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CHAPTER I 

INTRODUCTION 

1. t Polyamide nucleic acid (PNA) 

Polyamide nucleic ac id or peptide nucleic ac id (PNA). elegantl y deve loped by 

Nielson·s groupllJ . is one o f the most interesting DNA ana logues from both 

theoretica l and practi c;.:i points of view. The negatively charged sug(l r-phosphatc 

backbone of DNA is totally replaC'~d by an uncharged polya mide backbone (Figure 

1.1 ) leading to the electron ica ll y neutral PNA which cou ld st ill retain the binding 

speci fic ity of DNA. 

PNA 

n 

J B 0 ~ 0 ¥ 0 DNA II II II 

HO 0 - ; - 0 0 - ; - 0 0 / ; ' 0 
o 0 Q -- - n 

Figure t . t Structures of PNA and DN A: B = nucleobase 

PNA offers several advantages over DNA in many applicati ons inc luding 

diagnostics and therapeutics. Firstly. the binding of PNA to its com plementary DNA 

is highly sequence-spec ific. Secondly. The PN A- DNA hybrids are more stable than 

the corresponding DN A· DNA hybrids due to the absence of electrostati c repu lsion 

between negati ve charge: and, a mismatch in a PNA- DNA hybrids is generall y more 

destabili zing than a mismatch in a DN A-DNA duplex.[2] Furthermore. PNA is 

res istant to nucleases "hich should improve it s in vivo. 

These favorable properties of PNA have attracted \" ide attention in medicinal 

researchs for deve lopment o f gene therapeutic (antisense and antigene) drugs [31 and 
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In biotechnology for development or diagnosti c tools.14 1 espec ia lly nucleic ac id 

biosensor. A number of rN A systems have been deve loped but none of them had 

shown better properties than the ori ginal rN A. In 2005 Vilaivan et a l.I 51 have 

reported synthesis of a nove l conform ati onall y ri gid p) rro lidinyl PNA based on D­

prolyl-2-aminocyclopentane-ca rboxy ii c ac id (AC r C) bac kbones. The precIse 

stereochemistry of the backbone was fo und to be very important in determini ng the 

binding properti es. Only the PNA containing ( I s. 2S)-AC PC (Figure 1.2a) can fo rm 

a ve ry stable I: I complex with the complementary DNA in a sequence-spec ific 

manner. The thymine deCalYler (I S. 2S)-ACPC PNA can bind to the complementar) 

DN A with a hi ghel affinity and spec ifici ty than Nielsen's PNA (Figure 1.2b). The 

high spec ifi city is also retained in the more complex mixed based sequences. Thi s 

PNA system is there fore an interesting candidate for replace ment of Nie lsen· s PN;\ in 

var ious applicati ons. espec iall y DNA sequences determinati on. 

0 

r~N~B1 AcJ: O-<'ON 
\-N~ " 

n \ J n 

A B 

Figure 1.2 Structures of (A) (I S. 2.~)-AC PC PNA or Vil aivan· s PNA and (B) 

Nielsen· s PNA 

J.2 Nanotechnology 

Recent advances in nanotec hnology have provided a vari ety of nanostructured 

materi als \\ ith hi ghly controlled and interesting properties. The essence of 

nanotechnology is to produce and manipulate we ll-defined structures on the 

nanometer sca le with high acc uracy. [6J Na noparticles are att rac ti ve probe candidates 

because of their small size (1-100 nm ) and chemica lly tail orable phys ica l properti es. 

whi ch directl y relate to size. composition. and shape. The size of nanoparticles can be 

an advantage over a bulk structure because a target binding event in volving the 

nanoparticles can have a signifi cant effect on its phys ica l and chemica l properties. 

Metal nanoparticles have attrac ted a lot of in terests because of the ir unique 

optica l properties. Nanoparti cles of alka li noble metals such as copper. s il ver. and 
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go ld have a broad absorption band in the visible regIOn of the electromagneti c 

spectrum .[7- II] Gold (A u) nanoparticles have been the most widely studied class of 

metal nanoparticles because oft ail orable optica l properties. and ava ilability of va ri ous 

chemistri es to functi onalize their surfaces. Solution of go ld nanoparl ic lcs shows a 

very intense color. which depended strongly upon the size and shape of go ld 

nanoparticles (Figure 1.3). The particles size can be manipulated during th e 

preparati on of the nanoparticles by adjusting the stoichi ometri c ratio o f the go ld 

nanopal1icles prec ursor (hydroge n tetrac hl oroaurate) to the reducing agent (sodium 

citrate) [1 2. 13]. 

A 8 c D E 

Figure 1.3 The co lor of go ld nanoparti cles sizes: (A) 18 nm. (8 ) 65 nm . (C) 150 nm. 

(D) 200 nm, and (E) 250 nm[ 12.1 3]. 

The color of go ld nanopa rt ic les is attri buted to the coll ec ti ve osci ll ati on or the 

free conducti on electrons induced by an interacting electromagneti c fi e ld . These 

resonances are also denoted as surface plasmons (Figure 1.4)[ 14] . 

---.------ -- .. _-_ .. - i 

1.0 r 
~ \, 
c '\ 520 nm 

.e ! \ /\ o 0.5 !'. '--___ / en ' ______ "I 

.0 ! « . 

0.0 L. , ..... - .. -.~--=-
300 500 700 

Wavelength (nm) 

Figure 1.4 UV -VI S spectrum of an aqueous so lut ion of 13-nm part ic les. 
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Go ld binds to thiols with a hi gh affinity to fa rm a se lf-assembled monolaye r 

(SAM). The use of fun ctionalized thiol can introduce a va riety o f chemica l 

fun ctionalities with spec ific affiniti es onto the surface of gold nanoparti cles (Figure 

1.5)[ 151. 

f Terminal -1 
! Funct ional I 
. Group !r------

I·-Spac~r -: 

liAlkane Chain)_r-I ---... 

Ligand 
Of Head Group ~ 

Figure 1.5 SA Ms ofalk anethiulates support ed on a go ld nanoparti cles 11 51. 

In general. the adsorbed density or the nanoparti cles can be changed by 

modulating the surface fun cti onality and the charge on the particles. the time of 

depos ition. the pI I and the sa lt concentrati on of the depos iting so lution. and the 

density or the ac ti ve groups on the capture surface etc. In 1983. Nuzzo et al.[ 16] 

reported adsorption of bifuncti onal organic di sul fides on go ld surfaces . In 1993. 

Mulvaney and Giersigl17] reported the stabili zation of gold nanopal1icles with 

alkanethiols. We isbecker and coworkersl1 8] descri bed the preparati on and 

characteri stic of se lf-assembled monolayer (SA Ms) of alkanethiolates via adsorption 

of alkanethiols onto the surfaces of gold co ll oids in aqueous di spersions. In 2002. 

Rongchao Jin et al.[ 19] reported the immobilizati on trithiol-capped 

oli godeoxyribonucleotide on go ld nanoparticles. These DNA-gold nanopartic Ie 

conjugates exhibit substantiall y hi gher stability than analogs prepared from monothiol 

and cyc lic di sulfide-capped oli godeoxyribonucleotides. From thi s reports can bring to 

immobil ization thiol- fun cti onal ized oli gonuc leot ides on go ld nanopart ic les fa r 

detection of hybridizati on. 
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1.3 Optical Biosensor 

The emergence and recent advance of nanOSClence and nanotec hnology 

present new opportun ities for the application of nanoparticles in bioanalysis. 

Nanotechnology has helped the deve lopment or novel biosensors for biologica l and 

med ica l applications. Nanobioconjugates that cons ists of va rioll s fun cti onal 

nanoparticles linked to biologica l molec ules have been used ill many areas such as 

di agnostics[20-22]. therapeuti cs[23-2S]. sensors[29-33 j. and bioengineering[34.35 1. 

Detec ti on methods based on these nanobioconj ugail':s show increased se lec ti vity and 

sensiti vi ty as compared with many conventi onal assays that rely on molec ul ar probes. 

Go ld nanoparti cles may be eas ily modified with thiol-functionali zed 

oli gonucleotides. For examples Cardenas and co-worke rsl36] reported stability of 

gu ld nanoparticles before and after modification wi th thiol-ssDNA. A typica l 

preparati on consists of four steps. Step !. go ld nanoparti cles were de rivati zed \\ ith 

di sulfide-protected oli gonucleotides (thiol-ssDNA) in aqueous so lution overn ight. The 

di spersion was incubated in NaC I (0. 1 M) and sodium phosphate buffer (5 mM. pi I 7) 

for :lI1other 2 h. The volume was then reduced at 40°C over 3-4 h. In the last step 

unbound oli gonucleotides were removed by centri fugati on washing. Cryo-TEM 

images of go ld nanoparti cles before and a fter modification by thiol-ssDNA (Figure 

1.6) suggested that although some aggregat ion was observed due to cent ri fu ge. the 

thiol-ssDNA-go ld nanoparticles did stabili ze the go ld nanopart ic les dispers ion. 

A 8 

Figure 1.6 Cryo-TEM images of go ld nanoparticles dispersed in water (A) and thiol­

ssDNA-modified gold nanoparticles (8 )[36]. 
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In 1998 storhofT and co-workers[37 1 studied properties of go ld nanoparticles 

deri vati zed with 12 base o li gonucleotide fun ctionalized with 5'-hexanethiol. The 

immobilizati on procedure was similar to the one described ea rli er. The tJV -VIS 

spectra of the modified and unmodified go ld nanoparticles in aqueous solution at 0.3 

M Nae l are ::.hown in Figure 1.7. The position of the SPR band suggested th at parti al 

aggregati on also took place. 

08 

Q) 0.6 
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Figure 1.7 Compari son of UV- VI S spectra of 13 nm diameter go ld nanoparti clcs 

before and a fter fun cti onali zed with 12 base o ligonuc leotide fun ctionalized with 5'­

hexanethi ol at 0.3 M NaC I. 10 mM phosphate (pH 7)[37]. 

These go ld nanoparti cle-DNA conj ugates were recently applied to 

polynucleotide detection in a manner that ex ploited the change in opti ca l properti es 

resulting from plasmon-plasmon interactions between loca lly adjacent go ld 

nanoparticles. [38] It has long been known that the characteri sti c red co lor of gold 

co ll oid can be changed to a bluish-purple upon aggregation of the co lloid particles . In 

the case of polynucleotide detection. modified with oli gonucleotide probes were 

prepared as desc ribed earlier. When a single-stranded ta rget oli gonucleotide \vas 

introduced to hybridize with the nanoparticles-bond probes. the nanoparticles 

aggregated due to the binding between the probe and target oli gonu cleotides. Thi s 

bring the nanoparti cles close enough to each other to induce a dramati c red-to-blue 

color change as depicted in Figure 1.8. Thi s behav ior has been extensive ly explo ited 

for DN A hybridizati on assays. 
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Figure 1.8 When go ld nanoparticles come into close prox imity, pl asmon-plasmon 

interac tions cause dramatic changes in optica l properti es. 

Mi rkin and co- \vorkers!39] desc ribed a method to determine DNA sequences 

b:- aggregati on of J3-nm go ld nanoparti cles. They attached two di fferent DNA probes 

sequences to two batches of the go ld nanoparticles. When the two so lutions were 

brought in contac t in the presence of a linker DNA molecu le whi ch carry a sequence 

complcm entar:- to both of the DNA probe strands, the nanoparti cles aggregated and 

th e co lor changed from red to purple (Figure 1.9). 



• Au nanoparticles 

/ ~ 

ModifICation with ~ 
3' thiol TACCGTIG 5'~ 
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k , 
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Further oligomerization 
and settling 

• 

8 

Figure 1.9 Schematic illustration of the DNA-directed assembly of colloidal 

nanoparticles [39]. 

Mucic and co-workers[40J reported a noncovalent method for assembling 

nanoparticles. T\\o different gold particles (8 and 31 nm in diameter) were modified 

with t\\O thiol-functionalized 12 mer DNA. These solutions were incubated with a 

target 24 mer DNA. That is complementary to the two probes on the modified 

nanuparticles (Figure 1.10). They hoped that the use of bigger gold nanoparticles 

sizes may increase sensitivity of the nanoparticles. 
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, , 

Gold ~-P 5 S run 

Linking D~~I'\ 1 
Gold ~-ps 31 run 

Figure 1.10 Schellletric illtl<;tration of the HS(CI1 2h O(O')OPOATGCTCAACTCT 

DNA-modified gait! nanoparticlcs 8 nm and TAGGACTrACGCOP(O)(O' 

)O(CH2)6SH DNA-modified gold nanoparticles 31 nm diameter and linking DNA 

(TACGAGTTGAGAATCCTGAATGCG) 1401-

A fter both of the DNA modi fied gold nanoparticles were obtained, the 

solution appeared pink and the l JV-VIS spectra did not significantly change. Ilowever 

a broadening and red shift in the particles surface plasmon resonance from 524 to 543 

nm ""'ere clearly observed \\hen a linker oligonucleotide was added in the so lution. 

Figure 1.11 

0.25 

c g 0.20 
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Figure 1.11 The UV-VIS spectra of a mixture DNA-modified 8-nm particles and 

DNA-modified 31-n111 particles before and after incubation with linking DNA. 
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Furthermore the melting curvcs of these so lutions \\ cre cx tremely sharp and 

reversible. Thi s appea rs to be a common charac teri sti c o f a ll DNA- linked 

nanoparticles network structures ~tud ie d thus fa r (Figure 1.12)[401 . Moreover Abiga il 

et al.[41] have demonstrated the inOuence of the length or the poly-A spacers on T",. 

The length of the spacer increased the di stance betwee n the parti cle and the DNA. 

This di stance was necessary to achi eve the max imum enhancement of the binding 

strength . 

0/4 [r------ -- - -
I 

g 022 i 

~ 020 l 
j 01 8 } 

)( 016 t 
w . 

014 I 

20 30 40 50 60 
TemperatUfe ("C) 

70 80 

Figure 1.12 Therm al denaturati on of the bin a r~ net\\ ork materi als (monitored at 524 

nmH40j. 

Bes ides the aggregation of go ld nanoparticles as desc ribed above is induceu 

by the cross- linking mechanis lll . the aggregati on of go ld nanopa rti cles b;. non-cross­

linking DNA hybridiza ti on, is the formation of full ) complementary dsDNA in the 

go ld nanoparticle surfaces. is also observed. In thi s non-c ross- linking system. Sato 

and cO-\\Iorkers[42] described a di scovered aggreg<t lion phenomenon of DN A­

fun ctionalized gold nanoparticles induced by hybrid izaiion of target DNA. Gold 

nanoparticles modified with a 5 'thiolated 15 mer DNA was hybridized with 

complementary target and single base mismatch target. The DNA-go ld nanoparti cles 

so lution turned from red to purple color when adding the compl ementary DNA in the 

so lution. On the contrary. when the DNA-gold nanoparticles so lution were incubated 

with a single base mismatch target. No co lor change was observed as shown in 

Figure 1.13. 
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Figure 1.13 Aggregation behav iors of the DNA-gold nanoparti cles at 0.5 M NaC I: 

(A) without DNA target. (8 ) with the complementary target. and (C ) \\ ith a target 

containing a single base mismatch at its 5' tenninus[42]. 

The UV-VI S spectra of corre:::. ponding Figure 1.13A and I.DB \\ ere shifted 

from 525 to 526 nm by the complementary target DNA. 

Demers and co-workers!43] determined the number or th io l-dcrivatized 

single-stranded oli gonucleotides bound to go ld nanoparticles and their extent of 

hybridization with complementary oli gonucleotides in so lution. Quantity of 

alkanethiol-oli gonucleotides loaded on nanopal1icles \vere im esti ga ted b:- treatm ent 

with 2-mercaptoethanol to di splace the nuorophore-I abeled oli gonucleotide initi a lly 

immobilized on the nanoparticles. Then the so lution containing th e di splaced 

oligonucleotides were determined for concentration by flu orescence spec troscopy. 

Figure 1.14 
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Figure 1.14 Measurement Ouorophore- Iabeled DNA modifi ed go ld nanopart iclesl43 J. 

To detennine the ava ilability of adsorbed oli gonucleotides for h: bridi za tion. a 

Ouorophore- Iabeled oli gonucleotide. which was complementary to the nanopartic le­

bound oli gonucleotides. was hybridized with oli gonucleotiJe-modi fied go ld surfaces. 

The Ouorophore- Iab led oligonucleotides were dehybridized by additi on of NaO l1. The 

concentrati on of the hybridized oli gonucleotide and the corresponding hybridized 

target surface density werc determined by flu orescence spec troscop: as shown in 

Figure 1.]5 

Hybridize 

Measure FluorHcence 

of CL-'--b '6 1. O:.hYbrldlZePH 11 ~\ (I 
P J"O 2. Centrifuge ~ ). ~ 80 

'6 -Gee TAA GTC CTA -iCH,).-f 

Figure 1.15 Measurement of lluorescent-labeled DNA 11\ bridized with gold 

nanoparticles modifi ed with DNA [43J. 
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Furtherm ore Ouorescence- Iabeled DN A was quenched upon imobili za ti on the 

nanoparticles. When target bi nding occured. the Ouorophore leaves the surface 

because or the structural ri gidity of the hybridized DNA (doubl e-stranded) (Figure 

1.16) [44.451. Thi s resulted in re-generati on of the flu orescent signal and has been 

used in detec tion of the hybridization event. 

( Target DNA 
~-- -.\ 

-+-

Gold NPs 

Figure 1.16 Schematic drawing of the two conform ati ons of the dye-o li gonuc leotide 

go ld conjugate and of the gold-quenched molec ul ar beacon. 

Although many research groups have reported the immobilizati on o f DNA 

oli gonucleotides on gold nanopal1i cles and subsequent hybridi7ati on \\ ith target 

DNA. there are a few research groups studying the hybridiza ti on of PNA- modili ed 

go ld nanoparti cles with target DNA . 

Chakrabarti and co-workersl351 examined the properti es of different peptide 

nucleic ac ids (PNAs) charge di stributions to determine their effects on nanoparti cles 

stabilit ) and studied their assembly. They demonstrated that the negati ve ly charge 

PNA s can res isted to centrifugation-induced aggregati on. On the other hand . neutral 

PNAs underwent immediate irreversible aggregati on due to uncapped N-terminal 

amines. Aft er gold nanoparticles were modifi ed with two thiol-fun cti onali zed 18 mer 

PNA. linker PNA was added to the so lution. No change in the surface plasmon band 

\\ as detected ove r 12 h. However. over 5 days. all of the nanoparticles prec ipitated. 

Murph y et al.[46] examined hybridiza ti on between PNA-m odifi ed go ld nanoparti cles 

and the complementary DN A-modili ed go ld nanoparticles. No hybridizati on \\ as 

observed because either surface funetionali zation of the go ld nanoparti cles v. ith PN A 

did not occ ur. or. if it did occur. then the DN A \\ as not accessible. Gouri shankar et 
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al.[47] reported that the PNA monomers bind much more strongly to th e go ld 

nanoparticles than th e DNA bases and that a concentrati on 10 times small er than that 

of the DNA bases is enough to bring about the saturati on of the go ld nanoparticlc 

surface. 

1.4 Objectives of this research 

The objec ti ve of thi s resea rch is to synthes ize a nove l thiol-modi fied 

Yi laiva n·s ( IS. 2S)-AC rC-PNA C:l nd to determine the t:ffec t of th ese thiulated PNA 

ca rryi ng di fferent charge modifi ca ti on on go ld nanoparti cies stab ility. The e ffect of 

th io lated PNA charge will be employed in th e detection of PNA-DNA hybridi za tion 

eve nis by observi ng th e aggregation the go ld nanopa rticles. 



CHAPTER II 

EXPF.RIMENTAL SECTION 

2. t General Procedures 

2. t. t Measurements 

The weight (If all substances chemical was detemlined 011 a Metler Toledo 

electri cal balance. Melting points were recorded 011 an electrothermal melting point 

apparatus model 9100. Rotary evaporator was of Buchi Rotavapor R-200 with a water 

aspirator model B-490. UV cabinet for UV-visualization of TLC \\as made in-house by 

Mr. Chanchai Khongdeesameor. The mag.netic stiiTers were or Corning (USA). The hi gh 

vacuum was delivered by a Re[co Vacubrand pump. Thin layer chromatography (1'I.C) 

was performed on Merck D.C. si li ca ge l 60 F254 0.2 mm. precoated aluminium plates cat. 

no . 1.05554. Column chromatography \va::, perfonned on silica gel 70-230 mesh (for 

general chromatography) or 230-400 mesh (for nash column chromatography). Reverse 

phase IIPLe experiments were performed on Water 600 1
1'.1 system equipped with 

gradient pump and Water 996lM photodiode array detector: optionally alternate to 

Rheodyne 7725 manual sample loop (100 pL sample size for analytical scale). A 

Polaris™ C18 HPLC column 3 pm particle size 4.6 x 50 mm (Varian Inc .. USA) was used 

for ana lytica l purposes. Peak monitoring and data processing were avaliable lor 

intergrated operating with the base Empower software. Fractions from ))PLC were 

collected manually which was assisted by real-time HPLC chromatogram monitoring. 

The combined fractions were freezed and evaporated using Freeze dryer (Freezone 

77520. Benchtop. Labconco). 7~n experiment were recorded on a CARY 100 Bio UV­

Visible spectrophotometer (Varian Inc .. USA). III and 13C NMR spectra were recorded 

on Varian Mercury-400 plus operating at 400 and 100 MHz. respective ly (Varian Inc .. 

USA). MALDI-TOF mass spectra of thiol-modified PNA were collec ted on a Micronex 

MALDI-TOF mass spectrometry (Bruker Daltonics) in linear positive ion mode using 

doubly recrystallized a-cyano-4-hydroxy cinnamic acid (CCA) as matrix. Trinuoroacctic 
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acid (0.1 %) in acetonitrile:water (I :2) was used as the diluents for preparation of 

MAl ,DI-TOF samples. 

2.1.2 Materials 

All chemicals were purchased from Fluka (Switzerland). Merck (Germany) or 

Aldrich (USA). and were purified as appropria te depending on reaction conditions and 

purposes. Commercial grade solvents were di stilled before usc for coiumn 

chromatography. Solvents for reactinns ~md crysta lli zation were reagent grade and u ~;ed 

without purification. Acetonitrile for IIPLC experiment was HPLC glade. obtained from 

BDH and was filtered through a membrane filter (i':; mm $. 0.45 11m Nylon Lida) before 

use. Anhydrous N.N-dimethylfonllamide (I-hO :::; 0.01 %) for so lid phase peptide coupling 

reaction \Vas obtained from Fluka and dried oven activa ted 3A molecular sievL:s. The 

solid support for peptide synthesis (TentaGel S-RAM Fmoc resin) and tri fluoroacetic 

acid were obtained from Fluka. The protected amino acids (Fmoc-L-Lys(Boc)-OPfp) was 

obtained from Novabiochem. Fmoc-Ser(tBu)-ODhbt anJ Fmoc-Asp(OtBu)-OII was 

obtained from Fluka and Novabiochem. respectively. 5(6)-Carboxyfluorescein N­

hydroxysuccinimide ester for PNA labeling was purchased from Fluka. Nitrogen gas was 

obtained frol11 TIG with hi gh purity up to 99.5 %. MilliQ \vater was obtained from 

ultrapure water system with Millipak IJ< 40 filter unit 0.22 ~m. Millipore (l JSA). 

