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diagnostics and therapeutics. I-ursll:, the binding of PNA 1o its complementary DNA

is Iughl} ﬂmu‘:wlﬁc Secondly. The PNA-DNA hybrids are more stable than

AW T,

mu.bi!ir.ing than a mismatch i a DNA-DNA ﬂllp'ﬂi 12] Furthermore, PNA s

e




Bl

in biotechnology for development of diagnostic tools.|4] especially nucleic acid
biosensor. A number of PNA svstems have been developed but none of them had
shown better propenties than the uﬁginul PNA. In 2005 Vilaivan et al|5] have

reporied synthesis of a novel conlo ) rigid pyrrolidinyl PNA based on -
profyl-2-aminocyclope ﬂ &‘

backbones.  The precise
stereochemistry of the back mportant in determining the

binding properiicss@n ..;7 conta nmg 4 B (Figure 1.2a) can form
: W o sequence-specilic
! complementan
igure 1.2b). The
d sequences. This

a very stable 19
manner. The thn
DNA with a hi
high speci i v i5
PNA systemd

varions nﬁpli:ﬂi "

il Mielsen’s PNA in

Figure 1.2 Structures of A ACPC PNA of Vilavan's PNA and ()
Nielsen’s PNA —

1.2 Na 1

miilerials ] The essence of
nanotechne

- o ' - el R i L rl
is W produce and manipulate “tlldtﬁnﬂfmums on the
nanomeler mal"nghigh accuracy .| 6| Hanwirlﬁ are attractive probe candidates

e

udvnnuge over a bulk structure because a target binding event involving the
anoparticles can have a sign |t'uﬁlcl'l':1..t o s ﬁuﬂldch:mlca.': ﬂiﬂ“nu

9 i ey ey v




gold have a broad absorption band in the visible region of the electromagnetic
spectrum.|7-11] Gold {Au) nanopanticles have been the most widely studied class of
melal nanoparticles because of tailorable optical properties. and availability of various
chemistries to functionalize their surfaces. Solution of gold nanoparticles shows a
very intense color, which depended stmn’i:!y"it'pﬁn the size and shape of pold
nanoparticles (Figure 1.3} The particles aﬁfg-ﬁ"'_he manipulmted duering the
preparation of the naneparticles by adjusting e stoiehiometric ratio of the gold
nanoparticles preeursor (hvdrogen ietrachloroaurte) 1o the reducing agent (sodium
citrate) [ 12, 1 3 \

W

Figure 1.3 The l.ull.-rtﬁfp.rld mrﬁparmh.h ﬁéﬁ;ﬂ | & nm. (B) 65 nm. (C) 150 nm.
(13} 200 nm, and (L if‘tll rm[:{i.l?rl ,.I"J

_ e

Ihe color of hﬂlﬂ?’fﬂlmpanwh.u is a{l;‘[ﬁl&;ﬂﬁﬂh collective oscillation of the
free -.undagum electrons induced by an intcrar.ting ehﬂmnaygru-. ficld. These

- il
résonid

300 500 100
Wavelenglh (nm)
Figure 1.4 UV-VISspetrum of an aquéous solution of 13-nm particles.



Gold binds to thiols with a high affinity to form a scll-assembled monolaver
(SAM) The use of functionalized thiol can introduce a variets of chemical

Tunctionalities with specific affinities onto the surface of gold nanopanticles (Figure

modulating th irpe ¢ particles. the time of

deposition. the p I and the concents ol the depositing solution. and the

density of the aetive group: ; co In 19K, Nuzzo et al|16]
ried adsorption of b I orpanie disilfides on gold surfaces, In 1993,

o sl ST W

Mulvaney and Giersig] | M of gold nanoparticles with

alkancthiols. “ciﬂmhw‘ -ﬁaﬂ'gm_}' | Sdescribed the preparation  and

nllgﬂdtﬂkﬂ ide on g old nanoparticle
conjugate ibit auhslanlm!ly h:gh:r stability than anumg-.. prepased from monothiol
and cyvclic dl!u&iﬂt-ﬁ]ppﬂi nllgudmun ugleotides. From this reports can bring to

ilEationy thel-

i) 'WEJ”T ms
qwna\ﬂﬂmwﬁwmﬁ’s




1.3 Optical Biosensor

The emergence and recenl advance ol nanoscience and manotechnology
present new  opportunities for the application of nanoparticles in bioanalysis
Nanolechnology has helped the dmhplmz)fu I biosensors for biological and
medical applications. Hnnnhlucm_lugalﬁ U{w‘ s of variovs  functional
nanoparticles III'Ik:EIi-Iﬂ hmh-g:cai molecules Mﬂ!ﬁm;d in many areas such as
diagnostics| 20-22) ml_lfcsﬂ]--ﬁf sensors{29-33] and bioengineering] 34.35].
Detection n ' Whﬂtlmt nanobioconjugaies show ingreased selectivity and

sensilivity as co mans conventional assays that rely on molecular probes.

';Ma}'_ be .ﬁﬂ; modificd with  thiol-functionalized

_ Eﬂct mcﬁhmum with lhiui ssDNA, A 1 pml
".ph.-ﬂcp Jogold manoparticles were derivatized with
s flh’f-ul DNA) in aqueous solution overnight. The
it NaCl (0.1 M) snd sodium phosphate buffer (5 mM. ph1 7)
u,ns,].ba.n rcdni@ a4 % over 34 h. In the last siep

tides werg mnﬁ\':d -:1-.:111.r|fuﬂﬂtmn washing. Cryvo-TEM
‘ n:u.lcahﬂm. and dification by thiol-ssDNA (Figure

1.6} suggested that n]tlqu& soine aggmgﬁ!i'wnbwwﬁd due 10 centrifuge. the

unbound oligon

images of gold na

thiol-ssDNA-gold nnnupnnu.m k!HI:li'Flm’ﬁ?g;ﬂd nanoparticles dispersion.
- o L -

ssDNA-modificd pold danoparticlcs (B]36)



In 1998 storholl and co-workers[37] studied properties of gold nanoparticles
derivatized with 12 base oligonucleotide functionalized with 5%-hexancthiol. The
immaobilization procedure was s.imilur o the one described earlicr. The UV-VIS
spectra of the modificd and uns ) ified gol

riicles in agueous solution at 0.3

M NaCl are shown in Fi; \i theé SPR band suggested that partial
agpregation also ook ph \\l ‘ :

Figure 1.7 (.'. i " | !  dii , pold nanoparticles

befare and afier Tindbnalis 3 ‘ ¢ (unctionalized with 5'-
hexanethiol at 0.3 M ‘ '

endy applied 10

' ‘ ical properties

‘ _m:rnl gold

red color of gold

Hoid particles. In

the case of pﬂynuc:lmlhd: detection, modified with oligonucleotide probes were
PV ekl ide was

i il ! 7 ¢lna ricles

binding between l.h: pmbc und largel ullgunucll:madﬁ. This

mregalcd ue 1ot

bring the nanoparticles close enﬁgh 1o cach nlhn:rt uce a dramatic n:dvi

o VTR A TINGTEY



tho o - pmine DNA sequences
.l| 1 : = ‘I"_:":l‘-\; 'Hul_n."ﬂ.t DNA pmhr.”-

an the two solutions were
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@  Aunanoparticies
N
Madification with * * Madification with
3mmmmnn|35.|. | 45 AGTCGTTT ¥ thiol

| ,;,ql’fw b

Sehemaiic :Ilu-.a.lm.lﬂ' If Hh—d ed assembly of colloidal
I e,

et - e

Fipure 1.9
nanoparticles |39,

Mucic and co-workers{#H ! covalent method for assembling
nanopartic les. Immiﬂﬂ( diameter) were modified
* NA incubated with a
on the modified
gold nanoparticles

whl'lt ol

nanoparticles {Figure 1.10

SIZes may incmease sensilivity o

ﬂ‘NEJ’WﬂWﬁWEJ']ﬂ‘E
ammnmwnwmaﬂ



Figure 1.10 Suli ation-of th 40 ‘\ TGCTCAACTCT
DNA-modified  gold  pangpartichs & nm_ and I ‘ SHTACGCORONO
JOCH:)SH DA 1 o 1 nm dia r!.nu linking DNA
(TACGAGTIGAG

After bot _ s were obtained, the
solution appearcd pink ane _‘ not significantly change. However
a broadening and red shifte the urf smon resonance from 524 10 543

ide was added in the solution,

0 wmﬂ@fwmﬁmma‘y
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Furthermore the melting curves of these solutions were extremely sharp and
reversible.  This appears to be a common characteristic of all  DNA-linked
nanoparticles network structures studied thus far (Figare 1.12)]40], Morcover Abigail

strength,

Figure 1.12 ork materials (monitored at 524
nm j[40]. \

Besides the aggregation ol !.._ | e as deseribed above is induced
by the l:l‘lilﬁb-ill'lkll'lg me H;F'f'i’“ h # I nupnrliclcs by non-cross-

linking DNA | n HDN!& n the

gold na ; article surfaces, s alsoobseeved, o this pogcross-linking system. Sato
and comorker henomenon of DNA-
lunctionalize _n_u ' 7 zation 7 rget DNAL Gold
nunupam' “modified with o 5'thiolated 15 mer DNA was hybridized with

mmp!:nmr‘i and single base mlsmw.urg.i The DNA-gold nanoparticles

ﬂuuﬁm,im' 055 0 e

a single base mismatch u.rgct Mo color t:hungt was observed as s.huu.n in
Figure 113,

QW']MT]‘EWNW]’JV]EJ']@EJ




A,

\tsﬂmrwwm-: €3
K x

Figure 1.13 Aggrer
(A) without [N

containing asingle ba

wles a1 0.5 M Na(l:
d (0} with a target

“Viglnedi FEsponding Figure 1.13A and L13B were shified

from 525 10 szﬁ e gompleny
Demeg® anddeo-wor i thiol-derivatized
s-ingln:-s[ o ueleol il - and their extent of

hyvbridization | el ! 7 s in solution.  Quantity of
alkanethiol-oligonuclentides Joady : i we .7 mvestigated by treatmem
displace the (T labeled oligonucleatide initially

ion containing the displaced
FESCCNEE: SPECIFOSCOPY .

7

J

ﬂUEJ’J‘VIEWI‘iWEJ’lﬂ‘i
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Figure 14 Measu ' particles|43).
)  hvbridization. a
Nuorophore-labgled aligon 7 v 1o the nanoparticle-
bound olipanucles

. i -- ied pold surfaces.
The Nuorophore-labled

blec feolides wered dized by addition of NaOI. The
concentration of the i bridized, oligonug ' pm'hdm], hy bridized
target surface dens ermined by -
Figure 1.15

pectroscops as shown in

¢ '1.-:-";3 ”,.
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Furthermore Nuorescence-labeled DNA was quenched upon imobilization the
nanupnrm.h:h When targel hmdmg nr.-.urcd the Muorophore leaves the surface

Figure 1.16 Scheatic drawing of the 1w \

, immobilization of DNA
oligonucleotides on g 1 M, .hridi-mlim with targer
INA. there are a few reté I s st 7 g'hn?.atinn of PNA-modilied
gold nanoparticles with t: - N

“hakrabarti i3 | exani - ':}: of different peptide
nuclew acids (PNAs) cb ecis on nanoparticles

stability and 7 ied - el !1,,' tively charge

PNAs can resisted On | haid. neutral
PNAs u m lmmcﬂm: irreversible aggregation due 1o uncapped N-terminal

amines, After gald mmpamr:!:-s were modified with two thiol-functionalized 18 mer

i n band
veen P Aamnd fied gol rlicles

and the mmp!:m:nun DM A- |id|l‘icd gold nano I-:s M h:.lmdn.rallun

AR ISR Y
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al.[47] reported that the PNA monomers bind much more strongly 1o the gold
nanoparticles than the DNA bases and that a concentration 10 times smaller than tha
of the DNA bases is enough 1o bring about the saturation of the gold nanoparticle
surface. 11

1.4 Objectives of this |

Fhovel thiol-modified
se thivlated PNA
stability. The elfect of
A-DMA hybridization

The objeetive”
Vilaivan's | :
carrving difTercnk worp
thiolated P
events by obseh

ﬂUEJ'J‘VIEWIﬁWEJ”Iﬂ'ﬁ
Qﬁ’lﬁ\ﬂﬂ‘immﬂﬂﬂmﬁﬂ



CHAPTER T

clectrical balanee.
apparatus model &
aspirator mode! B-49( : UV-yisualizaion « :
Mr. Chianchai KiibngdggSanibors The magnetie stisrers were of Carfiing (USA). The high
vacuum was deliveped by ekl ki in Ly chromatography (11.0C)
was performed on Aerg 0 | silicagel 60 ok 0.2 mm ’ ; ated aluminium plates cat,
no. 1.05554, Colu Serdrity g dabofibe: silica gel 70-230 mesh (for
general chromatogr ', . mn ch matography). Reverse
phase HPLC expen - Were 1 aer 600" svstem equipped with

gradient pump and Water 99§ = . detector: optionally  alternate 1o

Rheodyne 7725 munmtl_aﬁ@l&% mple size for analviical scale). A
Polaris'™ {;ﬁl‘m . 3 pm 7e 4 . anfinc.. USA) was used
for analytig: avaliable for
intergrated ope from HPLC were
collected man logram monitoring.

: lont i Inc. USA)L 1 A NMR spectra were recorded
ian Mercury-400 plis operating at 400 and 10

A r-:&pc::lim:lv'{\’nriun Inc..
USA). MALDI-TOF mass spectra @ thiol-modificd I‘lhm.-n: collected on n

A RIRSTIINAL I A
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acid (0.1%) in acetonitrile:water (1:2) was used as the diluents for preparation ol
MALDI-TOF samples.

2.1.2  Materials

All chemicals were pureha
Aldrich (USA). an reaction conditions and

purposes. CommeEibeElvent e Wiiledbgiore s for couny

chromatography. Solug itio _;mag.cm grade and wied

rland). Merck (Germany) or

withoutl purilican n. | ) tme s 1l wrade, obtained from
BDH and was filiéfed thrbugh s e filier (17 um Ny lon Lida) before

use. Anhvdrous ' ; plhme peptide coupling

sml and triffuoroacetic
L-1ys(Boc)-OPIp) was
moc-Asp{ (iBu)-OH was

reaction was obifiined olecular sieves, The

solid support for pépti

=

acid were obtained 1
obtained from ‘Nm;
obtaimed from Fluka ‘arboxyMuorescein N-

hyvdroxysuccinimide e : Fluka. Nitrrogen gas wis
obtained from T1G with -1"“‘ : ,- 99,5 9%, MIllQ water was obtained from

| i oD 0.22 um. Millipore (USA).
_ 0 Science  and
or&-lab led DNA was

,,ﬁ'f

o diameter of 20 nm

was purchased from Sigma Aldrich

F:pcrmu‘t ocedures

YRR PaNEINI.

