrandl LL~::: Estrand2 ~ ~ , ~ , , ,
A"" .d .d 0 _ 0 _ d 

mlYl~.J\ll"""lJtl\l~lm!i1Ul'Yl 1 LL~:: 2 !i11:IJ~1<itlJ t:·mm.,.m""1ru.LL~<it\l!i1\1m11\l'Yl 5 

,nn~~m"'y)l""lrn-;)::d~'\.\'·h ffl'W~"lJ L:lJL~n~~ltlfi PNA-PNA ~~LLnwv\;ndl\.l,"llil!i1 
, 'U 

dd 0 ~ca." 

acpcPNA 'Yl:IJ~l!i1ULU~'Yl\lLLUlJ PNA1-PNA1 LL~:: PNA2-PNA2 LL~::LilfiLLUlJ antiparallel1ifil
'U 

Yli\l.J1U~iiflll:IJLU""~lJ,"tl un-)l'~::lJlJ 5'U. '" LL~!i1\1-)lhH~n~~l ufi"lJtl.J anti parallel acpcPNA ii
J • 'U 

flll:IJ L~n U1~1 LL&l::Lrl tl~-;)l.,-ru.lLfl.,." ~fl,,~1.~-;)l nm1-;ilrl El.J LLlJlJ-;)::L~'U-j 1L1i~l:1J1"-mn!i1lU'U 

L3JLrln~~l£Jfi1.~ ~.J~tl!i1fl~tl.JnlJfil Tm « 20°C) ~1.~-;)lnn11'Yl!i1&lEl"1",,itl.JtlnlJ~n1'" 1U"lJru.::~ 
, 'U :.J 

mWlllfi LLlJlJ parallel ,-,::1ifilYl;.J"1'U.nl1~~ilJtl1::1Jl ru. -199 kcaUmol ~.JTi tlWlll.J~" LLrl:: 
'U 'U 

Lm.J ~11.JL:IJL&l n&l ~l uTi iifll1:IJ L~n £J1lrl ElL Vi £JlJ nu LLlJlJ anti parallel- ~h'Um1Ln!i1L:lJL &l n rl ~l uTi 
, '\I , '\J 

"lJfJ.J epi-acpcPNA J'\.I,Y-Iu-j1~lm1mn<it1.~'Yl~.J1uYlf'l'Yl1"LLlJU parallel LL~:: antiparallel mh,,1..,-n 

!i11:IJ TilYl i.J.J1U~!i1-;)~U~ f11'U.l ru.L~U ~!i1"1~l~ 'UilYlf'l'Yll " LlUU parallel iiflll:IJ L~nU1Utl Unil 
oIQ I .cI_ 0 Q..oO J"..... I ~ ,

'Ylf'l'Yll>1LLUU antiparallel tlUl.J1J""U~lflru Utln-;)ln'UU"YllJl1nl1L"lJlflnU"lJtl.J parallel epi
~ 'U 

acpcPNA 1 v.lmJ~11Jl:IJL~ml~L1iTi tl £J(~hrn~J ~fl!i1fl~flJnlJTill'l ;.J.Jl",,[j<itilJ~1.JJ~"mnun hw 
, 'U 

lm,,~fl.Jlu~U"lJEl.J1:IJL~n~~ltlfi~1.y)-;)lnm1-;ilrl ElJ LLUlJ LL~~J1'U.1tl~ 17 ~.J L~U1.~fl Ul.J-i!i1L-;)'\.1,-)1
• 'U 'U 

fi PNA-PNA L<itUYllJ·:hYlf'l'Y11.Jm1Ln~L:IJL~n~~luTiLLUlJ antiparallel1 i;mjru.::1ElJ"lJEl.JLLnUv.;n 
'\J • 'U 

~~mLrl::LLn'U.v.;nrfJ ~El"~lU~'\.\Lil~l'\.\1 u l:IJLrln~~luTi lwlJ rn:::~Ylf'l'Yll.Jm1Ln~L:lJL~nrl~l uTi 
q '\I q '\I 

LLUlJ parallel 1~;n~rn::1u"'lJ tlJLLn'Uv. ;n~LLlJ""tltlnUElnL:IJ l~ n~~l uTi iJ LL~!i1J1u1tl~ 18 
, 'U 'U 

mJl,,1..,.nmm!'!)im~€dl1""1::lJlJ~tl1::nElu1.1.l~1 £J~l£J"lJfl.J epi-acpcPNA 1 LL~:: epi-acpcPNA2
'\J 

,xuu'1-;)::Li1!i1LUU PNA1-PNA1 LL~:: PNA2-PNA21uYlf'l'Y11.JLLlJlJ antiparallel mnn-jl~-;)::Ln~LU'\.l, 
d "."1 ,3. .d~\')~ .d 0 ."I'.d

PNA1-PNA2 (parallel) '1l.JrnLuUL"llUUm Tm 'Yll<it L~LU!i1111.J'Y1 5 (35.4 C) -;)::Lu'U.mLU~£J"lJflJ 

PNA 1-PNA 1 LL~:: PNA2-PNA2 

~lL'V1!i1~ acpcPNA hi~l:1J11milfirlULn~LUU PNA-PNA l""Ylf'l'Yll" antiparallel1.~
, '\J 

lWlJru.::~ epi-acpcPNA Ln!i11.~fll-;)Li1ElJ:IJ1'-'lnv.ln~;)11nnlflJ.J~11.JL~:IJ~U (d1.l~ 19) L<it£Jli 
'U 

