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ABSTRACT 

“Organization of Inorganic Complexes in Supramolecular Structures based on 
Peptides and Peptide Nucleic Acids” 

 
By: Dilhara R. Jayarathna 

Advisor: Professor Catalina Achim 

The research described in this thesis shows how the properties of PNA can be 

successfully leveraged to improve the functional and structural versatility of hybrid 

inorganic nanomaterials. Specifically, the thesis describes the synthesis and 

investigation of the properties of PNA triplex-metal complex, single stranded-PNA or 

PNA duplex-gold nanocluster (AuNC), PNA duplex-colloidal quantum dot (CQD) and 

peptide-metal complex assemblies. 

PNA triplexes were characterized as a nano-scaffold to organize four- or six-

coordinate metal complexes at predefined positions in the triplex. Binding of 3d metal 

ions (Fe2+, Ni2+, Cu2+ or Zn2+) to PNA triplexes modified with 2,2’-Bipyridine (Bpy) 

or 8-Hydroxyquinoline (Q) ligands were studied. UV-melting studies proved that the 

metal complexes function as alternative base triplets or pairs in that they increase the 

thermal stability of the triplexes. The metal complexes coordinate two or three ligands 

although three bidentate ligands are in close proximity of each other within a triplex.  

The specific stoichiometry can be understood based on the stability constants of the 

metal complexes determined by simulation of UV-Vis titration data using HypSpec 

refinement program. Metal coordination to ligand-modified PNA triplexes was further 

studied by Electron Paramagnetic Resonance (EPR) spectroscopy and Circular 

Dichroism (CD) spectroscopy. The metal-containing PNA triplexes contain a chiral L-

Lysine and adopt a left-handed chiral structure in solution.  The handedness of the PNA 
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triplex determines that of the metal complexes formed with the Bpy-containing PNA 

triplexes.  

A method was developed to synthesize, purify and isolate PNA-AuNC 

conjugates bearing a known number of single stranded PNAs per AuNC. Purification 

of the PNA-AuNC conjugates was achieved by gel-electrophoresis. UV-Vis 

spectroscopic analysis quantitatively proves that the discrete gel bands correspond to 

PNA-AuNC conjugates bearing a distinct number of ss-PNA per cluster. The PNA-

AuNC conjugates were characterized by UV-melting, CD Spectroscopy and 

Fluorescence Spectroscopy. UV-melting analysis of PNA-AuNC conjugates shows that 

the AuNCs negatively affect the p-stacking of terminal nucleobases of the duplexes and 

reduce the thermal stability of the PNA duplexes. The chiral properties of AuNCs are 

highly sensitive to the PNA modifications as revealed by CD spectroscopy. 

Fluorescence emission intensity and the maximum emission wavelength of AuNCs 

increases and blue-shifts, respectively, upon PNA modification.  Scanning transmission 

electron microscopy (STEM) proved that complementary PNA strands can “glue” two 

AuNCs into AuNC dimers. 

The effect of the use of chiral g-PNA duplex as linkers that connect CQDs to 

random-shaped gold nanoislands on the extinction properties of a monolayer of CQDs 

was studied. A two-fold larger extinction enhancement in the visible spectrum was 

achieved when a monolayer of helical chiral g-PNA duplex molecules connects the 

CQDs to the gold nanoislands instead of when a monolayer of achiral molecules is used 

to connect the CQDs to the nanoislands. The increase in extinction was exploited to 

measure the differential absorption of right- and left-polarized light by the monolayer 

of chiral molecules.  
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The effect of handedness on electron transfer through self-assembled 

monolayers of chiral helical peptides was studied by electrochemistry. A difference 

between the charge transfer rate constants for oxidation and reduction processes was 

observed. This observed asymmetry was reversed for left- and right-handed helical 

peptides. The result can be explained by invoking the spontaneous magnetization that 

occurs when chiral helical peptides are self-assembled on a gold substrate and the chiral 

induced spin selectivity of the electron transfer. 
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CHAPTER I: Introduction 

Nanotechnology is an evolving field in science that has applications in biology, 

chemistry, physics, medicine and engineering.1-5 Integration of functionally different 

nanomaterials into hybrid materials that have properties different from those of the 

individual components is one of the pursuits in current research in nanotechnology.6 

The success of these hybrid nanomaterials in real life applications, for example, to build 

a molecular electronic device, depends on a combination of factors that include ease of 

synthesis, precise position control of nano components in the hybrid material, stability 

and the interplay between a variety of optical, electronic, magnetic, chiral and 

fluorescence properties of each component nanomaterial.  