I'hr: intermediate proline desivatives of thymine ﬂ guanine (7). nd-:mw and

o RS R Ll



doc.0). ‘BuOl, NaOll
L DIAD. THHF, overnight:
. Vil ISCL PhyP. DIAD _ | UYL PhOP, DIAD,
THE. overnight; il N IBuGEONpe). P PEDIAD, diox emight: x. N-A" or M-
¥ K\COs D B 1 vy .9

2.2.2  Synthesis ui'__, a

{a) Thymine (T) monomer ""T,f

N-Fluoren-9-vimeth

phenyl ester (11

H%f PipOTfa

DIEA, CHZCly quq:

ﬂ‘iJEJ’NIEWITWEI’]ﬂ‘i

Tu a suspension ol [h‘lunrtn?yhm:lhnﬂbom]}-ds-d (thvminzlAl)-n-

A TR




resulting mixture was stirred at room temperature for one hour. The reaction was
completed as indicated by TLC analysis and purified by Mash column chromatography
cluting with hexane: ethvl acetate (1:1 ilica gel 1o obtain the title compound (11) as

white solid (0,42 p, 78 %),

' NMR (400 Milz. CDElg) By 199 GHL SR mine Cli:. 2.30-240 [11. m. |
CH3)). 2.92-2.96 L0t Lt t CLLS)) 4.23 (11 m,
Fmoc aliphatic €1 L63-4.78 {TH. m. CH{2")).
41 (2Lt = 72 He. Fmoce

debunatc.Ct -*.-* H.d.J = 76112

223 Synthesis  of frans-(15.28)-2-aminocyclopentanecarboxslic acid (ACPC)
spacer ' AR

aromatic CH), 758

Fmoc aromatic CH

Ethyl (15, 25)-24{(1'S)-phenylethyl]-aminoeyclopentanecarhoxylate (13) | 50|

o .
l'o & Stirred: x¥late (12) (4 ml.. 27 mmol)
i absolute (32 mL) was added ( t-methylbeniy ! ine (348 ml.. 0.0

mmol) and glacial acetic acid (1.54 mL. 32.0 mmol). The reaction mixture was stirred at
| (2 h_monilored by T1.C.
Ca ually added
i . reaction mixture over a 5 h period.
The dl:mpp:mm: nl‘:nnmmr: wasgnonitored by TLC. ﬁwn the reaction was Wlﬂc

4 AR Y T
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mixture wias extracted with dichloromethane. The dichloromethane was removed by
rotany evaporation. The crude product can be purified by column chromatography,

cluting with 100% hexane and followed 2001 hexanc:EtOAc on silica gel 1o obtain the

. HECOCHCH. 139 GIL d. J =

@5 (2H. m. NHCHCLL),
S HEO. 3.25 (1. q../ = 7.2
2, m. COCHACT) and

(15)

il pentane carboxylate (13) (1.14 g.
438 mmo } 1] i me h 1 (5 ml.) and hydroxide on charcoal
(0.06 £) wi mm’_’:"_ gphere for three hour.
The disappea : H‘-“n rmation of ethyl
(15. lﬁ'};-aml 0 I:lupen , _ “were completed. The palladium catalyst
was filtered off with the aid of celite and washed with methanol. The filtrate was
cvaporated by m'l‘ymmtiun to obtain compdund (14). Without further puriﬁ::nliu-n,

L ANt NN T

he titlle compound (15) as a;hltc solid (0.33 g, % from 13).

A TR TINHTAY
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NHCHCHG ) 1L93-1.98 (211 m. CILCHCO), 2.21-2.32 (1. q. J = 7.0 He. CHCOsEL),
34034501 q. /= 7.2 Hee NHCHCH:). 406 (2H, m, CO,CHCHy ) and 7.36-7.45 (SH.
m. pheny 1 foe ) = 4613 (¢ = 1.00 g/

H'i‘.l.'i'}-!-{h’-l’-‘lnuren—ﬁ-u mel carhor 1 pinocyelopentancearboxylic acid (16)
151] | —_

O
OH

The (152882

mmol) was dissolved ml.) and
- 11 1 \ ) \

was added until j RAS ‘ Su (037 g 11 mmol) was

stowly added with stigring at A .er-‘- :*-' i isappearance of FmocOSu

was monitored by

drachloride (15) (0.16 . |

O (3 equiv excess)

, . he residue was dilute with
water (20 ml.) Hnﬂ Cxl 2 ). The agueous phase was
LN - B4

as removed by rotary evaporation

collected and the pH was o} The white suspension was
extracted with dichloromel hml.),.
and dried invacuur d the title compoy vhite solid 1032 g. 94 %),

"1 NMR (4 V
1.90-1.95 (21,

X

iR am:l MHCHCH: ).
ﬂ CHLC 2 (11

4.21-4.29 (2H. 'm. Fmoe aliphatic [f_-[ am:l imm: aliphatic CH>»

ﬁ/ 7.4 Hz. NHCH).
155}
Fmoc aromatic CHY. J@iEn = + 36.4. ¢ = 1.0 inl#OH

ﬂummmwmm
ammmmwnﬂmaa




(15,25)-2-(V-Fluoren-9-y ImethoxycarbonyD-aminocy clopentane  pentafluoropheny|
ester (17

7 ccomplished using the same

procedure as desg com pound (1), Starting V-Auoren-2-yImethoxy-

velapeniiinggurhoxs fie acid (16) (200 g, 0.5 mmol). PIpOTfa (258

ul. 1.5 mmaol) . . o =3 ‘ n dicl K hanc (3 ml.) alforded
compound (17110 | 580 1 a white | A%

HRCHEL 2,07 (2H. m. NHCHCH, ).
.5 . < 6.2 Tz, NHCI), 4.36
. d.J+ 64 1z, Fmoc aliphatic CIL.
e CH): [a™p = +49.0 (¢ = 1.00

"H NMR (400 M. €
221 21, m. CILG
(IH. L J= 7.2 Ha. F
492 (11 s. NH) and 7.
/100 ml_ CHCL),

224 Synthesi

\7

() 3-Benzhy deyli

+ PhCHOH b

ﬂuﬂa VigTs W

The title compound was :-ﬁ'llhc-smd ammdu? the scheme above'by Miss

ARIRIATUURTINETIRE



() 3+(2.4-Dinitropheny lthio)propanoic acid (21)

1-Fl g ' zaiic (200] 14 3.7 mim Muas repcted with 3-
MCTCAPIOPIOParoIe i (; figl Lin i a
and MeCN. The rg 1A S i femperaty v h. The reaction was
extracted by di i e g phisise | with ‘ HCT and extracted
with F10Ae 10 obudin th i s Ithi \" -\ 21) as a vellow solid
(463.5 mg. 85%). ' ,

A€y (376.7 mg. 2 mmolj

"I NMR 400 MHz. DMSO-de . AR, 841 (11, dd. J-2.4 and
8.8 Hz Arih). 7.87 (I A 1z, SCILCH). 2.80 (2H.
L 72 e, CHLCHLCO) V¢ NME (100 MEZECDCT) § 172,75 (C-0). 145.59 (C).
144.94 (C), 144,04 (€). 12848 1CHY. 128 12078 (CH). 3248 (). 27.50
(CHy). mup. = 174.7-175.2 “Ge-fhinls € 0 C. 41,2 11 2.9: N, 10.4. Found:

C.41.22: HL.2.9: N 91.94.and 133552 em’™.

g e ;
AUEanenIweins
RARIMMIDUNAANH IR
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previously, The reaction was complete within 1 h according 1o T1LC analvsis. The product

was agaim quickly purified by column chromatography eluting with hexane:ethyl acetate

(2:1) on silica gel to  obtain_ the 5-(24-dimitropheny lthio)propanoic acid

pentalluoropheny| ester (22) as a ye . 79 %),

F). 844 (11, dd. /=24 and 8.7
L SCHLCH) 317 210 1,
J=13 W, CHIC Bl T2T5 (C-0). 145.06 (2xC),
144,14 (C). 12746 (C (WL 12194 ¢ ‘* 26.97 (Cllz). m.p.
125.0-126.5 “C7 Anal_glled for € JINO:C. 41 2: 11, 1.6: N 6.4 Found: C. 41.2: 1. 1.6:
N. 6.4%. IR (neahf Vi, 61522 30,1 344,00, and 110:

'HENMR (400 Mz, COCI) &y
He. Arkh). 7.61 (1hed

(d) 3-(Benzovl

(23) T S Y

Benzoyl chloride (2314 1 acted with 3-mercaptopropanoic
acid (2513 mg allCo; (3! iol) fin 11,0 (2 ml). The

reaction hr \&' Fwas extracted with
dichloromethiim ! ““" dichloromethane
to obtain the 34(henzoylthio)propaneie ae s white solid 0206 g, 42 %),

2N d,” & Iz, Ar/f). 7.52-7.45 (1H. m. Arth).
1. 18 J=6.8 He

z C !I L} =0, 178.04 (C-0). 13358

(CH). 128,66 (2xCH).127.74 (2xCH). 34.30 [{_Ihj 2& (CH) nup, = Qﬁ

o RIS I TN e et




{e) 3-{Benzoylthio) propanoic acid pentafluorophenyl ester (25)

Bl , 0
: = (25)
acid (24) I:l was reacted with
PIpOTfa (0.1367 g 0488 mino | DIE *\ A R u in dichloromethane

Wi e - une hour. The reaction
i1} j\\ \ \ by flash  column

ate (2 i g:l 0 obtain the 3-
orless oil (0,293 p. 62

4 pl.. The rr:suilin
wis  complel A
chromaography clifting
(benzoy lthio)prop:

Yo).
'H-NMR(406 Mz 4

T30 Arfa7.57-7.47 (1H. m. Arth,

335420 ST SCHGHL) 3.04 (210 1. J=7.2 e

7.45-7.37 (2H. m, Arl
CHLCHLCO): "C-NMR (100 M2 CDCL (C-0). 167.78 (C=0). 136,50 (C).

133,75 (CH). 12871 (2xCH), T3728 2XCHY 33940 14:). 23,60 (C112). Anal. Caled for
CHNO: C, 51.1: TFound: <. S10: 1 | 3356.43. 1787.51.
1661.47. 1518 '

il v

(#) 13 nm diameter ﬂ nanoparticles |‘-13].

Pkl NUNINEADT .

hnl'lmg tri-sodium citrate {33 8 mM. 5 ml) was mpldlt sdded until the color of

i ¢ solution turned from pale \-elln 1o deep red hévux was continued forahothe

AAINUNANINTT Y



(b)) 16 nm diameter gold nanoparticles | 6]

HAWCL3H-O (1%, 0.5 mL) ir

H"},S ml.) was heated up 1o 60 °C tor 10

HAUCT 3041 mgfm} Jmb) in water (18 mb) v ys heated 1o boiling. Tri-
sodium citrate (M0Fme/ml. Liml) w: _ Rl stirming solution for 30 min.

Afier that 11,0 wastadded  £}$5;¢,.a.-wmm|hmmm

2.3.1 Preparation of the reacl ":EV ' L app: plid phase peptide
synthesis ' ' '\

All peptide ﬂ}'nthn:s: " {2 “carried out whing o custom-made peptide synthesis
column from Paste ' Lamount ol glu'is powder and

sintered on. a8 jin was weighed

A'f.__*_,- b solvent for m

least 1 h I:-el‘ . Fo v ﬂ_ d in. cjected out by
manual cont r the spet:f' d peried of ume. Afier the reactipn was complete, the

reachion was w.!.ihfl by DMF solvent for 3 timi in order to eliminate the excess reagent.

fl TG ENTU AT Tial T

sloc ﬂgnnls.. The general s\"nlhl:'!.is protocol was div ||:lt_'1:| nto steps as I'u]lmlus

QW’]Mﬂ‘im UAIINYIAY

uccurately &



i  Removing Fmoc protecting group form the resin

washed exhansti

W) A

cid. or serir 1.1, attached 10 the free
A (101100

ino aeid (Fmoc-1-LysiBoe)-

OPfp) and Fmoc-Seért b _"_: d with HOAU (1 me. 10 pmol). Fmoc-
AsplOtBu)-O1 ] ' 10 The prepared resin was soaked in
solution of activated @ming e 0 ‘tﬂ 1.} with occasional agitation for

ime, the reagent was squeczed of T

the reaction column was washed exhaustively with DMF. The uﬂ:d deprotecting reagent

wsed 10 d..fnﬁh the c:uullng elli c:cM dllutmg with an appropriate volume

hWr%% : i di ﬁad 2L 264 nm
, -absorbance of the nd—ducl was assumed 10 be 100%. Such

determination of coupling efficiengy was udwnlagwuﬂtermu of d:lcrrnlmnw“ the

o TSI A TV



iv) Coupling with pyrrolidinyl monomer

The free amine group. generated from the deprotection step (i) above, was

further coupled with a designated PNA monomer. PNA Pfp monomer (6.0 jmol) in 15

s Pl ORILNERY was : _“‘ 2 pl. acetic avid in
30 pl. of DIEA gftiioptL) A and D "!\kw Eppendorf tube 1o

prevent formation ofideleion sequences and facilitae purific

. F 10 min.|55]

SACTC spacer monomer (17) (3,10
) ;
mg. 6 pmol) was coupled né prrrolidin pnomier after removal of the Fmoc

gruop. This constituted one iy S-S | PNA. Alternate couplings of the

he subsequent steps until
the complete sequence wasoblained. ’ -’
)

vii) N@Lﬂnl e I ligomer with 2 u—an@elhutﬂtthmy
acetv] linker ’
e L
R AT
the desi ¢s. i ' up' W oved by treatfient with the

deprotection solution as in (iif). 11 # sequences comtamn (. C, or A, the nwlmw side-
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acetic acid pentafluorophenyl ester (5.5 mg, 10,0 pmaol) dissolved in 30 pl. anhyvdrous
DMF without addition of HOAL and DIEA. The resin was treated with this solution lor 30

er wilh thiol

Alter the lina peof Frioc. th @remeﬂ with a solution ol
the activated S-protected mereapiopropanoic acid DPMS(CHRCO:H (19) (2.5 mg, 4.0
pmol) and HATU (1.3 g 0.4l anhvdrons DME, Then
DIEA (1.4 phe®0 junel) wal added 10/ihe reaction misture. The resin carrying free
amine group i 306

i demperature followed

by normal washi d similarly. In the case of lipoic

acid (4.2 mg 40 pmol g, 40 pmol) and
BS(CH:pCOPIp 25) (3.7 mg. 4.0 pmiol) were acec wplished in the same way

ppmsciycodaol & S0 L |

done by treatment with anisole
NP and S-B) mt
val trifluoroacetic
sol 1 in fume hood. The resin
.' anather partion'o FA 10 ensure o complete _vagu: of the peptide
from the resin. The sticky residue was treated with diethyl zlhcr o precipitate the crude
PNA._ The suspefisidBvas the centrifuged Jaid decanted. The crude peplide was

B S~
QRIANTUNRNINYIAY

T fempe ralurefo -

acid in the “i"'

was treated



) Purification and ldentification

The crude peptide was prepared for HPLC analysis by dissolving a mixture in 200
umy Analysis and purifics as performed by reverse phase HPLC. monitoring by
UV-absorbance at 260 nmeand eluting withi geidien system of 0.1% TFA in
acetonitrile/water. - 1l ' '
solvent A (0. 1% teibia

lvent systems which are
| 7 LB (0. 1% tnfluoroacetic
acid in milliQ wateg PR clution began with A1 (10:90) for 5 min followed by a lincar
pradient up 10 AR ( ) & e al |
back to A:B (10:90). Afr inée rving. the ide e PNA pligomer was verified
by MALDI-TOF mas spedtrafie BRSO
2.3.2 Solid phase pept ‘N'H';m:.