LlJ~LilTirlu1.~~YI~!i1;)::YhliLLmtv.;n~L"lilv.lrlULL~::fluln~numn (Vh.Ji)""tl1::mrn 3.5 A) 'Yl~Jd' 
'\I q 'U '\.I 

dJU~rl:IJ1-;)1 n;n~nt::'Y11.J ~l<ilEl11tJ lflii"lJ flJ llJ ~YI~ ElrllJLln'\.\v.;n ~.JJ'\.tLrlEl'Yhm1,)1~ flJLLtJlJ~" 
yh1iLLnUv.;n ~;nrlU:IJ1 n~.J t:.J~1iLlJ ~L-lllTi rl'\.t1.~'1JJ~LL~::m11l"il"lJ ElJ LLnuv. in1.1i LVI :lJl::~:IJ ~" 

'\J 

I.JJ~flll:IJ L1J'U.l:IJ L~ n~ ~l uTi'Yll1v.l~l'l ;.J"lU[j<il;)~lJYI Luu~lJ1XEl £J LL~ in~ru.::i.Jn~11d1.JJLn~nlJ 
, '\J 

PNA "1lil~ epi-acpcPNA ~.Jii~L!i1u1Lfllflii~~1"nU'Yl11i epi-acpcPNA bn~bu""l:IJL~n~~l£JTil'\.1,
, 'II 

Yl~'Y11.JLLlJlJ antipara"ell~ 
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epi-acpcPNA 

PNA1 ·PNAl 

(<.lntipclri:lllel) 

epi-<.lcpcPNA 

PNA2-PNA2 

(cliltiparallel) 

3cpcPNA epi-ClcpcPNA 

PNA1 -PNA1 PNAI·PNA2 

(p<.H<lIlel) (pcll<llIel) 

acpcPNA (anllpamllel) acpcPNA (pClrallel) 

('hjd:hl duplex) (lUH duplex) 

epi-acpcPNA (anliparailel) 

(Iiltl duplex) 

epi-acpcPNA (pm,tllol) 

(l'1:h, duplex 'ljJ;:i ) 
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.' .f" 
, -'\,. , 

'''1~ 
-7 ~~ , 

'
,

",. 
.4 

~ 

acpcPNA epi-acpcPNA 

2. L3JLG'lm:n<l'HJA PNA-DNA LLG'I::: PNA-RNA. ., 

L~tJ~m:n1m.Ja"hJ~ LUUlu'1.~"lJtJ.Jhmmm.n rJfl PNA-DNA i.~YhfiTr,)li'1tJ.JLLlJlJ'Wi'llGl L-n.J 
• OJ 

1d.9 do"1ml"lnl"l"lJtJ.J PNA-DNA L1JtJ PNA LlJU acpcPNA LLi'I:: epi-acpcPNA GltJ1::lJlJLlJa''Y1'Y1lnl'H'In~1, 
LUU N-TTTTTTTTT-C ~Tj.'lflJ PNA iunu DNA YlLUULlJa'fla'1J LijuL1~n 10 ns Im.Ja'fl.J~l~ 

OJ 

~lnm1911i'1 tJ.J LLUUJ.JVl1JGl LYi tJunuIm.Ja'fl.J b~1J~UImJ'yhn1rnl~lnfll RMSD ~.JLllUfll~Wln 
fI111JLLGlnliil.J"lJtJ.J1m.Ja'11.J1Gl") nlJIm.Ja'f,.J 51.JE).J ~lmu~ 20 ll::'WlJ-h1m.Ja'11.J L~1J~ULLUlJ 

OJ 

P-form 'lJtJ.Jtf.J acpcPNA-DNA LLi'I:: epi-acpcPNA -DNA lVlLm.Ja'flBlnm1911i'ltJ.JLLlJlJ 

LLGlnliil.J~lnlm.Ja'11.JL~1J~UfltJwlll.J:lJln (iifll RMSD u1:::lJlrn 5 A) LLa'~.Jl~L~w;h11JLi'lni'l~ltJ, 
fltf.J~tJ.Jl~1-riLLlJlJ P-form h~'r'hutJ.JL~tJ1nUnl1hLm.J~fl,'Jl~)J~ULLUU A-form hLm.Ja'fl.J 
OJ 

9l1nm1-;ilfHl.JLLU1Jli1tJ.JllJU911nL&i1J1tJ'WEl~1Jfl111~[Jiifll RMSD U1:::lJlrn 3 - 4 A lu"lJrn::~ 

Im.J~fl.JL~1J~ULLlJlJ B-form 1'V\Lm.Ja-11.J~L~Gil.J~lnL&i1J1Jln~n (fll RMSD u1::1Jlrn 2,5 A 

LLi'I:: 1,5 A ~l'V\fu acpcPNA-DNA LLi'I:: epi-acpcPNA-DNA Gll1Jt&lilJ) ~.J a'l:lJl1n n~'1"l~'h 

acpcPNA LLi'I:: epi-acpcPNA a'11J11m-lllflnlJ DNA ~::Yh1~bn~11JLl"lni'la'ltJfl PNA-DNA Yiii 
OJ , OJ 

1m.J a-h;m'luLLUlJ B-form 
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7 acpcPNA-DNA 


6 


5 

.-<1' 

o 
~ 3 
tt: 

2 

41...01" 