The work presented in this thesis is focused on hybrid inorganic-supramolecular 

nano-materials.  More specifically, my research focused on the synthesis, 

characterization and investigation of properties of Peptide Nucleic Acid (PNA)-metal 

complex, gold nanocluster (AuNC) or colloidal quantum dot (CQDs) conjugates and 

ferrocene (Fc)-modified chiral peptides. The organization of inorganic molecules, 

including metal complexes, AuNCs and CQDs, in organic nano-scaffolds built from 

single-stranded (ss) PNAs, PNA duplexes, triplexes or peptides is relevant and 

potentially useful for the applications of the hybrid inorganic-nucleic acid materials in 

nanotechnology and molecular electronics. My research findings expand the structural 

and functional diversity of hybrid nanomaterials. 

Extensive current research focuses on the use of DNA as building block of 

nanomaterials due to its remarkable ability to self-assemble by Watson-Crick base 

pairing and/or other type of relatively weak interactions into a variety of nano-scale 1D, 

2D and 3D shapes.7 However, DNA-based nanomaterials have properties that may limit 

its real-life applications, such as an electronic structure that favors electron pairing and 
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slow charge transport over relatively short distances, limited stability under typical 

environmental conditions, and susceptibility to nuclease degradation in biological 

environment.  

PNA is an interesting molecule that could be used to overcome or reduce the 

aforementioned limitations.  PNA is a synthetic analogue of DNA that typically has a 

neutral, achiral, and acyclic pseudopeptide backbone based on N-(2-

aminoethyl)glycine (AEG).  This is in contrast to DNA that has a negatively charged, 

chiral, and cyclic sugar diphosphate backbone (Figure I.1).  PNA has C- and N- ends 

while DNA has 3’ and 5’ ends. 8-12  

 

(a) 

 

(b) 

Figure I.1: Chemical structure of (a) DNA and (b) PNA. 

 

PNA has the same nucleobases as DNA; they are attached to the pseudopeptide 

backbone by methylene carbonyl linkages. PNA can form duplexes with DNA, RNA 
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and PNA by Watson Crick base pairing. The PNA homo-duplexes or PNA-containing 

hetero-duplexes can be parallel or anti-parallel; the anti-parallel conformation is more 

stable.13-16   In the case of hetero-duplexes, if the 3’ end of the DNA or RNA 

oligonucleotide faces the N-terminal of the PNA, the duplexes are termed anti-

parallel.15   

The PNA-containing homo- and hetero-duplexes are more stable than DNA and 

RNA homo-and hetero-duplexes due to the lack of electrostatic repulsion of the single 

strand PNA with the other strands that form the duplex since the backbone of the PNA 

is neutral. The flexible nature of backbone of the PNA also contributes to the 

thermodynamic stability of the duplexes. If one considers the entropic factor, one can 

argue that a flexible backbone is not in favor for the formation of a stable nucleic acid 

duplex. However, flexible backbone of AEG PNA that has a less conformation rigidity 

has a favorable enthalpy factor to unfold and fit into the duplex structure. These 

properties underline the fact that PNA:PNA homo-duplexes or/and PNA:DNA/RNA 

hetero-duplexes have a higher specificity compared to natural nucleic acid duplexes.9, 

11-13 The exact solubility of PNA depends on its sequence. But since PNA is neutral, 

the upper limit for the solubility of PNA in aqueous environment is lower than 

milimolar concentrations; this is in contrast to DNA whose solubility in aqueous 

environment can reach as high as 10 milimolar concentrations.    