Synthesis of HS(CHE . 'l Foll§ 1) began wiih step 1 and i A cvele
of PNA monomer attach eprotcetion dsfep iii). coupling with the desired PNA
) Wit hmed alternately with a eyvele

of spacer attachment (deprotection-{s 7 7 i with spacer (step i), and end

monomer (step iv ), and

capping {-w:p Vi) a\l'lcr Eﬁ'&' notamer were ol st ik vl (S-Dpmi. ixe and x
WEre ¢ ' : of HSICI L CO-cpl-Tg-
L.ysNH; showed M-I .

3373.64;

£ ‘M‘fj " 1’1‘&5 H‘#Mﬂﬂ o

attached 1o the free amino group i the RAM resin Elu}'mg anc-hcr{lﬂltgllhht

QMRNI AN TIN AR
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a similar step as descnbed  for HS(CH pCO-egl-To-LysNHz (P1) above.  Afier
purification by HPLC. the peak ol HS(CH; pCO-cgl-To-SerNHy (P2) appeared al fy
22.9 min. MALDI-TOF mass spec show MH o = 3330.83: M s = 3329.30

2.3.4 Solid phase peptide synthesis of HS(C1:).00-egl- To-AspNH; (P3)

Synthesis of HS( A0 A }m-mI[S{{‘II:}:E.'D-EEI-Tn-
LaysNH; (P1) i anche ih amino acid (sie moc-Aspartale was first
attached 1o the free ami ' i RANE cesiiieopioine. | '-i ~AsplOWBU-OH (4.
mg. 10 pmol

anhvdrous DML

L2720 pmol) dissolved in
vere performed using
11 IFII above.  Aller

‘ *3) appeared ot 1y

125; M-H' capea = 3339.79

235 Solid phase peptide synthesis of HS( 0-

a similar siep asgc

purification by

oli-Ty-SerNHy  (P4),

(P4} and  HS(CH pCO-eple- Te-

SerNHs (PS) were similar to HSICTL ) -0- ; serNIH: (P2) above. However. the
coupling with thoxy acetic acid pentalluoie phenyl ester (step
vil) was [g| ] 3 cvele and evelein HSICHREO-celidl o-SerNIL - (P4).

HS(CH; ) COepls-To-SerNH, (P5), ' n. " PLC. the peak of

Hsurl-hh{,‘m% 20,8 nﬁ MALDI-TOF mass
spectrum showed M-H' g, = 3619.00: M-H g = 3619.30 and the HPLC peak of

lI‘i[E‘II-—};f’ﬂ—cgl"l'«&rHll- (P5) nppt:'mw tp = 226 min. MALDI-TOF mass

’ﬂﬂ“ﬂ”?ﬂﬂ’ﬂ‘ﬁ‘ﬂ”ﬁl”lﬂ‘i
ammnm UAIINYIAY
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2.3.6 Solid phase peptide synthesis of Ac-To-LysNH; (P6), Ac-Ty-SerNHL (P7)

Synthesis of Ac-Te-LysNH; (P6) 4

i 5:—‘]}.—5::er|_= (P7) were accomplished in
gpl-To-LysNH; (P1) and HS(CH:),CO-cpl-
To-Ser™NH; (P2) from siep 1 :7 tep v A o il vage of the Fmoc group, the

nonamer PNA (P6) and PNA (PT} were Ireate 20 2l in 30 ul DIEA solution in
a 1.5 Eppendorl wube. Aller purilication l@ of Ac-lo-LysNH: (P6)
appeared ot fx =B TALDI-TAF magsspettmushained M-H' 4, - 3181.00;
peared at 1 - 2500 min.

“3138.35

M g = 317944 il The
MALDI-TOF

2.3.7 Salid phase péptid

Svnthesis of lipo P8} _ L
(P1) from step o sigp vi / I eleavage of Fmoc. the nonamer PNA (P8) was

coupled with DL-a lipoic | (M8 o 0.5 e CHATU ( A mg. 10 pmol), and DIEA

(17 k.. 10 pmoly dissalved in anhsdious DME (30 yl.)in a'1.5 ml. I:ppendort wibe.
After purification by ¥ _ iy : : NI (P8) appeared at 1q = 23.7
min. MALDI-TOF mass spe sh MBS 5325.76: M g — 332539

pr ——

238 Solid phase peptide synthesis of lipoic 5 (P9) and lipoic-egl-T,

Svni of 'l:pm-::-e -Ta- Ipoic- Lg@‘im‘ﬂlh (P10} were

similar 1o HS(C H-'I!'[.'[.'H:glqu-I veNH: (1) and HS(CH; pCO-epl-Te-SerNH; (P2) from
step 1lo step vil. h':h hﬂcrlm cl M of ¥ er PNA (P9) and
hﬁ ﬁ:} w %:c t: Ll TU (1.7 mg.
10 }wl] . and 7 pl. 10 pmol) dissolved in anhvdrous DME (30 pl)ina 1.5 mlL
cppendorl  tube. Afier punluam‘ by HPLC. the peak ol lipoic-cgl-To-LysNllg (P9)

ARTRINIWARTINTTRY
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M g = 347039 and the peak of lipoic-egl-Te-SerNH: (P10) appeared at 15 = 25.3
min. MALDI-TOF mass spectrum showed M1 4, = 3433 86: M- 04 = 3429.34

2.3.% Solid phase peptide synthesis ¢ <To-Lys{Fluorescein)NH; (P11

Synthesis of lipoiesegl-To-Lys( I luoresCeimiNMs P11 was accomplished in the
same way as described for 7 pic-epl-Taclly I ' \ter cleavage from resin,
this PNA (P9) (A i . . couple h)-Carboxyluorescein V-

i -ll_!ih (3.42 pl. 10 equiv).
ctrum showed M- . -

hvdrox }':auccinimi_dt:.
Adter purific
392901 M-H

2.3.10 Solid phase peptide synthesisof DNP-S(CH)CO-egl-Ty-LysNI (112)

same way as described fof lipaicegl- 14 &N (P9) above but the thiol modifier was

changed from lipe c acid pentalluoropheny|
: ol Fm - To-LysNHa, this PNA was
..b'd- e ' HI' |
coupled with 3-(2.4- lilmlm cnvlthiojpropanaic_pentalluorophenyl ester (22) (4.4 mg,
05 ol in e ydran wﬁfﬁ,,g;wm  addition of DIEA. The PNA was cleaved
ol 151‘ = S
from the W : At L DNP-S(CH:1C0-gl-Tor

LvsNH; (F 1.2 min. MAL D=1 CH mass . owed M-H' g =
B N
3516.22: *" P ¥

2311 Solid phase p:plide svnthesis of Bzh['[ Hz.’l:fﬂ-tgl-Ta(Q-LﬂNH; (P13

f umwmmm ¥ i

umol scale). One part. was coupled with G and T m::n. until the wqutwmm.

9 RSNSOI TN NE

ester (22) in the last
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overnight.  repectively.  The  resin-bound  PNA - was  coupled  with 2] 2-(Fmoce-
aminojethoxy | ethoxy acetic acid pentafluorophenyl ester (vii) (2.6 mg. 0.5 pmol) and
then with 3-(benzoy thioipropancic pen rophenyl ester (25) (1.8 mg. 0.5 pmol) in
anhydrous DML (15 pl. Al ,1. usual cleanvage purification by HPLC, the peak of

B/S(CIL)CO-cpl- TG 1 -bysNH (PI3) appedrod aiae 21,2 min. MALDI-TOF mass

spectrum showed M

2.3.12 Solid p T-insNH; (P14)
Synthesis of E started with solid phase

peplide synthe d in 2.3.11. The second

parts (0.5 umol). wa coupled with € 4 -"'-'l'* M cquence Fmoc-1.CTe-

r - e ‘ d by treatment with
' al 60 °C overnight.
‘mocsaminojethoxy | ethoxy

the deprotection
repectively. Thefesin- PNA wi
acetic acid  pentafl A vl e .. 3;5 mol) and then with 3-
I,hcn;-'.-::ryllhinlpm AN : e, | _ . HT.L ng, 0.5 pmol) in anhydrous
’ (peak 0 BzS(CH.C0-cgl-14C T
LasNH: tPHlappcurcd at m e | dil mass spectrum showed M-H . -

- * . V "
Sy mhzg‘ur B2S(CHL 00 AsNH: (PIS) @ed with solid phase
peplide sy nthc-u-i Fmoc-Ty-Lys at 1.5 pmol scale as described in 23,11, The third

bt AT T

mlc-:lmn soluion and agueous ammoma‘dioxane 1:1 at 60 "C overnight.

mpecmeh The resin-bound PN.-'\";B'% coupled with 252-(Fmoc-aminojethoxy] éthoxy

DR b kanpideoe gk B gyasd el vd)
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DME (15 pl) Afier purification by HPLC. the peak of BaS(CHpCO-cgl-TAT -
LysNH: (P1S) appeared at 1 -~ 21.9 min. MALDI-TOF mass spectrum showed M-H g =
3484.00: M- g — 348053

Svnthesis o I
LysNH; (P9) from.g
(P16) were coupled i
Eppendorf tube. Al
BsS(CHa 0
spectrum showed

o, thl'.! NONamer PNA
naropheny | ester (25} ina 1.5
w HPLC. the peak of

appearcd @ 21.8 min. MALDI-TOF mass

2.3.15 Solid phase’ peptide syi
P17y '

)2C0-egl-T,GTo-Lys(Phos)NH;

Svnthesis ol S ‘ ol 1 b - (17 began with step i and

i by using Fmoc-1ysiMIt)- HA T ,'.-' mg. 10 pmaol), and [MEA

(3.4 pl., 20 pmol) duning the Pest-doadme A = moc-removal the sequence T,0GT;
A ) o 4 ) e - ey
was through further lreqlﬂﬁr}};ﬁ agueons ammonicdioxane 11 o 60 °C for 6 h, This

| (15 pl). The Mu
Lroup was re ; :d with 2% TEA (1 ml. 7 times) in dichloromethane until the cleavage

solution color changed from yellow 1o colorless. The resin was then treated with

T L e

20 u“l] inanhydrous DMFE (30 L) for 1 hour. After usual ¢leavage and punfication by
HPLC, the peak of BzS(C 13;:.{'ﬂ-éi-'m;'n-L}-s{Fhueaﬂi: (P17) appeared at by 25.9

R R REIRE
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2316 Solid phase peptide synthesis of BzS(CH)CO-egl-T,CT -Lys(Phos)NEH;
(P18

Synthesis of BrS(CH1:)

the same way as described for BeSiCl

After usual cleavage anc _‘ ,_-7,- catio ,- il : ol BaS(CH RCO-egl-T40 1,
LystPhos)NH; (P18} appeared " i J=10F mass spectrum showed

M 4~ 3804 85

2317 Solid 7
(F19) &

After usual ¢ 0l CHapCO-cpl-TA T,
Lys(Phos)NH: (P19 ] 1"‘ mass spectrum showed
M-I g = ,

2.3.18 Solid phase pcptldr vithiesis o ,!_.-, , ) o -egl-To-Lys(Phos)NH: (P20)

=t ,._’_r-.,’"?-r.f" )

"‘E‘ /BZS(CHRCO-egh-Te agfccomplished in the
SAME Wiy "—;' ]

d for Hesil st O-eple |l 1 =1 vst Phos sl - PI18) above. Aflter
3 -‘k‘

usual cleavape and purif
Lys(Phos)NI 15 (P20) appeared
M . = 381988 Mli;m 381852

ﬁ‘%ﬂ o 4 1

'hnlhi:ﬁm ol BeS{CH; ]nt'{.uhgl Te-l. H[A:}NHI&FIII began with st:und i

BRSSP S pAR e R

“BIS(CH, CO-epl-To-

LDI-TOE mass spectrum showed



b

dichloromethane. the resin-bound PNA was treated with AcyO 2 pl in 30 pl DIEA
solution in a 1.5 Eppendorf tube and was coupled with 2-[2-(Fmoc-aminojethoxy | ethoxy

wed by 3-l'ir-cmr.u!.'1l,hiu]|p-mpunnil: pr:n'i:ll'lunm

Synthesis'a pl- 14 : ) ,
for BzS(CH, .0 Qe vs(Phos)NI L (P20) ab aves Afler the Neterminus of PNA was

modificd with 2-{2-(Fmocsminojeiioxs Jethaky aeetic acid pentatluoropheny! ester. the
Fmoe group prafec ' : ' ' ben. ‘ (2.3 mg. 10 pmol

DIEA (3.4 pl.. 20 gmol)fin anhydrous DMEAIS b for 30min. The Mu group was
removed with 286 TFA in 4 . ,‘_' e inti clew .-- Iul,i{m color changed

from yellow 1o cologless.
TFA. Next the |

pl) for 1 hour. After uauul cle ', e S ,:7_:% fon by HPLC. the peak of Be-egl-Ts-

Lys(PhosINH: (P22) a;MEé 6.2 mi

M-H = §

ALBL- 1 OF mass spectrum showed

2.3.21 Solid phase peptide 0-egl T TCCCCCTCCCAA
-Las(Phos) iP23) was

Erjm W w -1 X - Ly st PhosiNI L

nhm“h er usual -:Ir.-magt and puni‘:.atnc:-n by HPLC. the peal». of BzS{CH:pCO-cgl-
TICCCCCTCCCAA-Lys(Phos)NHE (P23) appeared at gg= 24.4 min. MALDI- 1@ mass

qm"mmﬂmwmq IERGE

ac
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2.3.22 Solid phase peptide synthesis of BaS(CH):CO-egl-TTCCCCTTCCCAA
Lys{Phos)NH; (P24)

above. After usual cleay; it srification By he peak of BsS(CH: 0 O-cpl-
ITCCCCTTCCC AA-LastPhosiNil (P24 i 24 min. MALDI-TOF mass
spectrum showe