B-form 

0 
0 2 4 6 8 10 

Time (nsl 

7 
epi-acpcPNA-DNA 

6 

5 

~ 4 
Q 
(/) 

3:E 
tt: 

2 

B-form 

O+---~--~--~--~--~--~--~---.--~---, 
o 	 2 4 6 8 10 

Time (ns) 

dtl~ 20 LL~~-l,h RMSD '1Jf)-llm-ll'f11-lrlL~~lnnT~-')ltlEl-lLLUlJYll-lW~1"'~L:n-llmtln~~~tl~'lh-l
~ , 

10 ns "lJtl-l acpcPNA-DNA Utl:: epi-acpcPNA -DNA rlh1m,m11"L~lJ~1,I,LLUU~1" ') 

d ~ 1 "1 tl d 	
0'" "".dLlJ tlW~11 rn.l m" l'f11J"lJ tl" lJ Ltl n ~ ,n t1T\Y1 L tlUW311lJ L 1 ~1"lJ tl J n111l1!'l tJ J LLUUW tll ~ L11 J 

, 'IJ 

. ::: 	 .1 d .1 d d • VI.I1lJL!'ln!'l WU11Y1J acpcPNA-DNA (1uYI 21) LL!'l::: epi-acpcPNA-DNA (1LJ'Yl 22) LlJtlLl!'llm1,l,LU
• 'IJ 	 'IJ 

lmJl'f11JLLUU A-form LL!'l:::LLUU P-form 1l:::L1jtJJLu1,I,1u~lm~lJ l<l1tJLLUU A-form ';):::1..nmJ~11-l~ 

L~tJ" LU 1,I,L'llTvl11m" l'f11J LLUU B-form 11,1,"lJrn::~LLuu P-form \l:::WUiln11L'lllfi"lJtl"LUl'ffil'flJhj~
'IJ 'II 

l~m,"wl::mhJd"hn::uu epi-acpcPNA-DNA ~,,~tl<l1T\~tl"nUfil RMSD rlL~ml'''.ff1,l,
'II 

, 




6-19 

ons 5 ns 10 ns 

·nJ~ 21 bL~<ll.J1m.J~fl.JYll<1l;nnmJ<51fHl.JbLUUYll.JYHrr<llb-n.J1JJL~n~b"lh.Jn~l 0, 5 Lb~:: 10 ns 
~ . 

'lJth'l acpcPNA-DNA YI1"111fl_J.J~fl.Jb~JJ<1l'U.LbU1J~1.J ") 

I 
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B-form 

P-form 

ons 5 ns IOns 
'ltl~ 22 llft~·h'llm.JftfTJYll~,nnn1":f\ih~f).JLLuU'Y11.JYl~1I1lL-n.JhJL~n~1~"lh.Jn~l 0, 5 LW:: 10 ns.. • 

'lJf).J epi-acpcPNA-DNA Yl1-nlm.Jftfl.JL~3J~~lLlJuilil.J 6) 


dol "d'1 "0 ~ ..

L3Jf)~l fl'l.Jft11.J'Y1 LI1I-;)lnm1-;)1~tl.JLlUU3Jlllfl11::'VI base-step parameter (rise Llrl:: twist) 

'Yln") 2ns "il::l~w-.h lm.J&ri'l.JLLUlJ B-form "il::iiml3JLftn tJ1111 ~ tl~-rll.JL1 ~1'lJ tl.Jn1"J~l~ f).J llUU hw, 
"'.1 ".1 d°1 1'"3Jm rise u1::3Jlrn 3 .3 A LLrl::m twist u1::mrn 34 ~'lJrn::'YlLL1J1J A-form LL~:: P-form "il:: 'VIm 

parameter rf.Jftf).JLLl1Inilil.J"illnlfl1.Jftfl.JL~3J~~ (11I111.JYl7) 

http:tl~-rll.JL


Il1fl~'Uln  ~1f.J~::L~tI~'YI1.:j1'!jln1'l'Uv.:j1fl~.:jm~Vutl 6-21 

d 
Gllil\l'n 7. fll base-step parameter (rise LL~:: twist) "llel..:! lm..:!~fl..:!ii~~,nnm1'ih~D.JLLlJlJ 

'Yln'l 2 ns , 

System Rise (A)fTwist (0) 

o ns 2 ns 4 ns 6 ns 8 ns 10 ns 

acpcPNA-DNA A-form 2.5/32.7 3.4/35.9 3.5/35.0 3.3/36.3 3.5/35.5 3.3/34.7 

B-form 3.4/35.8 3.4/34.0 3.3/33.2 3.2/31.4 3.2/33.7 3.2/33.5 

P-form 3.2/20.0 3.2/28.6 3.3/32.6 3.4/31.2 3.3/33.6 3.3/32.8 

epi-acpcPNA-DNA A-form 2.5/32.7 3.2/36.4 3.3/37.3 3.3/39.2 3.2/37.2 3.4138.5 

B-form 3.4/35.8 3.3/34.6 3.2/36.8 3.2/36 .6 3.2/38.9 3.3/35.3 

P-form 3.2/20 .0 3.3/24.9 3.2/21.3 3.0/27.6 3.2/24 .8 3.5/16.7 

'\.b1m.J~fl.Jrll~~lnm1;jl~D.JLLlJlJJ.J 10,000 1Tn.J~fl.J (lm.J~fl']LLlJlJ B-form) :IJ1 

fllUlrn~i.J.J1U~~1::m1~~,)lJ (~Gbinding) ~UilhJL~n~~lUfl acpcPNA-DNA ~~i.J.J1U~~1::: 
, 'U 

nTl·~~,)lJlihHllJ:lJlnflll epi-acpcPNA-DNA LL~~.J1~LV;Ull acpcPNA-DNA ~Tlll:IJL~nU1'Y11.J 