Oligonucleotides were purchased from Bioservice Unit. National Science and 

Technology Development Agency (Thailand) and fluorophore-Iabeled DNA was 

purchased from Bio Basic Inc (Canada). Gold nanopartic!es with a diameter of 20 nm 

was purchased from Sigma Aldrich. 

2.2 Experimental procedures 

2.2.1 Synthesis of intermediate: proline derivatives modified with nucleobases 

The intermediate proline derivatives of thymine (6). guanine (7). adenine (8). and 

cytosine (9) were synthesized as desc ribed previously (Scheme 1 )148-49] by Mr. 

Chaturong Supapprom. Miss Boonjira Boontha and Miss Cheeraporn Anan thanawat. 
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TBz 

~ 
OpmO N 

Boc 

OH vy 6 

1a 

g) '~ G1bu 

OpmO N q ,-( 
Boc k, ) 

O OH / 4 OpmO N 
H OH / v,vi Boc 

i,ii • ~~~~)..£.S ~ii 7 
HO N HO ' N OpmO N 

H Boc Boc OTs Base 

3 g)~ ~ 
OpmO N/ OpmO N 

Boc Boc 

1b 2 

OH 

)·.,0 
HO N 

H 

5 Base ' ABz 8 

C Bz 9 

Scheme 1 i. AC20. heat 90 DC 16 h: ii . 2 M He L reflux 5 h: iii. BoccO. !BuOH. NaOI [ 

(aq). ovemight: i\,. Ph2CN 2. EtOAc. overni ght: \'. I [C0211. Ph)P. D[ AD. TII F. overnight : 

vi. NH3. MeOI I. 2 h: vii . TsCI. Ph3P. D[AD. TI [P. overnight : \ ii i. N' -') 8/. Ph]P. DI AD. 

TH F. overni ght ; ix. N2-lbuG(ONpe). Ph3P. DI AD. dioxane. O\e rn ighl : x. I'I'_A HI or !'-t-
R7 D C . K 2C0 3. DMF. heat 90 C. 5 h. 

2.2.2 Synthesis of activated PNA monomers 

(a) Thymine (T) monomer 

N -Fluo ren-9-)' I methoxyca rbony la m ino-cis-4-( thy m in-l -y 1)-D-prolin e 

pheny l ester (1 t ) 

pentafluoro 

PfpOTfa 

(10) 

o 
II T 

PfPOlY 
N 

Fmoc 

(11 ) 

To a slispenslOn of (N-fluoren-9-ylmethoxycarbonyl )-cis-4-( th ymin- l -y l )-D­

proline (10) (0.39 g. 0.86 mmol) and pentafluorophenyl trinuoroacetate (PfpOTfa) (445 

pL 2.58 mmol) in dichl oromelhane (3 tn L) was added DII ::A (588 il L 3.44 111111 01). The 
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resulting mixture was stirred at room temperature for one hour. The reaction was 

completed as indicated by TLC analysis and purified by flash column chromatography 

eluting with hexane: ethyl acetate (I: 1) on silic(l gel to obtain the titl e compound (1 1) as 

whi te so lid (0.42 g. 78 %). 

I H NMR (400 MHz. CDCh) 8 11 1.94 (31 I. s. thymine Cll3). 2.30-2.40 [1 H. m. 1 x 

Clli(3')]. 2.92-2.96 1111. m. 1 x Clli(3')). 3.58-4.15 l211. m. 2 x Clli(5')]. 4.23 (111. m. 

Fmoc aliphatic ell). 4.48-4 .56 t21-1, m. Fmoc aliphatic Clli \. 4.63-4.78 ill I. m. llH2')l. 

5.2 1-5.38 fIll. m. CH(4')I. 7.15 (1 H. s. thymine Cll). 7.25-7.4 1 (2 11. t..J = 72Hz. Fmoc 

aromatic CB). 7.58 (2H. d. J = 7.2 Hz. Fmoc aromatic CI-I). 7.76-7.80 (211. d. J = 7.6 J Iz. 

Fmoc aromatic CtD 

2.2.3 Sy nthesis of tralls-(1S,2S)-2-aminocyclopcntanecarboxylic acid (ACre) 

spacer 

Ethyl (1S, 2S)-2-1(l' S)-phenylethyll-aminocyclopentanecarboxylate (13) 150] 

---
-

U NH2 
---

i) 

~~H 0 
0 

& C02Et AcOH 
~ 

// ~OEt 
ii) NaBH3CN 

( 12) (13) 

To a stirred solution of ethy l cyclopentanone-2-carboxylate (12) (4 mL. 27 mmol) 

111 absolute ethanol (32 mL) was added (S)-(-)-a-methylbenzylamine (3.48 mL. 30.0 

mmol) and glacial acetic acid (1.54 mL. 32.0 mmol) . The reaction mixture 'vvas st irred at 

room temperature until the fonnation of enamine was complete (2 h. monitored by TLC. 

7 :3 hexane/EtOAc) The reaction mixture was heated to 72 °c and then gradually added 

sodium cyanoborohydride (3.14 g. 54.0 mmol) to the reaction mixture over a 5 h period. 

The disappearance of enamine was monitored by TLC. When the reaction was complete. 

the ethanol was removed by rotary evaporation heat at 78 °C and then added water (20 

ml) The reaction mixture was adjusted a neutral so lution by NaIICO:; . The resulting 
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mixture was extracted with dichloromethane. The dichloromethane was removed by 

rotary evaporation. The crude product can be purified by column chromatography. 

eluting with 100% hexane and followed 20: I hexane : l ~tOAc on silica gel to obtain the 

title compound (13) as colorless liquid (1.40 g. 21 %). 

1/1 NMR (400 MHz. CDCb) 611 1.22 (3H. t..J = 7.0 Hz. C02CI bCH]). 1.39 (3/1. d . .J = 

6.0 liz. NIICIICH 3). 1.57-1.75 (211. m. C1 hClliCII 2). 1.78-1.85 (211. m. NHCHClli). 

1.92-2.06 (2H. m. ClliCHCO). 2.63 (II I. q . .J = 7.0 lIz. CHC02Et). 3.25 (111. q . .J = 7.2 

liz. NIICI-ICH 2). 3.88 (HI. q . .J = 6.4 liz. NHCU<'.:J-I]). 4.15 (211. m. CO~ClliCIl 3 ) and 

7.20-7.38 (5H. m. phenyl): la]25 J) = + 17.1 (c = 1.00 g/1 00 mL CDeb). 

(lS,2S)-2-Amino-cyclopentanccarboxylic acid ethyl ester (15) r511 

~~H 0 

~ O-ZOEt 

(13) 

~H2 0 
10% Pd(OHh-C. H2 o-z 

~ OEt 
MeOH 

(14) 

5% HCI 

reflux 2 hr 

(15) 

Ethyl (IS'.2S)-2-f(I'S)-phenylethyll-aminocyclopentane carboxylate (13) (1.14 g. 

4.38 mmol) was dissolved in methanol (5 mL) and palladium hydroxide on charcoal 

(0.06 g) was added with stirring at room tempearture uncler ~h atmosphere for three hour. 

'I he disappearance of compound (13) was monitored by TLC. The formation of ethyl 

(1.\'.2S)-2-aminocyclopentane carboxylate (4) were completed. The palladium catalyst 

was filtered off with the aid of celite and washed with methanol. The filtrate was 

evaporated by rotary evaporation to obtain compound (14), Without further puri fication. 

the compound (14) and 5% HCI (10 mL) was reOuxed for 2 h at 110 dc. Then the 

mixture was allowed to cool down and the solvent was removed by rotary evaporation to 

obtain the title compound (15) as a white solid (0.33 g. 64% from 13). 

III NMR (400 MHz. CDCIJ) ()H 1.22 (31-1. t..J = 7.0 Hz. C02CI-I2CI-I,). 1.59-1.62 (3H. d . 

.J = 6.0 Hz. NHCHCli.1). 1.59-1.62 (211. m. Cl bCl-hCH2). 1.72-1.79 (2H. m. 
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N IICI-/Clli). 1.93-1.98 (2 11 . m. ('1l2CIICO). 2.2 1-2.32 (111. q . .J = 7.0 Hz. CJJC0 2Et). 

3.40-3.45 (HI. q . .J = 7.2 Hz. NIICllCH2). 4 .16 (211. m. C0 2ClliC1I3) and 7.36-7.45 (S f! . 

m. phen: l): [a l]'1) = +6 1.3 (c = 1.00 g/ IOO I11L IbO). 

(1 S,2S)-2-(N-Fluorcn-9-ylmcthoxycarbonyl)-aminocyclopcntanecarboxylic acid (16) 

151J 

_ r. 

acetonitrile . H20 (U ) 

Fmoc NH o 

~OH 
FmocOSu, NaHC03 .. 

( 15) (16 ) 

1 he (1 S·.2S)-2 -aminocyc lopentane carboxy li c acid hydrochloride (IS) (0.16 g. 1 

ml11 ol) was di ssol\'ed in ace tonitrile: water (1 : I. 2.5 mL) and NaI-l CO} (3 equi v excess) 

was added until the so lution was basic (pl-l = 8). FmocOSu (0.3 7 g. 1.1 mmol ) was 

slowl y added with stirring at roo m temperature for 8 h. The di sappearance of FmocOSu 

\vas monitored by TLC'. When the reaction was complete. the residue was dilute with 

\\'ater (20 m1.) and ex trac ted with diethyl ether (3 x 20 mL). The aqueous phase was 

collected and the pI I was adjusted to 2 with concentratcd HC!. The \vhite suspension was 

ex tracted \\ith dichl oromethane (3 x 20 mL). Solvent was removed by rotary evaporati on 

and dri ed in \'acuum to affo rd the titl e compound (16) as a white so lid (0.32 g. 94 % ). 

III NMR (400 MH z. DMSO-d6) 0" 1.43-1 .75 (4H , 2x m. CH2ClliCl h and NI-ICHClli). 

1.90-1.95 (2H. m. elliCHCO). 2.5 1 (1 H. m. CUCO). 4.02 (II-I. L .J = 7.4 Hz. NIICH). 

4 .2 1-4.29 (2H. m. Fmoc aliphatic CH and f'moc aliphati c CI-I ,) and 7.28-7 .79 (81-1. m. 

Fmoc aromati c Cll). ra ]25 [) = + 36.4. c = 1.0 in MeOH 
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(lS,2S)-2-(N-Fluoren-9-ylmethoxycarbonyl)-aminocyclopentane pentafluorophenyl 

ester (17) 

FmOCNH 
:: 0 
. II 

~OPfP 

FmOCNH 
- 0 

~OH 
PfpOTfa, DIEA 

(16) (17) 

Synthesis of the titled compound (17) \vaS accompiished Lismg the samc 

procedure as described for compound (11). Starting from N-nuoren-9-ylmethoxy­

carbonyl-2-amino-cyclopentanecarboxylic acid (16) (200 mg. 0.5 mmol). PfpOTfa (258 

~L 1.5 ml11ol) and D1Fl\ (194 pI.. 1.5 m111ol) in dichloromethanc (3 mL) afforded 

compound (17) (0.1567 g. :;0 %) as a white so lid. 

IH NMR (400 MHz. CDCI]) 811 1.86 (2H. m. (,1-1 20 -hCI-I 2). 2.07 t21-1. m. NHCHClli). 

2.2 1 (21-1. Ill. CtbCHCO). 3.15 (111. m. CUCO). 4.25 (111. 1..J = 6.2 Hz, NHCH). 4.36 

(1 H. 1. .J = 7.2 Hz. Fmoc aliphatic Cll). 4.46 (2H. d . .J = 6.4 Hz. Fllloc aliphatic Clli). 

4.92 (11-1. s. NH) and 7.29-7.78 (811. m. tlllOC aromatic CH): [af'n = +49.0 (c = 1.00 

gil 00 IllL Ci ICI ~ ). 

2.2.4 Synthesis of S-protected 3-mercaptopropionic acid 

(a) 3-Benzhydrylthio-proanoic acid (19) 

TFA 
+ Ph2CHOH 

(18) (J9) 

The title compound was synthesized according to the scheme above by Mi ss 

Cheerapom Ananthanawat [52]. 
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(b) 3-(2,4-Dinitrophenylthio)propanoic acid (2] ) 

.. 

(20) (21) 

l -Fluoro-2.4-dinitrobenzene (20 ) (4 13.7 mg. 2 mmol) was reacted with 3-

mercaplopropanoicacid (211.7 mg. 2 mmol) in aq ueous NaHCO) (376.7 mg. 2. mmol) 

and MeCN. The reaction was sti rred at room temperature for 3 h. The reac tion was 

ex tracted by dichloromethane. the aqueous phase acidified \"ith 10% I-I CI and extracted 

with EtOAc to obtain the 3-(2 .4-din itrophenyllhio)propanoic ac id (21 ) as a ye llow solid 

(463.5 mg. 85%). 

III NMR (400 MHz. DMSO-d6) () II 8.84 ( Ill. d. J=2.4 Hz. A rlf). 8.41 ( IH. dd . J=2 .4 and 

8.8 Hz. A rH). 7. 87 (1 H. d. J=8.8 Hz. A r//) . 3.33 (21 I. 1. J=7.2 Hz. SC!-I2CI h). 2. 80 (2H. 

1. J=7.2 Hz. C I-bClhCO): I3C NMR (100 MHz. CDCb) 8e 172.75 (C=O). 145.59 (C). 

144.94 (e). 144.04 (e). 128 .48 (e ll). 128.0 1 (C I-I ). 12 1.78 (CII ). 32.48 (C I-I 2). 27.50 

(CH2). m.p. = 174.7- 175 .2 dc. Anal. Ca lcd fo r C lI \NO: C. 4 1. 2: I I. 2.9: N. 10.4. r ound: 

c. 41 .22: H. 2.9: N, 10.4%. IR (neal): V l1m, 3343.48. 1704.93. 159 1.94. and 1335 .52 em-I. 

(c) 3-(2,4-Dinitropbenylthio)propanoic acid pentafluorophenyl ester (22) 

(21) (22) 

3-(2.4-Dinitrophenylthi o)propanoic ac id (21 ) (0.1 g. 0.37 11111101) was reacted with 

PfpOTfa (63.77 ilL. 0.37 111mol) and Ol EA (47 .82 ilL. 0.37 111mol) as dee ri bed 
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previously. The reaction was complete within 1 h according to TLC analysis. The product 

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

(2: 1) on silica gel to obtain the 3-(2.4-dinitrophenylthio )propanoic acid 

pentafluorophenyl ester (22) as a yellow so lid (0.293 g. 79 %). 

I H-NMR (400 MHz. CDCI 3) 811 9.11 (11 L d. ,]=2.4 liz. Ar//). 8.44 (1 H. dd. ,]=2.4 and 8.7 

117.. Arlf). 7.61 (IH. d . ./=8.7 Hz. Ar/-/). 3.46 (211. L ,}- 7.3 Hz. SCI-hClb). 3.17 (211. L 

.]=7.3 liz. CH2CH~CO): i3C_NMR (100 Mllz. CDC1 , ) 8c 172 .75 (C=O). 145.06 (2xC). 

144.14 (C). 127.46 (CH). 126.6 1 (C II). 12 1.94 (CI-I). 31.58 (CH] ). 26.97 «(,112). m.p. -= 

125.0-126.5 0c. Anal. Calcd for C )1 \NO: C. 41.2: I I. 1.6: N. 6.4. Found: ('. 41 .2: I L 1.6: 

N. 6.4°/'0. IR (neat): V llla\ 1783.16. 1522.40. 1344.00. and 1105 .18 cm· l
. 

(d) 3-(Benzoylthio)propanoic acid (24) 

(23) (24) 

Benzoyl chloride (23) (329.2 mg. 2 I11Jllol ) \vas reacted \\ith 3-mercaptopropanoic 

acid (251.3 mg. 2.37 mmol) and Nal-lCO} (385. 3 mg. 2 11111101) in 1-1 20 (2 ml) . The 

reaction was stirred at rool11 temperature for 1 h. The reaction mixture was extracted with 

dichloromethane. The aqueous ph(l se was acidified and extracted with dichloromethane 

to obtain the 3-(benzoylthio)propanoic acid (24) as a white so lid (0.206 g, 42 %). 

Ill-NMR (400 Mllz. CDCI}) 8 11 7.93 (2H. d . ./=8.8 Hz. ArH). 7.52-7.45 (IH. m. ArH). 

7.45-7.39(2H. 111 . Ar/-J). 3.31 (2H, L ,]=6.8 Hz. SC H~CH 2 ). 2.80 (2H. t, '}=6.8 li z. 

CH 2CH2CO): 13C_NMR (100 MHz. CDCh) Dc 191.50 (C=O). 178.04 (C=O). 133 .58 

(CH). 128.66 (2xCH).I27.74 (2xCH). 34.30 (CH2)' 23.62 (CI -b). m .p. = 96.3-97.2 0('. 

Anal. Calcd for CxH\NO: C. 56.9: 1-1. 4 .8. Found: C. 56.9: 1-1. 4.8 %. IR (neat): Vrnax 

3356.43. 1704.93. 1681.47. and 1209.48 cm· l
. 
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(e) 3-(Benzoylthio) propanoic acid pentafluorophenyl ester (25) 

rI ~S~OPfP PfpOTfA / OlEA .. 
o 0 

(24) (25) 

3-(Bcnzoylthi o)propanoic ac id (24) (0.1 g. 0.488 ml11ol) was reacted \\ith 

PfpOTfa (0. 1367 g. 0.488 mmol) and D1EA (63. 1 pL. 0.488 mmol) in dichloromethane 

4 ~lL. The resulting mixture was stirred at room temperature for one hour. The reaction 

was completed as indicated by TLC analysis and puri fi ed by fl ash column 

chromatography eluting with hexane:ethyl acetate (2: I ) 011 silica ge l to obtain the 3-

(benzoylthio)propanoic acid pentafluorophenyl ester (25) as a colori ess oil (0.293 g. 62 

%). 

'H-NMR(400 MH z. CDCI3) 0,,7.90 (211. d. }=7.2 Il l.. ArH). 7.57-7.47 ( 111. m. Arln. 

7.45-7 .3 7 (2H. m. ArH). 3.35 (2H. t. }=7.2 Hz. SCH~CH2 ). 3.04 (211. t. }=7.2 Il l.. 

C H2CH 2CO) ; ' 3C-NMR (100 MHz. CDC I3) Oc 191.21 (C=O). 167.78 «(=0).136.50 (C) . 

133.75 (CI-I). 128.7 1 (2xCH). 127 .28 (2xCH). 33.79 (el ·h). 23 .60 (e l h). Ana l. Calcd for 

Cxl-I ~N O: C. 51.1: 11. 2.4. Found: C. 51.1 : II . 2.4 %. IR (neat): Villa, 3356.43. 1787.51. 

1661.47. 1518.05. and 1209.48 cn'-'. 

2.2.5 Synthesis of gold nanoparticies 

(a) 13 nm diameter gold nanoparticies [53 J 

HAuCI4.3 J-bO (ImM, 50 mL) \-\as refluxed wh ile sti rring at 60 °C. Arter the 

solution boiling. tri -sodium citrate (38.8 mM. 5 mL) \\'as rapidly added until the color of 

the so lution turned from pale yellow to deep red and the reflux was con tinued for another 

15 min. 
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(b) 16 nm diameter gold nanoparticles [361 

HAuCI".3H 20 (l %. 0.5 mL) in water (49.5 mL) was heated up to 60 0(' lar 10 

min . Tri-sodium citrate (\ %.2 mL) \vas rapidly added in the stirring solution and keep to 

heat for 5 min. The color changed from deep blue to pale purple then to burgundy red. 

(c) 40 nm diameter gold nanoparticles 1541 

HAuCk31-bO (I mg/mL. I mL) in water (18 mL) was heated to boiling. Tri­

sodi um citrate (\ 0 mg/mL. 1 mL) was rapidly added in the stirring soluti on far 30 min. 

After that H20 was added to the so lution to bring volume hack 20 mI. . The boiling 

so lution turned to deep red color within about 20 min of boiling. 

2.3 Synthesis of tbiolated PNA carrying different charge 

2.3.1 Preparation of the reaction pipette and apparatus for solid phase peptide 

synthesis 

All peptide syntheses \vere carried out using a custom-made peptide synthesis 

column from Pasteur pipette which was plugged with a smal l amount of glass powder and 

si ntered on a small fl ame as described previously [55.56]. The resin was weighed 

accurately into the pipette. The resin in the pipette was swollen in DMF solvent far at 

least 1 h before use. For each reaction. the reagent was directly sucked in. ejected out by 

manual control for the specified period of time. After the reaction \Vas complete. the 

reaction was washed by DMF solvent for 3 time in order to eliminate the excess reagent. 

Synthesis of each thiol-modified PNA was carried out on 1.5 )..I mol scale in three 

stock reagents . The general synthesis protocol \vas divided into steps as follows. 
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Removing Fmoc protecting group form the resin 

The reaction pipet1e containing TentaGel S RAM Fmoc resin (4.2 mg. 1.0 ~lInol) 

was prepared as described above. The resin was treated! 00 ilL (If deprotection solution 

(piperidine 20 ilL. 1.8-diazabicyclorS.4.01 undec-7-cne (OBU) 20 ilL. and DMF 960 Ill.) 

in a I.S mL Fppendorf tube for 15 min at room temperature occasional agitation. After 

the specified period of time. the reagent was squeezed off and the reaction column W,IS 

washed exhcustively v.;jth OMF. 

ii) Anchoring of the first amino acid residue 

The first amino acid (lysine. aspartic acid. or serine) was attached to the free 

amino group on the Tentagel-~-RAM resin. The activated amino acid (Fmoc-L-Lys(Boc)­

OPfp) and fmoc-Ser(tBu)-ODhbt were used with HOAt (1.4 mg. 10 Ilmol). Fmoc­

Asp(OtBu)-OH \vas used HATU (3.8 mg. 10 Ilmol). The prepared resin was soaked in a 

solution of activated amino acids in DMF (10 Ilmol. 30 ilL) with occasional agitation for 

I h at room temperature. After the specified period of time. the reagent was squeezed off 

and the reaction column was washed exhaustively with OMF. 

iii) Dcprotection of the Fmoc protection group at N-terminal 

After the coupling was completed, the res1l1 was treated with 100 ilL of the 

deprotection solution in a 1.5 mL Eppendorf tube for 5 min at room temperature 

occasional agitation. After the specified period of time. the reagent was squeezed off and 

the reaction column was washed exhaustively with DMF. The used deprotecting reagent 

can be used to determine the coupling efficiency by diluting with an appropriate volume 

of methanol and then the UV -absorbance of dibenzofulvene-piperidine adduct at 264 nm 

measured. The first UV -absorbance of the adduct was assumed to be 100%. Such 

determination of coupling efficiency was advantageous in terms of determining how the 

solid phase reaction progress. The efficiency should be >95 % for each step in order to 

give acceptable yield of the 9-15 mer PNA oligomer. 
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iv) Coupling with pyrrolidinyl monomer 

The free amino group. generated from the de protection step (iii) above. was 

further coupled \vith a designated PNA monomer. PNA Pfp monomer (6.0 ~lmul) in 15 

pl of DlEA solution (OlEA 70 ilL and OMF 930 ~l) and 15 III of HOAt solution 

(HOAt 5.5 mg and OMF I 00 ~L) . The resin in the reaction pipette was treated with this 

solution for 30 min at room temperature with occasional agitation. After reaction the 

column \vas washed exhaustive ly with DMf. 