Bio UV-Vi«ble
] il 3 . The sample for [,
! | sled amounts of stock DNA and PNA

solutions togethe i inal ¢ f ‘r, al K i of PNA:DNA — 1:! and
0.5 mM sodium phosphatc b ler (pH 7.0) and the final volumes were adjusted 1o 3.0 ml.
0 ‘ d 1o a 10 mm quanz cell

ture for 10 min. The Asw

= T

Immuhn]nmllun of thiolatedPNA carrving diffegent charge modifications,op gold

QRAIRAINIANATNLIES
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capped nanoparticles were charactenzed by Photon Correlation Spectrocropy,  and
Transmission Electron Microscopy (TEM). Both of them can detect size of particles,

however. TEM technique focuses on one particles size bt Photon  Correlation

Spectrocropy  technique detect aotal particles sives. T, experiments were used 1o
determine PNA-capped gold n IN Al bridization by optimum conditions

for hybridization and also fluoreseence 5 ctrofl iometry was performed for detection of

LIV-VIS _eXperinént wais performed on e CARY, Bio 1'V-Visible

spectrophotometer an'lad) g 1f ¢ conditions as 2.4. The sample for UV-
VIS expeniment : | k

ith HS(CH;1C0-egl-1y-

SerNH (P2) and HS(C :ﬁr""‘“ P3 mole ratio of PNA:gold
nanoparticles (500:1 and 150 "'-- v 24h. The solutions were centrifugally
washed by 5 mM phosphate_huffer (pl1 7) wice find then incubated with 5 M
phosphate buffer ( '-'-“. - The PNA-modific aopa ficles (115 pl.) was

hvbridized ¥, -

I nuflplﬂnln
# .1'.1 b3
ratio of PNAT-DNA =

T.00 at the final
0 nrcdn]gm

NINNT....

]
pl) were incubated with at variousNaCl :nnm.ntmuunﬂﬂ mM. 100 mMl. and@mM)

IR S TNE ARH

volume of 3.0 T The melting

i) Effect nfm concentratio

AiITE

LVC0-cgl- To-AspNIT: (
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DNA = 1:1 and 10 mM sodium phosphate bulTer (pll 7.0) at the final volume of 3.0 ml..

The melting semperature was then observed m 260 nm,

iii) Effect of length of 2-]2-(Fmoc-aminojethoxy Jethoxy acety! linker

The length uj'i_:j B invostigliofhug mg PNA HS(CH )CO-egly- 1o
SerNH; PNA with,dillerentlinker units ¥ Jrespectively). These PNA
were immobilized on icled Amole ratio of PNA:gold
nll'nnpu.rlir?{*s[iﬂﬂ; X I'r‘il'l.lgull-.- washed by 5
mM phosphate b particles (115 pl.) was
hybridized withet
PNA : DNA = 1:1 dfd

3.0 ml.. The meltin

{1 pM oat a ratio of

al the Ginal volume ol

iv) Effeet of b

ISt Ha o CO-egl-To-AspNH:

— First proceduress HSICH 000 T0- AspNH- (P3) was immobilized on
¢ ratio of HS(CH:):CO-0-1s-

[he excess PNA was

.ﬁ? fer (pH 7) twice

_r-" 7 (115 ul)y. 2-
“was added centrifugal 1o the gold
nunnpafii:lﬁ (3.89 nM. 115 pl). L'I' I h. the solution nanoapriicles were

Lt wmw S

pl). The nanoparticles solution (1.42 oM. 315 pl) was hybridized with
complementany {}Hﬂ (dAq) (Tinal concentrition of | uM al a_ratio MHA

Q9 TR )
ing temperature was then observed 260 nm.

toethanol (1 mM.

=1
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HS(CTH pCO-egl-To-SerNHs (P2} was immobilized on pold nanoparicles
according 1o the HS(CH pCO-0-To-AspNH; (P3) as described above.

— Second proceduress HSICIH) “To-AspNI: (P3), gold nanoparticles

(mole ratio of HS( '_'};A CO-0- SpiN ) 1o gold nanoparticles - 250:1
1) and | locking thiol (1 A, 1) were mixed at the same time.
The reaction was incubaed 1 : .idnnd blocking thiol were

washed byswentrifugation 5 mM phosphiate-buller (pl1 7) twice and then

incubated awith SMA phosphiate buffe W -5 i) The nanoparticles
solution { 142 50 L hip ememar:. DNA (dAs)
fration 011 : ‘ NA < 1:1 and 10 mM

sodium phosphiite bufler (pH 7.0) it the ,‘ Wils of 3.0 mL.. The melting

(h) Fluorescenee | ' 7

Fluorescence expen ent. i (8 Hv‘. | cence spectrophotometer
(Varian Inc.). was us ! 0 L detenminatio : ; Efﬂfﬁ ey both of immobilization of
thiolated PNA on gold nang vartiefes and whridization of thiolaied PNA-capped gold
nanoparticles and labeled lnrg & 5 -

miitate th ysFlugresceinNH: (P11 on
goid nanoparticles JA (PTT1 (3317 M. 6. nanoparticles (0.98 nM.
450 pL) (mole rlm PN A:gold nnnnpur’m:les = 500:1) were incubated at room

TRV R

c}'alg': solution (6 pl. final concentration 0,05 M) was added 10 the gold nanoparticles

A TR
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total volume 2000 pl. of 5 mM phosphate bulter pll 7) was determined by fluorescence

spectroscopy (extinction wave length 490 nm),

(1) Hybridization

was immobilized on pold
wlicles = 500:1) for 24 h as
target DNA (13.9 pl .
sseien-labeled (5 FAM AAA

nanoparticles (0,98
described above.
linal concentration 7
AAA AAA) - :1- I e fabeled DN ¥os purchased from Bio Basic Inc.) in sodium
phosphate buflefpt] 7410 M), Afier Uhour. manoparticles wergcentrifugally washed
with 5 mM phe Er (6 elim , s ibridized DNA. The nanoparticles
(110 L. finalgonceudrarigh +68 1V mixed with a potassium eynide soiution (6 ..
final concentration.05 | ‘ and 3 880 1 AN f- -k__\ in total volume 116 pl.
for 1 hour. Quantital 1 total olume 2000 pl. with 5
mM phosphate bufli Cscene spectroscopy (extinetion
wave length 490 ), ‘

. PisA-modilicd | p I re treated. with dithiothreitol
(final congeitfration 10 mM | ’ fg! or KON (final
concentration 4

ith CCA i Saturated
solution in i“ 1:0: MeCN containing 0.1% TFA) und spo on the target. The
MALDI-TOF :ip?tm were collected on A‘Bmkr:r Microflex MALDI-TOF mass

"FT‘IJH’JT’IEJW‘?WEJ’]T]‘?

nmi.mnl electron mmrnsmm (TEM)

TR EHIRHARAT AR
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nanoparticles were preparcd by depositing approximately 10 pl. ol the aggregate
solutions onto carbon-coated grids and wicking away any excess solution. Grids were
allowed 1o dry for al least | h prior to imaging. The sample preparation and measurement
were carried out at the Material Te "

(e} Photon Correl

Zeta poteniial dati ined on ent Nano Ziser at the
Marterial Technology e RLITC) The PNA-siodifisd gold nanopariicles (389 nh.
20 pl) were added inalfer tg and olun ::\ 1. by an wddition of
deionized waterglt. 4 A 1 R N

-t
X J

[

AU INENIneINg
QRIANTUNRINEIAY



CHAPTER 111

RESULTS AND DICUSSION

The four Pp-PNA monomers niheSied 8¢ preyiously described by Mr.
i, Ananthanawat, and
Mrs. Choladda Seisuwan

were oblained as whité solids showing NME specira consi fen with literature values,

hromatography and

3.2 Swnthesis ' AlPR

Synthgdis of dhe framing acid spacer (sSACPE) followed the procedure

previously’ poriy | p<d-carboxylate (12) was

reacted with (Sj-)-admetlivt _ ey \ acetic acid to give
an enamine intermediatgs The | ’,-“--‘ ely reduced with sodium
eyanoborohydrid “the -t s “} along with other
stereoisomers, which g | ) i wtography. Al the end. 21
% vield of cthyl (I 25§ She ocs clopentane carboxy late (13)
] 25 U'Npisomer was identificd by

alue (Jalp +17.0.¢ = L0

comparison of NMR 4
CHOL) wi

I/ 1
AU INENINeINg
QRIANTUNRNINYIAY
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viously [5.58]. This resulted I"Ihc free acid (16) in &% vield (Fignre 3.1

q W’l@“ﬂﬂm o 1 e &‘Iﬁlﬂ"ﬂ
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ppm (Fmoc Ar CH 762 ppm (Fmoce Ar CHY and 7.80 ppm (Fmoc Ar CH) (Figure
3.2). The idemity and optical purity of the product was further confimmed by
comparison of the specilic mtation value (Jajy 4364, ¢ = 1.0 in MeOH) with the
value reported in the litersture (Ja)p 363, ¢ = 121 in MeOH) 58]

The Fmoc free acid (16 e i1 , PIROTTa and DIEA as decribed
previoushy for the PNA n i pection was complete within 1 h
according 1o TLO g ‘1\, \‘ %' / ikl purificd by flash columin
7 the column. The product
). The identity of the

chiomatography (3 #¥oid decumposition of 1he prode
{17} was oblained S BV hite §
product was € W are Tully consistent
¢ = L0 in CHCLy)

with the expes
slv in this laboratory

also corresponded

"'IF‘II .

plopropaonic acid.

Since the thiol g ion during the PNA

uld be removed by TFA
treatment at the sam ,mr.r 1 the BNA ffom the $olid support. Hlowever. the

i _F_‘j!"'."”.'*
so-obtained lree thiol PN A-was 1 e

svnthesis. Initia

allow proper purification. Other
therefore investigated, These
include 52,4 ; ‘

"*_,= thioipropanoie acid (21 was svnthesiced by reacting |-

o - WNal1C0,.

“solid msimplz acid-hasc
by reaction with

PIpOT fa and Iil! A The Fl‘p ester (22) was oblained in 79% vield as a svellow solid

ﬁmm mm WET’TTTT"“
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3-(Benzovithioipropancic acid (24) was santhesized from the reaction of

benzon ] chloride (23) and 3-mercaptopropancic acid in aqueous Nal OOy, The

product (24) was obtained in 42% vield as o white solid and was further reacted with

PipOy T 1a and DIEA. The Plp ester | 5) was obtained in 62% vield as a colorless oil

(Figure 3.5). The structure of pr was canfimned by 1L C NMR and elemental
analvsis (Figure 3.6). 'y

ophenyl ester (25)

ﬂUEJ'J‘VIEWIﬁWEJ”Iﬂ'ﬁ
Qﬁ’lﬁ\ﬂﬂ‘immﬂﬂﬂmﬁﬂ
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L of S-Br Pip (25)

Figure 3.6 " NMR and ', : Apect ) 3-(benzoy lthiojpropanoic acid

{24) and 3-(benzov thiopropan nh nx | ester (25) respectively.

Mr reduction of
hyvdrogen ,;: “hloroaura ow In 1p1: the size of

the nanoparticles depends upon the mnmhlmﬂm ratio of hudrnj, tetrachloroaurate
1o sodium {;lln]‘. Ihe higher the ratio, the larepthe particle size. Figure 3.7 displays

AN ’i“]ﬁﬁ N 4 1

k) d the gold nanoparticles wu} a theorctical diameter of 13, 16. and 40 nm,

AN TR yobhynd
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nanoparticles were further verified by photon correlation spectroscopy. As can be
seen from Table 3.1, the preparation of the gold nanoparticles with the theoretical
diameter less than 20 nm cannot be well controlled. The diameters of the gold
nanoparticles determined by PCS were much larger than the theoretical ones. This

difference implicd that there may be some wim of the gold nanoparticles.

(A) ® (©)

Figure 3.7 TEM mgcmfguﬁ nannmnm%s with theoretical diameter of 13 nm (A),
16 nm (B), and 40 nm (C).

Table 3.1 Particle sizes of gold numpar[mlﬁ“‘amlwcd by photon correlation
spectroscopy (PCS). =

Theoretical diameter Diamdﬁamalg.ied - PD]' Zela s
(nm) [53.36,54] | by PCS(nm) |~ | potential
13 nm 192 7 0.59 =4().5
16 nm 282 0.52 440717035
o e —R———— s b
40 om 37.8 0.16 4747 [ 24

"PDI = poly dispersity index o

Although the preparation of gold nanoparticles with the theoretical diameter of
40 nm could be accomplished. the stability of the nanoparticles varied from batch 1o
batch. And the size is too large particularly for sensing applications. Thus. it was
preferred 10 use the commercially available 20 nm gold nanoparticles (Sigma) for
subsequent experiments. The concentration of the naneparticle could be determined
based o its molar extinetion coefficient which is 1 = 10° M'em™,
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.5 Svathesis of thiol-modificd PNA nonamer by solid phase peptide synthesis

Solid Phase Peptide Symthesis (SPPS) of PNA was carried oot according 1o the
standard protocol previously developed in this laboratory [35.36]. An appropriate

the PNA contains nueleohases other 1l v i r I buu: protecting groups
should be removed at this 5 W treaty ith 1.1 squeou: nlj?mnniurdit!hunc at 6l
“C for 6 h. The completely_depr \ was ther y
diethylenegl ol eol " linker 10 inerease the sohibility and 5o increase the distance

with a hvdrophilic

between the PHA™ gold  nanopa ."“'._.';H?;"“_-d 1o facilitate

! | ol e hiol modifier was
: :dLI"ul PNA,

{(PL1)), the amine r | oy fluorcsceir mmmhl csler] was

‘ ation after cleavage

san: Fluorescein

from resin. The P

, F 8 BRI N
."!-!u'“ ot 'I L = |
r o J] :"".ﬂ _1 i

solid support u:uing b “ﬁmﬁ

:'l."ll.' all ol

by Miss Boonjira Boonthal. :[‘a-enahle, ("4
support. Fmoc-1. tHMllbﬂIi;@
TPNA

RS | FRASRT

by pel electrophoresis.

 was carried out on the

e mimidy | ester { Prepared
al functionalization on the solid
roduced before the PNA synthesis,
g ing