L'YItl'n:IJ1~Ul~nLf:IJlnnll ~.J~D~fltfD.JnlJfll Tm .yjl~,nnm1'Y1~~D.J (Suparpprom et aI., 2005) 
d 

(¥l~111.J'YI 8)
'U 

. 
Gllil\ln 8. fll ~Gbinding (1u"nbu kcallmol) "lJD.Jl:IJL~n~~lufl 

• 'U 

System 
L\Gblndlng 

acpcP~A-DNA -49.9 72.9 

epi-acpcPNA-DNA -28 .0 67.8 

UDn~ln~ ,nnmJfll'\.l,lrn'Wi.J.Jlu~~,)lJ (~Ebind ing) "lJD.J~LlJ~L~[n T-A Yl~LLnu'VIinLLlJlJ 
~1.J '1 1<11 Ul~'YI1.J LTl~m uui:IJ (fllU') rn'VIllm.J~fl.J L~ihJ'~1~ Ul~ B3L YP/6-31 G ** LL~:::fllUl rn 

'Wi.J.Jl'\.l,l~ul~ BP86/6-31 +G**) ~lJlll~m1fllulrni.Jmh11~~~~tJ~TltftJ.JnlJ~~rll~~lnm1 
'YI~~ U.J 1~ mU~UlJ LYi UlJ,nnmni"lJ U.JTi LlJ ~L~Ul T -A ~llJ~LLnu'VI in~1~fllm1flltn rnLL~:::m1 

'U 

'YI~~ElJU1::::IJ1rn -13 kcallmol (m11Jrl 9) 1u,hu."lJtJ.J1m.J~flJ"lJElJ 1 flLlJ~~iiLLnU'VIin"l!\l.~ 
'U 

~lJ '1 -;)lnm1f11Ulrn'WlJl1 LLmmin'llJl1~:::LUU'VIlJ,r1~1~-yJD~LyJ<11 ("lJtJJ DNA), aegPNA LL~::: 
'U 

acpcPNA llJii~ ~~ tJ1:: U::vll.J LL~::::IJ:IJ"lJ U.J m1Ln~vru~:::L~1~1L -;)U"lJD.JflLUi'f T-A LeW LL~LLn'\.l, 'VI in 
• 'U 

LLUU~l.J '1 ~~~~uml:IJLL-iJ.JLL1J"lJu.Jvru~:::1v1~1L-;)u l<11u acpcPNA-DNA 1~Tlll:IJLL-iJ.JLL1J"lJD.J 

WU~::'lulmL~u:IJ1nnl1 epi-acpcPNA-DNA ~.J~El~fltfD.JnlJfl,)1:IJL~nU1"lJ DJl:IJL~~iil ~lU~rf.J~D.J 
dV) " • A 1 d ~ d .9 A

LLUlJ'Y1 L~~lnm1-;)liilElJLLUlJ (LlGbinding) LLiil::-;)lnm1'Yl~iilf)J (Tm) U"lJrn:::'YlLLnU'VIiiln'YlLuU DN 

LLiil:: aegPNA 1~'WiJJTu.WU1i:::L~lmL-;)'U,fluwiJ1J~1 
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GlT'i1"~ 9. ~~.J.J1U~~.J.J1U[j~,)U (~Ebinding lUVlU1EJ kcallmol) ~LlJ~L~EJl T-A ~:iJLLmrV\~n 
LLUU~l.J ") 

~Ebinding Expt." 

isolated T -A base pair -13.2 -13.0 

DNA-DNA -9.7 

aegPNA-DNA -9.1 

acpcPNA-DNA -13.9 

-epi-acpcPNA-DNA :-13.6 
a 

Saenger, 1988 

L~D.J1l1nm1'Y1~'H)tJ1uith'ltlnu~m1~u"h acpcPNA ~13J11mil~1.<1lt.Jnu DNA LL~:: 
RNA LL~mjl.J'hn~l3J 'Y'lUllml3JL~nEJ1L~.Jml3JfD'\.I,"l.I€l.Jt3JL~n~~lt1Yi PNA-DNA ~.Jnll PNA-

q" " 

RNA i'.Jlfu Lv1DTl113JLilhlutTl1.J~fl.JLLt'l::Tlrn~mr~n1''HilYi''l.lD.J acpcPNA-DNA Lb~:: 
q " 

acpcPNA-RNA 1U1::i'Ut3JL~n~ ~.Jl<1ly)lm1~n'Ml~3JU~L-n.JYlr]'Miit~ EJm1~fl.J LLumh~D" L-n.J 
q 

t3JL~n~ lurid 1<1l~~~I3Jm1Ltl~ EJ'I.ULtl~.J L-n.J tTl/.J ~fl" LL~::'W1l11n.ntl"'1l,)EJ~~.J ~ ~~Dml3J L~n EJ1• 
"l.Itl.J13JL~n~~1t1Yit,,~u"hn:;~u13JL~n~ 1~EJ1<1l'h~w.JLLuu~~1~L~.J13JL~n~"l.Itl" acpcPNA-RNAct"" q 