PNA homo-duplexes that have an achiral AEG backbone exist as a racemic 

mixture of left- and right-handed helices. A preferred handedness can be induced in 

PNA homo-duplexes by a chiral group situated at the end of a PNA strand, e.g. an 

amino acid such as L-lysine at the C-terminal of PNA oligomers, or in a PNA monomer, 

e.g. a g-modification in the PNA monomer backbone.14-15 X-ray diffraction or NMR 
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spectroscopy studies showed that PNA duplexes of AEG-PNA and g-PNA form P-type 

helices.16-17   

Metals can be incorporated in nucleic acid-based nanostructures in several 

ways. A major part of my thesis (Chapter II and III) is dedicated to the study of the 

incorporation of metals into PNA by two strategies. One strategy is to synthesize PNA 

monomers in which the nucleobase is replaced with an aromatic ligand (Figure I.2) that 

has higher affinity towards the metal ions than the nucleobases. The ligand-modified 

monomer is incorporated into the PNA oligomers during solid phase synthesis and 

coordinates metal ions to the single strand or to the duplex or triplex upon hybridization. 

The PNA duplexes have been modified with ligands such as 2,2’-Bipyridine (Bpy), 8-

Hydroxyquinoline (Q), Terpyridine, 1,2-Hydroxypyridone at both terminal and central 

positions and were shown to coordinate metal ions such as Ni2+, Zn2+, Cu2+ or Eu3+ to 

form metal complexes that function as metal-mediated base pairs.18-21  

The stability of the PNA duplexes that contain metal-mediated base pairs 

depends on the stability of the metal complex, the way in which the ligand is attached 

to the PNA, the steric and electronic interactions between the PNA and the metal 

complex. While the PNA duplex functions as the scaffold for the metal complexes, the 

metal complexes affect the stability of the structure and impart to it special properties 

such as electronic22-23 and luminescence.18 

My research presented in Chapter II was focused on the incorporation of metal 

complexes with three ligands that replace a base triplet in PNA triplexes. The formation 

of a triple helical nucleic acid structure was first described in 1957 by Felsenfeld and 

co-workers.24 It was determined by them that synthetic polynucleotides, polyuridylic 

acid [poly(U)] and polyadenylic acid [poly(A)] form a stable triple helical structure 

with a 2:1 ratio of poly(U) to poly(A). They also concluded that, DNA should be able 
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to form triple helical structures since the two-stranded (A+U) structure is similar to 

Watson-Crick structure for DNA, where T is present instead of U. For DNA, the 

melting of the triplex occurs in two steps, one corresponding to the breaking of 

Hoogsteen hydrogen bonds and a higher temperature step corresponding to the Watson 

Crick hydrogen bonds.25  In contrast, the melting of the three strands of PNA triplexes 

is a one step, cooperative process.26  

 

                                                 (a)                                                                     (b) 

Figure I.2: Cartoon representations of (a) self-assembly of single stranded, ligand-
modified nucleic acids to form metal-mediated base pairs at pre-defined positions in 
nucleic acid duplexes. “Reprinted from the reference27 with permission from Elsevier.” 
(b) PNA duplex that contains a metal-mediated [ML2] alternative base pair created by 
the substitution of a pair of nucleobases with a pair of ligands L with high affinity for 
the metal ion M. 

 

Actually, PNA was first designed by Buchardt, Nielsen and their collaborators 

to target a DNA duplex and form a triplex. They assumed that the single stranded PNA 

(ssPNA) would bind along the major grove of the duplex DNA to form a PNA.DNA2 

triple helix structure.28-29 Surprisingly, they observed that polypyrimidine (polyT) 

ssPNA displaces the homo-pyrimidine strand of the DNA duplex homo-purine (polyA)-

homo-pyrimidine target to form a PNA2.DNA type triplex on the polypurine strand of 

the DNA duplex. This mode of binding was attributed to the higher affinity that PNA 

has towards DNA than DNA to itself. In 1997, Buchardt, Nielsen and co-workers 

reported that it is possible for three ss-PNAs to self-assemble to form a triple helical 
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structure.26 Since then, several studies have been done on DNA.PNA hetero triplexes, 