. for_Timtnionalizanion,

proup  remoyal,

allac
The M group of the lysi v ed under maldly
acidic co n (2% cin CH - u- pleted as shown
by dimmn:c of the 'mlllm color from the th:pmtmtlm ﬁﬂ‘n, the PNA was
coupled with ? amine reachive phosphonium to give the desired doubly-modificd

AL YRR R L

MI:ﬂsmg the retemion time of the desired PNA relative 1o the deletion sequences.

hence facilitating the punl'n.al:m‘
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calculated from UV-absorption revealed that the synthesis was reasonably efficient

{average coupling vield per step ~90%), Retention time (15) and MALDI-TOF mass

spectral data of all PNA synthesized in this work are shown in Table 3.2,

‘Table 3.2 Percent coupling effie -';,%",
o

=

¥i 1g anclinags speciral data of the thiol-

M-H (found) |

LvsNH; (P9

) f

HS(CH: )0 O-cgl- 7 ’
S ™ 7/ We |
o o /j RN N |
il A AU oA o
i %Y 3330.83
To-SerNH: (P2) fe=t \’l \\ |
S(CH )0 col , | “ i |
| ™ %N 13192
Te-AspNH: [,F : ' a4 |
HS(CH)C Ol , |
S(CH, )00 o B .
HS(CH:CO-eple | & .
Fo 2.6 |8 3909.9 3913.4
To-SerNH; (P5) | !
o 31794 N80
(1"6) y ) |
Ac-Te=5¢ |
& 3139.3
®7) Tos
Lipoic-Tel yoNi |
| 33257 |
o .
Lipoic-egl-Ts. |
3470.4 3469.6
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Egl-TrL}'EH HJ
(P12)

BeSICH:LCO-egl-
TGl s-LysNH:
(P13)

O < ,

TiCTa-LysNH;
(P14)

BzSICH: )00
T{ﬁ'l'q-!._\!‘ﬁ 1=
(P15)

BaS(H: ]{' -cgl
Tu-l. \EN

B2SICH:C0-¢
TLiTe: 4
Lys[l’huﬂHH;
(P17}

BES[CH:):C [)-¢g
TiCTs- ,
Lys{Phos)NH:
(P18)

3496.5

3499.0

BZS(CH:LCO-egl-
TaATe

(P19) F

BzS{CH 00
Turlys(Phe
{F20)

NI

3456.5

3460.0

34840

3476.1

3R44.0

3R04.9

L!s{ "'_———,,,

3827.0

38199
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BzS{CHpCO-egl- ===
TICCCCCTCCC

0.5 71 244 5045.14 50471
AA-Lys{Phos)NH;
(P23)
BaS(CH: pCO-¢gl-
TTCCCOTTeC:

- 506014 5060, 1
(P24) :"'_"‘:

* calculated I"n he _initi b
deprotection af F 3’5‘7""’ by -‘

the last cyele.

idine adduct from
Fmou deprotection of

The thiglme id were not stable
e S1oTg |
S-DNP and S-§
groups may
S-DNP PNA. i :
PNA [60] as&how

The'tse of maore stable
M er these profecting
ol . In the case of
ted 1o provide the free thiol

—
ed the DNP-

E[(_.Hgiﬂ-p—' mercaplo } ol under various
conditi ALDI-TOF mass spectromeltric analysis (Figure 39) showed that the
original mass fl NA was observed in nl] (Mass 3535 [35124Na]").
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Tl ag k- B ogseepal 08 Re
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Figure 3.9 MassSpect N S0 21Ty A.""'F;f.h; 1) belore (A) and
after reated ! dph B IC).

protected within 13 minutes o
v i, Mo ever, this free thiol PNA
solution Must belsed jmn | | Wa unstable. A ler only a few hours al
with had a mass

formation of » BNA dime

room tempegitire b

‘ sed and a new peak
‘ ed Mhis was attributed 1o the

- bond. The disulfide was formed from
air oxidation nﬁhq ‘ ol { sre

o

Figure 3. :-‘&-"
|
41|.

1

")
he PNA were therefore stored in 5-Bz protecied form. In fact, it was
subsequently aﬁvﬂm the deprotection wisor necessary and the $-Bz protected
|§’
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Figure 312040 1PLO Chramat guram bf B \ s Phos)NH: (P20)

N \

and (B) MALL ',
L ASUCH= 0 O-egl- -
m\:shgmadb}?‘ : e \ \

A} in solution was
The T ¥alue sz“r {a< comparableto that of non-thiolated PNA|S]. This

3.6 T, experinn

The binding

indicated that the hiol - iod med effects on the PNA-DNA
hybridization and the BrS (bl (Phos)NH: (P20) could still form
stable hybrids with dA, ating ) " , s between BeSCH U O-cgl-
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1.25
—— 5] Ty s b s

|12 ==BiSeepl- Ty oPhosdl
| —ir— B ol TOLyePhasdT
LS By%eegl TOLysPhos1dA

il
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w Al

£ ect maich

i 44 I single mismatch
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13 | Lipoic (P9) | dIAAAAAAAAA) 76 | perfect match
14 Lipaoic (") AAAAATAAAAN) 45 single mismaich
17 BzS (P13) HAAAAAAAAA) 27 single mismaich
18 BzS (P13) d{.-i _1_". AA) 39 single mismatch
19 BaS (P13) 1;" E.;F D 4 58 | perfect match
20 BaS (P13) “ﬂ ‘u ﬁ' ﬂ, 26 | single mismatch
21 BzS (P1 -’“'l A A : single mismatch
22 iBzs (1 single mismatch
single mismatch
24 perfect match
I | single mismatch
26 | pe:ﬁ:cl maich
27 ‘single mismatch
2% | | single mismatch
9 serfect malch
30 single mismatch
3l single mismaich
32 single mismatch
i3 single mismatch
k) BzS (P17) (I nur d(AA single mismatch
35 | BaS(P17) (Phos) | diA. 57 | perfect match
36 | BzS(PIT) LFM..'- single mismatch
37 T ] ¢ mismatch
i% HPhos) | dAAAS = ~ Lsingle mismatch
39 S 108) gle mismatch
40 | BaS (P18) (Phos 56 rfect match
11| B2S (P19) (Phos) | dIAAAAAAAAA) 43 | single mismatch
2 | BaS wfﬁu} dmAIAM@' 73 | perfect maich
: ' alch

ingle mismaich
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48 | BaS(P20) (Phos) | dAAAAGAAAA) 42 | single mismatch |
49 | B2S (P23) (Phos) | d(TTGGGAGGGGGAA) | 64 | perfect match
50| BaS (P13) (Phos) | diTTGGOGAAGGGGAA) 19 single mismatch
ST | BaS (P24) (Phos) | d(TTGGGAGGGGGAA) | 41 | single mismatch

52 | BaS(P24) (Phos) 67 perfect n‘lH.H:h

"The 7 was measurcdala RS BEPNA - DIt Lgalitcriration of PNA strand =

‘ 'h..ura.u ‘.l":'min.

First o rivative plod.

"]F..1 was determi
L7 Immobilizstion

Tl 7 ¢ - (RTI I AT ' o 1pates Prcf
1.22-1.3 nmaol ~ i ’ LA can ; t . wdification including
HS(CH )0 | | G0

g l-Te-S Il;" ) HS(CH ). C0-
tgl-—Tu.-AquNll-a P 1 0.98 nM 1 r\ anoparticles (20 nm

sd by incubating

3) d
particles sizgd Afigr ¢ lul.nla shing _, in 14000 rpm. three times) 1o
Ho-gatd moditicd with PNA were

Y ?'“"J""'I S 1
'V WIS-spectraphotomel ation Spectroscopy. and

remove any unimmobilied

characierized by

Transmission Electr

d pold T ,_.__ﬂndul’tﬂ
moditication with the three thiolated e Flgure 3.14. Afer

moditications 1S
caused imms

Lt positi v tharged side-chain
iate and irreversible agpregation. This process ¢an be visualized in

solution by nake eve i,'rcd o rmpic color change) (Figure 3.15A). This color change

| of gol opagicles caused by
glv‘Iwhp H: sln.glz anionic  aspanate  residue was

incorporated and hence  the Pm is negatively L'Eﬂd Maodification ni

QW’W*TTTF f‘mrmmmﬁa“a
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centrifugation-induced aggregation was observed (Figure 3.14). The same behavior
wis also observed when neutral HS(CH joCO-egl-Te-SerNIH (P2) was used. Both of
PNA-functionalized gold nanoparticles did not exhibit any visible color change as
shown in Figure 3158 and Figun: LB 15_(?. respectively. In the case of the Ac-Te-
SerNI (PT) carrying acety] gn |
band shift from 520 1o 52 --; \
(Figure 3.14 and 3.15D).

Ihm'l. only a sall surface plasmon

cdiwithout any visible color change

[

7, |
ﬂ/ﬁ' % ?:\Q\“i\

S AN
fif_ Lo

Figure 3.14. Co sarticles immohilized with
HS(CH:):C O-ep -To-SerNH; H. < (P3). Ac-To-SerNH:
(P7) and HS(CH: 00 3 ‘ cLysNHL (1) | after modification.
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Figure 3.15. Aggregaiion behavior of tﬁiDMCd PNA carrving different charge
modification: (A} HE[CH:}:CD-pgi-TﬁLﬂHH; {P1), (B} HS{CH:)CO-egl-Ts-
AspNH: (P3). (C) HS(QH.):CO-gl-To-SerNH: (P2), and (D) Ac-Te-SerNH- (P7)
with gold nanoparticles.

3.7.2 MALDI-TOF mass spectrometry

To ensure that the PNA were immobilized on gold nanoparticles through
thiolated the thiol group, MALDI-TOF mass spectrometry was used to follow the
immobilization process, After standing for 24 b of HS(CHL.CO-egl-T5-LysNH: (P1)
with gold nanoparticles, the solution was centrifuged for 15 min av 14,000 rpm 10
remove non-thiolated PNA and excess thiolated PNA that were not immobilized. The
first time,"MALDI-TOF analysis of the solution showed both incomplete non-
thiolated and excess thiolated PNA (m/s = 3371.9) in the solution (Figured.16A). In
the second ‘wash with followed by centrifugation, MALDI-TOF mass spectrum
analysisrevealed nogignal of these PNA indicating that washing iwice copld remove
all unbound PNA from the nanoparticles {Figure 3.16B).
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Figure 3 leaned  pold

nanoparticles (AJ 7

The
alier washing ¥ ure 1o release the
PNA Trom the _ \i“x‘ the expected MALDI-
TOF mass spectrm af m : , indicating thi imobilization was successful.
This also confirmed il ctive for thiolated PNA because
- obse g though the PNA was used as a
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Figure 3.18 | EM images of gold li:mnluufli_gfu&; (A} belore and aller immobilization
with (B) HS{CH2gCO0-egl-Te- LN B APLR (O HSICH ) CO-cgl-To-SerNH: (P2),
and HS{CH2)-C00eel- Fe-AspNH(P3)

Ihe aggregation of gold nanopanicles by PNA was funther studied by photon
correlation spectroscopy, Data-in-Tahle 3.4 confiom the relationships between PNA
charge stage and average paniche size ol the thiolsted-modificd PNA oblained from
FEAN studies. HS(CH):CO0-egl-To-LysNH: (P1) caused extensive apgrepation of the
vold nanopanicles because the positive charge of PNA neutralized the negative
churge of the citrate ion on the surface of gold nanoparticlcs so that the size
determined by PCS was correspondingly farger. The newiral HSICH ):CO-cgl-To-
SerNH iF"il. on the other hand. was ~ 2.5 times larger in size implying possible
aggregation induced by centrifugation and/or the reduction of negative charge density
on the gold nanopanicles dueto the shiclding effect. As opposed | to other 1wo
systems, HSIOH  ).CO-cgl-To-ASpNH (P3) showed partiele size in a similar range 1o
the unmodificd gold nanoparticles. Because (P3) carries the same charge as citrale
ian. ikshould noteedueesthe charge density ol the gold-nanoparticles; The modilicd
gold nanoparticles remained stahle and did nét agerepate,
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Tahle 3.4 Particle sizes of gold nanoparticles before and after modification,

Diameter Zeta
6.1
{P]}mﬂd-lﬁﬂd iy 1 7 i : 17
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(A) (B)

(C) 7 (D)

Figure 3.19 Effect of phosphate buffer pHZ (A) 0,05 mM, (B) 0.1 mM. (C) 2mM, and
(D)5 mM DfHSQﬁH:h;@D‘-_:gI—TrSerH;wI! P2) modified gold nanoparticles.

The results in Figure 3,19 show that the neutral HS{CH;).CO-egl-To-SerNH;
(P2) modified gold nanoparticles was stable in phosphate buffer up 1o a concentration
of 2 mM. On the other hand, HS(CI [:}zCD‘fthT‘I‘q-ﬁsleig (P3) modified gold
nanoparticles was stable under these conditions and also at 10 mM phosphate buffer
{pH 7) (Figure 3.20). No aggregation was observed for over a period of two days. It
could be explained that the negatively charged aspartate in HS(CH:):CO-egl-Ts-
AspNH; (P3) provided protection to the particles from the sali-induced aggregation at
high buffér concentration.

Figure 3.20 HS{CH:CO-€2l-Te-AspNH: (P3) modified (gold nanoparticles in 10
mM ' phosphate buffer (pH 7).



ii) Effect of NaCl concentration

The stability of PNA-modified gold nanoparticles at differemt NaCl
concentrations (0.01 M, 0.05 M, 0.1 M, and 0.3 M) was also investigated. The
addition of salt 1o the panticles will result in & decrease in interpanticle distance, due 10
charge screening effects. This results in the particle aggregation and the solution color
turn from red to blue. HS${CH:):CO-¢cgl-To-SerNHs (P2} modified gold nanoparticles
can resist aggregation up 10 0.05 M NaCl concentration (Figure 3.21).

(C)

(A)

Figure 3.21 Effect of NaCl concentration on HS(CH:pCO-egl-To-SerNH: (P2)
modified gald nanoparticles (A) 0.01 M, (B) 0.05 M, (€) 0.1 M, and (D) 0.3 M.

The results in Figure 3.22 showed that HS{CH2):CO-egl-To-AspNH: (P3)
modified gold nanoparnicles are stable up toa'salt concentration of 0.3 M, with no

detectable color change even afler leaving for § days.
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(A) (B) ()

Figure 3.22 Effect of NaCl concentration en HS{CH3),CO-egl-To-AspNH: (P3)
modified gold nanoparticles (A) 0.1 M, (B) 0.3 M, and (C) 0.5 M.