LL~:; acpcPNA-DNA ri'1.b::neJU<1l1t1~1'\.1,1'\.1,YiLu~ G-C rlLL~n~1"nmf"Vl3J~ 4 1::tJU i.Jm11.J~ 
" 

10 l'\.1,,rILU'\.l,L1~1 60 ns t~tltm"~fl,,rll~1l1nm1'htlD.JLLuU'Y'l~1~L-n.Jt3JL~nmL~~.Ji.J1tlrl23. " 

DNA 

1:;'lJ'lJ PNA sequence 
DNA/RNA 

sequence 

%(G+C) 

content 

t~1\1"'11\1 . ... ... 
L13J GlU 

acpcPNA-RNA duplex (1) N-AGTGATCT AC-C 3' -UCACUAGAUG-S' 40 A-form 

duplex (2) N-GCGACGT AGC-C 3'-CGCUGCAUCG-S' 70 

acpcPNA-DNA duplex (1) N-AGTGATCT AC-C 3' -TCACTAGATG-S' 40 B-form 

duplex (2) N-GCGACGT AGC-C 3' -CGCTGCATCG-5' 

~ ~ 

70 
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duplex (1 ) duplex (2) duplex (1) duplex (2) 

acpcPNA-ONA acpcPNA-RNA 

il.l1m\l~11\1y(L~'illnm1~liiltl"LL1J1Jl'H~1<nL~\lhJLiilmUJlf)1~"H\4fh RMSD (1llY( 24) L~tl, ~ 

~mnm1Lll~[J~LLlliil\llm\l~11"1~Liilniil'JJtl\lnl1~liilElJLL1J1J~iill~L~Jl~Liilniil ~Ul11m\l~fl\ly(L~ 
d,d 0 I •do 
~f111~L~n[J1<niilEl~n11'illiiltl\lLLUU LJJtlf11WJ rnf11 base-pair parameter LLiil:: base-step 

parameter ~1Jl1 J\l1::1JU acpcPNA-DNA LLiil:: acpcPNA-RNA iifil rise ~1::~lrn 3.3 A. LLiil:: 

fil slide iifilLihl.iilU ~tln'illndfil twist ~\l1.i\l1Jtlnfnl~LU~Ln~[J'1'JJtl\ll~Liilniiliifiliil~iiI\l'illn
• 

lm\l,~"nJL~JJ~~ 1~[J twist 'JJtl\l acpcPNA-DNA iifilmnnl1 acpcPNA-RNA t\l,f~~lJJ11n~1ll• 
l~111mJ~fl\llJJLiilniil~1[Jfi'JJtl\lrf\l~tl\l1::1J1Jiiin1!l-ru::1m\l~11\lmh::vdl\l B-form LLiil:: P-form. '" '" 

acpcPNA-RNA 
6.0 Duplex(1) 

acpcPNA-ONA 
4.5 

o 
V) 

~ 
a:: 

45 

3. 0 

10 20 30 40 
Time (ns) 

dll~ 24 fil RMSD 'JJtl\ll:IJLiilniil~1[Jfiy(1~'illnnl1"iilii1El\l~iill~L~\ll:IJLiilmlLYi[J1Jn1Jlm\l~fl\1 
'U " \J <t 

/ 
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~lnm1tim=tlml2J"12Jl1nhml"H-lllfl"lJtl.J acpcPNA nu DNA LL~:: RNA ~Ull acpcPNA'II _ 

~1~11m-lll~nU DNA d')~LiluhJL~mHnEJ~ acpcPNA-DNA L~~nll RNA [h~uul~~lnfll" 	 , " 
A d'A 	 "' n~' .cI 

UGbinding '1!.Jm UGbinding "lJtl.J acpcPNA-DNA 2JfllLuU~Umnml acpcPNA-RNA (~111.J'Yl 11) 

LL ~:: t.J ~ nl'Hl1'U 1 rn"tl ~ fl ~ tl.J nu fl112J L "ii 111 L0].J fl112J1Em (Tm) .yfL~~l n nl1'Yl ~ ~ El.J11.1. 

i El.J tlllu~m1 UtlmnndLdElvhn1nnw;.J.JluV tlll"lJtl.JLLIii~::1::UU ~Ull ~Hgas "lJEl.J1::UU 

acpcPNA-DNA LL~:: acpcPNA-RNA LL~nC$h.JnUL~mrtlll t~tJfll ~Hgas -;)::.ffumjnmh'Ulu~LU" 
" 	 'II 

_9 ~d"., A"' .. '., '~1 .ciA d
G-C Lu'Ul-Hm rn.Jnl~lU1'\.1.~LU" G-C :l.nn uHgas n~::~m:l.J1n~ltJL"lmn'\.l. U"lJrn::'Yl uGso1v '1!.J 

U.JUElnml~~~11n1Un11~::~lmtl"lJEl.JhJL~n~ WUll 1::Uu.yf1.h-::ntlU~111 DNA LL~:: RNA jj, 
fl112J"12Jl1n1unl''H~::~l11,tlliil.Jnu -;)lnm1,hu1 rn~Ulltm~n~ "111~ acpcPNA-RNA ~::~111 

, 'II 

,t,l~2Jlnnll acpcPNA-DNA ~i111rul-;)lnfll ~GSOIV "lJEl.J acpcPNA-RNA jjfllmnnnllElVl.Jjj 
a,... 0 ~ .d. 	 .a q".. dd 0 Q.; .d Q..oo 

'\.I.ll"'flqJ L~m 'YI tJunu acpcPNA-DNA 'Yl~~l~U LU ~L~ tJlnU 

@l',)-h'~ 11 	 LL"~.J,h ~Gbinding LL~::~;.j.jlUV a tl"lJ tl.J1fl1.j ,,11.j.yfl~-;)1 nm1,jl ~ El.j LL UU,j,U1 '\.I. 