Y) End capping 

After coupling step. the free amino residue was capped with 2 ~lL acetic acid in 

30 ~ll of DIEA solution (DIEA 70 ~l and DMF 930 ~lL) in a 1.5 mL Eppendorf tube to 

prevent fonnation of deletion sequences and facilitate purification for 10 min·155] 

vi) Coupling with SS-ACPC spacer monomer 

In the same way as described for (iii)- (iv). s.\ACPC-spacer monomer (17) (3 . 10 

mg. 6 ~mol) was coupled next to the pyrrolidinyl monomer after remO\'al of the Fmoc 

gruop. This constituted one unit of cis-D-ssACPC PNA, Alternate couplings of the 

pyrrolidinyl monomer and ssACPC spacer were perfom1ed in the subsequent steps until 

the complete sequence was obtained. 

vii) Modifying the PNA oligomer with 2-12-(Fmoc-amiiio)ethoxyJethoxy 

acetyl linker 

The synthesis cycle was repeated until the growing peptide chain was extended to 

the desired sequences. The tennina l Fmoc group was removed by treatment with the 

deprotection solution as in (iii). I f the sequences contain G. C. or A. the nucleobase side­

chain protecting groups were removed by treatment with dioxane:ammonia I: I (2 mL) at 

60 °C overnight. The PNA was fUl1her coupled with 2-[2-(Fmoc-amino)ethoxy]ethoxy 
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acetic acid pentafluorophenyl ester (5.5 mg. 10.0 flmol) dissolved in 30 fl.L anhydrous 

DMF without addition of HOAt and DI EA . The resin was treated with this solution for 30 

min at room temperature with occasional agitation. 

viii) Modifying the N-terminus of PNA oligomer with tbiol 

After the linal cleavage of Fmoc. the PNA oligomer was treated with a solution of 

the activated S-protected mercaptopropanoic acid. DpmS(CH 2)]C0211 (19) (2.5 mg. 4.0 

pmol) and i-lATU (1.3 mg. 3.5 Jlmoi) \vas dissolvcd in 30 fll anhydrol!<: DMF. Then 

DlEA (1.4 flL. 8.0 fl.ll1ol) \, .... as added to the reaction mixture. The resin carrying free 

amino group was treated with the solution for 30-60 min at room temperature followed 

by normal washing. Other ihiol modifiers were coupled similarly , In the case of lipoic 

acid (4.2 mg. 4.0 ~lmol). DNP-S(CII]bC02Pfp (22) p.4 mg. 4.0 flmol) and 

BzS(CH2)2C02Pfp (25) (3 .7 mg. 4.0 pmol) were accompli shed in the same way 

DpmS(CH2)2C02H (19). 

ix) Method for cleavage PNA oligomer from the resin 

and deprotection at S-atom 

The cleavage of PNA oligomer from the resin was done by treatment with ani sole 

in trinuoroacetic acid (10 :90) (for S-Dpm) or TF A (for lipoic acid. S-DNP and S-Bz) at 

room temperature for 1 h with occasional agitation. After one hour. the trifluoroacetic 

acid in the cleavage solution \'ias removed by a nitrogen stream in fume hood . The resin 

was treated with another portion of TF A to ensure a complete cleavage of the peptide 

from the resin. The sticky residue was treated with diethyl ether to precipitate the crude 

PNA. The suspension was the centrifuged and decanted . The crude peptide was 

centrifugally washed with diethyl ether (3-4 times). Finally the crude peptide was aIr 

dried at room temperature and stored dried at -20 °C until used . 
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x) Purification and Identification 

The crude peptide was prepared for J JPLC analysis by dissolving a mixture in 200 

~L deionized water. The solution was filtered through a nylon membrane filter (0.45 

~lm). Ana lysis and purification \vas performed by reversc phase IIPLC. monitoring by 

UV -absorbance at 260 nm and eluting with a gradient system of 0.1 % TF A in 

acetonitril e/water. The HPLC gradient system used t'vVU so lvent systems which are 

so lvent A (0. 1 % trilluoroacetic [lcid in acetonitrile) and soh 'ent B (0. 1 % trilluoroacetic 

al.:id in miiliQ \vater) . The eiution began with A:I3 (10:90) for 5 min followed by a linear 

gradien t up to A:B (90: 10) over a period of 30 min. then hold for 5 min before reverted 

back to A:B (10:90). After free ze drying. the identity of the rNA oligomer was verified 

by MALlJI-TOF mass spectrometry. 

2.3.2 Solid phase peptide synthesis of BS(CB2hCO-egl-T9-LysNH 2 (Pl ) 

Synthesis of HS(CH2)2CO-egl-T9-LysN I12 (P l ) began with step i and ii . A cycle 

of PNA monomer attachment (deprotcction (step iii). coupling with the desired rNA 

monomer (step iv). and end capping (step v) \vas then performed altemately with a cycle 

of spacer attachment (deprotection (step iii). coupling "ith spacer (step vi). and cnd 

capping (step \ ». After PNA nonamcr were obtained. step vii. viii (S-Dpm). ix. and x 

were consecutively followed. After purification. the HPLC peak of HS(CI1 2hCO-egl -T9-

LysNH2 (Pl) appeared at II? = 22.9 min . MALDI-TOF mass spec trum showed M'I-f ob, = 

3373.64; M'H\alcd = 3369.39 

2.3.3 Solid phase peptide synthesis of HS(CH 2hCO-egl-T9-SerNH2 (P2 ) 

Synthesis of HS(CH2)2CO-egl-T9-SerNI12 (P2 ) differs from II S(C I1 2)2CO-egl-T9-

LysNH2 (Pl ) in anchoring of the first amino acid (step ii). Fmoc-Serine was first 

attached to the free amino group on the RAM resin employing Fl11oc-Ser(tBu)-ODhbt 

(5 .3 mg, 10 ~lmol). HOAt (1.4 mg. 10 pmol). and DIEA (3.4 ~L. 20 ~mol) dissolved in 

anhydrous DMF (30 pL) in a 1. 5 I11L Eppendorf tube. Other steps were perfon-ned using 



30 

a simi lar step as described for HS(CI h)2CO-egl-TCl-LysNI-12 (P t ) above. After 

purification by lIPLC the peak of HS(CH2)2CO-egl-T9-SerNH2 (P2) appeared at l R = 

22.9 min. MALDI-TOF mass spectrum showed M·l-t obs = 3330.83: M·II\alcd = 3329.30 

2.3.4 Solid phase peptide synthesis of HS(CH2hCO-egl-T9-AspNH2 (P3) 

Synthesis of lIS(CI b)2CO-egl-T9-AspNH2 (P3) differs from J-1S(CI hhCO-egl-T q­

LysNI-h (Pt) in anchoring of the 1~rst amino acid (step ii). Fmoc-Aspartate was first 

attached to the free amino group on the RAM resin employing Fmoc-Asp(OtBu)-OH (4.1 

mg. 10 )1mol ). IIOAt (1.4 mg. 10 )1mol). and D1EA (3.4 )1L. 20 )111101) dissolved in 

anhydrous DMF (30 )1L) in a 1.5 mL Eppendorf tube. Other steps were performed using 

a ::,imilar step as described for HS(CH2)~CO-egl-T9-LysNH 2 (PI) above. Aftcr 

purification by IIPLC thc peak or l-iS(C~h) 2CO-egl-T9-AspNH 2 (P3) appeared at l R = 

22.4 min. MALDI-TOF mass spectrum showed M·H ' Obs = 3339.25: M·H'calcd = 3339.79 

2.35 Solid phase peptide synthesis of HS(CH2)2CO-egIJ-T9-SerN H2 (P4), 

HS(CH2hCO-egls-T9-SerNH2 (PS) 

Synthesis of HS(CH2)2CO-egI3-Tq-SerNH 2 (P4) and HS(ClhhCO-egI5-Tq­

SerN] 12 (PS) were similar to HS(CI b)2CO-egl-TCl-SerNH2 (P2) above . However. the 

coupling with 2-f2-(Fmoc-amino)ethoxylethoxy acetic acid pentaJluoro phenyl ester (step 

vii) was repeated for 3 cycle and 5 cycle in HS(C1-hhCO-egI3-TCl-SerNH2 (P4). 

I-IS(CH2)2CO-egl s-T9-SerNI-h (PS). respectively. After purification by I IPLC the peak of 

HS(CI-I2)2CO-egh-T9-SerN]-h (P4) appeared at lR = 20.8 min. MALDI-TOF mass 

spectrum showed M·H+obs = 36 19.00: M·H' calcd = 3619.30 and the IIPLC peak of 

I-IS(CH2)2CO-egI5-TCl-SerNH2 (PS) appeared at l R = 22.6 mll1 . MALDI-TOF mass 

spectrum showed M·H+obs = 3913.36; M·I-I\alcd = 3909.94 
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2.3.6 Solid phase peptide synthesis of Ac-T9-LysNH2 (P6), Ac-T?-SerNH2 (P7) 

Synthesis of Ac-T9-LysNH2 (P6) and Ac-T,rSerNlh (P7) were accomplished in 

the same way as described lor II S(CI b)2CO-egl-T9-LysNl-b (P1) and IIS(CI-b)2CO-egl­

T9-SerNH2 (P2) from step i to step vi. After final cleavage of the Fmoc group. the 

nonamer PNA (P6) and PNA (P7) were treated with Ac:!O 2 ~I in 30 ~I OlEA solution in 

a 1.5 EppendOit' tube. After purification by IIPLC. the peak of Ac-T9-l.ysNH2 (P6) 

appeared at (R = 26. 8 min. MALD! -TOF mass spectrum shov.ed M'H ' obs =- 3181.00: 

M·j-tcalcd = 3 179.44 and the peak of Ac-T9-SerNH2 (P7) appeared at Ik -= 25 n mm. 

MALOI -TOF mass spectrum sho'v\ed M ·11 ' obs = 3139.32: M '1-( caled = ) 138.35 

2.3.7 Solid phase peptide synthesis of lipoic-T 9-LysNH2 (P8) 

Synthesis of lipoic-T9-LysN I-J:! (P8) was simi lar to IIS(CI b)2CO-egl-T9-LysNIJ:> 

(PI) from step i to step vi. After final cleavage of Fmoc. the nonamer PNA (P8) was 

coupled with OL-a lipoic acid (l.1 mg. 0.5 ~mol), HATU (1.7 mg. 10 I1mol). and OlEA 

(1.7 ~L. 10 I1mol) dissolved in anhydrous DMF (30 pL) in a 1.5 mL Eppendorf tube. 

After purification by IIPLC. the peak of lipoic-T9-LysNH:! (P8) appeared at l R = 23.7 

min. MAlDI-TOF mass spectrum showed M'H 'ObS = 3325.76: M'H 'cakd =- 3325.39 

2.3.8 Solid phase peptide synthesis of lipoic-egl-T9-LysN H2 (P9) and lipoic-egl-T9 

SerNH2 (PIO) 

Syntheses of lipoic-egl-T9-LysNI-h (P9) and lipoic-egl-T9-SerNlh (PIO) were 

simi lar to HS(CI12hCO-egl-T9-LysNH2 (P1) and HS(CI--h)2CO-egl-T9-SerNH2 (P2) from 

step i to step vii. respectively. After final cleavage of Fmoc. the nonamer PNA (P9) and 

the PNA (PIO) were coupled with DL-a lipoic acid (1.1 mg. 0.5 pmol). HATU (1.7 mg. 

10 I1mol). and DIEA (1.7 pL. 10 f.!mol) dissolved in anhydrous DMF (30 pl) in a 1.5 mL 

eppendorf tube. After purification by IIPLC. the peak of lipoic-egl-T9-LysNH2 (P9) 

appeared at IR = 24.1 min . MAlDI-TOF mass spectrum showed M·H' obs = 3469.64: 
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M'H\ alcd = 3470.39 and the peak of lipoic-egl-T9-SerNH2 (PI0) appeared at IR = 25.3 

min . MALDI-TOf mass spectrum showed M'II+obs = 3433.86; M' II \ alcd = 3429.34 

2.3.9 Solid phase peptide synthesis of lipoic-egl-T IJ-Lys(Fluorescein)NHz (Ptl) 

Synthesis of lipoic-egl-T9-Lys(Fluorescein)NI-h (P1l) was accomplished in the 

same way as described for lipoic-egl -T9- LysN!h (P9) above. After cleavage from resin. 

thi s PNA (P9) (A26o = 21. 20 ~L) was coupled with 5(6)-Carboxyfluorescein N­

hydroxysuccinimide (0.2 mg. 10 eq) in acetonitrile containing DIEA (3.42 ~L. 10 equiv). 

After purification by gel electrophoresis. MALDI-TOF mass spectrum showed M'I-r ob,-

3929.01: M·I l\aJcd = 3lJ29.39 

2.3.10 Solid phase peptide synthesis of DNP-S(CHzhCO-egl-T9-LysNHz (1'12) 

Synthesis of DNP-S(CH2)2CO-egl-T9-LysNI-b (Pt2) was accomplished in the 

same way as described for lipoic-egl-T9-LysNH2 (P9) above but the thiol modifier was 

changed from lipoic acid to -(2.4-dinitrophenylthio)propanoic acid pentafluorophenyl 

ester (22) in the last step. After deprotection or Fmoc-egl-T9-LysN H2. thi s PNA was 

coupled with 3-(2.4-dinitrophenylthio)propanoic pentailuorophenyl ester (22) (4.4 mg. 

0.5 pmol) in anhydrous DMF (30 ~lL) without addition of DIEA. The PNA was cleaved 

from the resin as usual. After purification by HPLC. the peak of DNP-S(CH2)2CO-egl-T9-

LysNH2 (P12) appeared at IR = 21.2 min. MALDI-TOr mass spectrum showed M'II 'ob, = 

3516.22: M'Htcalcd = 3519.39 

2.3.11 Solid phase peptide synthesis of BzS(CHzhCO-egl-T4GT4-LysNH2 (P13) 

Synthesis of BzS(CH2)2CO-egl-l '4GT4-LysNH 2 (P13) started with solid phase 

peptide synthesis of Fmoc-T4-Lys at 1.5 ~mol scale. It was divided to three parts (0 .5 

pmol scale). One part. was coupled with G and T monomers until the sequence Fmoc­

T4GT4-Lys was obtained. The rmoc and side chain protections were removed by 

treatment with the deprotection solution and aqueous ammonia/dioxane I : I at 60 n( 
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overni ght. repective ly. The resin-bound PNA was coupl ed with 2- [2-(Fmoc­

amino)ethoxy] ethoxy aceti c ac id pentafluorophenyl ester (vi i) (2 .6 mg. 0.5 flm ol) and 

then with 3-(bcnzoylthi o)propanoic pentaflu orophenyl ester (25) ( 1. 8 mg. 0.5 flm ol) in 

anhydrous DMF (15 ~l L ) . After usual cleavage purification by HPLC. the peak of 

BzS(C I h)~CO-cg l -TtCJT4- LysN I1 2 (P13) appeared at IR =- 2 1.2 min . MALDI -TOF mass 

spec trum showed M· I I; ob, =- 3499.00: M ·11 ' c~ l c d = 3496.52 

2.3.12 Solid phase peptide s~' nthesis of BzS(Cl-hhCO-egl-T.tCT 4-L} sNH z (Pl 4 ) 

Sy nthesis of BzS(C II ::>hCO-eg i -T4CT~- LysN Ii 2 (P14) started with solid phase 

peptide synthesis of Fmoc-T4- Lys at 1.5 flm ol scale as desc ribed in 2.3. 11 . The second 

parts (0.5 pmol). \\3S coupled with C and T monomers until the seq uence Fmoc-·L1CT4-

Lys was obta ined. The r: moc and side chain protec ti ons were removed by trea tment with 

the deprotec ti on solution and aq ueous ammonia/dioxane 1: 1 at 60 °c overn ight. 

repec ti ve ly. The resin- bound PNA was coupled with 2- [2-(Fmoc-amino)ethoxyJ ethoxy 

aceti c ac id penta11uorophcnyl ester (vii ) (2 .6 mg. 0.5 ~lm o l ) and then with 3-

(benzoy lthi o)propanoic pentaflu orophcnyl ester (25) (1.8 mg, 0.5 flm ol) in anhydrous 

DMF ( 15 flL ). Arter purifi ca tion by IIPLC. the peak of BzS(CII2)2CO-egl-T4CT4-

LysN I b (P14) appeared at II? = 22.3 mi n. MAL DI -TOF mass spectrum shO\ved M· H\)b, = 

3460.0 1: M·I r c· aled = 3456.52 

2.3.13 Solid phase peptide synthes is of BzS(CI-hhCO-egl-T4A T4-LysNH z (Pl 5) 

Synthesis of BzS(CI-I2hCO-egl-T4AT4-LysN H2 (PIS) started with solid phase 

peptide synthesis of Fmoc-T4-Lys at 1.5 flm ol sca le as descri bed in 2.3. 11 . The th ird 

parts (0.5 flm o\). was coupled with A and T monomers until the sequence Fmoc-T4AT4-

Lys was obtained. The Fmoc and side chain protections were removed by treatment wi th 

the deprotection solution and aqueous ammonia/dioxane I : I at 60 °C overni ght. 

re pec tive l)'. The resin-bound PNA was coupled with 2- [2-(Fmoc-amino)ethoxyJ ethoxy 

aceti c ac id pentaflu orophenyl ester (v ii ) (2.6 mg. 0.5 flmol) and then with 3-

(benzoy lthi o)propanoic pentaflu orophenyl ester (25) ( 1.8 mg. 0.5 flm ol) in anhydrous 
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OMF (15 ~lL). After purification by IIPLC'. the peak of BzS(CI-hhCO-egl-T4AT-1-

LysNI-h (PIS) appeared at IR = 21.9 min. MALDI-TOF mass spectrum showed M· H\hs = 

3484.06: M' /-I 'cakd = 3480.53 

2.3.14 Solid phase peptide synthesis of BzS(Cl-hhCO-egl-T 9-LysNH2 (P16) 

Synthesis of BzS(C II 2bCO-egl-T9- LysN /1 2 (P16) wa::. similar to lipoic-egl -T9-

LysNH2 (P9) from step i to step \·ii . After final clea\age of rmoc. the nona mer PNA 

(PI6) were coupled \\ith 3-(benzo: Ithio)propanoic pentafluoropheny! ester (25) in a 1.5 

Eppendorf tube. After usual cleavage and purification by IIPLC'. the peak of 

BzS(C/-b)2CO-egl-T9- Ly sN1l2 (P16) appeared at IR = 2 1.8 min. MALOI-TOr mass 

spectrum showed M' II" ohs = 3476.1.): M·II · calcd -= 3474.39 

2.3.15 Solid phase peptide synthesis of BzS(CH2hCO-egl-T"GT4-Lys(Phos)NH2 

(P17) 

Synthesis of BzS(CI 12)2CO-egl-T-1GT-1-Lys(Phos)NI h (P17) began with step i and 

ii by using Fmoc-Lys(Mtt)-Otl (9.4 mg. 10 fllllol). IIATU (5 .7 mg. 10 flmol). and OlEA 

(3.4 pL. 20 flmol) during the first loading. After final Fllloc-remo\al the sequence T4GT.j 

was through further treated \\ ith aqueous ammonia:dioxane 1: 1 at 60 °c for 6 h. This 

resin-bound PNA was coupled with 2-12-(Fmoc-amino )ethoxy I ethoxy acetic acid 

pentatluorophenyl ester (\ii) (2.6 mg. 0.5 flmol) and then with 3-(benzoylthio)propanoic 

pentatluorophenyl ester (25) (1.8 mg. 0.5 pmol) in anhydrous OMF (15 flL). The Mtt 

group was removed with 2% Tr A (I m!. 7 times) in dichloromethane until the cleavage 

solution color changed from :ellow to colorless. The resin was then treated with 

OIEA/OMF to neutrali ze the TFA. Next the resin-bound PNA was coupled with 

carboxybutyltriphenylphosphonium succidimidyl ester (4.6 mg. 10 flmol). OlEA (3.4 flL. 

20 flmol) in anhydrous OMF (30 flL) for I hour. After usual cleavage and purification by 

IIPLC. the peak of BzS(CI b hCO-egl-T.jGT4-Lys(Phos)N l-I 2 (P17) appeared at /R = 25.9 

min . MALOI-TOF mass spectrum showed M·H'obs = 3844.00: M' II \ alcd = 3843.52 



35 

2.3.16 Solid phase peptide synthesis of B7.S(CH2hCO-egl-T4CT.~-Lys(Phos)NH2 

(P 18) 

Synthesis of BzS(CH 2 )2CO-egl-T~CT4-Lys(Phos)NI1 2 (P I8) was accomplished in 

the same way as described for F37.S(CII 2)2CO-egl-T4GT4-Lys(Phos)NJ-h (P17) above. 

After usual cleavage and purification by IIPLC the peak of BzS(CH2)2CO-egl-T4CI"4-

Lys(Phos)NH2 (P 18) appeared at II? = 26.4 min . MALDI-TOr mass spectrum showed 

M' H1

0 b, '=:' 3804.88: M'I-I\ alcd =- 3803.52 

2.3.17 Solid phase peptide syn thesis of B~S«('H2hCO-egl-T .. A T.rLys(Phos)NH2 

(P19) 

Synthesis of BzS(C I-b)2CO-egl-' 1 4A T~-Ly s( Phos)N I b (pt 9) was accomplished in 

the same way as described for BzS(C I-IJ2CO-eg l-T~Cr~-Lys(Phos)N H 2 (P 18) above. 