These sesults indicated that the charge of the C-teminus amino acid
contributes significantly 1o the stability of the PNA-modified gold nanoparticles. The
HS(CH:):CO-ggl-To-AspNH: (P3) modified gold nanoparticles appeared 1o be more
stable than HS{CH:).CO-ggl-Tw-SerNHz (P2) modified gold nanoparticles and
HS(CH;):CO-egl-To-LysNH; (P1) modified gold nanopanticles, respectively. This is
in good agreement with prediction based on the charge state of the PNA modifiers.

3.8 Attempted detection of I;yhridizaﬂu:.nf?ﬂﬁ—mudlﬂtﬂ gold nanoparticles
with DNA

3.8.1 Melting temperature

Four differentconditions were employed.for hybridization of HS(CH:)CO-
epl-To-SesNH- (P2) modified gold nanoparticles and HS(CH-)-CO-egl-To-AspNH:
(P3) modified gold nanoparticles with target DNA.

In the first set of experiments, the mole ratio of HS(CHypCO-egl-To-SerNH:
(P2) 1o gold nanoparticles was varied (500:}.and 1500:1) during the immobilization
step. The modified nanoparticles (1 UnM, 238 uM PNA) were mixed with dAs at a
concentration of | pM). The T, was then measured at 260 nm. In both cases no
melting curve could be obtained suggesting that no hybridization took place.

It was thought that increasing the DNA length. might help increasing 7.
observed for free PNA-DNA hybridization[5]. However increasing the length of
DMNA 10 dA<; still resulted in no hybridization both with HS(CH: :C0-egl-Ts-SerNHs
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(P2) and also HS(CH:CO-egl-To-AspNEL (P3)-capped gold nanoparticles

To determine the effect of increasing salt concentration on the melting
temperature, the HS(CI l-]-('ﬂ-cgl-'l'rmpwl 1: (P3p-modified gold nanoparticles (mol
ratio PNA:gold nnmpnrlmlm h}' idized with complementary DNA
(dAq) at various salt cong \ / I mM and 50 mM). Again, the
melting analyses sho \‘\ r f t improve the 7, ol the
nanoparticle  agg AH-.J,__ h ﬂall Con Tects charge of gold

nanoparticles and SR GFDNA-DNA hy bride S 60 work to hybridization
beseen PN Asmiol : | PN

A neutraliy.
I was rorlid nanoparticles,

hyheidization will b€ diiiéull. One diethyleneglycol linker unit a atoms) inserted

between the ! the PNA from
the pold  napdparti _ | ip  between  the
polyiethy lenggh colpl lemy e \\ e thiolmed PhA

carrving d cglycol) units (n = 3) were prepared.
Under standagd expafimental condifions, tie melting analyses of gold nanoparticles
modified with thebe PNA- shof | celvcol) Tength did not have
5 the dhy bridi ill be observed in all

rm LG hilized in the functional
y/ 4

positive effects i

cases, In order to ¢
state, ie without deompash denaturati NA modified gold nanoparticles
was treated with KON soluion vanide and air cause disselution
of the nanoparticles iber HSICH-30 0=l TorSerNH
(P4) into-the solution. 75, experiment of this KCN-treated HS(CH ).CO-cgli-1.-
SerNI: Ey )-functionalized pold nanoparticle: | #" 1 value of
78° € (Figug ‘

|
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This suggeste A could be imme ,,
without Tusi the Bindis pfo s Althibugh PNA was added finker length. PNA
could not set u v | ' anaparti e, | '_ ould not hybridize with
PN A-modified gold fanoparticles: i can be fu oncluded that the morphology of
PNA-modificd gold naopafiicles were wunsuitable for hybridization. Likewise. no
hybridization wWie of in “ihe case of PNA-modified gold nanoparticles
hybridized with DNA-mod: | i
corresponded with mlrrc;dlf i
In a related :m.@ [ iolated PNA on gold surface,
h ization properites of the
i - g thiol were
immabil :s. the E PNA lied on
sold nan spartic L bridization was also
O-egl-Te-SerNH;
(P2}, mole rati P S00:1 and 1500:1] were ln.atr.-d with mercaptocthanol (1 mM, 200

investigal PNA-modified gold nanoparticles [11S{CH;
ai melting
CH) I- T AspNH;
same resulis, Next, the PNA
HS(CH:)C0-cgl-To-AspNH: (BE). gold nannp:rmlﬂnd the Blocking thm1

o TR B AT nH
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the important Tactors that contribute to the mability of gold nanoparticles-PNA 1o

hybridize with DNA.
148.2 Quantitation of immobilized | - ‘ vhridization by Muorescence
experiment \\ | /
Fluorescence is defi ,,,,_; the :ml,w&iwn oul as a molecule

returns (o its grog i€ from an extited cleCironie Stateand fluorescence can be
investigated by the ani r_ - chan ) the emiss emvission  from
oligonucleotides sVery s-- dmp il ::'-'_ Aa o resull svnthetic fuorophores
caan be introduced articr i '/f" | F PN - ¢ covalent or non-

covalent addit ', .

Figure 324 2 | “Jablonski i thg=principles  of
Muorescenee and p "1"..“.""—*.""3‘”—"‘—‘}
ss by which

cnergy hnﬁ: non- mdmltvc]y between molecules over long m LI0-100 A).

The nm—ndnmin: transfer of excited-state ¢ from a Nuorescence donor molecule

T SR Y e A e

qur and acceptor, In general, the donor molecule is a Nuorophore which has an
abhsorplion maximum al a ﬂ:unr‘uuﬂmglh. can be gxgited selectively, and ransier

QRIRRIBIHATNIANS
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energy of a photon absorbed by donor can be lost by Muorescence photon emission

from donor or by radintionless transition 1o acceptor leading 1o photon emission from
acceptor at a longer wavelength.

Gold is known 1o be an eflcel juencher for many fMluorophores including

i | i above [43.44). 11 a Muorescein

s the Nuorcescence will be

scence signal appears

lBbelled PNA must
: , | fv. free thiolated

st suitable for this purpose. Instead. a more Hluhkﬂiﬂ acid modilied

PNA was l:hr:n, The Nuorophore, |3(6)-carboxylluorescein]. as a donor was

VIS T

“‘lmm -labelled PNA. The PNA sequence was immaobilized on gold nanopanticles
{mole ratio PNA:gold ﬂﬂ!lﬂpﬂﬂli‘i 500:1} in the du roim lemperature ﬁ:lr

N TSR RHIAS
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solution (final concentration 0.05 M) 1o liberate the free labeled PNA. The
NMuorescence associated with the Muorescein a1 324 nm was measured by spectroscopy
fexcited ot 490 nm). To quantitate the amount of immobilized PNA. a calibration
curve was also prepared by serial i i fluorophore-labeled PNA of known

| Cone the concentration range of 10-70

oM (Figare 3.26). é

concenration. | he calibralion eurve wa 4
" SO / 4

Figure 3.26 The cal F

The measured Nusrescenve inlensil sample was 475216 (106 pl in
total volume 2000 pl. of 5 mM phosphal e congentration of the
PMNA. & i-:: CRUTIRCE Aensily codrld b Calcukied oo e o shavn in F‘lﬁlﬂ'

3.1a.h wd

)

Dilution f'lcluriﬂl.ﬂlﬁ P 20000 £ 106 = 0.682 uM

ATV RGNS

" start = (L9584 nM

(0.984 nMﬂﬁ? ply = COl06 pl)

ARIANTUNAIINETRE
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160.85 molecules = 26.72 = 107 mole

From circumference (49¢) of gold nanoparticles : 4910 = 107 em)?
= 1.257 = 107" em’

PNA coverage on surface area of 200 nm diameter gold nanoparticles
One particle with a surface arca of 1.257 * 10" cm® contains 26.72 = 107 mole of
PNA probe

=21.26 = 10" mole / cm’ (20,26 pmol / em”)
The average surface coverage of lipoic-cgl-To-LyshH; Fluorescein (P11) on gold
nanoparticles was 160.85 PNA probes per one nanoparticle, which coresponds to
21.26 pmol/cm’, This measurement was repeated twice and the resulis showed similar
values (154.5 PNA probes per ane nanoparticles. 17.36 pmolfem®). Sato, K et al.[41]
have reporied 200 DNA probes per one 15 nm nanoparticle. Smce diameter of

DNA-DNA duplex was 20 A” (2 nm)|62]. The toral coverage area could be calculated
as Tollows,

DNA: 2009(r)* = 2009 Inm)*
= 628.6 nm’
Circumference (4%7) of gold nanoparticles (15 nm diameter):
= 49(7.5 nm)"
= 707.1 nm’

Compare the two figures, it appears that DNA could form monolayer on the gold
nanoparticles. In our casc, similar calculation revealed that the amount of PNA probes

was corresponded with DNA probes (assuming the PNA have similar dimension to
DNA).

PMA: 160.859(r)" = 160.85%( 1nm)’
= 505.5 nm’

Circumference (497 of gold nanoparticles (20 nm diameter):
= 4%(10 nm)°
=1257.1 nm*
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i) Quantitation of the hybridized target |43

The PNA sequence II:pmx.-cgl Tur‘icthIl IFHH was used in this experiment

hybridization, th d ns :!-?‘. les we ?--‘ ‘Centrifugal wash with 5 mM
phosphate butferpll 7 _iwite sXeess Nurophore-labeled
oligonucieotides o : - apide solution {final
concentration | D ) ‘ her: rec libe . "l" hance associmed
with the Muggese n 1Ganmyw i castired 10 g by dization efficiency
between PNA-mallificd pold nanoy ticles an d DNA against a
calibration prepared R rinbeali " | DNA of known
concentration (Fig e N ” '

(7 %]

ﬁurﬁ 327 Tt‘@ﬂaum curve of I'IwnphMbcl:d oligonuclentides.

WEL A NZYA NEILTLA ..

p!mphalc buffer ipll 'i"] conceniration was then calculated I'rmn the

QWTQ’QWTWN’%TMEH@EJ



76

T162 = 24358 X + 11,834
X - 0.00245 M
Dilution Tactor: (00024520000 7 116 0.042 ph
PMA probe / one particles = 0.042 pM / 3 88 i Asag = che

s lem = C)

ij =116 pl)
BEEHM

Circumierence tr

PNA coverage | : ; . _
One particleith g -, 35 Mo e i irL 1.B0 ~ 107" mole of
PNA probe | L\

i s experiment clearly
revealed that less tha b iy ir) e oni gu!d nanoparticles could

1w N : Icu mn of the free labeled
signal has 3.6 = 107" mole while the

oligonucleotides suggesied tha the o
beginning of the il ore-Tabeled DNA has 1 0 mele. T

refore. it can be
“and lipoic-egl-Ta-
Sonsistent with 75,

LI,

A targets. a new concepl fordetection of the hhbﬂmmn evenl was dﬂ'ﬂWﬂ

9 wmamw i ag
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1A} the apgrega nﬁnniclcs by positively
v o o . L

charged thiolated PNA and iBIThe pre: atively charged) complementary

DNA should prevent the ag

ieation of the

m rg:d} PMA.
Hunn-w.-r '--a"* ‘fé formed will be

negatively j ped Because DNAS are polvanionic. 11 this PNA hh:rhnd is now
mixed with 1 nanur.mrﬁctcs. no  aggeregation should lal:r: platt: because the
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in detail.
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a) Concept validation using lipoic acid modifed PNA

Initially three different lipoic acid-modified Ts PNA were used to validate the
concept. The PNA sequences were: lipaic-Te-LysNH: (PB), lipoic-egl-Ts-LysNH:
(P9), and lipoic-egl-Te-SerNHas (P10},

In the first set of experiment. a minimum amotnt of PNA that is sufficient to
cause aggregation of the gold nanopartieles, as observed by color change from red 10
purple, was determined. Lipoic acid-Te-Lys (P8) was mixed with gold nanoparticles
at different ratio. Tm.ﬁﬁﬁmﬁ of lipoic acid-Ts-Lys (P8) (1, 5, 10, 20 and 50 pmol)
were varied in ID mM _phosphate huffar pH 7, while the geld nanoparticles
concentration was kepimuﬂam at (0. ‘,rﬂ nM) in a total volume 35 ul. As shown in
Figure 3.29, v.hr,u the mwenh&tmn of l|p-mu acid-Te-Lys (P8) was higher than 5
pmol in 35 p,h {ﬁna.t :rc:mncuh*aum of PNA 0.26 pM, concentration of PMNA:gold
n.anupﬂrllr:lts 405:1)/ a d&ﬁnuz color 'J:hau:e from red 1o purple was observed
within 5 min @nusqﬁ: pomlwn thargﬂ"nr PNA induced aggregation of the gold
nanoparticles as deseribed nh_guve_.

(Ay  (B) (©) (D) (E)

Figure 3.29 Aggregation behaviors of the lipoig acid-Te-Lys (P8)-gold nanoparticles
at various amounts of lipoic acid-To-Lys (P8) at room wemperature: (A) 50 pmol. (B)
20 pmok; (C) 10 pmel, (D) 5 priol, and (E) | pmol,

In the next experiments, the PNA were hybridized with DNA before treatment
with the nanoparticles. Two differeni lipoic acid-Ts-Lys (P8) concentrations: were.
emploved for the detection of DNA hybridization by the aggregation of gold
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nanoparticles. When 10 pmol of lipoic acid-Te-Lys (PB) was used under the
conditions described earlier (concentration PNA:gold nanoparticles = 405:1). no
visible color changes were observed both for the full match (dAs) and single

mismatch (dAsT) DMNA argets (Figure 3.30),

(A) {B) {C) (D)

Figure 3.30 Aggregation béhaviors of hybridization of the 10 pmol lipoic acid-Te-Lys
(P8) and DNA with gold nanoparticles at various quantity of DNA: (A) 10 pmol of
complementary target, (B) 10 pmol of single base mismatch target, (C) 20 pmol of a
complementary target, and (D) 20 pmol of single base mismatch target.

At 20 pmol of the PNA (concentration PNA:gold nanoparticles = §10:1),
however, the color change from red to purple was evidenced within a few minutes
when 20-pmol single mismatched DNA (dAgT) was present. No color change was
observed with 20 pmol of complementary DNA (dAs) during the same period. When
the amount of the DMNA was decreased 1o 10 pmol, the gold panoparticles were
aggregated for both complementary and single mismatch DNA targets. This may be
explained by the fact that there is not enough DNA to neutralize the charge on the
PNA and therefore the excess PNA induced gold nanoparticles aggregation (Figure
3.31).



(A)  (B) ) @O

Figure 3.31 Aggregation behaviors of the 20 pmol lipoic acid-Te-Lys (P8)-DNA
hybridization on gold nanoparticles at various guantity of DNA: (A) 10 pmol of
complementary target, (B) 10 pmol of single base mismatch target, (C) 20 pmol of
complementary target, and (D) 20 pmol of single base mismatch target.