5000 lm.J,,11.J 

')::;u'U 
~cr\l\n," (kcal/mol) 

Tm (DC) 
~H9as ~GSOIv T~S ~Gbi nd l n9 

acpcPNA-RNA duplex (1) -298.81 202.37 -43.17 -53.27 40.8 

duplex (2) -348.06 236.55 -40.50 -71.01 49.3 

acpcPNA-DNA duplex (1) -303.56 184.11 -45.15 -74.30 52.8 

duplex (2) -347.75 215.25 -46.84 -85.65 60 .8 

L~f11UlrnerU~1n1tJl'~Lil~.ffU1::'Vdl.J~ltl PNA nu DNA 'VI1ElnU RNA 1Jt.).jlm.j,,11 .J~1~ 

-;)lnm1,jl~a.jLLuu~~1~Lo].jl~L~n~t~[J1i1li density functional theory (DFT) 1l1[Jhl1::Lu[Julli, 
B3L YP/6-31 GH erU~1n1[J1.yfTllU1 rui.~tl r.n UL 'Yltl:IJ"lJ a.j~i.J.jlU[j~iu ~~ n11f11Ul rnLL"~.j1'\.I. 

'II 

'):::u'U ~Ebi nd i ng (kcal/mol) 

acpcPNA-RNA duplex (1) -185.12 

duplex (2) -222.48 

acpcPNA-DNA duplex (1) -186.46 

duplex (2) -229.47 
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.d ,del _ .""'.d I AI Q.". 

,nn<§lTn.JYl 12 ;)::WU1l1::UUYlll %(G+C) 1I1nnll;):::JJflll:JJUHHJ1111nml (mw~.J.JJ'\.uJCil 

iu dhl.G'lU:JJl n nil) €I £il.J \hil Cilll1 ~lYlfu1m~ n G'l ~1 u~.y( ii ih i 1.1 L1.1 ~ LYl ii €I 'U. n'U. ;)::L ~ 'U. il 
• 'IJ 

acpcPNA-DNA LL ~:: acpcPNA-RNA ii fl1l11L ~ n U 1 hi LL <i1 mil.J n~'U. €I £i 1.J ihrU~1 flry 1 <i1 u.y( 

acpcPNA-DNA iifllll1L~nu1111nnil L~mrtlU (~Ebinding ii~lLu'U.~1J1I1nn-hd~mrmJ) LL~;)ln 

~1 L1Gbinding LL~:: Tm l'U.<i1111.Jr( 11 ;}:L~'U.il acpcPNA-DNA iimll1L~nU1111nnll acpcPNA

RNA tl£il.Ji<i1L;)'U. LL~Cil.Jilfl1ll1L~nU1"lltl.J 111LG'lnG'l~lU~ acpcPNA-DNA LLG'l:: acpcPNA-RNA
• 'IJ 

Vbtl~;j'U.nlJ~'U.mn1[J11::wh.J~u PNA nlJ DNA 'VI1tl PNA nu RNA LU'U.Ylin LL~Ul;)::;j'U.nlJ 
u"'';}iu5'U. Ld€l~mn~'U.<i11n1[J1nU111L~n~"lJ€I.JJ1"lJ€I.J acpcPNA-DNA LU1UlJLr;UlJnlJ acpcPNA

•"" "" 1 !' .J... 1 ' .J0 ,RNA 1CilUL U1tJlJLYlUlJ;)I'U.1'U. 1/LG'ln~"lltlJ'U.1YlG'l€l1l1€llJ lIL~nG'l~IUflYl1::U::V\1.J 2.0, 2.5, 3.0 LL~:: 
• • 'IJ 

3.5 A. (m11Jr( 13) LbG'l::~,;}11nn1Dn1~r(,;}::WlJ111LG'lnG'l"lJ€I.JJ1LLYl1n€l£il'U.1J1Llru minor groove
• 'IJ 

("Ii tlJl1.Jj::Yll1.J LLn'U.Yl in) "lJtl.J111LG'lnG'l~1[J~.y('l~;)lnm1-,)IG'ltlJ LL1JlJWG'll<i1L:n.J111 LG'ln~ 
• 'IJ • 

Iill11\l~ 13 LU1UU Lr; UU ')1'U.1 'U.111 L~ n ~Jl ~ ~m..J1tllJ 111 L~ n ~ ~1 tJ~"lJ tl.J acpcPNA-DNA LL f'l:: 
• • 'IJ 

acpcPNA-RNA .yh::u::vilJ~lJ ') (~1 L~ [JJ LlJ'U.1I1Cj)j~1'U.LL~Cil.J1'U.1.J L~lJ) 

1:::111.1 

. r ~ dd I I 

-;)1'",1," aJLnnn"1.lil""lL~'HJ'Y11:::U:::'YI1"Gll\l ')• 
2.0 A 2.sA 3.0 A 3.sA 

acpcPNA-RNA duplex (1) 100.2 (5.7) 194.6 (7.3) 

197.8 (7 .5) 