but not much has been reported on homo PNA triplexes.29-30  

In the case of duplexes, the substitution of two complementary bases with 

aromatic ligands makes possible the formation of (pseudo) square planar complexes 

that are structurally similar to nucleobase pairs. However, the substitution of two 

complementary bases in duplexes with ligands limits the coordination numbers and 

geometries that a metal complex can have inside a duplex. When a base triplet is 

substituted with ligands in a triplex, a larger number of possibilities to form metal 

complexes exists since the coordination number of the metal complex is determined by 

both the number of binding sites per each ligand and the number of ligands 

In Chapter II, I show that metal ions can successfully be incorporated in to 

ligand-modified PNA triplexes and that the metal complexes introduce interesting 

properties to the PNA triplexes. PNA triplexes were synthesized in which the central 

base triplet was replaced with three Bpy ligands or Q ligands. The possibility for those 

ligand modifications to coordinate with metal ions, Fe2+, Ni2+, Cu2+ and Zn2+ was 

studied. UV-melting studies were performed to determine whether the metal-complexes 

formed with the ligand modified PNA triplexes function as metal-mediated base pairs 

or triplets to improve the overall stability of the triplexes. [Fe(Bpy)3]2+, [Ni(Bpy)3]2+, 

[NiQ2], [CuQ2] and [ZnQ2] complexes function as metal-based alternative base pairs 

or triplets. Spectrophotometric titrations and the analysis of the titration curves by 

HypSpec refinement program were used to determine the stoichiometry and the relative 

stability of the metal complexes. [Fe(Bpy)3]2+, [Ni(Bpy)3]2+, [Zn(Bpy)2]2+ and 

Cu(Bpy)2+ complexes form with PNA triplexes that contain three Bpy ligands situated 

in complementary positions. [NiQ2], [CuQ2], and [ZnQ2] complexes form with Q3 

PNA triplexes although three Q ligands are situated in complementary positions. 
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Circular Dichroism (CD) spectroscopy determined the effect of metal coordination to 

the ligand modifications on the chirality of the triplexes. The handedness of the PNA 

triplexes was not affected by the metal ions but in some cases, the chirality of the metal 

complexes such as [Fe(Bpy)3]2+ and [Ni(Bpy)3]2+ was determined by the chirality of 

the PNA triplex. 

In Chapter III, I describe a second strategy to introduce metals to PNA by 

synthesizing PNA oligomers with terminal thiols and covalently attaching the thiol 

modified ss-PNAs to AuNCs by Au-S bonds. In this chapter, for the first time, I show 

that AuNCs can be modified with a known number of ss-PNAs attached per AuNC and 

that these well-defined AuNC-PNA conjugates can be isolated. The long-term gold of 

the project is to use AuNCs-modified with different number of PNA strands as building 

blocks to created two- and three-dimensional hybrid-nanostructures in which AuNCs 

function as the vertices glued by PNA edges (Figure I.3).   

 

Figure I.3: Cartoon representation of 2D and 3D nanostructures in which AuNCs 
function as vertices. The complementary PNA hybridization “glues” AuNCs together. 
Based on the number of PNA strands attached to one AuNC and stoichiometric ratio 
between the initial mixing components, one can get an architecture of interest. 

+ +  2

+  3 +  4

Dimer Planar trimer

Planar tetramer 3-D pentamer

+

Networks



 8 

 

As the first step to achieve this long-term goal, we show that AuNC dimers can 

be formed using complementary PNA hybridization. 10 or 8-mer PNA oligomers with 

three glutamic acid modifications at the C-end and 3-mercapto-2,2-

bis(mercaptomethyl)propanoic acid or L-Cysteine at the N-end were synthesized. 