The amounts of the PNA and DNA were then varied to the high range (20, 100
and 200 pmol). In all cases, clear color difference could be observed for
complementary (dAs) and single mismatch (dAsT) DNA targets as long as at least
equimolar quantities of the DNA targets to the thiolated PNA probes were present
(Figure 3.32).

(A) (B) (€ (D) (E) (F)

Figure 3.32 Aggregation behaviors of the 20 pmol lipoic acid-Te-Lys (P8)-DNA
hybridization in gold nanoparticles at various quantity of DNA: (A) 20 pmol of a
complementary target, (B) a single base mismatch, (C) 100 pmol of a complementary
target, (D) a single base mismatch, (E) 200 pmol of a complementary target, and (F) a
single base mismatch.
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The same experiments were also carried out with the non-thiolated PNA Ac-
Te-Ser (P7). In this cases. both complementary (dAs) and single base mismatch
{dAgT) caused no visible change at 20 pmol of both PNA and DNA suggesting that
the aggregation of the gold nanoparticles was indeed caused by the immaobilization of
the positively charged PNA on the gold nanoparticles via the thiol group (Figure
3.33).

(A} (B}

Figure 3.33 Aggrepation behaviors of gold nanoparticles in the presence of 20 pmol
of the nonthiglated PNA Ac-To-Ser (PT) and equimolar amounts of complementary
(dAa) (A) or singlé base mismateh (dALT) (B).

To investigate the specificity of tI'lls new assay, 20 pmol of Lipoic-egl-Te-
LysNH; (P9) were hybridized with four different target DNAs (dAs. dAsT. dAsC.
dAsG) under the optimal conditions obiained above (concentration PNA:gold
nanoparticles = 810:1, and 20 pmol DNA, 10 mM phosphate buffer pH 7.0). In this
experiment, the diethylenegiveol linker was inserted between the lipoic acid and the
PNA sequence to improve hybridization efficiency. The photograph taken following
addition of the gold nanoparticles is shown in Figure 3.34. The résults showed clear
discrimination between hybridization of lipoic-egl-Ts-LysNH: {B9) with full march
and all other single mismatched (T-T, T-C and T-G) DNA. No visible color change
wis observed with.the full match target BNA(dAg): In contrastyobvious color change
1o purple or blue due to the aggregation of gold nanoparticles were observed for all
gsingle mismatch cases, indicating the high specificity of the test.
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AXAy A T = G

Figure 3.34 Aggregation behaviors of gold nanoparticles in the presence of equimolar
quantities of lipoic-egl-Ts-LysNHz (P9) with various DNA targets dA. XA, (X=A, T,
C, G) at 20 pmol.

b) Colorimetric detection of hybridization of S-protected thiolated PNA with
DNA

Although the use of lipoic acid modified PNA have solved the problem of
instability of thiolated PNA to some extent, it was still problematic in attempting to
prepare Lipoic acid modified PNA with sequences other than T9. This was primarily
due to the instability of the lipoic acid under the nucleobase side-chain deprotection
conditions. It was therefore necessary to find a new thiol PNA surrogate. At first
dinitrophenyl (DNP) group was chosen because of its stability and hydrophobicity,
which facilitate HPLC purification. However, attempis to remove the DNP group by
treatment with mercaptoethanol according to the literature[59] failed as shown by
MALDI-TOF analysis. Therefore this protecting group was not investigated further.
The next protecting group considered was S-Benzoyl. The S-Benzoyl group could be
easily removed by treatment with base such as NH;[64]. It is also conceivable that the
S-benzovl PNA could be directly immobilized onto the gold nanoparticles. The same
experiments as lipoic-egl-Te-LysNH; (P9) were repeated using four new PNA probes
carrying four differnt nucleobases in the middle of the strand, BzS{CH:):CO-egl-
TaXTs-LysNHa, under the same conditions. At 20 pmol, the color change because
aggregation of gold nanoparticles were readily detected with high specificity as
previously observed in lipoic-egl-Te-LysNH; (P9) (Figure 3.35).



(P13)
(X=G)

(P14)

xX=C) |

(P15)
(X=A)
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Fix‘gnrt 3.35 Aggregation behaviors of gold nanoparticles in the presence of 20 pmaol
BzS(CHs):COwegl-TyXTe-LysNHs  and 20 pmol of - DNA ‘targets. dAsYA,

(XY=C,G.T.A)
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Unfortunately. the results were not quite reproducible. It was thought that this
could be the result of dilferent charge state of Lys-PNA (pKa side chain ~ 9.74) m
different pll. If one could make this positive charge permanent. it should be possible
to improve the sensitivity and reprod icibilitygof the test. The € -terminal Lys on the

PNA was therefore modified will enmanent ¢hagge group in the next expenments.
¢) Colorimetric deteetion of hybridization of permanent eharge-labelled thiolated

My CO-cpl- TN T -
Lys{ PhosINH- hcd in section 3.5
Basically. a phospl ima group of Lys atl
» ] : h 36, Two other
negative controlsP e ¥ S group B, mrhmmu:-:ru:
and the otk "“« \. 4 T LA SACINH:

(21 - were als prepar ' i‘a 1&\‘ anium salt was hoped
1o produce a permagent positive gharge imes : crating pH which should

increase reproducibility @nd perhaps also sensitivity of the present DNA sequence

“termini of

detection metho

t adding The DYA. gold
denticil reaction
ditions {concentration PNA: Hld nanoparticles ~ 8 Il s shown in Il'n:

ammmmmmwmaa
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(A) (B}
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Figure 3.37 Aggregation behaviors of BzS{CH:)pCO-egl-To-Lys{Ac)NH: (P21) (A)
and BzS(CHysC0-cgl-Te-Lys(Phos)NH: (P20) (B) to gold nanoparticles.

The aggregation behaviors of gold nanoparticels in the presence of the three
PNA sequences: BzS(CHgCO-egleTo-Lys(Phos)NH: (P20), BzS{CH:).CO-egl-Te-
Lys{Ac)NHg (P21), and Bz-egl-TeLyvs(Phos)NH; (P22) were also investigated by
TEM (Figure 3.38). The data suggested that both the thiol group and the
phosphonium salt in the PNA sequence are required to induce gold nanoparticles
aggregation. In the absence of either of these, no aggregation of the gold nanoparticles

wis observed,

(A) EY] ()

Figure 3.38 TEM images of gold nanopanicles afier immabilization with (A)
BzS(CH:):CO-egl-To-Lys(PhosiNH: (P20}, (B) BzS{CH:pCO-egl-Te-Lys{Ac)NH:
{P21), and (C) Bz-egl-Te-Lys(Phos)NH: (P22).
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It is interesting 1o observe that the benzoylthiol PNA could be successiully
immobilized onto the nanoparticles without the need for prior removal of the By
group by treatment with ammonia. This is clearly and advantapeous because BeS

PNA are very stable compared to the HS PNA. However, it was unclear whether the
benzoyl protected thiol group was immobilized onto the  nanoparticles with
simultancous removal e bensc o PO - . with the benzoy! group
intact. To understammiie TIRNT | | e & spectrometric analy sis
was performed on the ageregated gold Ranoparticles (Figure3.39). Afer digestion of
the aggrepated pariiclc: sith KON, ALDISTQ) mass 7 etrum was taken, A
mirss peak at inlas .7 § whichco : e ariginal FNA (P19)
This resull sugge | the S-Bengovl PN vas “imimobilized on the gold
nanoparticlesWith 1he henzoy .‘ v in place, The same 3 fiment with the non-
thiolated Benze [} 2] d tha n- ed PNA could not be

immabilized

Figure 339 Mass spectrometric  analysis  of  (A) H;-.H[(‘.‘I;h{‘ﬂ-:gl-'l'm':l‘r

ATETIVE WY ™

Melting temperature of nfqmmnhr qulntltr::-. [ PNA with DNA mixt

nanoparticles = 810:1) was measured a1 520 nm. A sigmoidal melting curve wats
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observed which correspond to a change from non-aggragated to aggregate state of the
nanoparticles in a cooperative manner. The apparem 75, was 46 "C which is somewha
lower than the T, value of 73 °C nhtninr.-d from the free PNA-DNA with the same
sequences in solution (Figure 3400 The dille is not vet fully understood but
may be duc 1o aggre i d PNADN whridization. The 7, value of

Figure 3.40 7, of
(P19) and -:nmpkmemm}

O=gpl-TA T,
noparriec fes at 520 nm.

As(Phosysi:

ys ;f above were

repea qu m under the
Nl

Vi
SAMC COmdirons

| 7 0} (5. 10,20
and 50 p F were i nM ‘bulfer pj:E while the gold
nanoparticlé8 concentration was Kepl constant at 0.7 nM in a totdl volume 35 pl. as

shown in the ﬁ AL It appears that thes sensitivity was about the same as the

ﬂ”ﬂﬂ"ﬁﬂﬁﬂ‘iﬂm‘“"“
QW']MT]‘EEU UAIINYIAY



1h= presence of
) 50 pmol, (B} 20

,- nount of BzS(CHz):CO-egl-To-
Lys(Phos)NHg (P20} required f th \ icles in the
presence of Db l Lys{Fhm}m-h (P20)
concentrations we _ pmal  of  BzS(CH:):CO-egl-Te-
Lys(Phos)NH: (P20) (e nanoparticles = 405:1) was hybridized
wimzupmumm.ménly” Shanges: served for both full match (dAs)
and single mismatch (dA
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Figure 3.42 Aggrc;ﬂiun behaviors of i!d nanoparticels in the presence of 10 pmol
B2S(CH:):CO-€gl-To-Lys(Phos)NH: - (P20) and (A) no DNA (B) single base
mismatch DNA and (C) complementary :tm

At 20 pmp! {concentralion PNﬁ'gnld nlnnplﬂmlﬁ = 810:1), however, the
color change from red to purple was t:l!:il"ly observed within a few minutes with 20
pmol single mlmuﬁhed-ﬂﬂﬁ {dA.'I"_I Unfmarmaly, although no color change was
observed with 20 pmal tnmpl:m;nlar:.f DN.P. {dm} the color change from red to
purple was observed about Iimm later {F[gm{!}

ot i

(A) (B)
Figure 3.43 Aggregation behaviors of gold nanoparticles in the presence of 20 pmol
B2S(CH2):CO-egl-To-Lys(Phos)NH: (P20} and (A) complementiry DNA and (B)
single base mismatch DNA.

Increasing the amount of the DNA targets to 40 pmol resulted in a more stable
color difference between complementary and single mismatched DNA targets over an
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extended period. Therefore the suitable conditions for detection of PNAYDNA
hybridization were 20 pmol PNA (concentration PNA:gold nanoparticles ~ B10:1)
and 40 pmol DNA for detection of PNADNA hyvbridization.

iv) Effect of sodium phosphiate buf

: ion under different
phosphate huﬂ‘er 1| ' dization _the BeSCH=-C0-egl- 1
LysiPhos)NH: (P20 7 o plement v DNA (dAg, gle base mismatch
DNA (A Ljavere studit oms (1060 mM. 10
M and 1 mM gl
n Tull match and
single hase mig - usly employed 10 mM

pmsphmc_r

ﬂUEJ’JVIEWI‘iWEJ’Iﬂ‘i
QW’]Nﬂ‘iﬂJNWI’mmﬁﬂ
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(A)

(B)

)

DNA: - —ET f_

—--..r*i _=|'= r"'J el I“-—.
. —=di

Figure 3.“ ﬂggmptlun behaviors of gl:lld mnupﬂﬂﬂﬂlntb,ﬁqlémcn of 20 pmol
A1-To-LvE(P . (P20 NA {mlddltl

phnsphalcgl_l?h (A) 100 mM, (B) 10 mh!lrmd [’C’] 'l mM .

T

v) Effect of pH

“To investigale the effect-of pH. BZS(CH:)-CO-egl-To-Lys(Phos)NH: (P20)
were hybridized with full match agd single base mismatch DNA under the prm-inu:-.I}
uptlmalhybndlzman conditions [Iﬂ mM phugpha.lc lﬁ:ﬂhr 20, pmu-l of PNA and 40
pmol of DNA). The pH (4.5, 7 and 8) of 10 mM sodium phasphate buffer was varied
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from 4.5 to 8. The best detection of hybridization efficiency by gold nanoparticles
were achieved at 10 mM phosphate buffer (pH 7) because 10 mM phosphate buffer
{pH 8) was unsuitable for detection PNADNA hybridization due to full maich
PNA-DNA duplex of unclearly color (F

Figure 3.45 Jgﬂucg.uit:ln behaviors o "- I'I.I-I'II-ES in ﬂlejascme of 20 pmol
BzS(CH:);CO-egl-Te-Lys(Phos)NH:  (P20) and (left) no DNA  (middle)

e

To investigate the spnclfglry of the test, the mndlzatmn :up:rlm:ntsﬂc
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change due to aggregation of gold nanoparticles again suggested the high specificity
of the assay (Figure 3.46). In all complementary cases, no aggregation of the gold
nanoparticles was observed. However, in some single mismatched cases. the
aggregation was only partial as observed from incomplete color change from red to
purple. This is attributed to the relatively high stability of the PNA-DNA hybrids. This
is confirmed by comparison with the refercnce 7, values obtained in solution

experiments.

DMNA
viA RCAr | AGA; AdTAS As
(P17)
(X=G)
(P18) - :
| X
o ¥ ¢ J
w“
n sl
B NI 36 MDD WD




(P19)
(X=A)

(P20)
(X=T)

BzS(CH ToLys(Phos)) ( __ s dAJYA
{x.*:'-?e,, : é

ence analysis

In tlhi assays, although the concepi has been wlld.atcd. are a number of

practical msdhEnnmdcmd In real sumﬁ the DNA target obtained from PCR

e i ' uch Ik 1l ‘ I st whether

s o b o bt o e

svithetic DNA carrying a mmpremnury (CGC GGC GTA CAA AAA AAA AGC
ATG CCC TGG) and non-com :mx:ntur:-' (CCA GGGRCAT GCT_TTT TTTIIG

BLEC s thwadle g wp homisnd
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obtained above. The resulis clearly showed that the same specificity was still
observed with longer DNA targets (Figure 3.47).