175.2 (7.0) 

175.8 (7 .0) 

292 .4 (8.9) 

296.0 (8.3) 

263.1 (8.9) 

262 .3 (8.3) 

367.6 (9.2) 

371.9 (9.7) 

332.5 (9.2) 

325.8 (9.6) 

duplex (2) 101.9 (5.8) 

acpcPNA-DNA duplex (1) 93.1 (5.2) 

duplex (2) 93.5 (5.4) 

;)1 n m 1~,;}l"HU.l,)1 'U.1 'U."lJ €I J J lr( L 'll1 ~tl1l1 tllJ 1 m- J ~11 J 111 LG'l n G'l ~1 U~WlJilr(1:: U:: first 
• 'IJ 

solvation shell (U1::1I1ru 3.5 A.) ';}::WU;h'U.1'U.1:IJLG'lnG'l1,b~tl:JJ1tllJ acpcPNA-RI\JA 1I1nnil• 
acpcPNA-DNA tlcil.JiCj)L;)'U. 'I'h 1~Ldtltlcil'U.1tl"lJtlJ ~lj~::G'llU acpcPNA-RNA ;)::iiml1/L~ntJj

'IJ 'IJ 

UtlUnil acpcPNA-DNA Lrl€l~;)11rul;)ln1mJ~fl.J"lJ€I.J acpcPNA-DNA LL~:: acpcPNA-RNA 

WlJil "lJ'U.1Cj) minor groove "lJtl.J acpcPNA-RNA (9.06±0.51 A) nl1.Jnil acpcPNA-DNA 

(5.25±1.03 A) (mll1nl1.J"lJEl.J minor -groove .yjLL<i1n~l.Jnwthu'U.~G'l;)lnin'Mrn::"lJEl.J sugar 
d ,Q...O I Q..i 

pucker mL<§lnm.Jn'U."lJ€I.J DNA (C2' endo) LLG'l:: RNA (C3' endo) fl1ll1LL<i1nmJn'U."lJEl.J sugar 

pucker ftJ~~lYllmJ~11.J"lJEl.J DNA LLG'l:: RNA LrltlL'lll~nlJ acpcPNA LLCj)mh.Jn'U.ltl~ltJ) flll:IJ 
'IJ 

nl1J"lJEl.J minor groove "lJtl.J acpcPNA-RNA .y{nl1.Jnill'h1~Jlii1tlm~L'lllLtlEl~1'U. minor 

groove 1~1I1nnl1 ;)In1m.J~11.Jr(1~;)lnm11l1G'l€l.JLLlJlJW1Jil acpcPNA-RNA ';}::iiJI,;}::L'll11tl 

tl~l'U. minor groove 1~1I1nnl1 acpcPNA-DNA tlj~:IJ1ru 10% i.J~'U.~.J~1:IJTm~1tll~il tl~;)itJ 
rlft.J ~ ~<3i tlflll:IJL~il tJj"lJ tl.J acpcPNA-RNA ~ €Iflll:IJ ~l:1J11n1'U.nTl~::G'l1 UJ1'lJ tl.J acpcPNA-RNA 

r(iilm.J ~11.J.y{L5tl~ tl n111~,tl L'lll~€I:1J1tllJ'l~:IJ1 n n-h acpcPNA-DNA n ~11 ~ tlm1r1 ii1:IJ L ~ n•~J1 

I 

http:5.25�1.03
http:9.06�0.51
http:LLn'U.Yl
http:l'U.<i1111.Jr
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m~mnEl'lJ11J Ltm~~lmi'llii'1Jlnn--h,-,::rhl~LL~~::,nl'JLn~ Dumn1£J1n'lJ,il11ii'~ ~-l ~,'Jt.m1~elum , v 

n1~11::~11-l~1~rf.J~El.J~~~.J~11~~Jl1JL~n~1~~~.J 
\j)lnm1~n~n1m.J~11.JLL~::YH~--l.J1Wl.lEl.JhJl~n~ acpcPNA-DNA LL~:: acpcPNA-RNA Yi, 

lh:::nEl'lJIii'J~~~.JfiLU~ (single base pair) 1~~m1fhuJru<;)Jvn~m~~l'f~JElU~1J1U'lJ'~1~-lm~~ 
v 

~,il (solvated phase) LL~:::hi~,il (gas phase) ~-l1~1,'J~11,'JL~i1~1 (optimized structure) ~ 
L~1Jl:::~1J"l.IEl-l 1 fiL'lJ~ ii~LLnU~~nLL~n~l.JnU~1'lIii'\j)lnm1fllu1ru~1ulli DFT rn~1~1:::L'U£J'lJ 

'IJ 

l1f B3L YP/6-31G* LL~::fllU1ruYl~.J.JluIii'1m::Llir.J1Jl1f B3LYP/6-31 +G** ~~m1flluJruLL~~-li.J 

m11J~ 14 YI'lJ"hfiLU~ G-C 1~filY1~"'-lJl'\.uilu~'lJmnnl1 LL~~Jl11mJ~11-l~11Jl1{l£j~,r'lJnul~
'IJ 

~~El~~~ElJn'lJ~lU1'U.vrU1i::'l~1~jL"'U"l.IElJ G-C ~~mnnll A-T tmJ~11J"l.IElJt1JL~n~LdElfllU1ru, 
lU~1l11:::"l.I ElJ solvated phase "'::~YI~-l,'J1U~,'Jnll ~1J1 Vml1Jll ,il~~1'U.l 'U.m1'Yll1~lm.J~11,'Jii