Water soluble [Au25(Capt)18]- clusters were synthesized by a previously reported 

method and used in this study.31 PNA-AuNC conjugates were purified and separated 

by gel-electrophoresis based on the number of strands attached per AuNC. UV-Vis 

spectroscopy was used to quantitatively prove that the distinct gel bands that appear 

during the purification of crude-PNA-AuNC conjugates by gel electrophoresis are due 

to AuNCs bearing distinct number of PNA oligomers. The properties of AuNC-PNA 

conjugates were assessed by UV-melting, CD and fluorescence spectroscopies. The 

UV-melting experiments indicate that the attachment of [Au25(Capt)18]- clusters at the 

ends of PNA duplexes decreases the stability of the duplexes from 68 oC to 58 oC. The 

chiral properties of [Au25(Capt)18]- clusters show a great sensitivity to the PNA 

attachment. The fluorescence emission intensity of [Au25(Capt)18]- clusters increases 

and blue-shifts with PNA modification. PNA assisted dimerization of [Au25(Capt)18]- 

clusters was confirmed by Scanning Transmission Electron Microscopy (STEM).  

In chapter IV, we show that a larger extinction enhancement in the visible 

spectrum can be obtained by using random Au nanoislands and a CQD monolayer when 

chiral rather than achiral molecular linkers connect the Au nanoislands and the CQDs. 

Left- or right-handed g-PNA duplexes were used in this study. (R) or (S)-g-Serine 

modifications were introduced in the PNA oligomers to induce the left or right 

handedness. We achieved a light extinction of up to 35% which is a 28-fold 

enhancement from a monolayer of CQDs coupled to Au nanoislands through chiral 
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molecules compared to a monolayer of CQDs in the absence of Au nanoislands. The 

same system enabled us to measure the circular dichroism that originates from a chiral 

monolayer. The results from this chapter may allow one to identify ways to design more 

sensitive and efficient photon detectors based on CQDs and may also offer a simple 

way to measure the circular dichroism of chiral monolayers. 

In Chapter V, the results of the study of charge transfer through Fc-modified 

opposite-handed helical peptides are presented. Helical peptides have been researched 

for a while as potential charge transport material in nano-devices.32  The peptides used 

in chapter V were modified with a Cysteamine (Cya) linker at the C-end to attach to the 

gold surface to form self-assembled monolayers. The charge transfer through left- and 

right-handed helical peptides was studied by electrochemistry and for the first time, a 

handedness-dependent asymmetry in rate constants for oxidation and reduction was 

observed. A novel model based on chiral induced spin selectivity (CISS)33 and the 

magnetization of the gold substrate is proposed to explain the observed asymmetry. The 

peptides were synthesized by solid phase peptide synthesis strategy and optimum 

peptide sequence for the study was identified based on helicity characterization by CD 

spectroscopy. Similar dipole moments obtained by contact potential differnece 

measurements proved that the handedness-dependent asymmetry of charge transfer 

through the peptides cannot be explained by an existing dipole-moment based 

argument.34 Magnetic property measurement of the self-assembled monolayers on the 

gold surface by superconducting quantum interference device proved that a 

“spontaneous magnetization” occurs when  chiral peptides modified with Fc are self-

assembled on a gold surface. This magnetization results the handedness-dependent 

asymmetry in charge transfer. 
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In summary, my thesis describes several ways to advance the structural and 

functional diversity of hybrid nanomaterials. PNA triplexes constituted from three 

mono-Bpy modified ss-PNAs were shown to act as nano-scaffolds to organize tris-

metal complexes; previous work on duplexes required two or three adjacent Bpy 

modifications in each ss-PNA strand to from a [Ni(Bpy)3]2+ complex in a PNA 

duplex.20 Chiral induction is exerted by PNA triplexes on [Ni(Bpy)3]2+ and [Fe(Bpy)3]2+ 

complexes incorporated in the PNA. The methods for the synthesis and separation of 

PNA-AuNC conjugates bearing a known number of ss-PNAs open the path to 

interesting new building blocks for nanostructures. While metal complex incorporation 

at terminal positions usually increases PNA duplex thermal stability, the attachment of 