Figure 3.47 Aggre@ation behaviors of zold nanopartiles in the presence of 20 pmol
BzS(CH:):CO-egl-Te-Lys(Phos)NH: (P20) and 40 pmal ( 'ﬁ"ﬁ"&plmmm DNA
and (B) singl DNA. - A%, O

| _presence of 10 pmol
X=C,T) (P23,P24) and (A)
' b T i " ‘k
To apply this technique 1o evant larget sequences, a pair of
|3base sequence mmmﬁ cleatide polymorphism (SNP) site -
it "l“" E = 5
IDSI[GM] ina hum - to be associated with

a genetic disor ed SLE (Lupus Erythematosus)[65]. To test this, two thiolated
PNA . BZS(CH:):CC M and
BzS(CHa)s :re synthesized. The

aggregatio viours ur guld nanoparticles in the presence of the PNA in the
presence and ebsem:e of cnrnplenmnm}f NA targets were studied under the

YT N

mngl: base mismatch DNA largcts could be clearly dlsungutshn:l (Figure 3. 43}

ama\mmumwmaﬂ
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(P13)
(X=C)

(P24)
(X=T)

DNAT J(A) _ (B)
Figure 3.48 Aggregation behaviors of gold nanoparticles in the presence of 10 pmol
BzS(CH2):CO-egl-TTCCCCXTCOCAA-Lys(Phos)NH: (X=C.T) (P23,P24) and (A)
complementary DNA and (B) single base mismatch DNA,

Although a elear color difference was observed, the difference was not stable.
Gradual aggregation of the complememary hyvbrid was observed upon prolonged
storage. To overcome this problem, a !nngc.rﬂm targets were used. This is hoped to
stabilize the nanoparticles further especially when the sequence of the wrget was
complementary 1o the probe. When the DNA targets length was increased to 30 bases,
the color change was still obvious as shown earlier. Furthermore, the color was stable
for an extended period of at least 16 h at room temperature (Figure 3.49). In real
samples, the target DNA is expecied 1o be much longer than the PNA probe (see
above) therefore the stability of the color should be even greater than this.
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PNA After immediately mixing After 16 h of mixing

(P13)
(X=C)

(P24)
(X=T)

- - — m— m— m— e - -

DNA: (A AB) (A) (B)

Figure 3.49 Aggregation behaviors of gold nanoparticles in the presence of 10 pmol
BzS(CH2):CO-egl-TTCCCCXTCCCAA-Lys(Phos)NHz (X=C.T) (P23,P24) and (A)
(ACGCATCCTIGGGAGGGGOAATCCATGCTA) DNA and (B)
(ACGCATCCTITGGOAAGGGGAATCCATGCTA) DNA.

The data strongly suggesied that the hybridization between PNA-DNA
hybridization were highly sequénce-specific by observing colorimetric of gold
nanoparticles aggregation. Although the detection of PNA-DNA hvbridization can be
accomplished. In the case of real samples, the sensitivity for detection should be

higher. This.may be done increasing the particle size of gold nanaparticles.



CHAPTER IV

CONCLUSION

HS(CH 1:CO-epl-Te! I i€ ey Jo-SerNH:  (P2),  and
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and was directl

phase peptide synthesis
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pmol and DNA:A0 pmol with 10 mM sodium phosphate bulTer (pH 7) in total volume
ol 35 pl {concentration PNA:gold nanoparticles = 810:1).
The spcclf'i:l'l}' of the Iu:hmque was tested with hvbridization of four model

displaved no vis colar thange d nanopar igles. In all other cases. the
color of the nanGpadicles changed Trom re urple o blue as a result of
aggregation : PN

with more ¢
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Example of data from UV analysis in T, experiments

Table Al Data from UV analysis of HS(ClH;);CO-cpl-Ty-LysNH: (1) & dAg at 20.0-

106

90.0°C
Entry | Temperature (°C) | ‘-'**xi":“:* U' j V7 j-- {"C} Normalized Abs.
[ 199 S _ 1.0000
2 209 ' ’ 0.9978
3 21.9 1.0017
4 23.0 1.0017
5 24,0 1.0037
6 25.0 | 1.00435
7 & 1.0055
§ + 1.0092
9 1.0112
10 R b 1.0136
1 e = |l 1.0154
12 E,, : 1.0177
13 L 10216
14 ; 1.0238
15 1.0266
16 ‘ 1.0296
17 o 10318
18 ‘a‘ 1.0343
19 ' 1.0364
20 37.5 L] 1.0392
21 Wog | 01432 oy 385 1.0430
2 | | .
umuum ‘WEJ THRYINT:
24 43.0 0.1442 414 10501
25 | 440 4244 10532+
AN PN VI VIR I
7 46 1453 1 4
28 46.9 0.1458 453 1.0615
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Entry | Temperature ("C) | Absorbance | Correct Temp.* (°C) | Normalized Abs.
29 1.0641
30 1.0666
3 1.0695
32 1.0724
33 1.0756
34 1.0794
35 1.0825
36 1.0869
37 1.0901
38 1.0940
19 i 1.0986
40 . 1.1025
4 | ; 1.1071
42 B/ 11122
43 'F ‘ 1.1169
44 E., - 11210
45 = 11257
46 ~ 1.1310
47 1.1364
48 1.1409
49 /11468
50 11524
51 , 1.1576
52 01598 | 688 & 11636
0.1606 o 697 11697
J0.1614 O El £ £¥154
VI V13 We) 1 3=
0.163 72.7 1.1886

nfanp ey
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Temperature {EC} Absorbance | Correct Temp.* ("C) | Normalized Abs.
79.0 0.1668 76.6 1.2143
79.9 0.1676 77.6 1.2207

1.2276
1.2335
1.2397
1.2452
1.2507
1.2559
1.2601
1.2645
1.2687
1.2713

tdgaazagegegl

" The equation for determi g the { -'f."“ by m asuring the actual lemp
wre probe and plotting a .‘ | 1mmpc:m1um{?'mllmm
20-90 °C. A linear relationship was obtined With ... -0.6068 and r° > 0.99.

(Toma = Actual emp

in the cuvetle using a lempe

. s T mperature  probe. Thw =
; ‘. a8
Temperature of the heating block)

Correct temperature are defined as follows.

[}, L

1 Cu't cmp. TExT ) - O

Lmrm Temp. = 1-:} 978x19.9) - 0.6068

AU e Wﬁ%ﬂ”l 17

e Ii.'}E!'.ll]

ART ﬂﬁlﬁ’m IMIINY A Y

Correct Temp. = (0.978=44.0) - 0.6068
= 424 °C
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Mor [A260)

Normalized Abs. - Abs g/ Abs,
= 0.1446/0.1373
- 1.0532
1.23
—a— HSOTILys 1dA

1.18 == H50TALy4+e T

1.08

1.03

098 - - -
20 30 40 50 60 0 L S0

T (%€}

Figure A-1 7T, curvesol HS(CHz)LCO-egl-Te-EysNH: (P1) wath diAAAAXAAAAN (X = T

dA/dT

and A) Condition PNA:DNA = 1L PNA| = | pM, 100mM sodium phosphate

buffer, pH 0. heting rate 1.0 °Clpun,

0014
& H50T9Lys el

0.012
W HEOTILy s d] o’

0.0l
0.008
0. 006
004
0002

0

Figure A-2 First-derivative normalized UV-T,, plots between HS{CH; );CO-egl-Te-Lys™NH:

(R vath dAARANAAAAY (X = 71 and A): Condinian PNAGDENA = 1),
IPNA] = 1 pM.10 'mMesodium phosphate buller, pH “7d). heating rate=20

(.



110

Hly —e— H50TOAsp +dA
H
1.16 - et

114 —E=HS0TIAsp+dT
1.12

1.1
1.08
1.06
1.04
1.02

«=—air— HS0 TS 5er+0l8

Mor [A260)

098 -
a0 i0 an 50 B0 i B8O a0

)

Figure A-3 T, curves of HS(CH;)CO-egl-Ts-SerNH: (P2) and HS(CH;»pCO-egl-Te-
AspNH: (P3) with diAAAAXAAAA) X = T and A): Condition PNA:DNA =
1:0. [PNAL = | pM, 10 mM sodiume phosphate buffer, pH 7.0, heating rate 1.0

°C'/'min,
a1
LouE0d o # HEOT9Asp+ A
[ 1 | z i
8 00E-03 B ESOT e
A HSOTOSEr elA
6.00E-03 - HSOT9Ser+dA ..;-_.;
e | h - '.l! =
'Ei 4.00E-03 e | : ““:{ 4,
- g A g A
2 00£-03 - ol ° s
.ﬁ * 44
s
0.00E +00
| 5 15 45 55 68 75 85
H00E g4 ;
")

Figure A-4 First-derivative normalized UV-T,, plots between HS(CH:):CO-egl-Te=-SerNH:
(P2) and HS(CHC0-cpl-To-AspNHE (P3) with d(AAAARAAAA) (X = Tand
A Condition PNADNAT= 121, [PNA] = | gM. 10 ' mM sodium “phosphate
buller, pH 7.0, heating rate 1.0 *C/min.
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Nor (A260)

128
=500 3+dA

123 + g ser034dT
118 + —*—5er05+dA

—GSerD54dT

1.08
1.03

098 - —
20 30 a0 50 60 70 80 90

T°c)

Figure A-§ T, curves of HS(CH hCO-egli-To-LysNH: (P4). HS(CH.),CO-egls-To-LysNH;

da/dT

(P5) with d{AAAANAAAA) (X = T and A): Condition PNA:DNA = 1:1.
[PNA] =1 pM, 10 mM sodwm phosphate bufler, pH 7.0, heating rate 1.0

" min.
1.40E-02 # 5o 1A
1.20E-02 B 5oel3dadT ‘
1.00E-02 A Sorl5 sd

& Ser05edT l-l"".n“:,q
" PR ol

6.00£-03 L o
iy L3
4.00£-03 f
BT,
2.006-03 = -

0.00E«00
25 i5 a5 4% L% 5 BS

Figure A-6 First-derivative normalized UV-T,,, plots between HS(CH:):CO-epls-ToLysNH

(P4). HS(CH;)1CO-¢pla= Te-LysNIHs (P5) with di AAAAXAAAA)Y (K. 5 T and
A): Condition PNA:DNA =11 [PNA] = 1 pM, 10 'mM-sodium" phosphate
bufter, pH 7.0, heating rate 1.0 *C/min.
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1.08

1.03
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118

——LipoC Ty dA
== Lipoic TOLys dT
== LipoiC-cpl-TOLlys+dA
—Lipoic-cpl-T9Lys dT
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Figure A-7 T, cupves of Lipoic-To-LysNH: (P8). Lipoic-epl-To-LysNH: (P9) with

d(AAAAXAAAA) (X = T and A): Condition PNA:DNA = 1:1, [PNA] = | uM.
10 mM sodium phoasphate bulfer, pH 7.0, heating rate 1.0 °C/min.

0012 # Lipoic=TOLys «dA
ool MLUpoic-THlysedT ; f. A
L
& Lipoic-oghTOlysda - L
0.008 - b L
Lipoic-cgl-TAlys+ i) -
0 006 “
S L'y
Ey -
© 0004 "
0.002 r
0 sskbisdichicaity Skt
15 a5 a5 55 65 75 85
0002
T{"C)

Figure A=8 First-derivative normalized UV-T,, plots between Lipoic-Te-LysNH: (P8),

Lipoic-egl-To-LysNH; () with diAAAAXAAAA) (X = T and A) Condition
PNADNA = 19, [PNA] =1 pM. 10 mM sodiom phasphate bujier, pH 7.0,

heating rate 1.0 *C/min.
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TiC)

Figure A-9 T, curves ol BzS(CH:pCO-epl-TyO T -LysNH; (P13) with d{AAAAXAAAA)
(X =G, C_T. and A): Condition PNA:DNA = 1:1, [PNA] = | uM, 10 mM
sodium phosphate bufier, pH 7.0, heating rate 1.0 °C/min.

| 0.009 N e

| # Br5-cghTaGLYS * dARE

0.008 i Ao
-opl-T 4 -
0og, WEeS-0nl-TEGHYS + AESC o s
& Bz5-opl TBGLys + GAST — 4 5 =
0.006 A =
o BzS-cql-TGEYA + dAS it L
i .
= Fy ""'- ..
= 0004
3 o A & |
0003 + ab ey .y - ‘,
0002 L . a % I‘
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0
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Figure A-10 Firsi-denvative

normalized UV-T,, plots between BeS{CH )oCO-epl-T4G T -
LysNH; (P13) with dIARAAXAAAA) (X =06, C. T, and A): Condition
ENACDNA = 1715 [PNA] =4 pM. 10 mM sodium phosphae bulTes, pll 7.0

heating rate 1.0 *C/min.
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Figure A-11 T, curves of BeS(CHpCO0-cpl-TiCT-LysNHA (P14) with diAAAAXAAAA)
(X =G. CT, apd A Condition PNA:DNA = 1:1, [PNA] = | pM, 10 mM
sodium phosphate bufter, pH 7.0, heating rate 1.0 *C/min.

0 006
- o BrS-opl-TECLys « dABG
0.005 e . W B15-0p1-TECLys + dASC |
e
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000a ., A o * | | )
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a 4 .
0001 ¥ h Lﬁﬂm H _.ﬂ S hﬁ,
* Ay
I LAMM-M |
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Figure A=I12 Firsti-derivative normalized UV-T, plots between BeS(CH)CO-epl-T.014-
LysNH: (P14) with diAAAAXAAAA) (X =G, C, T, and A): Condition
PNABDNA = 1:1,_[PNA]L= | pM. 10 mM sodium phosphate buffer, pH 7.0,

heating rate 1.0 *C/min.
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Figure A-14 First-derivative normalizéd UV-T,, plois beaween BeS(CH2 U O-epl TaA T -
LysNH: (PI5) with dIAAAAXAAAAY (X/= G C. T, and Ay Condition
PNA:DNA = 1:1, |[PNA] =T pM. 10 mM sodium phosphate buiter, pH 7.0,

heating rate 1.0 *C/min.
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Figure A=18 First-derivative normalized UV-T,, plots between BeS(CH2pCO-epl-TGT -
Lys{PhosiNH-> (P17) with di AAAAXAAAAY (X =G, C. T, and A): Condition
PNATRNA = L1 [PNAL= | M. 10 mM sodium phosphate buller, pH 7.0,

heating rate 1.0 °C/min.
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Figure A-20 First-denivative normalized. UV-T1,, plots between BaeS(CH U O-epl-T4CT -
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Figure A-22 First-derivative normalized UV-7,, plots between BzS(CH:)CO-egla FAT,-
Py s(Rhos )MH: (F19) with d(AAAAXAAAAT (X =G, COL, and A):€ondition
PNACDNA = 107 [PNA]T= 1 aM. 10 mM sodium phosphate builer, 'pH7:0,

heating rate 1.0 *C/min.
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Figure A-M First-derivative normalized UV-T,, plots between BeS(CH:)C0-epl-Te-
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ENACDNA = L1 PNALS | M. 10 mM sodium phosphate buffer. pH 7.0,

heating rate 1.0 *C/min,
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