'IJ 

ml1JL~n[Jj~~th'! tJr.h-l'l1nm1JLdElYhnjrulWn1JLL~n~1,'J"l.ItlJLLn'U.~~"'nYl'lJl1 'l~11LLnU~~m:: 

dJu DNA ~1D RNA YI~,'J,'JlwY1'l~\j)lnmjfll'U.1ru l~LL~n~l,'Jnumjl,'J~ltu~l-~"'ty 

XNA=DNA XNA = RNA 

Gas phase - Solvated phase Gas phase Solvated phase 

acpcPNA(A)-XNA(T/U) -13.93 -8.25 -14 .26 -8.48 

acpcPNA(T)-XNA(A) -14.46 -8.40 -14.11 -8.48 

acpcPNA(C)-XNA(G) -27.48 -14 .25 -26.90 -14.24 

acpcPNA(G )-XNA(C) -30.96 -14.82 -31.30 -14.44 

~"'-l,fu~.J ~1tJ'l1ii'11 ,,,In n1j~l~ El,'J LL'lJ1JYI~l~ L-n,'J 11JL~n~"l.IElJ 11JL~n~ ~1 ufi acpcPNA-DNA 
~ .. II cu 

LL~::: acpcPNA-RNA ~ii %(G+C) LL~n~lJn'U.YI'lJ'"h1m,'J~11,'J"l.IDJ11JL~n~~ form t:-J~1J1:::W-)1,'J 8, 
form LL~::: P-form LL~:: acpcPNA in1Jl1m'lilfin'lJ DNA Ln~Lil'U.t1JL~n~~l[Jfi acpcPNA-DNA 1.1ii' 

'IJ • 'IJ 

~nl1 RNA ;B,'Jml1JL~n[J1'YllJL 'YlElf1J Ell~Ulilmf~fllu1 ru1.~ (~Gbinding) ~El~~~El-ln1Jfl111J 
L~n [J1L:n-lWJ11J1tJ'U. (Tm) ~llii'\j)ln mj'Yl~~ tJ,'J1U~El-ltJ 5u~ n11 1~uJv,r[J'V1 ~~n~ii~ ~1ifl111J 

u~n[J1 acpcPNA-RNA Utl[Jnl1 acpcPNA-DNA flElfl111J~11Jl1nl'U.n11Lnm)'\.1,mn1r.nn'lJ 

11J L~n ~'lJ tl,'J,il L~ tlW'-'11rul~lU1U11J L~ n~"l.Itl,'J,il~~El1J1El'lJt1JL~ n~ ~1[Jfi~1:::V::: first solvation 
.. , , 'U 

, 0 !'.d~ d, .d 
shell YI'lJ11 vl'U.1U'lJEl\JU1'Yl~El1J1tl'lJ acpcPNA-RNA aJaJlnml acpcPNA-DNA LUtl,'J",ln 

lm,'J~11-l"l.ltl-l acpcPNA-RNA ii"l.lUl~"l.IfJ,'J minor groove nl1Jnl1 acpcPNA-DNA fiJ~~1i 

1Eln1~.y(,ilV:::L'li11.tJtlrJ1U'lJ1Llru"l.lD,'J minor groove 'lJEl\J11JL~n~ii1J1nnll acpcPNA-DNA 
'IJ .

UElmlnd'£J\Jy..j'lJ115u~1n1V11:::~11\J acpcPNA n'lJ DNA 'V11El acpcPNA nu RNA hjL-L~n~l,'J 
Q,; • d Q...o G Q,; 

nUElUl,'JaJumnm1! 
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,nnn11-;'il&H).JLLlJlJW~-)~L:n.JhJL~n~'lHl.JhJL~mH.n[Jfi PNA-PNA WU11 acpcPNA
• • 'II 

~lm1mn~Lu'UhJL~n~ff1EJfi PNA-PNA lwYiV'lYllJLLUU parallellW'lJrn~~ epi-acpcPNA Ln~Lil'U 
• 'II 

hJL~nf'lNl[Jfi PNA-PNA 1~1wnV'lYl1-JbLlJU antiparallel LL~::LLUlJ parallel l~[J~LLlJlJ parallel li 
• 'II 

Im\l~11.J~L:JJfitl[JL~nEJ1111n,"n 
.

PNA-RNA WlJll'rl\l 

acpcPNA LLf'l:: epi-acpcPNA Hl1111l.H1hfinu DNA Ln~Lil'UhlL~n~H1EJfi PNA-DNA lwnV'lYllJ 
'II 1 'II 

antiparallel 1~~nl1L'lilTinU~"'1~'ULEl\l LLf'l~1~~n11 RNA ~Jfll111LHiimYllJLYltl'flltli.~'Uliln tf~ 
'II 

f11'U1 rn L~ (~Gbinding) atl~ fl fftl \I rlU fll111 L ~ii EJ1 L-n \I fll1111tl 'U (Tm) ~L~,n n n11Yl ~ f'l tl\ll 'U 

itl\ltJDu1im11~EJtJ;iEJ'V\;n~iiC-Jf'lllffll111LHiim PNA-RNA ,xtlEJnl1 PNA-DNA fim)'U~1n1EJl 
j~'V\11.J l11Lf'lnf'l"lltl.Jli'lrllJI1JL~nf'l~lVfi 

• • 'II 
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