After usual cleavage and purification by II Pte. the peak of BzS(CH2hCO-egl-T,A T,­

Lys( Phos)N I-h (P I9) appeared at II? = 26.4 min. MALDI-TOr mass spectrum showed 

M'H\ bs = 3827.00: M'II\alcd = 3827.53 

2.3.18 Solid phase peptide sy nthesis of BzS(ClhhCO-egl-T9-Lys(Phos)NH2 (P20) 

Synthesis of BzS(CH2hCO-egl-TC}-l.ys( Phos )Nl1 2 (P20) was accomplished in the 

same way as described for BzS(CH 2)2CO-egl-T~CT~-Lys(Phos)N]J 2 (PI8) above. After 

usual cleavage and purification by HPLC. the peak of BzS(CI12hCO-egl-TQ­

Lys(Phos)NH2 (P20) appeared at II? = n .1 min. MALDI-TOF mass spectrum showed 

M'I-I\ bs = 3819.88: M· H\alcd = 38 18.52 

2.3.19 Solid phase peptide synthesis of BzS(CII 2hCO-egl-T 9-LyS(Ac)N H2 (P21) 

Synthesis of BzS(CH2)2CO-egl-TC}-Lys(Ac)N l-b (P21) began with step i and ii 

using Fmoc-Lys(Mtt)-OII during the first loading as described for BzS(C H2)2CO-egl-TC}­

Lys(Phos)NH 2 (P20) above. Af"ter the Mtt group \\'as removed with 2% TF A in 
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dichloromethane. the resin-bound PNA was treated with AC 20 2 III in 30 III 01 LA 

solution in a 1.5 Eppendorf tube and was coupled with 2-[2-(Fmoc-amino )ethoxyl ethoxy 

acetic acid pentanuorophenyl ester followed by 3-(benzoylthio )propanoic pentanuoro 

phenyl ester (25). respectively. After usual cleavage and purification by I IPLC'. the peak 

of BzS(CI-hhCO-egl-T9-Lys(Ac)NI b (P21) appeared at IR = 21.8 min. MALOI-TOr 

mass spectrum showed M· H robs = 3516.00: M·I I I ca1cd = 3514.54 

2.3.20 Solid phase peptide synthesis of Bz-egl-T9-Lys(Phos)NH2 (P22) 

Synthesis of Bz-egl-T9-lys(Phos)N I 12 (P22) began with step i to viii as described 

for BzS(CH2hCO-egl-T9-Lys(Phos)NH2 (P20) abo\·c. After the N-terminus of PNA was 

modified with 2-f2-(Fmoc-amino)ethoxyJethoxy acctic acid pentallllorophenyl ester. the 

Fmoc group was deprotected and coupled \\ ith benLoic anhydride (2 .3 mg. 10 Ilmol). 

OlEA (3.4 ilL. 20 ~lmol) in anhyd;·ous OMF (15 Ill) for 30 min . The Mtt group was 

removed with 2% TF A in dichloromethane until the cleavage solution color changed 

from yeliow to colorless. The resin was then treated with OIFA/OMF to neutralize the 

TFA. Next the resin-bound PNA was coupled with carboxybutyltriphenylphosphonium 

succidimidy l ester (4 .6 mg. 10 Ilmol). OlEA (3.4 ilL. 20 pmol) in anhydrous DMF (30 

Ill) for I hour. After usual cleavage and purification by HPI.C the peak of Bz-egl-T9-

Lys(Phos)NH2 (P22) appeared at IR = 26.2 min . MALOI-TOF mass spectrum shov,ed 

M·I-t obs = 3733 .00: M·H 'calcd = 3729.39 

2.3.21 Solid phase peptide synthesis of BzS(CH2hCO-egl-TTCCCCCTCCCAA 

Lys(Phos)N Hz (P23) 

Synthesis of BzS(Cl-h)2CO-egl-TTCCCCCTCCC AA-l.ys(Phos)NI12 (P23) was 

accomplished in the same way as described for BzS(CI-h)2CO-egl-T4XT~-Lys(Phos)N 11 2 

above. After usual cleavage and purification by HPLC the peak of BzS(CI 12h CO-egl­

TTCCCCCTCCCAA-lys(Phos)NH2 (P23) appeared at IR = 24.4 min. MALOI-Tor mass 

spectrum showed M· H'obS = 5047. 1: M ' lI \ alcd = 5045. 14 
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2.3.22 Solid phase peptide sy nthesis of BzS(CH 2hCO-egl-TTCCCCTTCCCAA 

Lys(Phos)NH2 (P24) 

Synthesis of BzS(CH2)2CO-egl-TTCCCCTTCCCAA-Lys(Phos)Nl-b (P24) was 

accomp li shed in the same way as described for BzS(CI1 2hCO-egl-T.IXT..J-Lys(Phos)Nll ~ 

above. After usual cleavage and purification by HPLC. the peak of BzS(CII ~ ) 2 CO-egl­

TTCCCCTTCCCAA-Lys(Phos)N H2 (P24) appeared at IR = 24.3 min. MALDl-TOF mass 

spectrum showed M·ll l 
oh, = S060.l: M·ll lcalcd = S060.14 

2.4 Till experiments of thiol-modified PNA : DNA hybrids in solu tionrS71 

Tm experiments were performed on a CARY ! 00 Bio UV -Vi , ible 

spectrophotometer (Varian Ltd.) equipped \vith a thennal melt system . The sample for Tm 

measurement was prepared by mixing calculated amounts of stock DNA and PNA 

solutions together to give a final concentration of 1 11M at a ratio of PNA:DNA = 1: 1 and 

O.S mM sodium phosphate buffer (pH 7.0) and the finnl volumes were adjusted to 3.0 mL 

by an add ition of deionized water. The samples were transferred to a 10 mm quartz cell 

wi th a Teflon stopper and equilibrated at the sta r1ing temperature for 10 min. The A260 

was recorded in steps from 20-490-420-490°C (block temperature) with a temperature 

increment of 1 °C/min and hold time of 10 min after each cycle. The heating only the 

result taken from the last heating cyc le was used and was normalized by dividing the 

absorbance at each temperature by the initial absorbance. Analysis of the data \vas 

performed on a PC compatible computer using Microsoft Excei XP (Microsoft Corp.) 

(See Appendi x A for detail of data analysis) 

2.5 Immobilization and hybridization with target DNA of thiolated PNA carrying 

with different charge modification on gold nanoparticles 

Immobilization of thiolated PNA carrying different charge modifications on go ld 

nanoparticles was monitored by UV-VIS and lluorescence spectrophotometry. 

respectively . Furthermore surface functionality_ topography and stabilities of the PNA-
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capped nanoparticles were characterized by Photon Correlation Spectrocropy. and 

Transmission Electron Microscopy (TEM). Both of them can detect size of particles. 

however. TEM technique focll ses on one particles si ze but Photon Correlation 

Spectrocropy technique detect total particles sizes. Till experiments werc used to 

deten11inc PNA-capped gold nanoparticles - DNA hybridization by optimum conditions 

for hybridization and also Ouorescence spectrophotometry was perf0n11ed for detection of 

hybridization . 

(a) UV-VIS spectrophotometry 

UV-VIS experiment was performed on a CARY 100 Bio UV-Vi sible 

spectrophotometer (Varian Ltd.) using the same comlitions as 2.4. The sample for UV­

VIS experiment \vas prepared as follows. 

i) Effects of mole ratio of PNA:gold nanoparticJes (500:1 and] 500: 1) 

Gold nanoparticles (0.98 nM. 450 ~lL) were incubated with HS(CI b)2CO-egl-T9-

SerNl-b (P2) and HS(Ctb)2CO-egl-T9-AspNI b (P3) (mole ratio or PNA :gold 

nanopal1icles (500:1 and 1500:1)). respccti\ely for 24 h. The solutions \\ere centrifugally 

washed by 5 mM phosphate buffer (pH 7) t\\icc and then incubated with 5 mi\.1 

phosphate bu1Ter (pH 7) (115 pL). The PNA-modified gold nanoparticles (115 pL) \\as 

hybridized with complementary DNA (dA9 and A~o ) (fina! concentration of 1 ~IM at a 

ratio of PNA : DNA = I: 1 and 10 mM sodium phosphate buffer (pH 7.0) at the final 

voillme of 3.0 mL. The melting temperature was then observed at 260 nm. 

ii) Effect of NaCl concentration 

HS(CH2hCO-egl-Tg-AspNl-h (P3) modified gold nanoparticles (3.89 nM. 115 

pL) were incubated with at various NaCI concentration (150 mM. 100 111M. and 50 mM) 

in total volume 125 pL. The PNA-modified gold nanoparticles (125 pl.) was hybridized 

with complementary DNA (dA9 and A~o) (final concentration of 1 pM at a ratio of PNA : 
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DNA = 1: 1 and 10 mM sodium phosphate buffer (pH 7.0) at the final volume of 3.0 mL. 

The melting temperature was then observed at 260 nm. 

iii) Effect of length of 2-12-(Fmoc-amino)ethoxyJethoxy acetyl linker 

The length of the linker was investigated by using PNA HS(C1 hhCO-egln-Tq­

SerNH2 PNA with difTerent linker units (P4, PS) (n = 3. 5. respectively). These PNA 

were immobili zed on gold nanoparticks (0.98 nM. 450 ilL) (mole ratio of PNA :gold 

na:oopartic-1es (500 : 1 and 1500:1) as usual. The solulions were centrifugal ly washed by 5 

mM phosphate buffer (p i I 7) twice. The PNA-modified gold nanoparticles (115 ilL) was 

hybridized with complementary DNA (dA9) (final concentration of 1 11M at a ratio of 

rNA: DNA = 1: 1 and 10 mM sodium phosphate buffer (pI I 7.0) at the final volumc of 

3.0 mL. The melting temperature was then observed at 260 nm. 

iv) Effect of blocking thiol 

Two different procedures were employed for HS(CI hhCO-egl -T9-AspNH ~ 

(P3). 

~ First procedures. HS(CI h)2CO-O-T9-AspNH 2 (P3) was immobilized on 

gold nanoparticlcs (0.98 nM. 450 ilL) (mole ratio of J IS(CI1 2)2CO-O-Tq­

AspN II :: (P3) to go ld nanoparticles = 250: 1 and 500: 1) . The excess PNA was 

removed by cen!ri fugation wash with 5 mM phosphate buffer (pH 7) twice 

and then incubated with 5 mM phosphate buffer (pH 7) ( 11 5 pL). 2-

Mercaptoethanol (1 mM. 200 ilL) was added centrifugal to the gold 

nanoparticles (3.89 nM. 11 5 ~IL) . After 1 h. the so lution nanoaprticles were 

w'ith 5 mM phosphate buffer (pI I 7) twice in order to eliminate the excess 2-

mercaptoethanol and then incubated with 5 mM phosphate buffer (pH 7) (315 

pL). The nanoparticles so lution (1.42 nM. 315 ilL) was hybridized \\ ith 

complementary DNA (dA9) (final concentration of 1 11M at a ratio of PNA : 

DNA = I: 1 and 10 mM sodium phosphate buffer (pH 7.0) at the final volumes 

of 3.0 mL. The melting temperature was then observed at 260 nm. 
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HS(CI12)2CO-egl-Tq-SerNH2 (P2) was immobilized on gold nanoparticles 

according to the HS(CI b)2CO-O-T9-AspNH2 (P3) as described above. 

---+ Second procedures. i IS(CH2)2CO-egl-T9-AspNlI2 (P3). gold nanoparticl es 

(mole ratio of HS(C:I ·12)2CO-O-Tq-AspNl b (P3) to gold nanoparticles = 250: I 

and 500: I) and blocking thiol (I mM. 200 Ill) \V'ere mixed at the same time. 

The reaction was incubated for 24 h. The excess PNA and blocking thiol \v ere 

washed by centrifugation with 5 mM phosphate buffer (pI I 7) twice and then 

incubated with 5 mM phosphate buffer (pll 7) (315 ~d ). The nanoparticles 

~o lution (1.42 nM. 315 ilL) was hybridized with complementary DNA (dAo) 

(final concentration of I pM at a ratio of PNA : DNA = I : I and 10 mM 

sodium phosphate buffer (pI I 7.0) at the final volumes of 3.0 mL. The melting 

temperature WtiS then obseryed at 260 nm. 

(b) Fluorescence spectrophotometry 

Fluorescence experi men!. a C J\ R Y EC Ll PSE n uorescence spectrophotometer 

(Varian Inc.). was used for the determination % efficiency both of immobilization of 

thiolated PNA on gold nanoparticles and hybridization of thiolated PNA-capped gold 

nanoparticles and labeled target ON!\. 

(i) Immobilization 

To Quantitate the immobilization of Lipoic-egl-T9-Lys(Fluorescein)Nl-b (Ptt) or. 

goid nanoparticles. the PNA (Pl1) (33.17 IlM. 6.7 ilL) and gold nanoparticles (O.9R nM . 

450 ~IL) (mole ratio PNA:gold nanoparticles = 500: I) were incubated at room 

temperature for 24 h. The gold nanoparticles were then centrifugally at 14.000 rpm with 5 

mM phosphate buffer (pH 7) twice in order to eliminate the excess PNA. Potass ium 

cyanide solution (6 ilL. final concentration 0.05 M) was added to the gold nanoparticles 

solution (final concentration 4.22 nM. I 06 ~lL) to digest PNA-capped gold nanoparticles 

for 1 hour. The amount of thiolated PNA immobilized on gold nanoparticles (106 Ill. in 
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total vo lume 2000 III of 5 mM phosphate buller pI I 7) \\'as determined by nuorescence 

spectroscopy (extinction wave length 490 nm). 

(ii) Hybridization 

The lipoic-egl-T9-SerNI-I2 (P10) (24.2 11M. 9.1 Ill) was immobilized on gold 

nanoparticles (0.9R nM. 450 Ill) (mol ratio PNA:gold nanoparticles = 500: 1) for 24 h as 

described above. The mudified nanoparticlcs werc treated with the target DNA (13.9 pI.. 

final concentration 211M) (mole ratio 01' PNA: DNA nuorcscien-Iabe led (5'FAM AAA 

AAA AAA) = 1: 1) (Thc labeled DNA was purchased from Bio Basic Inc.) in sodium 

phosphate buffer pI I 7 (10 rnM). After 1 hour. nanopanicles were centrifugally washed 

with 5 mM phosphate buffer twice to eliminate the unhybridized DNA. The nanoparticles 

(110 ilL final concentration 4.68 Iltv!) mixed \\ilh a potassium cyanide suiution (6 ilL. 

final concentration 0.05 M KCN and 3.88 nM gold nanoparticles) in total volume 116 pl 

for 1 hour. Quantitation of the hybridized DNA (116 III in total vo lume 2000 ~lL with 5 

mM phosphate buffer pH 7) was performed by fluorescence spectroscopy (extinction 

wave length 490 nm). 

(c) MALDI-TOF mass spectrometry 

The PNA-modified go ld nanoparticles (SO pl) were treated with dithiothreitol 

(fi nal concentration 10 mM DTT) for 16 h at room temperature or KeN (tinal 

concentration 0.05 ~v1) for 1 h. This solution (I Ill) was mixed with CCA (Saturated 

solution in 2: 1 H20:MeCN containing 0.1 % TF A) and spotted on the target. The 

MALDI-TOF spec tra were co llected on a Brtlker Micronex MALDI-TOr mass 

spectrometry. 

(d) Transmission electron microscopy (TEM) 

TEM micrographs of nanoparticle aggregates were obtained on a Hitachi 8100 

transmission electron microscopy operating at 200 keY. The PNA-modified gold 
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nanoparti cles were prepared by deposi ting approx imately 10 ilL of the aggregate 

so luti ons onto carbon-coated grids and wicking away any excess soluti on . Grids were 

allowed to dry for at least 1 h prior to imag ing. The sample preparation and measurement 

were carri ed out at the Materi al Technology Center (MTEC). 

(e) Photon Correlation spectroscopy 

Zeta potential data was obtained on a Ma lye n Instrument Nano Ziser at the 

Materia l Technology Center (MTEC). The PNA-modi fied gold nanoparti cles (3.89 nM. 

20 Il l) were added into cuvette and then volume adjusted to 2.0 mL by an audi tion of 

deioni zed \vater. 



CHAPTER III 

RE SULTS AND DICUSSION 

3.1 Synthesis of activated PNA monomers 

The four Pfp-PNA monomers were synthesized as prev iously desc ri bed by Mr. 

Chaturong Supa rppiOm, Miss Boonjira Boonta, Mi ss Cheeraporn Ananthana\\ at, and 

Mrs. e holadda Sri suwar.na ket[ SI. They were purified by column chl umatography and 

were obta ined as white solids showing NMR spectra consistent \\ itl1 li tcra tu re va lues. 

3.2 Synthesis of ACPC spacer 

S) nthes is of the ~-amino ac id spacer (ssACPC) foll owed the procedure 

prev iously reported by Ge llman [58]. Ethyl cyc lopentanone-2-carboxylate (12 ) \\ as 

reac ted with (S)-(-)-a-methybenzylamine in the presence of glac ial aceti c ac id to give 

an cnamine interm edi ate. The enamine was stereoselecti ve ly reduced with sod ium 

cyanoborohydride to give the (S.5)-lrans ~-aminoes te r (13) along with other 

stereo isomers. which could be separated by co lumn chromatography. At the end . 2 1 

% ) ie ld of ethyl (I S.2S}2- [( I'S)-phenylethyll -aminocyc lopentane carb0.\y late (13 ) 

vvas obtained (Figure 3.1). The correc t ( IS.2S. I '51-isomer \\ as identified b\ 

compari son ofNM R spectrum and the spec ific rotati on va lue ([ a]1) + 17. 1. c = 1.0 in 

CHCh) with that reported by Ge llman. (Figure 3.2) 
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Figure 3.1 Synthesis or AcrC spacer. 
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Figure 3.2 'H-NMR spectrum of ethyl (IS.2S)-2-1(I'S)-phenylethyl]-

aminocyclopentane carboxylate (13) 

The S-methylbenzylamine auxiliary was removed by hydrogenation over a 

palladium-hydroxide to afford the rree amine (14). Acid hydrolysis gives the amino 

acid as hydrochloride sa lt (IS) in 21 % yield from (13) . Protection of the amino group 

with FmocOSu was accomplished under mildly basic condition as desc ribed 

previously r5.58]. This resulted in the free acid (16) in 63 % yield (Figure 3.1). 

The 'H NM R spectrum of' compound (16) showed the following important 

signal s: 4.26 ppm (Fmoc CH). 4.48 ppm (Fmoc C!i2). 7.34 ppm (Fmoc Ar eli). 7.42 
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ppm (Fmoc Ar ell). 7.62 ppm (rmoc Ar CH ) and 7.80 ppm (Fmoc Ar Cll) (Figure 

3.2 ). The identity and optical purity of the product was further confirmed by 

compari son of the spec ific rotati on va lue ([a]D +36.4. c = 1.0 in MeOI! ) with the 

va lue reported in the literature (lulll + 36.3. c = 1.2 1 in MeOII ). ! 58 J 

The Fmoc free ac id (16) reacted with PfpOTfa and Ol EA as dec ribed 

previ oll sl: for the PNA monomers [591- Thi s reaction was complete within I h 

according to TLe analys is. The prod uct was quickly purified by Ilash column 

chromatography to avo id decompos ition of the product on the co lumn . The product 

(1 7) v.as obtained in 78 % yield as a white so lid (Figure 3.1 ). The identity of the 

product \\ as conJinned b: I II. 11C and elemental analys is which are full y consistent 

with the ex pcctcd structure. The optica l rotation ([a f ' o = + 49.0. c = 1.0 in CHCI ,) 

also corresponded to the authenti c samples prepared prev iously in thi s laboratory 

(i o.f ' lJ = -j 5 1.4. c = 1.0 in C HCh). 

3.3 Synthesis of S-protected thiol modifiers 

It was planned to incorporate the thiol group via 3-merca ptopropaonic ac id . 

Since th e thiol groups are nucleophili c. they require protection during the PNA 

synthes is. Initia lly it \\as protec ted as S-Opm which could be removed by TFA 

treatment at the same time of cleav ing the PN A from the solid support . Ilo" ever. th e 

so-obtained free thiol PNA \\ as not stable enough to allow proper purifica ti on. Other 

protecting groups \\ hich are stable toward TF A were therefore in vesti gated. These 

include S-2.4-dinit rophenyl (S-ONP) and S-benzoy l (S-Bz). 

3-(2.4-0initrophenylthio)propanoic acid (21) was synthes ized by reacting 1-

lluuro-2.4-dinitrobenzene (20) and 3-mercaptopropanoic acid in aqueous NaI-lC0 3. 

The product (21 ) was obtained in 85% yield as a yellow solid after simple ac id-base 

extrac tion (Figure 3.3). The ac id (21) was activated as its prp ester by reacti on with 

PfpOTfa and Ol EA. The Pfp ester (22) was obtained in 79% yield as a ye llow so lid 

(Figure 3.3). The structure of which was verified by I H. 13C and elemental anal ysis 

which are full y consistent with the ex pectation. (Figure 3.4) 
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Figure 3.3 S~ nthesis of 3-(2.4-dinitrophen) Ithio)propanoic acid pentafluorophel1: I 

estcr (22) 

1-
I 

I 

I I I 
- --,,-~.'. . - - --~" .~~- ~ - - - .- J, '11 1.1 .... t h I P 
r--'T~-~~ ~~----, 1----·...--,~~·1 ·.....-,--.-··r-~,..............1 

IH NMR ofS-DNP COOH (2]) Uc NMR ofS-DNP COOH (2 ] ) 

I 
i I 

! I 

I I 
-, - ! _1~J";_!;r"1 , ~,~, ~, '~J ~"!";~=*i',,~: =;, 

I, I 

I H NMR of S-DNP Pfp (22) Uc NMR of S-DNP Pfp(22) 

Figure 3.4 NMR and 13C NMR spectrum of both 3-(2.4-

dinitrophen:- Ithio)propanoic acid (2 1) and 3-(2.4-dinitrophenylthio)propanoic acid 

pentafluorophenyl ester (22). respectively. 
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3-(Benzoylthio)propanoic acid (24) \\as synthesized from the reaction of 

benzoyl chloride (23) and 3-mercaptopropanoic acid in aqueous NaIIC03. The 

product (24) was obtained in 42% yield as a white so lid and was further reacted with 

PfpOTfa and DIEA. The PCp ester (25) \\as obtained in 62% yield as a colorless oil 

(Figure 3.5). The structure of product was con fi rllled by Ill. 1 ' C N M Rand elemental 

analysis (Figure 3.6). 

OyCI + 

1) aq NaHC03 
HS~COOH • 

2) aq H20 
o 

23 24 

PfpOTfA / DIEA OyS~OPfP 
o 0 

25 

Figure 3.5 Synthesis of3-(benzoylthio)propanoic acid pentanuorophenyl ester (25) 
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Figure 3.6 IH NMR and I]C NMR spectrum or both 3-(benzoy lthio)propanoic ac id 

(24) and 3-(benzoylthio)propanoic ac id pentaflu oropheny l ester (25) re spectively, 

3.4 Synthesis of gold nanoparticles 

Preparation of go ld ll(moparticles was attempted by ci trate reduction or 

hydrogen tetrachloroaura te following literature proced ures, In principle. the size of 

the nanoparticles depends upon the stoichiometri c rati o or h: drogen tetrac hl oroaurate 

to sodium citrate, The higher the rati o. the larger the particle size_ Figure 3.7 di splays 

TEM images or the gold nanoparticles prepared using a stoichiometric rati o or 

hydrogen tetrachl oroaurate to sodium citrate or 0.065. 0.164. and 0.26 which should 

yield the go ld nanopa rti cles with a theoretica l diameter or 13. 16. and 40 nm. 

respectively. Most of the gold nanoparti cles were round in shape . As opposed to other 

two samples. the shape of the 40-nm diameter go ld nanopa rti cles seems to be more 

defined with narrov,er size distribution . The size and size di stribution of the go ld 
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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 

nanopa11icles determined by pes were much larger than the theoretical ones. This 

difference implied that there may be some aggregation of the gold nanoparticles. 

(A). (B) (C) 

Figure 3.7 TEM images of gold nanoparticles with theoretical diameter of 13 nm (A), 

16 nm (B), and 40 nm (C). 

Table 3.1 Particle sizes of gold nanoparticles analyzed by photon correlation 

spectroscopy (peS). 

Theoretical diameter Diameter analyzed POI Zeta SD 
(nm) [53,36,54] by pes (nm) potential 

13 nm 19.2 0.59 -40.5 3.8 

16 nm 28.2 0.52 -44.0 0.35 

I 
I 
I 

40nm 37.8 0.16 -47.4 2.4~ . 
PDJ = poly dlsperslty mdex 

Although the preparation of gold nanopartlcles with the theoretical diameter of 

40 nm could be accomplished, the stability of the nanoparticles varied from batch to 

batch. And the size is too large particularly for sensing applications. Thus, it was 

preferred to use the commercially available 20 nm gold nanoparticles (Sigma) for 

subsequent experiments. The concentration of the nanoparticle could be determined 

based on its molar extinction coefficient which is 1 x 109 M· I cm·]. 
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3.5 Synthesis of thiol-modified PNA nonamer by solid phase peptide synthesis 

~o lid Ehase Eeptide fu'nthesis (SPPS) of PNA was carried out according to the 

standard protocol previously developed in thi s laboratory [55.56]. ;\n appropriate 

Fmoc-protected amino acid (Ser. ;\sp. Lys) was first coupled to the resin fo ll owed by 

the PNA monomer and spacer alternately until the desired PNA sequence \\a s 

obtained. A fter completion of the synthesis. N-tenninal Fmoe group \\ as removed. I I' 

the PNA contains nucleobases other than thymine. the nucleobase protec tin g groups 

should be removed at thi s stage by treatment with I: I aqueous ammonia:dioxane at 60 

"c for 6 h. The complete ly de protected PNA was then courlf-J \\ith a hydrophilic 

Jiethylenegl:,~ol ("egl") linker to increase the so lubility and also increase th e distance 

between the PNA and the gold nanorarticles. This was repol1ed to facilitate 

hybridization wi th DNA[58] before coup ling of the linker. The thi ol modifier \\a s 

then coupled after another Fmoc deprotection to obtain the thiul-modified PNA. 

For PNA containing ("-terminal fluorescein [lipoic-egl-TQ-L)sNII :, Flu~)resccin 

(Pl ] )1. the amine reactive label [S(6)-carboxyfluoresce in sllccinimidyl esterJ was 

attached to the PNA bearing a C-terminal lys ine res idue in the so lution after c leavage 

from resin . The PNA was purified from any excess fluore sce in by ge l electrophoresis. 

Synthesis of C-tennina l phosphonium modified PNA was carri ed out on the 

so lid support using carboxybu tyl triphenylphosphonium suecinimid: I ester (Prepared 

by Miss Boonjira Boontha) . To enable C-terminal functiona lizati on on the so lid 

support. Fmoc-Lys(Mtt)-OI-l must be first introduced before the r NA s) nthesis. 

Follo\\ ing the standard PN;\ synthesis. including protecting group rem ova l. 

attachment of linker and thiol modifiers. the PNA was ready for functionalization. 

The Mtt protecting group of the lys ine side-chain was first removed under mildly 

acid ic condition (2% TFA in CH 2Cb). After the deprotection was completed as shown 

by di sappearance of the yellow co lor from the deprotection solution. the PNA \\a s 

coupled with the amine reactive phosphonium to give the desi red doubly-modified 

PNA. The PNA was then cleaved from the solid support usin g TFA and purified by 

HPLC. The presence of hydrophobic DNP-S and BzS had beneficial effect s in 

increasing the retention time of the desired PNA relative to the deleti on sequences. 

hence faci I itating the puri fication . 

A complete synthesi s cyc les for a thiol-modified PNA nonamer can be readily 

performed in onl)' a few days (excluding purifi cation). The coupling e f"fi cienc), 
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calculated from UV-absorption revealed that the synthesis was reasonably efficient 

(average coupling yield per step >90%). Retention time (i R) and MALDI-TOF mass 

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

Table 3.2 Percent coupling efficiency, IR and mass spectral data of the thiol­

modi tied PNA nonalllers 

thiol-modified scale % efficiency* tR mass 
~ 

I 
-

PNA nanomer (Ilmol) (overall) (min) M·H+ (calcd) M ·H+ (found) 
-

IIS(CIU2CO-cgl- I 

t 

T9-LysNll ~ 
I 

1.0 
I 

77 24.0 3370.4 3373.6 
I 

I (PI) I I 
i 

I ! HS(CH ~ ) ;> CO-egl -
1.0 74 22.9 3329.3 3330.83 

I 

T9-SerNH ~ (P2) I 
~ 

HS(CH2):CO-egl-
1.0 i 60 22.4 3339.8 3339.2 

T9-AspNH ;> (P3) 

HS(CH2)2CO-egb-
0.5 69 20.8 3619.3 3619.0 

T9-SerNH2 (P4) 

HS(CH2)2CO-egls-
0.5 67 22.6 3909.9 3913.4 

T9-SerNH2 (P5) 

Ac-T9-LysNH2 
0.5 74 26.8 3 J 79.4 3181.0 

(P6) 

Ac-T 9-SerNH2 
0.5 69 

(P7) 
25.0 3138.3 3139.3 

Lipoic-T 9-LysN H2 
1.0 75 23.7 3325.4 3325 .7 

CP8) 

Lipoic-egl-T 9- I 
I 

1.0 72 24.1 3470.4 3469.6 I 
LysNH2 (P9) 

Lipoic-egl-T 9-
1.0 66 

SerNJ-h (Pl0) 
25 .3 3429.3 3433 .9 

Lipoic-egl-T9-

Lys(Fluorescien) 0.5 48 - 3929.39 3929.01 

NH2 (Pll) 

DNP-S(CH2) 2CO- 0.5 75 21.2 3519.35 3516.22 
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egl-T9-LysNH2 

(P12) 

BzS(CI12hCO-egl-

I T4GT4-LysNH ~ 0.5 82 21.2 3496.5 3499.0 
I 

(Pt3) 

BzS(CH2)2CO-egl-

I T4CT4-LysNH2 0.5 62 22.3 3456.5 3460.0 

(P14) 

BzS(CII ::»::>CO-eg.!- I 

T4 AT4- LysNII ::> 0.5 55 21.9 I 3480.5 3484. 1 I 
I 

(PI S) 
I 

34~ I 

I BzS(ClIJ::CO-egl-

I I T9-L;-sNI-I2 (P16) 
1.0 68 21.8 3474.4 

, BzS(CH2hCO-egl- : 

T4GT4- I 
0.37 80 25.9 3843.5 3844.0 

Lys(Phos)N H2 

(Pl7) 

BzS(CH2)2CO-egl-

T4CT4- I 0.37 67 26.4 3803.5 3804.9 I 

Lys(Phos)Nl-I::> I 
(PI8) 

I 
I 

BzS(CH 2)2CO-egl-

T4AT4-

0.37 89 
Lys(Phos)N1-I2 

26.4 3827.5 3827.0 

(Pl9) 

BzS(CH 2)~CO-egl-

T9-Lys(Phos)NH: 0.37 63 27.1 3818.5 38 19.9 

(P20) 

BzS(C1-I2)2CO-eg1- I 
T9-LyS(Ac)NH2 0.37 71 21.8 3514.5 35 16.0 

(P2I) 

Bz-egl-T9-

Lys(Phos)N1-I2 0.37 78 26.2 3729.4 3733.0 

(P22) 



BzS(CH2)2CO-egl­

rrCCCCCTCCC 

AA-Lys(Phos)NH2 

(P23) 

BzS(CH2hCO-egl­

rrCCCCTTCCC 

AA-Lys(Phos)NH2 

I (P24) 

0.5 71 

0.5 63 

53 

24.4 5045.14 
-- l 

5047.1 

24.3 5060.14 5060. 1 

* calcu lated rroln the initial absorbance of dibenzofulv~ne-plperidine adduct franl 
deprotection of Fm()c lys ine with the absorbance obtained from Fmoc deprotcction of 
the last cyc le. 

The thiol-modified PNA containing free thiol and lipoic acid were not stab le 

upon storage and no HPLC purification coulll be perfonncd. The use or more stable 

S-DNP and S-Bz derivatives allow purifIcation and storage. Ilo\\ever these protecting 

groups may require 5eparale treatment to lihcrate the free thiol groups. In the case or 

S-DNP PNA. treatment wi th mercaptoethanol was reported to provide the free thiol 

PNA 160] as shown in Figure 3.8. 

Figure 3.8 Deprotection of 1. 3-dinitrobenzene by mrecaptoethanol. 

In our hands. the DNP group could not be removed from the DNP­

S(C H2):CO-egl-T9-LysNH2 (P12) after treatment wi th mercaptoethanol under various 

conditions. MALDI-TOF mass spectrometric ana lysis (Figure 3.9) showed that the 

original mass of the PNA was observed in a ll cases (Mass 3535 [3512+Na I ' ). 
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Figure 3.9 Mass spectra of DNP-S(CH2hCO-eg l-T9-LysNHc (P12) before (A) and 

after treated with mercaptoethan f' 1 (8) and adju :;ted pH 8 (C). 

On the other hand. the S-Bz group could be deprotected \\ ithin ! 5 minute .:; at 

room temperalUre by treatment with aqueous ammonia . I 10 \\ ever. thi s free thiol PNA 

so lution must be used immediately because it was unstable. After only a few hours at 

room temperature. the intensity of the free thiol PNA peak decreased and a new peak 

with had a mass twice of the original PNA was observed. This was attributed to the 

formation of a PNA dimer linked by a di sulfide bond. The di sulfide was formed from 

air oxidation of the thiol (Fig ure 3.10). 

o 0 

~S~PNA dimerization 

Figure 3.10 Dimerization of the S-8z group. 

o 
PNA~S, ~ 

II S PNA 
o 

The PNA were therefore stored in S- Bz protec ted form. In fact. it was 

subsequently shown that the deprotection was not necessar) and the S-Bz protected 

PNA could be directly immobilized onto the gold nanoparticles. 
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Figure 3.11 Mass spectra of deprotection of BzS(CH2hCO-egl-T'J-LysNI i:: (PI6) 

before (A) and after treated with ammonia (B) and (C). 

Typical HPLC chromatogram and mass spectra BzS(CI-H :,CO-egl-T9-

Lys(Phos)NH2 (P20) are shown in Figure 3.12a and Figure 3.12b. 

(A) 

----- ---- --I 

I 

I 
! 
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f 'f 

(B) 

Figure 3.12 (A) HPLC chromalugram of BzS(CllchCO-eg l-Ty-'- :;; (Phos)N H: (P20) 

and (B) MALDf -TOr MS of BzS (C II ~ ) 2CO-eg l-T9-Lys( Phos)N I1 2 (P20). 

3.6 Till experiments of thiol-modified PNA:DNA hybrids in solution 

The binding properties ofthi ol-modifi ed PN A nonamer BzS(CII :, bCO-eg l-T9-

L. ys(Phos)NI-h (P20) with complementary DNA d(AAAAAAAAA) in so lution was 

investi gated by Tm measurement at 260 nm . 

The Tm va lue of 82 DC was comparable to that of non-th io lated PNA [5]. Thi s 

indicated that the thiol modifi er had no adversed effects on the PNA-DNA 

hybridiza tion and the BzS(Clf 2)2CO-egl-T<)- Lys( Phos)N H:, (P20) could still form 

stable hybrids with dA9. Repeating the Till ex periment s betw een B/S(C lf :, ):,CO-eg l­

T9- Lys(Phos)NH 2 (P20) and different oli gonucleotide nonamers containing one 

mismatch bases resulted in lowered Tm va lues of the complex b) 29-37 DC per 

mismatch (Figure 3.13 and Table 3.3. entry 45-48). Thus these thiol-modified PNAs 

shows hi gh spec ifi city in DNA recognition. 
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Figure 3.]3 Melting curves of BzS(CI-b)::,CO-egl-T9-Lys(Phos)NI1 2 (P20) with 

d(AAAAAAAAA) (perfect match) and d(AAAAXAAAA) (s ingle mi smatch. X ,... G. 

C. and T ). The Tm was measured a1 molar ratio of PNA :DNA = I : I: conce ntration of 

PNA strand = 111M: 10 mM sodium phosphate bulTer pH 7: heating rate 1 °C/min . 

Table 3.3 Tm values of hybrids between thiol-modified PNA nonamer and oli go ­

nuc�eotides. 

PNA 
oligonucleotidea 

Tm b (0C) entry note 
(cond ition) 

1 Dpm-S (Pt) d(AAAAAAAAA) 79 perfect match 

2 Dpm-S (Pt) d(AAAAIAAAA) 30 single mismatch 

3 Dpm-S (P2) d(AAAAAAAAA) 69 perfect match 

4 Dpm-S (P2) d(AAAAIAAAA) 44 single mismatch 

5 Dpm-S (P3) d(AAAAAAAAA) 65 perfect match 

6 Dpm-S (P3) d(AAAAIAAAA) 34 s ingle mismatch 

7 Dpm-S (P4) d(AAAAAAAAA) 68 perfect match 

8 Dpm-S (P4) d(AAAAIAAAA) 33 single mi smatch 

9 Dpm-S (PS) d(AAAAAAAAA) 69 perfect match 

10 Dpm-S (PS) d(AAAAIAAAA) 43 single mismatch 

II Lipoic CPS) d(AAAAAAAAA) 78 perfect match 

12 Lipoic (PS) d(AAAAIAAAA) 50 single mismatch 
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13 Lipoic (P9) d(AAAAAAAAA) 76 perfect match 

14 Lipoic (P9) d(AAAAIAAAA) 45 single mismatch 

17 BzS (Pl3) d(AAAAAAAAA) 27 single mismatch 

i8 BzS (Pl3) d(AAAAIAAAA) 39 single mismatch 

19 BzS (Pl3) d(AAAA.GAAAA) 58 perfect match 

20 BzS (Pl3) d(AAAAGAAAA) 26 single mismatch 

21 BzS (PI4) d(AAAAAAAAA) 34 single mismatch 

22 BzS (P14) d(AAAAIAAAA) 27 single mismatch 

23 BzS (P14) d(AAAA.GAAAA) - single mismatch 

~ 
RzS (P14) d(AAAAGAAAA) 56 perfect match 

25 I BzS(PI5) d(AAAAAAAAA) 42 single mismatch 

26 BzS (PIS) d(AAAAIAAAA) 72 perfect match 

27 BzS (PIS) d(AAAA.GAAAA) 31 single mismatch 

28 BzS (P15) d(AAAAQAAAA) 28 single mismatch 

29 BzS (P16) d(AAAAAAAAA) 81 perfect match 

30 BzS (P16) d(AAAAIAAAA) 53 single mismatch 

31 BzS (P16) d(AAAA~AAAA) 43 single mismatch 

32 BzS (PI6) d(AAAAGAAAA) 45 single mismatch 

33 BzS (PI7) (Ph os) d(AAAAAAAAA) 34 single mismatch 

34 BzS (PI7) (Phos) d(AAAAIAAAA) - single mismatch 

35 BzS (PI7) (Phos) d(AAAA.GAAAA) 57 perfect match 

36 BzS (PI7) (Ph os) d(AAAAGAAAA) - single mismatch 

37 BzS (PI8) (Phos) d(AAAAAAAAA ) - single mismatch 

38 BzS (PI8) (Ph os) d(AAAAIAAAA) - single mismatch 

39 BzS (PI8) (Phos) d(AAAA.GAAAA) - single mismatch 

40 BzS (PI8) (Phos) d(AAAAGAAAA) 56 perfect match 

41 BzS (PI9) (Ph os) d(AAAAAAAAA) 43 single mismatch 

42 BzS (PI9) (Phos) d(AAAAIAAAA) 73 perfect match 

43 BzS (PI9) (Phos) d(AAAA.GAAAA) 39 single mismatch 

44 BzS (P19) (Ph os) d(AAAAGAAAA) - single mismatch 

45 BzS (P20) (Ph os) d(AAAAAAAAA) 80 perfect match 

46 BzS (P20) (Ph os) d(AAAAIAAAA) 45 single mismatch 

47 BzS (P20) (Ph os) d(AAAA.GAAAA) 51 single mismatch 
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48 BzS (P20) (Ph os) d(AAAAGAAAA) 42 single mismatch 

49 BzS (P23) (Phos) d(n'GGGAGGGGGAA) 64 perfect match 

50 BzS (P23) (Ph os) d(TIGGGAAGGGGAA) 39 single mismatch 

51 BzS (P24) (Phos) d(TIGGGAGGGGGAA) 4 1 single mismatch 

52 BzS (P24) (Phos) d(ITGGGAAGGGGAA) 67 perfect match 

aThe Till \" as measured at a rati o o f r NA: DNA - I: I: concentrati on of PN A ~ tra nd == 

1 j.lM : 10 mM sod ium phosphatc buller pi I 7: heating rate I OC/min . 

b~n \\ as determined from first dcr i\ ati\ c plot. 

3.7 Immobilization of thiol-modified PNA nona mer on gold nanoparticies 

Thiolated PNA-go ld nanoparti cies conj ugates were prepared by incubating 

u.22- 1.3 nmol of free thio lated r NA carr) ing dilfcrent charge modifi ca ti on includi ng 

II S(C i Ic)cCO-egi-Tq- l. ) sNllc W1 ). : IS(C I Ic)cCO-cgl-T9-SerN I1 2 (P2 ). HS(C I l ~hCO­

egl-T9-AspNHc (P3) and Ac-Tq-SerN I 12 (P7) with 0.98 nM gold nanoparti cles (20 nm 

particles size). Aft er centrifuga l-\\ ashing ( 15 min at 14.000 rpm . th ree times) to 

remove an) unil1lmobilized PNA. the go ld nanoparti cles modified with PNA were 

charac terized b) U V -V I S-spec trophotometry. Photon Correlat ion Spectroscopy. and 

Transmiss ion Elec tron Microscop) (TE M). 

3.7.] UV-VIS spectrophotomcfry 

The UV-V IS spectra of unmodifi ed go ld nanoparti cles before and a fter 

modification with the three thiolated PNAs are shown in the Figure 3.]4. After 

modilicati on. HS(C1IchCO-egl-T9-LysN H2 (P1 ) bearin g positi ve ly charged side-chain 

caused immedi ate and irreversible aggregati on. Thi s process can be visuali zed in 

solution by naked eye (red to pu rp le co lor change) (Figure 3. JSA ). Thi s color change 

can be attributed to the form ati on of large aggregates of go ld nanoparti cles caused by 

neutra li zati on of thc surface negati ve charge of the go ld nanoparti cles. In 

HS(C H2hCO-egl-T9-AspN Hc (P3). a single ani onic aspartate res idue was 

incorporated and hence the PNA is negati ve ly charged. Modificati on of go ld 

nanoparticles of go ld nanoparti cles with thi s PNA did not result in aggregati on. Only 

a sli ght shift of surface plasmon band from 520 to 527 nm which may be due to 
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centrifugati on-induced aggregati on was obscrved (Figure 3.14). The same behavior 

was also observed when neutral I IS(C I-I : hCO-eg l-Tq-SerNI 12 (P2) \';as used. Both of 

PNA-functi onalized go ld nanoparticles did not exhibit any vis ible co lor change as 

shown in Figure 3.15B and Figure 3.15C. respectivel). In the case of th e Ac-TQ­

SerNI12 (P7) carrying acetyl group instead or the thiol. on ly a sma ll surface plasmon 

band shift from 520 to 523 nm was also observcd \\ ithout any visib le color change 

(Figure 3.14 and 3.15D). 

~~~~~~~------------------------------------

&3r-----T-----------------+-~--------------------

~. F=~~~~--------------~~~----------.~------

.. ~----------------------------------------------- - - -w_ - - -
Figure 3.14. Comparison of UV-V IS spec tra of go ld nanoparticles immobi lized with 

I-I S(C H2hCO-eg l-T9-SerNI-I2 (P2). I-I S(C I12)2CO-egl-Tq-AspN I1 2 (P3). Ac-TlJ-SerN I1 2 

(P7) and II S(CII :)2CO-eg l-T9-LysN I1 2 (PI ) before and afte r modification. 
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(A) (B) 

(C) (D) 

Figure 3.15. Aggregation behavior of thiolated PNA carrying different charge 

modification: (A) HS(CH2)2CO-egl-T 9-LySNH2 (PI), (B) HS(CH2)2CO-egl-T 9-

AspNH2 (P3), (C) HS(CH2)2CO-egl-T9-SerNH2 (P2), and (D) Ac-T9-SerNH2 (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 h of HS(CH2)2CO-egl-T9-LysNH2 (PI) 

with gold nanoparticles, the solution was centrifuged for 15 min at 14,000 rpm to 

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/z = 3371.9) in the solution (Figure3.16A). In 

the second wash with followed by centrifugation, MALDI-TOF mass spectrum 

analysis revealed no signal of these PNA indicating that washing twice could remove 

all unbound PNA from the nanoparticles (Figure 3.16B). 
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Figure 3.16. Mass spectrometric analysis results obtained from cleaned gold 

nanoparticles (A) first time, and (8) second time . 

The HS(CH2)2CO-egl-T9-LysNH2 (PI) capped gold nanoparticles obtained 

after washing was incubated with OTT for 16 h at room temperature to release the 

rNA from the nanoparticles. Analysis of thi s so lution showed the expected MALOI ­

TOF mass spectrum at I11/ Z = 3370 indicating that the immobilization \\a s successful. 

This also confirmed that the immobilization was selective for thiolated PNA because 

no signals of non-thiolated PNA were obsen ed even though the PNA \\ as used as a 

crude reaction product. Other PNA-modified gold nanoparticles give similar signals 

corresponding to the immobil ized PNA. The same treatment or fre sh gold 

nanoparticles with OTT gave no signals in this region. Like\\ ise. no signal was 

observed in gold nanoparticles treated with the non-thiolated PNA Ac-T9-SerNH2 

(P7) (Figure 3.17). 
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Figure 3.17 Mass spec trometric analysis result s obtained from (A) go ld nanoparti c les 

and (B) HS(C H2}cCO-eg l-T9-LysNH2 (Pi ) M·H' (ea led) = 3370 .2 (3393.2 

[M +Na+J), (C) H S(CH~hCO-eg l -T9-Se rN H2 (P2 ) M·H+ (ea led) = 3329.3 (335 1.1 

IM +Na' ]). (D) II S(CH2)2CO-eg l-T9-AspNH2 (P3) M·lf (ea led) = 3339.8 (3378.4 

[M+K
4
1). and (E) Ae-Tg-SerNH2 (P7) M·II ! (ealed) = 3 138. 3 modi fied go ld 

nanopartic les treated with OTT. 

3.7.3 Transmission Elec.ron Microscopy (TEM) and Photon Correlation 

Spectroscopy (PCS) 

The gold nanoparticles modi fi ed with the thi olated PNA P I-P3 we re exam ined 

by TEM technique and compared with the unmodifi ed gold nanopartic les (Figure 

3.18 (A» . As can be seen in Figure 3.18 (8). the positi ve ly charged !I S(C ~b)2CO­

eg i-T9-LysN H2 (PI ) induced extensive aggregation of the go ld nanopartic les " hereas 

th e neutral HS(C H2hCO-egl-T9-SerNH2 (P2 ) modified go ld nanopa rt ie les. and the 

negative ly charged 1-IS(CH2)2CO-egl-T9-AspNH2 (P3) modi fie d gold nanoparti eles 

were randomly distributed with small aggregation and did not sho\\ a s ign o r 

extensive aggregati on (Figure 3.18 (C), (D». 
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Figure 3.18 TEM images of gold nanoparticles (A) before and after immobiliza tion 

with (B) HS(CH2)2CO-egl-T9-LysNI1 2 (PI ). (C) HS(CH2hCO-egl-T9-SerNH2 (P2 ). 

and HS(CH2)2CO-egl-T9-AspNH2 (P3). 

The aggregation of go ld nanoparticles by PNA was further studied by photon 

correlation spectroscopy. Data in Table 3.4 confirm the relati onships bet\'vee n PNA 

charge stage and average parti cie size of the th io lated-modifi ed PNA obtained from 

TEM studies. HS(CH2hCO-egl-T9-LysN H2 (PI ) caused extensive aggregati on of the 

gold nanoparti cles because the positi ve charge of PNA neutrali zed the negati ve 

charge of the citrate ion on the surface of gold nanoparticles so that the <; ize 

detennined by PCS was correspondingly larger. The neutral HS(CH 2 )~CO-eg l-T9-

SerNH2 (P2). on the other hand. was - 2.5 times larger in size implying possible 

aggregati on induced by centrifugation and/or the reducti on of negati ve charge density 

on the go ld nanoparticles due to the shielding effect. As opposed to oth er two 

systems. HS(CH2hCO-egl-T9-AspNH2 (P3) showed particle size in a similar range to 

the unmodified gold nanoparticles. Because (P3) carries the same charge as citrate 

ion. it should not reduce the charge density of the gold nanoparticles. The modified 

go ld nanoparticles remained stable and did not aggregate. 
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Table 3.4 Particle s izes of gold nanoparticles before and after modification. 

Diameter Zeta 

PNA sequences analyzed by POI potential SD 

PCS(nm) 
r--' 

I 

Gold nanoparticles 38.6 0.14 -31.7 6.1 

(Pl) modified gold nanoparticles 458.7 0.26 -23.5 3.7 

(P2) modified gold nanoparticles 97.3 0.17 -19.46 3.4 

(P3) modified gold nanoparticles 
I 

31.5 0.16 -24.7 2.8 
-

3.7.4 Stability of thiolated PNA modified gold naooparticles 

Thi s se t of e~.periments was designed to investigate the stability of (hiolated 

PNA capped gold nanoparticics in \arious media . The PNA sequcnces studied 

included : (P2) neutral and (P3) negative . The PNA (P I) wa s not studied because it 

caused immediate aggregation or the gold nanoparticles. 

i) Effect of phosphate buffer (pH 7.0) concentration 

The stability or the HS(CH2)2CO-egl-T9-SerNH :? (P2) modified gold 

nanoparticles was evaluated by obsen'ing the color change at di rrerent phosphate 

buffer concentrations (0 .05.0.1.2.0. and 5.0 mM). 
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(A) (B) 

(C) (D) 

Figure 3.19 Effect of phosphate buffer pH7 (A) 0.05 mM, (B) 0.1 mM, (C) 2mM, and 

(D) 5 mM of HS(CH2)2CO-egl-T9-SerNH2 (P2) modified gold nanoparticles. 

The results in Figure 3.19 show that the neutral HS(CH2)2CO-egl-T9-SerNH2 

(P2) modified gold nanoparticles was stable in phosphate buffer up to a concentration 

of 2 mM. On the other hand, HS(CH2)2CO-egl-T9-AspNH2 (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(CH2)2CO-egl-T9-

ASpNH2 (P3) provided protection to the particles from the salt-induced aggregation at 

high buffer concentration. 

Figure 3.20 HS(CH2)2CO-egl-T9-AspNH2 (P3) modified gold nanopartic1es in 10 

mM phosphate buffer (pH 7). 
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ii) Effect of NaCI concentration 

The stability of PNA-modified gold nanoparticles at different NaCI 

concentrations (0 .01 M, 0.05 M, 0.1 M, and 0.3 M) was also investigated. The 

addition of salt to the particles will result in a decrease in interparticle distance, due to 

charge screening effects. This results in the particle aggregation and the solution color 

turn from red to blue. HS(CH2hCO-egl-T9-SerNH2 (P2) modified gold nanoparticles 

can resist aggregation up to 0.05 M NaCI concentration (Figure 3.21). 

(A) (B) 

(C) (D) 

Figure 3.21 Effect of NaCI concentration on HS(CH2hCO-egl-T9-SerNH2 (P2) 

modified gold nanoparticles (A) 0.01 M, (8) 0.05 M, (C) 0.1 M, and (D) 0.3 M. 

The results in Figure 3.22 showed that HS(CH2)2CO-egl-T9-AspNH2 (P3) 

modified gold nanoparticles are stable up to a salt concentration of 0.5 M, with no 

detectable color change even after leaving for 5 days. 
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(A) (B) (C) 

Figure 3.22 Effect of NaCI concentration on HS(CH2)2CO-egl-T9-AspNH2 (P3) 

modified gold nanoparticles (A) 0.1 M, (B) 0.3 M, and (C) 0.5 M. 

These results indicated that the charge of the C-teminus amino acid 

contributes significantly to the stability of the PNA-modified gold nanoparticles. The 

HS(CH2)2CO-egl-T9-AspNH2 (P3) modified gold nanoparticles appeared to be more 

stable than HS(CH2)2CO-egl-T9-SerNH2 (P2) modified gold nanoparticles and 

HS(CH2)2CO-egl-T9-LysNH2 (PI) modified gold nanoparticles, respectively. This is 

in good agreement with prediction based on the charge state of the PNA modifiers. 

3.8 Attempted detection of hybridization of PNA-modified gold nanoparticies 

with DNA 

3.8.1 Melting temperature 

Four different conditions were employed for hybridization of HS(CH2)2CO­

egl-T9-SerNH2 (P2) modified gold nanoparticles and HS(CH2)2CO-egl-T9-AspNH2 

(P3) modified gold nanoparticles with target DNA. 

In the first set of experiments, the mole ratio of HS(CH2)2CO-egl-T9-SerNH2 

(P2) to gold nanoparticles was varied (500: 1 and 1500: 1) during the immobilization 

step. The modified nanoparticles (11 nM, 23.8 !!M PNA) were mixed with dA9 at a 

concentration of 1 !!M). The Tm 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 Tm 

observed for free PNA-DNA hybridization[5]. However increasing the length of 

DNA to dAso still resulted in no hybridization both with HS(CH2)2CO-egl-T9-SerNH2 
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(P2) and also I IS(C I-bhCO-egl-T9-AspNI1 2 (P3)-capped go ld nanoparti cles 

To determine the e ffect of increas ing sa lt concentrati on on the melting 

temperature. the HS(C I 1 2bCO-eg l -T9-AspN~b (P3)-modifi ed go ld nanoparti cies (mol 

rati o PNA:go ld nnnopaJ1icies = 500: I). were h) brid ized with complementary DNA 

(d A9) at var ious sa lt concentrations (i SO mM. 100 mM. and 50 mM ). Aga in , the 

melting analyses showed that sa lt concentrati on di d not improve the Tm of the 

nanoparticle aggregates. Although salt concentrati on affects charge of go ld 

nanoparticles and stability of DNA-DNA hybrid s. it did not work to hybridiza ti on 

bet\vee n PNA-modifi ed go ld nanor art icles and DNA due to PNA's neutraiit). 

It was th ought that if the PNA. lies to close to the go lJ nanoparticles. 

hyhrid ization will be dilTi cult. One dieth yle neg lycol linker unit (8 atoms) inserted 

hetv:een the PNA and the thiol group may not be sufficient to separate the PNA from 

the go ld nanoparticles. To investi gate the re lati onship between the 

po l)(ethyleneglycol) lin ker length and Till of PNA-DNA hybrid s. the thiol(l ted PNA 

carrying di ffe rent numbers of poly(ethyleneglyco l) units (n = 3. 5) were prepared. 

Under standard experimental conditions. the melting anal) ses of go ld nanoparticles 

modified with th ese PN A showed that poly(ethyleneg l) co l) lengt h did not have 

pos iti ve effects to the hybridizati on. No melting curve could still be observed in all 

cases. In order to confirm th at the PNA v. as indeed immobilized in the fun cti onal 

state. ie without decompos ition or denaturation. the PNA modi fied go ld nanoparticles 

was treated with KCN so lution. 1611 The presence of cyanide and air cause di sso lution 

of the nanoparti cles. li berating the free thiolated PNA HS(C I IcbCO-cgI3-T9-SerNI 12 

(P4) into the so lution. 7~" experiment of thi s KCN -treated II S(C H2hCO-egI3-T9-

SerNl1 2 (P4)-fun cti onalized gold nanoparticles with dA9 showed a c lear Tm va lue of 

78° C (Figure 3.23). 
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Figure 3.23 Melt :ng temperature of II S(C II :):CO-egI3-"9-SerNH2 (P4)-modified go ld 

nanopartic les before tA) and ;.:fter (8) trea tm ent with KCN , 

Thi s suggested that the PNA could be imInohilized and re leased reversi ble 

without losing !he- binding properti es. Although PNA was added linker length . PNA 

could not set up far away from go ld nanoparti cles. So DNA could not hybridize \" ith 

PNA-modified go ld nanoparti cles. It can be further concluded that the morphology of 

PN A-modifi ed gold nanoparticles were unsuitable for hybridization. Likew ise. no 

hybridiza tion was observed in the case of PNA-modifi ed go ld nanoparti cles 

hybridized with DN A-modified gold nanoparticles [37 1. From thi s res ult was 

corresponded with our resu Its. 

In a related study of immobili za ti on of thiolated PNA on go ld surface. 

addition of a small thiol was shown to improve the hybridiza ti on properi tes of the 

surface- immobili zed PNA [6 11. It \" as thought that if PNA and blocking thiol were 

immobilized on go ld nanoparti cles. the blockin g th io lmay be prevent the PNA li ed on 

gold nanoparticles [52]. The e ffect of blocking thiol to the hybridization was also 

investigated. The PN A-modified gold nanoparticles [II S(CH2)2CO-egl-T9-SerNH2 

(P2). mole rati os 500: I and 1500: I) were treated \\ ith mercaptoethanol ( I mM. 200 

uL). After I hour, the gold nanoparticles \\ ere hybridi zed with dA9. Aga in no melting 

curves could be obtained. Similar experiments wi th II S(C H2hCO-egl-T9-AspNllc 

(P3) modifi ed gold nanoparti cles also gave the same results. Next. the PNA 

HS(CH2hCO-egl-T9-AspNH2 (P3). go ld nanoparti cles and the blocking thiol were 

mi xed at the same time. After washing. Tm experiment was carri ed out as usua l. Aga in 

no melting curve could be obtained indicating that hi gh surface coverage may not be 
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the important fac tors that contribute to the inability of go ld nanoparticles-PNA to 

hybridize with DN A. 

3.8.2 Quantitation of immobilized PNA and of hybridization by fluorescence 

experiment 

Fluorescence is defin ed as the emi ssion of radi ati on give n out as a molec ul e 

returns to its ground state from an exc ited electroni c state and flu orescence can be 

in vesti gated by the analysis of \..hanges in the em!<::s ion. The emission from 

oli gonucleotides is ve ry weak at room tcmperature. !\::. (1 resul t. synthetic nuorophores 

can be introduced earlier into an oligonuc leotides or PNA by spec ific cova lent or non­

cova lent addition. 

~. 
t 
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T 
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.. ' ./ 
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Figure 3.24 A simplified Jablonski diagram illustrating th e principles of 

flu orescence and phosphorescence. 

Fluorescence energy tra nsfer (FRET) is a spectroscopic process by which 

energy is passed non-radiatively between molec ules over long di stances ( 10- \ 00 A). 

The non-radiati ve transfer of exc ited-state energy from a flu orescence donor molec ule 

to an unexc ited acceptor molec ule ria dipole-dipole coupling betwee n the donor and 

the acceptor. The rate of thi s energy transfer depends on the spectral properties of the 

donor and acceptor. In general. the donor molecule is a flu orophore which has an 

absorpti on max imum at a shorter wave length . can be exc ited se lecti ve l). and transfer 

the energy of an adsorbed photon non-radiative ly to an acceptor molec ule. The 

acceptor usuall y has an exc itati on Il.ma\ at the longer wave length . The result is that the 
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energy of a photon absorbed by donor can be lost by flu orescence photon em iss ion 

from donor or by radi ationl ess transition to acceptor leading to photon emiss ion from 

acceptor at a longer wave length . 

Go ld is kn own to be an effecti ve quencher for many flu orophores incluuing 

flu oresce in according to the principle of FRET "hown above 143.441.11' a flu oresce in 

labell ed PN A is immobili zed onto go ld nanoparti cles. the flu orescence will be 

quenched. Upon release of the PNA from the gold. the flu orescence signal appea rs 

aga in . Thi s can be applied in determinatiun of PN A surface coverage and in 

measuring hybridiza ti on e ffi cicncy with DNA [431. 

Desorption .. 

...rvvV' 

DN A target 

• 
, 

•~-/, ...... 

Figure 3.25 Illustrat ion of detection the flu orescence signa I. 

i) Quantitatiol1 of surface coverage [4 3] 

In quantitation of surface coverage a purified flu orophore- Iabell ed PN A must 

be used as standard. As a result, the unstability (l nd difficulty to purify. free thi olated 

PNA were not suitable for thi s purpose. Insteau. a more stable lipoic acid modified 

PNA was chosen. The fluorophore. 15(6)-ca rboxyfluoresce in] . as a donor was 

introduced to the PNA sequence lipoic-egl-T9-LysN Hc at the (,-terminal lys ine 

residue in so lution. This was purified by ge l electrophoresis to give the pure 

fluorescein-labelled PN A. The PNA sequence was immobilized on go ld nanoparticlcs 

(mole ratio PN A:go ld nanoparticles = 500: I) in the dark at room temperature for 24 h. 

The PNA-immobilized gold nanoparticles were cleaned by centrifugal wash with 5 

111M phosphate buffer pH 7 twice. The gold nanopaliicles \\ere di gested by cyanide 
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solution (final concentration 0.05 M) to liberate the free labeled PNA. The 

fluorescence assoc iated with the nuorescein at 524 nm was measured by spectroscopy 

(excited at 490 nm). To quantitate the amount of immobilized PNA. a ca libration 

curve was also prepared by serial dilution of fluoroph ore-Iabeled PNA of known 

concentration. 1"hI:: ca libration curve was I inear over th e concentration range or 10-70 

nM (Figure 3.26). 
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Figure 3.26 The ca libration curve or lipoic-egl-T9-LysNI-I::, Fluoresce in (PI1) . 

The measured fluore scence intensity or the sample was 475.2 16 (106 ~L in 

lolal volume 2000 ~L of 5 mM phosphate buffer pH 7) . The concentrati on or Ihe 

PNA. and the surface density could be calcu lated from the equati on shown in Figure 

3.26. 

475.216 = 13647 X - 18.0 1 

X = 0.03614 ~M 

Dilution factor: (0 .03614 x2000) / 106 = 0.682 ~M 

PNA probe / one particle = 0.682 ~M / 4.24 nM : A5~o = £bc 

= 160.85 (0.984 = I x 109 M-1c m-1 x I cm x C) 

(C start = 0.984 nM) 

(0.984 nM)(456.67 ~L) = C( I 06 ~L) 

C = 4.24 nM 

6.02 x 1023 molecu les = I mole 



160.85 molecules = 26.72 x 10-23 mole 

From circumference (4~r2) of gold nanoparticles: 4~(IO x 10-7 cmi 

= 1.257 x lO- ll cm2 

PNA coverage on surface area of 20 nm diameter gold nanoparticles : 
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One particle with a surface area of 1.257 x 10-11 cm2 contains 26.72 x 10-23 mole of 

PNA probe 

= 21.26 x j 0-12 mole I cm2 (21.26 pmol I cm2) 

The average surface coverage of iipoic-egl-T9-LysNH2 Fluorescein (Pll) on gold 

nanoparticles was 160.85 PNA probes per one nanoparticle, which corresponds to 

21.26 pmol/cm2
. This measurement was repeated twice and the results showed similar 

values (154.5 PNA probes per one nanoparticles, ]7.36 pmol/cm2
). Sato, K et a1.[41] 

have reported 200 DNA probes per one 15 nm nanoparticle. Since diameter of 

DNA·DNA duplex was 20 AO (2 nm)[62]. The total coverage area could be calculated 

as follows. 

DNA: 200~(ri = 200~(lnm)2 

= 628.6 nm2 

Circumference (4~r2) of gold nanoparticles (15 nm diameter): 

= 4~(7.5 nm)2 

= 707.1 nm2 

Compare the two figures, it appears that DNA could fonn monolayer on the gold 

nanoparticles. ]n our case, similar calculation revealed that the amount ofPNA probes 

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

DNA). 

PNA: ] 60.85~(r)2 = 160.85~(lnm)2 

= 505.5 nm2 

Circumference (4~r2) of gold nanoparticles (20 nm diameter): 

= 4~(lO nmi 
= ]257.1 nm2 
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ii) Quantitation of the hybridized target [4 3] 

The PNA sequence lipo i c-eg l -T9 - SerNII ~ (P10) was used in thi s experiment 

because the surface coverage data of lipoic-eg l-Tq-Lys( fluorescei n)NI1 2 (PIt ) was 

available (see above). A tluoresce in -Iabeled DNA (dA9) was hybridized with the 

thiolated PN A (PIO)- l11 odified gold nanoparticles (final concentrati on of DNA 2 flM . 

o f go ld nanoparticles = 4. 11 nM) in 10 mM phosphate buffe r (pH 7) for I h. A fter the 

hybridi Lation. the go ld nanoparlicles were cleaned by centrifuga l wash with 5 111M 

phosphate bu ffer pI I 7 t\\ ice in order to remove the excess Hurophore-Iabeled 

oli gonucleotides. The go ld nanoparticles was digested by cyaflid e solution (fin al 

concentrati on 0. 05 M) to liberat c the free labeled DNA. The absorbance associated 

with the flu oresce in at 5 16 nm \\ as measured to quanti tate the hybridizati on effi ciency 

between PN A- modified gold nanoparticles and Ilu rophore-Iabeled DNA aga inst a 

calibra ti on curve prepared b~ serial dilution of nuorophore-I abeled DN A of known 

concentration (Figure 3.27). 
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Figure 3.27 The ca libration curve of Hurophore-Iabeled oli gonucleotides. 

Intensity of the sample was 71 .62 (116 flL) in total volume 2000 flL with 5 

mM phosphate buffer (pH 7) . The concentration was then calculated from th e 

equation shO\,m on the chart in Figure 3.27. 



71.62 = 24358 X + I 1.834 

X = 0.00245 ilM 

Dilution factor: (0 .00245(2000) / I 16 = 0.042 il M 

PNA probe l one particles = 0.042 pM / 3.88 nM : A520 = cbc 

= 10.82 (0.984 = I x 109 M·lcm-I 
x I cm x C) 

(C start = 0.984 nM) 

(0.984 nM )(459. 15 ilL) = C( 116 ~d , ) 

C = 3.88 nM 

6.02 x 10:'1 molec ul es = I mole 

10 .82 molec ules = 1.80 x 10-23 mole 

Circumference (4,jr2
) of go ld nanoparticles: 4~( lO A 10-7 cml 

- 1.257 x 10-11 cm 2 

PNA coverage on surface area 01' 20 nm di ameter go ld nanopart icles : 
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One particle \\ ith a surface area of ! .257 x 10-11 cm2 contains 1.80 x 10-:'1 mole of 

PNA probe 
_I ' 1 :' 

= 1.43 x 10 - mole / cm- (1.43 pmol / cm ) 

Comparison of the fi gures obtained above and the previous ex perim ent clearly 

revealed that less than 1% of the PNA im1l1 0b ilized onto the go ld nanoparticles could 

success full y form hybrid \\ ith DNA . h01l1 the calculation of the free labeled 

oligonucleotides suggested that the flu orophore' s signal has 3.6 x 10-4 mole while the 

beginning of the Iluorophore- Iabelcd DNA has 1.82 x 10'? mole. Therefore, it can be 

concluded that no hybridizati on flu oresce in-I abled oligonucleotides and lipoic-egl-T9-

SerNH 2 (P10)-modified gold nanoparticles took place. Thi s is consistent with Tm 

ex periments described in section 2.4. 

3.9 Colorimetric detection of h~' bridization of thiolated PNA carrying 

positive charge with target DNA by gold nanoparticles 

Since the PNA i1l1m obili zed on go ld nanoparticles failed to show binding to 

DNA targets, a ne\\ concept for detec ti on of the hybridization event was developed 

based on the di scovery that go ld nanoparti cles can aggregate in th e presence of 

thiolated PN A bearing positi ve charge. The principle is summari zed in Figure 3.28. 
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Figure 3.28 Illustrati on or (A) the aggregation or go ld nanoparti cles by positi ve ly 

charged thiolated PN A and (8 ) the presence of (negati ve l: charged) complementary 

DNA should prevent the aggregation. 

The aggregati on \\ as beli eved to be the result of charge neutraliza ti on of the 

gold nanoparticle upon fun cti onaliza tion with the (positive ly charged) PNA. 

However. if the PNA is first hybridized with DN A. the hyhrid formed will be 

nega tively charged because DNA s are polyanioni c. If thi s PNA-DNA hybrid is now 

mixed with the nanoparticles. no aggregati on shou ld take place because the 

nanoparticles are still negati ve ly charged after the fun ctionalizati on. 

Thi s concept brought about a nove l co lorimetric detec ti on of PNA- DNA 

hybridization based on go ld nanoparti cles aggregation. which will later be di scussed 

in detail. 
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a) Concept validation using lipoic acid modifed PNA 

Initially three different lipoic acid-modified T9 PNA were used to validate the 

concept. The PNA sequences were: lipoic-T9-LysNH2 (P8), lipoic-egl-T9-LysNH2 

(P9), and lipoic-egl-T9-SerNH2 (PIO). 

In the first set of experiment, a minimum amount of PNA that is sufficient to 

cause aggregation of the gold nanoparticles, as observed by color change from red to 

purple, was determined. Lipoic acid-T9-Lys (P8) was mixed with gold nanoparticles 

at different ratio. The amounts of lipoic acid-T9-Lys (P8) (1,5, 10, 20 and 50 pmol) 

were varied in 10 mM phosphate buffer pH 7, while the gold nanoparticles 

concentration was kept constant at (0.70 nM) in a total volume 35 ilL. As shown in 

Figure 3.29, when the concentration of lipoic acid-T9-Lys (P8) was higher than 5 

pmol in 35 ilL (final concentration of PNA 0.26 IlM, concentration of PNA:gold 

nanoparticles = 405: 1), a definite color change from red to purple was observed 

within 5 min because the positive charge of PNA induced aggregation of the gold 

nanoparticles as described above. 

(A) (B) (C) (D) (E) 

Figure 3.29 Aggregation behaviors of the lipoic acid-T 9-LyS (P8)-gold nanoparticles 

at various amounts of lipoic acid-T9-Lys (P8) at room temperature: (A) 50 pmol, (B) 

20 pmol, (C) 10 pmol, (D) 5 pmol, and (E) 1 pmol. 

In the next experiments, the PNA were hybridized with DNA before treatment 

with the nanoparticles. Two different lipoic acid-T9-Lys (P8) concentrations were 

employed for the detection of DNA hybridization by the aggregation of gold 
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nanoparticles. When 10 pmol of lipoic acid-T9-Lys (P8) was used under the 

conditions described earlier (concentration PNA:gold nanoparticles = 405: 1), no 

visible color changes were observed both for the full match (dA9) and single 

mismatch (dAgT) DNA targets (Figure 3.30). 

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

Figure 3.30 Aggregation behaviors of hybridization of the 10 pmollipoic acid-T9-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 = 810: 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 (dA9) during the same period. When 

the amount of the DNA was decreased to 10 pmol, the gold nanoparticles 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). 
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(A) (B) (C) (D) 

Figure 3.31 Aggregation behaviors of the 20 pmol lipoic acid-T9-Lys (P8)-DNA 

hybridization on 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 

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 (dA9) and single mismatch (dAgT) 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) (C) (D) (E) (F) 

Figure 3.32 Aggregation behaviors of the 20 pmol lipoic acid-T9-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

T9-Ser (P7). In this cases, both complementary (dA9) and single base mismatch 

(dAsT) 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 immobilization of 

the positively charged PNA on the gold nanoparticles via the thiol group (Figure 

3.33). 

(A) (B) 

Figure 3.33 Aggregation behaviors of gold nanoparticles in the presence of 20 pmol 

of the nonthiolated PNA Ac-T9-Ser (P7) and equimolar amounts of complementary 

(dA9) (A) or single base mismatch (dAsT) (B). 

To investigate the specificity of this new assay, 20 pmol of Lipoic-egl-T9-

LySNH2 (P9) were hybridized with four different target DNAs (dA9, dAsT, dAsC, 

dAsG) under the optimal conditions obtained above (concentration PNA:gold 

nanoparticles = 810: I, and 20 pmol DNA, 10 mM phosphate buffer pH 7.0). In this 

experiment, the diethyleneglycol 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 results showed clear 

discrimination between hybridization of lipoic-egl-T9-LysNH2 (P9) with full match 

and all other single mismatched (T-T, T-C and T-G) DNA. No visible color change 

was observed with the full match target DNA (dA9). In contrast, obvious color change 

to purple or blue due to the aggregation of gold nanoparticles were observed for all 

single mismatch cases, indicating the high specificity of the test. 
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A T C G 

Figure 3.34 Aggregation behaviors of gold nanoparticles in the presence of equimolar 

quantities of lipoic-egl-T9-LysNH2 (P9) with various DNA targets ~~ (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 fmd a new thiol PNA surrogate. At first 

dinitrophenyl (DNP) group was chosen because of its stability and hydrophobicity, 

which facilitate HPLC purification. However, attempts 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 NH3[64]. It is also conceivable that the 

S-benzoyl PNA could be directly immobilized onto the gold nanoparticles. The same 

experiments as lipoic-egl-T9-LysNH2 (P9) were repeated using four new PNA probes 

carrying four diffemt nucleobases in the middle of the strand, BzS(CH2)2CO-egl­

T4XT4-LysNH2, 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-T9-LysNH2 (P9) (Figure 3.35). 
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DNA 

Figure 3.35 Aggregation behaviors of gold nanoparticles in the presence of 20 pmol 

BzS(CH2)2CO-egl-T4XT4-LysNH2 and 20 pmol of DNA targets d~ Y ~ 

(X,Y=C,G,T,A) 
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Unfortunately. the results we re not quite reproducible. It \\ as thought that th is 

could be the res ult of different charge state of Lys- PNA (pKa side chain = 9.74) at 

different pH . If one coulJ make thi s positi ve charge perm anent. it should be possible 

to improve the sensiti vity and reproducibility of the test. The ('-terminal L>,s on the 

PN A was therefore modified with a pennanent charge group in the nex t ex periments. 

c) Colorimetric detection of hy bridiz~tion of permanent charge-Iahelled thiolated 

PNA with DNA 

In these experiments. the four PNA \\ ith sequences B7S(C I U 2CO-eg l-T4XT4-

Lys( Pho::.)N H2 (X= T.A.C.G) (PI 7-P20) were S) nl hesiLed as desc ribed in secti on 3.5. 

Bas ica ll y. a phosphonium charge tag was incorporated at th e amino gro up o f I.ys at 

3'-termini of the PNA via the reac ti ve monomer sho\\n in Figure 3.36. T\\ o other 

negati ve controls PN A - one without the B7.S group Bz-cgl-T9-l.ys( Phos)N ll c (P22 ) 

and th e other without the phosphon!um group BzS(C I1 2)cCO-egl-Tr L) s(Ac)N H2 

(P21 ) - we re also prepared for comparison. The use or phosphonium sa lt \\ as hoped 

to produce a permanent pos iti ve charge irrespecti ve of operating pH whic h should 

in c reas~ reproducibility and perhaps also sensitivit) of the present DNA sequence 

detection method based on aggregati on or go ld nanoparticles, 

Figure 3.36. Structure of phosphonium sa lt . 

In the first set of ex periments. BzS(CH2hCO-egl-T9-Lys( Phos)N I1 2 (P20) \\as 

compared with the negati ve control B7.S(C H2):,CO-eg l-T9-Lys(Ac)N I1 2 (P21 ) in order 

to demonstrate the ro le of the positi ve charge. \\'ithout adding the DNA. go ld 

nanopartic les were aggregated with (P20) but not (P21 ) under identi ca l reac tion 

cond itions (concentrat ion PN A :gold nanoparti c les = 810: I) as shown in the Figu re 

3.37 . 
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(A) (B) 

Figure 3.37 Aggregation behaviors of BzS(CH2)2CO-egl-T9-Lys(Ac)NH2 (P21) (A) 

and BzS(CH2)2CO-egl-T9-Lys(Phos)NH2 (P20) (B) to gold nanoparticles. 

The aggregation behaviors of gold nanoparticels in the presence of the three 

PNA sequences: BzS(CH2)2CO-egl-T9-Lys(Phos)NH2 (P20), BzS(CH2)2CO-egl-T9-

Lys(Ac)NH2 (P21), and Bz-egl-T9-Lys(Phos)NH2 (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 

was observed. 

(A) (B) (C) 

Figure 3.38 TEM images of gold nanoparticles after immobilization with (A) 

BzS( CH2hCO-egl-T 9-Lys(Phos )NH2 (P20), (B) BzS( CH2)2CO-egl-T 9-Lys( Ac) NH2 

(P21), and (C) Bz-egl-T9-Lys(Phos)NH2 (P22) . 
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It is interesting to observe that the benzoylthiol PNA could be success ful!: 

immobilized onto the nanoparticJes without the need for prior removal of the Bf. 

group by treatment with ammonia. This is clearly and advantageous because BzS 

PNA are very stable compared to the li S PNA. Ilowever. it was unclear , .. hether th e 

benzoyl protected thiol group waS immobilized onto the nanoparticles \\ ith 

simultaneous removal of the benzoy l group or as such. i.e. with the benzo: I group 

intact. To understand the nature of the immobilization. a mass spectrometric analy~is 

was performed on the aggregated gold nanoparticles (Figure3.39). A fter digest ion of 

the aggregated particles with KeN. the MALDI-TOr mass spectrum \\ ;-1" taken . A 

mass peak at II1 / Z = 3822 was observed which corresponded to the oiiginal PNA (PI9) 

This result suggested that the S-Benzoyl PNA was immobilized on the go ld 

nanoparticles with the benwyl group in rlace. The same experiment \\ ilh the non­

thiolated Benzoyl PNA (P22) showed that thi s non-thiolated PN :\ could not be 

immobilized on the gold nanoparticles (Figure3.39). 

.,., - -
Figure 3.39 Mass spectrometric analysis of (A) BzS(CI-I 2)2CO-egl-T4AT4-

Ly s( Phos)NI-I2 (P19) and (B) Bz-egl-T9-Lys(Phos)NI-I2 (P22) after treatment with 

KCN. 

Melting temperature of an equimolar quantities of PNA with DNA mixture of 

the PNA BzS(CI-I2)2CO-egl-T4AT4-Lys(Phos)NI-I 2 (PI9) and its complementary DNA 

target (dAgT) in the presence or gold nanoparticles (concentration PNA :go ld 

nanoparticles = 810: I) was measured at 520 nm . A sigmoidal melting curve ,"as 
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observed \\ hi ch correspond to a change from non-aggragated to aggregate state of the 

nanopartic les in a cooperati ve manner. The apparent Tm was 46°C which is somewhat 

lower than the Tm va lue of 73°C obtained from the free PNA- DNA with the same 

sequences in so lution (Figure 3.40). The difference is not ye t full y understood but 

may be due to aggregati on induced PNA· DN A hybridi zat ion. The T.n va lue o f 

thiolatcd-PNA- DNA di ffer from PNA ·DN A although PNA and DNA have a same 

base sequences. 

BzS-eg l-T8A{ Phos)-Lys-Gold+dA8T 

1 1 
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Figure 3.40 Tm of hybridiza tion between BzS(CH :,hCO-eg l -T4AT~- Lys( Phos)N II :, 

(pt 9) and complementary DN A (dAsT) in gold nanoparticles at 520 nm . 

The same ex periments as described for lipoic ac id-T9-Lys (P8) above were 

repeated using the new PNA BzS(CI-12hCO-egl-T9-Lys(Phos)N H2 (P20) under th e 

same conditions. The amount of BzS(CH2)2CO-egl-T9-Lys(Phos)N H2 (P20) (5. 10. 20 

and 50 pmol) were va ried in 10 mM phosphate buffer pH 7. while the go ld 

nanoparticles concentration was kept constant at 0.7 nM in a total vo lume 35 flL as 

shown in the Figure 3.41. It appears that the sensiti vity was about the same as the 

lys ine systems. i.e. at least 20 pmol of PN A (concentration PNA :gold nanoparticles = 

810:1) was required to induce aggregati on of the nanoparticles. 
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(A) (B) (C) (D) 

Figure 3.41 Aggregation behaviors of gold nanoparticles in the presence of 

BzS(CH2hCO-egl-Tg-Lys(Phos)NH2 (P20) at various quantities: (A) 50 pmol, (B) 20 

pmol, (C) 10 pmol, and (D) 5 pmo!. 

Next, to determine the minimum amount of BzS(CH2)2CO-egl-Tg­

Lys(Phos)NH2 (P20) required to cause aggregation of the gold nanoparticles in the 

presence of DNA, two different BzS(CH2)2CO-egl-Tg-Lys(Phos)NH2 (P20) 

concentrations were employed. When 10 pmol of BzS(CH2)2CO-egl-Tg­

Lys(Phos)NH2 (P20) (concentration PNA:gold nanoparticles = 405: 1) was hybridized 

with 20 pmol DNA, only slight color changes were observed for both full match (dAg) 

and single mismatch (dAsT) (Figure 3.42). 
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(A) (B) (C) 

Figure 3.42 Aggregation behaviors of gold nanoparticels in the presence of 10 pmol 

BzS(CH2)2CO-egl-T9-Lys(Phos)NH2 (P20) and (A) no DNA (B) single base 

mismatch DNA and (C) complementary DNA. 

At 20 pmol (concentration PNA:gold nanoparticles = 810: 1), however, the 

color change from red to purple was clearly observed within a few minutes with 20 

pmol single mismatched DNA (dAsT). Unfortunately, although no color change was 

observed with 20 pmol complementary DNA (dA9), the color change from red to 

purple was observed about 15 min later (Figure 3.43). 

(A) (B) 

Figure 3.43 Aggregation behaviors of gold nanoparticles in the presence of 20 pmol 

BzS(CH2)2CO-egl-T9-Lys(Phos)NH2 (P20) and (A) complementary 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 peri od. Therefore the suitable conditions for detec ti on of PNA- DNA 

hybridiza ti on were 20 pmol PNA (concentration PN A:go ld nanoparti cles = 810 : I) 

and 40 pmol DNA for detection of PNA- DNA hybridization. 

iv) Effect of sodium phosphate buffer 

To compare the aggregation behav iors due to hybridiza ti on under different 

phosphate buffe r (pH 7. 0). the hybridi zati on between the BLS (CH::>):.CO-egl-Tr 

Lys( Phos)N I h (P20) and its complementary DNA (dA9) and single bilc;e mi smatch 

DNA (dA8T) ",\,ere stud ied at di fferent pnosphate bu ffer concentrati ons ( 100 mM. 10 

mM and! mM ). 

Thf' results showed that it was poss ible to discriminate between full match and 

single hase mismatch at all buffer concentrations. The prev iously employed 10 111M 

phosphate buffer (pI l 7) was th ere fo re c ho~e n for furth er ex periments. 
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(A) 

(B) 

(C) 

DNA: dAgT 

Figure 3.44 Aggregation behaviors of gold nanopartic\es in the presence of 20 pmol 

BzS(CH2)2CO-egl-T9-Lys(Phos)NH2 (P20) and (left) no DNA (middle) 

complementary DNA and (right) single base mismatch DNA at various sodium 

phosphate buffer: (A) 100 mM, (B) 10 mM, and (C) I mM. 

v) Effect of pH 

To investigate the effect of pH, BzS(CH2)2CO-egl-T9-Lys(Phos)NH2 (P20) 

were hybridized with full match and single base mismatch DNA under the previously 

optimal hybridization conditions (l0 mM phosphate buffer, 20 pmol of PNA and 40 

pmol of DNA). The pH (4.5 , 7 and 8) of 10 mM sodium phosphate 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 PNA·DNA hybridization due to full match 

PNA·DNA duplex of unci early color (Figure 3.45). 

(A) 

(B) 

(C) 

DNA: - dAsT 

Figure 3.45 Aggregation behaviors of gold nanoparticles in the presence of 20 pmol 

BzS(CH2hCO-egl-T9-Lys(Phos)NH2 (P20) and (left) no DNA (middle) 

complementary DNA and (right) single base mismatch DNA at various pH of 10 mM 

sodium phosphate buffer (A) pH 4.5, (B) pH 7.0, and (C) pH 8.0) 

To investigate the specificity of the test, the hybridization experiments were 

repeated using BzS(CH2)2CO-egl-T4XT4-LysNH2 (20 pmol) and DNA ~ YT4 (X and 

Y = C,G,A,T) (40 pmol) (concentration PNA:gold nanoparticles = 810:1). The color 
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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 reference Tm values obtained in solution 

experiments. 

PNA 

(P17) 

(X=G) 

(P1S) 

(X=C) 

57 NID 

NID 56 

DNA 

NID 34 

NID NID 



(P19) 

(X=A) 

(P20) 

(X=T) 

NID = not determined 

39 NID 

51 42 

94 

73 43 

45 80 

Figure 3.46 Aggregation behaviors of gold nanoparticles in the presence of 20 pmol 

BzS(CH2)2CO-egl-T4XT4-Lys(Phos)NH2 and 40 pmol of DNA targets d~ Y ~ 

(X,Y=C,G,T,A). 

d) Towards the use of charge-labelled thiolated PNA in DNA sequence analysis 

In these assays, although the concept has been validated, there are a number of 

practical issues to be considered. In real samples, the DNA target obtained from PCR 

is more likely to be much longer than the PNA probe. It is interesting to see whether 

the high specificity could still be obtained with these longer DNAs. To test this, two 

synthetic DNA carrying a complementary (CGC GGC GT A CAA AAA AAA AGC 

A TG CCC TGG) and non-complementary (CCA GGG CAT GCT TIT TIT TIG 

TAC GCC GCG) sequences in the middle of the strands were hybridized with the 

PNA BzS(CH2)2CO-egl-T9-Lys(Phos)NH2 (P20) under the optimized conditions 
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obtained above. The results clearly showed that the same specificity was still 

observed with longer DNA targets (Figure 3.47). 

(A) (B) 

Figure 3.47 Aggregation behaviors of gold nanoparticles in the presence of 20 pmol 

BzS(CH2)2CO-egl-T9-Lys(Phos)NH2 (P20) and 40 pmol (A) complementary DNA 

and (B) single base mismatch DNA. 

Aggregation behaviors of gold nanoparticles in the presence of 10 pmol 

BzS(CH2)2CO-egl-TTCCCCXTCCCAA-Lys(Phos)NH2 (X=C,T) (p23,P24) and (A) 

complementary DNA and (B) single base mismatch DNA. 

To apply this technique to biological-relevant target sequences, a pair of 

l3base sequence corresponding to a single nucleotide polymorphism (SNP) site -

1082[G/A] in a human gene ofILIO promoter. The site is shown to be associated with 

a genetic disordered called SLE (Lupus Erythematosus)[65]. To test this, two thiolated 

PNA BzS(CH2)2CO-egl-TTCCCCCTCCCAA -Lys(Phos )NH2 (P23) and 

BzS(CH2)2CO-egl-TTCCCCTTCCCAA-Lys(Phos)NH2 (P24) were synthesized. The 

aggregation behaviours of gold nanoparticles in the presence of the PNA in the 

presence and absence of complemantary DNA targets were studied under the 

optimized conditions obtained above. Clear results were obtained even when lower 

quantities of PNA were used (l0 pmol). In both cases, the presence of complementary 

and single base mismatch DNA targets could be clearly distinguished (Figure 3.48). 



(P23) 

(X=C) 

(P24) 

(X=T) 

DNA: 
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(A) (B) 

Figure 3.48 Aggregation behaviors of gold nanopartic\es in the presence of 10 pmol 

BzS(CH2)2CO-egl-TICCCCXTCCCAA-Lys(Phos)NH2 (X=C,T) (P23,P24) and (A) 

complementary DNA and (B) single base mismatch DNA. 

Although a clear color difference was observed, the difference was not stable. 

Gradual aggregation of the complementary hybrid was observed upon prolonged 

storage. To overcome this problem, a longer DNA targets were used . This is hoped to 

stabilize the nanopartic\es further especially when the sequence of the target was 

complementary to 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 expected to 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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After 16 h of mixing 

(A) (B) 

Figure 3.49 Aggregation behaviors of gold nanoparticles in the presence of 10 pmol 

BzS(CH2hCO-egl-TTCCCCXTCCCAA-Lys(Phos)NH2 (X=C,T) (P23,P24) and (A) 

(ACGCATCCTTGGGAGGGGGAATCCATGCTA) DNA and (B) 

(ACGCATCCTTGGGAAGGGGAATCCATGCTA) DNA. 

The data strongly suggested that the hybridization between PNA·DNA 

hybridization were highly sequence-specific by observing colorimetric of gold 

nanoparticles aggregation. Although the detection of PNA·DNA hybridization 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 nanoparticles. 



CIIAPTERIV 

CONCLUSION 

In th is research. thiol-modified poiyamide nucleic acid (PNA) nonamers 

H S (CH 2)~CO-eg l-T9- LysN H ? (Pl). I IS(C H2)2CO-egl-T9-SerNI 12 (P2). and 

HS(CH2hCO-egl-T<rAspN Hi (P3 ) were synthesized by soli d phase peptide synthes is 

and wa~ directly immobilized on 20 nm go ld nanoparticles by se lf assembly 

mono l ay~ r (SA M) form ati on via S <1 \om. As characteri zed by UV /v iS-spectroscopy. 

Transmission Electron Mic roscop). and Photon Correlati on Spectroscopy. the 

pos iti vel)1 ch::l rged II S(CHcbCO-eg l-T9-Lys NHc (Pt ) caused a greater extent of go ld 

nanoparticles aggregati on than the neut ra l Il S(C l-hhCO-egl-Tq-SerNI b (P2 ) and the 

negati ve ly charged HS(CI-12bCO-eg l-Tq-A spNI1 2 (P3 ). Attempts to detect the 

hybridizati on between the nanoparticies immobili zed PNA and com plementary larget 

DNA in so lution by UV melting studies and flu orescence spectroscopy fa il ed to show 

any evidences of hybridization. 

Nevertheless. based upon the agg.regrati on behav iour 01 go ld nanoparti cles 

caused by posi ti ve ly charged thiol-modified PN A. a nove l co lorimetri c detecti on of 

hybridizati on event betwee n the PNA and DNA had been success full y deve loped. 

When thi ol-modified PNA carr) ing pos iti ve charge \\ as hybrid ized with 

complementary DNA fo ll owed by additi on of gold nanoparti cles. no visible co lor 

changes was observed. On the other hand. when the same PNA was hybridized with 

non-complementary DN A. a di stinct co lor changes from red to purple color due to the 

aggregation of the gold nanoparti cles was ev ident. The presence of the negati ve ly 

charged complementary DNA prevented aggregation of the nanopartic les induced by 

the positi vt:' ly charged thiol-modi fied PNA. The effect is more pronounced with 

longer DNA targets. The techniques have been sucessfull y used to di sc riminate 

between full match and single base mi smatch DN A targets with length in a range of 

9- 13 bases. 

From the results. it can be demonstrated that the use of PNA sequences 

modified with a permanent charge tag (phosphonium sa lt) and a benzoy l protected 

thiol are critica l to the success of the assay based on aggregation of the go ld 

nanoparticles. The optimal PNA- DNA hybridiza ti on condition obtained was PNA: 20 



99 

pmol and DNA:40 pmol with 10 mM sodium phosphate bulTer (pH 7) in total volume 

of 35 III (concentration PNA:gold nanoparticles = 810: I). 

The specificity of the technique was tested with hybridization of four model 

PNA Bz.S(CI12)2CO-egl-T4XT4-lysNH 2 or Bz.S(CH2hCO-egl-T4XT4-lys( Phos)N H2 

(X =A.T,C.G) and four DNA targets (dA4 Y A4. Y= A.T.C.G) in the presence of gold 

nanoparticles . The results showed that the only per feci match PNA-DNA sC4uences 

displayed no visible color change or the gold nanopartic\es. In all other cases. the 

color of the nanoparti cle s changed from red to purple or blue as a re sult of 

aggregation caused by thl: positively charged PNA. The same re ';ulis were obtained 

with more complex mixed base 13mL:r PNA sequences BzS(CII:,):,CO-egl­

TTCCCCCTCCCAA-lys(Phos)N II ;- (P23) and Bz.S(CH:,hCO-egl­

TrCCCCTfCCC AA-lys(Phos)NH2 (P24) at 10 pmol. 

It can be concluded that although the PNA immobilized on gold nanoparticles 

failed to shuw detectable hybridization with DNA. a combination of positively­

charged. thiol modified Vilaivan's PNA (ACPC system) and gold nanoparticles can 

be used to differentiate between complementary and single-mi smatch target DNA by 

a new concept of positive charge induced aggregation of gold nanoparticles 

discovered in this work This system should be an important prototype for 

development of a DNA biosensor which does not require labeling of the DNA in the 

future . 
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APPENDIX 



Example of data from UV analysis in Tnt experiments 

Table Al Data from UV analysis of IIS(CH2hCO-cgl-Tq-LysNH2 (1)1) & dAq at 20.0-

90.0°C 

Entry Temperature (oC) Absorbance Correct Temp.* (uC) Normalized Abs. 

1 19.9 0.1373 18.9 1.0000 

2 20.9 0.1370 19.9 0.9978 

3 21.9 0.1376 20.8 1.0017 

4 23.0 0.1376 21.9 1.0017 

5 24.0 0.1378 22.8 1.0037 

6 25.0 0.1379 23.8 1.0045 

7 26.0 0.1381 24.8 1.0055 

8 27.0 0.1386 25.8 1.0092 

9 27.9 0.1389 26.7 1.0112 

10 29.0 0.1392 27.7 1.0136 

II 29.9 0.1394 28.6 1.0154 

12 30.9 0.1398 29.6 1.0177 

13 32.0 0.1403 30.7 1.0216 

14 32.9 0.1406 31.6 1.0238 

15 34.0 0.1410 32.6 1.0266 

16 35.0 0.1414 33.6 1.0296 

17 36.0 0.1417 34.6 1.0318 

18 36.9 0.1420 35.5 1.0343 

19 37.9 0.1423 36.5 1.0364 

20 39.0 0.1427 37.5 1.0392 

21 40.0 0.1432 38.5 1.0430 

22 41.0 0.1435 39.5 1.0448 

23 41.9 0.1439 40.4 1.0479 

24 43.0 0.1442 41.4 1.0501 

25 44.0 0.1446 42.4 1.0532 

26 44.9 0.1450 43.3 1.0558 

27 46.0 0.1453 44.4 1.0581 

28 46.9 0.1458 45.3 1.0615 
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Entry Temperature (oC) Absorbance Correct Temp. * (OC) Nomlalized Abs. 

29 48.0 0.1461 46.3 1.0641 

30 48.9 0.1465 47.2 1.0666 

31 50.0 0.1469 48.3 1.0695 

32 51.0 0.1473 49.2 1.0724 

33 52.0 0.1477 50.2 1.0756 

34 52.9 0.1482 51.1 1.0794 

35 54.0 0.1487 52.2 1.0825 

36 55.0 0.1493 53.2 1.0869 

37 56.0 0.1497 54.1 1.0901 

38 56.9 0.1502 55.1 1.0940 

39 57.9 0.1509 56.0 1.0986 

40 59.0 0.1514 57.1 1.1025 

41 60.0 0.1520 58.0 1.1071 

42 61.0 0.1527 59.0 1.1122 

43 62.0 0.1534 60.0 1.1169 

44 63.0 0.1539 61.0 1.1210 

45 63.9 0.1546 61.9 1.1257 

46 65 .0 0.1553 62.9 1.1310 

47 66.0 0.1561 63.9 1.1364 

48 67.0 0.1567 64.9 1.1409 

49 68.0 0.1575 65 .9 1.1468 

50 69.0 0.1583 66.8 1.1524 

51 69.9 0.1590 67.8 1.1576 

~? 
)- 71.0 0.1598 68 .8 1.1636 

53 71.9 0.1606 69.7 1.1697 

54 73 .0 0.1614 70.8 1.1754 

55 74.0 0.1623 71.7 1.1818 

56 75 .0 0.1632 72.7 1.1886 

57 75.9 0.1641 73.6 1.1948 

58 77.0 0.1650 74.7 1.2013 

59 78.0 0.1658 75.6 1.2077 
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Entry Temperature (oC) Absorbance Correct Temp.· (C) Nonnalized Abs. 

60 79.0 0.1668 76.6 1.2143 

61 79.9 0.1676 77.6 1.2207 

62 81.0 0.1686 78.6 1.2276 

63 82.0 0.1694 79.6 1.2335 

64 83.0 0.1702 80.5 1.2397 

65 83.9 0.1710 81.5 1.2452 

66 85.0 0.1718 82.5 1.2507 

67 86.0 0.1725 83.5 1.2559 

68 87.0 0.1730 84.4 1.2601 

69 88.0 0.1736 85.4 1.2645 

70 89.0 0.1742 86.4 1.2687 

71 89.9 0.1746 87.3 1.2713 

• The equation for determining the corrected temp was obtained by measuring the actual temp 

in the cuvette using a temperature probe and plotting against the set temperature (Tbloc~) from 

20-90 uc. A linear relationship was obtained with Ta.:llIal = 0.978Tblock-0.6068 and / > 0.99 . 

(Ta': lual = Actual temperature as measured by the built-in temperature probe. Tbloc~ = 

Temperature of the heating block) 

Correct temperature and normalized absorbance are defined as follows. 

Correct Temp. 

Nonnalized Abs. 

(0.978xTblodJ - 0.6068 

In entry I: Tobs = 19.9 °C, Abs inil =0.1373. Absobs = 0.1373; 

Correct Temp. 

Correct Temp. 

Normalized Abs. 

(0.978 x TohS) - 0.6068 

(0.978x 19.9) - 0.6068 

18.9°C 

0.1373 /0.1373 

1.0000 

In entry 25; Tuhs = 44.0 °e, Absinil = 0.1373. Abs,)hs = 0.1446; 

Correct Temp. 

Correct Temp. 

(0.978xTohs) - 0.6068 

(0.978x44.0) - 0.6068 

42.4 °C 
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Normalized Abs. AbsobJ Absini' 

0.1446/0.1373 

== 1.0532 
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Figure A-I Tm curves of HS(CH 2bCO-egl-Tq-LysNI-b (Pt) with d(AAAAXAAAA) (X == T 

and A): Condition PNA:DNA == 1:1. [PNA] == I ~M, 10 111M sodium phosphate 

butTer, pH 7.0. heating rate 1.0 °Clmin. 
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Figure A-2 first-derivative normalized UV-TI1l plots between HS(CH2hCO-egl-Tq-LysNH2 

(Pt) with d(AAAAXAAAA) (X == T and A): Condition PNA:DNA == I : I, 

[PNA] == I ~M, 10 mM sodium phosphate buffer, pH 7.0. heating rate 1.0 

°C/min. 
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Figure A-3 Tn! curves of HS(CH2hCO-egl-T9-SerNH2 (P2) and HS(CH2hCO-egl-T9-

AspNH2 (P3) with d(AAAAXAAAA) (X = T and A): Condition PNA:DNA = 

1: I , [PNA] = I IlM, 10 mM sodium phosphate buffer, pH 7.0, heating rate 1.0 

°C/min. 
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Figure A-4 First-derivative normalized UV-Tm plots between HS(CH~hCO-egl-T9-SerNH 2 

(P2) and HS(CH2hCO-egl-T9-AspNH2 (P3) with d(AAAAXAAAA) (X = T and 

A): Condition PNA:DNA = I: I , [PNA] = I IlM. 10 mM sodium phosphate 

buffer, pH 7.0, heating rate 1.0 °C/min. 
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Figure A-S Tm curves of HS(CH2hCO-egI3-T9-LysNH2 (P4), HS(CH2)2CO-egls-T9-LysNH2 

(PS) with d(AAAAXAAAA) (X = T and A): Condition PNA:DNA = I : I, 

[PNA] = I flM , 10 mM sodium phosphate buffer. pH 7.0, heating rate 1.0 

°C/min. 
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Figure A-6 First-derivative normalized UV-TIl1 plots between HS(CH2)2CO-egI3-T9-LysN H2 

(P4) , HS(CH2)2CO-eg,15-T'rLysNH2 (P5) with d(AAAAXAAAA) (X = T and 

A): Condition PNA:DNA = I: 1. [PNA] = I flM , 10 mM sodium phosphate 

buffer, pH 7.0, heating rate 1.0 °C/min. 
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Figure A-7 Till curves of Lipoic-T9-LysNH2 (P8), Lipoic-egl-T9-LysNH2 (P9) with 

d(AAAAXAAAA) (X = T and A): Condition PNA:DNA = I : I , [PNA] = 111M, 

10 mM sodium phosphate butTer, pH 7.0, heating rate 1.0 °C/min. 
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Figure A-8 First-derivative normalized UV-Tm plots between Lipoic-T9-LysNH2 (P8), 

Lipoic-egl-T9-LysNH2 (P9) with d(AAAAXAAAA) (X = T and A): Condition 

PNA:DNA = I : I, [PNA] = 111M, 10 mM sodium phosphate buffer, pH 7.0, 

heating rate 1.0 °Clmin. 
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Figure A-9 Till curves of BzS(CI-hhCO-egl-T4GT4-LysNH2 (P13) with d(AAAAXAAAA) 

(X = G, C, T, and A): Condition PNA:DNA = 1: 1, [PNA] = 111M, 10 mM 

sodium phosphate buffer, pH 7.0, heating rate 1.0 °C/min . 
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Figure A-tO First-derivative normalized UV-TIll plots between BzS(CH2)~CO-egl-T4GT4-

LysNI-h (P13) with d(AAAAXAAAA) (X = G, C, T. and A): Condition 

PNA:DNA = 1: L [PNA] = 111M , 10 mM sodium phosphate butTer, pH 7.0. 

heating rate 1.0 °C/min . 
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Figure A-I I Till curves of BzS(CH2hCO-egl-T4CT4-LysNH2 (PI4) with d(AAAAXAAAA) 

(X = G. C, T , and A): Condition PNA:DNA = I: 1, [PNA] = 1 ~M, 10 mM 

sodium phosphate buffer, pH 7.0. heating rate 1.0 °C/min. 
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Figure A-12 First-derivati ve normali zed UV-TI11 plots between BzS(C H2hCO-egl-T4CT4-

LysNH2 (PI4) with d(AAAAXAAAA) (X = G, C, T, and A): Condition 

PNA:DNA = I: 1, [PNA] = 1 ~M. 10 mM sodium phosphate buffer, pH 7.0, 

heating rate 1.0 °C/min. 



115 

1.3 r------ --- .. -- .. - _.-
-+-BzS-egl-T8ALys .. dA8G 

1.25 _BzS-cgI-T8ALys -t dA8C 

1.2 -'-_B~S:.~gl:T8AJYs" dA8T 

~ 1.15 ... 
ct -... 
0 1.1 z 

1.05 

1 

0 .95 1 

20 30 40 50 60 70 80 90 

T (0C) 

Figure A-13 Tm curves of BzS(CH2hCO-egl-T4AT4-LysNH2 (PIS) with d(AAAAXAAAA) 

(X = G, C, T, and A): Condition PNA:DNA = 1: 1, [PNA] = 1 ~M , 10 mM 

sodium phosphate bufTer, pH 7.0, heating rate 1.0 DC/min. 
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Figure A-14 rirst-derivative normalized UV-Till plots between BzS(CH~hCO-egl-T4AT4-

LysNH2 (PIS) with d(AAAAXAAAA) (X = G, C. T, and A): Condition 

PNA:DNA = 1: 1, [PNA] = I ~M. 10 111M sodium phosphate buffer, pH 7.0, 

heating rate 1.0 DC/min. 
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Figure A-IS Tm curves of BzS(CH2hCO-egl-TQ-LysNH2 (P16) with d(AAAAXAAAA) (X = 

G, C, T, and A): Condition PNA:DNA = 1:1. [PNA] = 111M, 10 mM sodium 

phosphate buffer, pH 7.0, heating rate 1.0 °C/min. 
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Figure A-16 First-derivative normalized UV-TI1l plots between BzS(CH2hCO-egl-T9-LysNH 2 

(PI6) with d(AAAAXAAAA) (X = G , C. T. and A): Condition PNA:DNA = 

1: 1. [PNA] = 111M, 10 mM sodium phosphate buffer, pH 7.0. heating rate 1.0 

°C/min. 
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d(AAAAXAAAA) (X = G, C, T, and A): Condition PNA:DNA = 1: I , [PNA] = 

111M, 10 mM sodium phosphate buffer, pH 7.0, heating rate 1.0 °C/min. 
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Figure A-t8First-derivative normalized UV-TIll plots between BzS(CH~hCO-egl-T4GT.r 

Lys(Phos)NH~ (pt 7) with d(AAAAXAAAA) (X = G, C, T, and A): Condition 

PNA:DNA = I: 1, [PNA] = 111M. 10 111M sodium phosphate buffer, pH 7.0, 

heating rate 1.0 °C/min. 



1.2 

1.15 

0 

~ 
1.1 

~ .. 
0 

1.05 z 

1 

0.95 

20 

~ BzS-cgl-T8CLys(phos)i dA8G 

__ BzS-cg l-T8CLys(Phos)idA8C 

-..- BzS-cgl-T8CLys(Phos)i dA8T 

-BzS-cgl -T8CLys(Phos)id 

30 40 50 

118 

60 70 80 90 

Figure A-19 Till curves of BzS(CH2hCO-egl-T4CT4-Lys(Phos)NH2 (PI8) with 
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111M, 10 mM sodium phosphate butTer. pH 7.0. heating rate 1.0 °C/min. 
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Figure A-20 First-derivative normali zed UV-l~ll plots between BzS(CH2)2CO-egl-T4CT4-

Lys(Phos)N H2 (PI8) with d(AAAAXAAAA) (X = G, C. T, and A): Condition 

PNA:DNA = 1: 1, [PNA] = 1 ~IM , 10 mM sodium phosphate buffer, pH 7.0, 

heating rate 1.0 °C/min. 
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Figure A-21 Tm curves of BzS(CH 2hCO-egl-T4AT4-Lys(Phos)NH2 (P19) with 
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Figure A-22 f-irst-derivative normalized UV - Till plots between BzS(CH~hCO-egl-T4A T4 -

Lys(Phos)NH2 (PI9) with d(AAAAXAAAA) (X = G, C, T, and A): Condition 

PNA:DNA = I : I, [PNA] = I IlM, 10 mM sodium phosphate buffer, pH 7.0, 

heating rate 1.0 °C/min . 
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Figure A-23 TI11 curves of BzS(CH2hCO-egl-T9-Lys(Phos)NH2 (P20) with 

d(AAAAXAAAA) (X = G. C, T. and A): Condition PNA:DNA = 1: 1, [PNA] = 

111M, 10 mM sodium phosphate buffer, pH 7.0. heating rate 1.0 °Clmin. 
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Figure A-24 First-derivative normalized UV-TI11 plots between BzS(CH2hCO-egl-T9-

Lys(Phos)Nl-h (P20) with d(AAAAXAAAA) (X = G. C. T, and A): Condition 

PNA:DNA = I : I. [PNA] = I pM , 10 mM sodium phosphate buffer. pH 7.0, 

heating rate 1.0 °C/min. 
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Figure A-25 Tm curves of BzS(CH2hCO-egl-TTCCCCCTCCCAA-Lys(Phos)NH2 (P23) and 

BzS( CH2hCO-egl-TTCCCCTTCCCAA -Lys(Phos) NH2 (P24) wi th 

d(TTGGGAXGGGGAA) (X = G and A): Condition PNA:DNA = 1: 1, [PNA] = 

111M, 10 mM sodium phosphate butTer. pH 7.0, heating rate 1.0 °C/min . 
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Figure A-26 First-derivative normalized UV-TI11 plots between BzS(CH2hCO-egl­

TTCCCCCTCCC AA-Lys(Phos)NH;> (P23) and BzS(CH2hCO-egl­

TTCCCCTTCCCAA-Lys(Phos)NH;> (P24) \vith d(TTGGGAXGGGGAA) (X = 

G and A): Condition PNA:DNA = 1: 1. [PNA] = 111M, 10 mM sodium 

phosphate buffer, pH 7.0, heating rate 1.0 °C/min. 
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Figure B-1 : HPLC chromatogram of HS(C I12)~CO-eg l -Tq-LysN H2 (PI ) 
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Figure B-2 : I-IPLC chromatogram of HS(C l--b):,CO-eg l-T9-SerNH2 (P2 ) 
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Figure B-3 : HPLC chromatogram of II S(C H])]CO-egl-T9-AspNH2 (P3 ) 
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Figure B-~ : HPLC chromatogram of II S(C II ])2CO-egl}-T9-SerNH] (P-t) 
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Figure 8-5 : HPLC chromatogram or II S(CI-b)2CO-egl:i -T9-SerN H2 (P5) 
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Figure 8-6 : IIPLC chromat ogram or Ac-T9-LysN I-12 (P6) 
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Figure B-7 : 11PLC chromatogram or Ac-T9-SerN l~b (P7 ) 
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Figure B-9 : HP LC chromatogram or Lipoic-egl-T9-LysN H2 (P9) 
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Figure B- IO : IIP LC chromatogram or Li poic-egl-T9-SerN1h ( PIO) 
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Figure 8-11 : HPLC chromatogram ofONP-S(CI-hhCO-egl-T9-LysNH2 (P I2 ) 
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Figure 8-12 : IIPLC chromatogram or BzS(C I1 2 hCO-eg l - T-lGLI-LysN H ~ ( P 13 ) 
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Figure B-13 : HPLC chromatogram or BzS(C II ~hCO-eg l-T4Cr4-LysN I1 2 (Pl.:t ) 
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Figure B-14 : HPLC chromatogram of BzS(Cll chCO-egl-T-IAT-I-LysN I1 2 (PIS) 
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Figure B-15: HPLC chromatogram of BzS(CH2)2CO-egl-Tq-LysNH 2 (PI6) 

... "'-- ------------------
Figure B-16 : IIPLC chromatogram or BzS(C I-bhCO-egl-T~GT4-Lys(Phos )NI 1 2 

(P 17) 
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Figure 8-17 : HPLC chromatogram ofB zS(C H2)2CO-egl-T4CT4-Lys( Phos)N I-12 

(PI8) 
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Figure 8 - 18 : HPLC chromatogram of BzS(C J- bhCO-eg l -T4A'r4- Lys( Phos)N H ~ 

(PI9 ) 

130 

-

-



13 1 

I 

.f) '\.. ------------------------------ ---------------~ __ - -~-" ' .u; ' " -iUl -·.- .. ___ . _ - ,.. -
Figure B-19 : HPLC chromatogram o f BzS(C H2)2CO-egl-T9-Lys(Phos)NH2 (P20) 
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Figure B-20 : HPLC chromatogram o r BzS(CI h)~CO-eg l-T9- Lys(Ac)N H ~ ( P2) 
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Figure B-21 : HPLC chromatogram or Bz-egl-T9-Lys(Phos)NH2 (P22 ) 
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Figure B-22 : I-IPLC chromatogram o r BzS(CH~hCO-eg l-TTCCCCCTCCCAJ\­
Lys( Phos) NI1 2 (P23) 
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Figure B-23 : HPLC chromatogram of BzS(CI-bhCO-egl-TTCCCCTTCCCAA­

Lys(Phos)NH 2 (P2",) 
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Figure C-l : MALDI-TOF mass spectrum or HS(CH 2hCO-egl-T9-LysN H2 (PI ) 
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Figure C-2 : MALDI-TOF mass spectrum or HS(CH2)2CO-egl-T9-SerNH2 (P2) 
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Figure C-3 : MALDI-TOF mass spectrum of HS(CI-bhCO-egl-T9-AspNH2 (P3) 

:0 

" 

, 0 

§ 

1 1 
0: :coc 2~JO 

Figure C-4 : MALDI-TOF mass spectrum of HS(CI-hhCO-egb-T9-SerNH2 (P4) 
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Figure C-S : MALDI-TOF mass spectrum or II S(CH2hCO-egls-T9-SerNH2 (PS) 
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Figure C-6 : MALDl-TOF mass spectrum of Ac-T'rLysNl-b (P6) 
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Figure C-7: MALDI-TOF mass spectrum ofAc-Tg-SerNH 2 (P7) 
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Figure C-8 : MALDI-TOF mass spectrum or Lipoic-T9-LysNH2 (P8) 
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Figure C-9 : MALDI-TOF mass spec trum of Lipoic-egl-T9-LysN H2 (P9) 
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Figure C-IO : MALDI-TOF mass spectrum o f Lipoic-egl-T9-SerNH 2 (PIO) 
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Figure C-II : MALDI-TOF mass spectrum of Lipoic-egl-T9-Lys(Fluorescien)NH2 
(PI I ) 
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Figure C-12: MALDI-TOF mass spectrum ofDNP-S(CJ-bhCO-egl-T9-LysNl-h (PI2 ) 
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Figure C-13 : MALDI-TOF mass spectrum of BzS(CH2hCO-egl-T4GT-I-LysN H2 
(PI3) 
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Figure C-14: MALDI-TOF mass spectrum ofBzS(CI-hhCO-egl-T4CT4-LysNH~ 

(PI4) 
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Figure C-IS : MALDI-TOF mass spec trum ofBzS(CH~hCO-egl-T~AT~-LysNH 2 

(PIS) 
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Figure C-I6 : MALDI-TOF mass spectrum of BzS(CH2)~CO-egl-T9-LysNH 2 (PI6) 
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Figure C-17: MALDI-TOF mass spectrum of BzS(CH2hCO-egl-T4GT4-
Lys(Phos)NH2 (PI7) 
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Figure C-lS: MALDI-TOF mass spectrum of BzS(CH2hCO-egl-T4CT4-

Lys(Phos)NH2 (PIS) 
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Figure C-19 : MALDI-TOF mass spectrum of BzS(CH~hCO-egl-T.jAT4 -

Lys(Phos)NH 2 (PI9) 
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Figure C-20 : MALDI-TOF mass spectrum of BzS(C\-hhCO-egl-Tq-Lys(Phos)N\-h 
(P20) 
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Figure C-21 : MALDI-TOF mass spectrum of BzS(CI-hhCO-egl-T9-LyS(Ac)NH2 
(P2 1) 
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Figure C-22 : MALDI-TOF mass spectrum of Bz-egl-T9-LyS(Phos)NH2 (P22) 
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Figure C-23 : MALDI -TOF mass spectrum of BzS(C H2hCO-egl 
TTCCCCCTCCCAA-Lys( Phos)N H2 (P23) 
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Figure C-24 : MAL DI -TO F mass spectrum o r BzS(C I-b hCO-egl 
TTCCCCTTCCCAA-Lys(Phos)NH 2 (P24) 
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