AuNCs at terminal positions decreased the stability of the duplex by 10 oC (from 68 oC 

to 58 oC) and caused a hyperchromicity reduction from 16% to 6%. This may be due to 

steric interactions caused by the AuNC, which have ~1 nm core diameter, that 

negatively impact the p-stacking of terminal base pairs. Previous inorganic complexes 

with luminescence properties included Eu3+ and 1,2-Hydroxypyridone18 and 

[Ru(Bpy)3]2+23. I showed that the emission properties of AuNCs attached to PNA (both 

emission intensity and emission wavelength) are affected by the nucleic acid. While the 

ultra-small diameter of the Au25 NC (~1 nm) makes it very challenging for one to use 

electron microscopy to visualize the NCs, in collaborative studies we prove by STEM 

images that AuNC dimers can be made using complementary PNA strands attached to 

the AuNCs as a “smart” glue. The CQD-modified monolayers of PNA duplexes 

attached to gold nanoislands displayed enhanced extinction when compared to CQDs 

deposited directly onto gold nanoislands or linked to the nanoislands through achiral 

molecules.  This enhancement may be useful in creating a means to characterize the 

dichroism of self-assembled monolayers of chiral molecules. Asymmetric charge 
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transfer through chiral peptides of opposite handedness was observed using Fc-

modified peptides and may be caused by the chiral induced spin selectivity effect 

recently discovered by our collaborators at the Weizmann Institute. The advances in the 

synthesis of hybrid inorganic nano-scaffolds that include ss-PNAs, duplexes, triplexes 

and chiral peptides and a variety of inorganic components such as metal complexes, 

AuNCs, and CQDs expand the structural and functional diversity of hybrid nano-

materials.  
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CHAPTER II: Metal Coordination to Ligand-Modified 
Peptide Nucleic Acid Triplexes  

II.1 Introduction 

The selective self-assembly of ligand-modified nucleic acids allows the 

programmable arrangement of functional elements in nanoscale systems.1-2 In the last 

fifteen years, several research groups have developed numerous nucleic acid duplexes 

that contain a variety of transition metal-based, alternative base pairs.3-4 Given the 

planar geometry of natural nucleobase pairs as well as the contribution of p-stacking 

interactions to the stabilization of nucleic acid duplexes, square planar metal complexes 

with aromatic ligands have been the first- and are the preponderant- type of inorganic 

alternative base pairs that have been incorporated in nucleic acid duplexes. The p-

stacking interactions can manifest between the metal complexes and the adjacent bases. 

The synthesis of PNA monomers that contain ligands instead of nucleobases makes 

possible the creation of metal-mediated, alternative base pairs at specific locations in 

PNA duplexes.5-10 

However, the substitution of two complementary bases with ligands limits the 

coordination number and geometry that a metal complex can adopt inside a duplex. 

From this point of view, nucleobase substitution with ligands in triplex nucleic acid-

based structures can lead to complexes with larger coordination number and more 

diverse coordination geometries, which needs to be balanced with the degree of steric 

compatibility between the metal complex and nucleic acid structure (Figure II.1).   
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Figure II.1: Cartoon representations of a PNA duplex (left) and a triplex (right) that 
contain a metal-mediated [ML2] or [ML3] complexes. The metal complexes of different 
coordination numbers are created by the substitution of a pair or triplet of nucleobases 
in a duplex or triplex with a ligands L with high affinity for the metal ion M.  

To date, there have been two reports of metal binding to a DNA triplex modified 

with ligands. In 2002, Shionoya and collaborators reported the study of a DNA triplex 

based on 21-base adenine and 21-base thymine strands, each containing a central 

pyridine ligand.11 The triplex was formed from these strands both in the absence and 

presence of Ag+, as demonstrated by Job plots in which the absorbance at 260 nm was 

monitored. Both melting temperatures of the triplex, the lower one corresponding to 

breaking the Hoogsteen hydrogen bonds and the higher one to Watson Crick bonds, 

were higher in the presence of 4-fold excess Ag+ than in the absence of Ag+.  Based on 

this evidence, the authors concluded that Ag+ coordinates the three pyridine ligands in 

the triplex.   This report was followed in 2009 by a paper from the same group on the 

di-, tri- and tetra-oligomers, based on monomers with the same backbone as DNA but 

with 3-hydroxy-4-pyridone (H) instead of a nucleobase.12 Mass spectrometry and UV-

Vis spectroscopy studies showed that in the presence of Fe3+, the oligomers formed 

triplexes with the chemical formula [Fen(5’-Hn-3’)3] (n = 2-4) in which each Fe3+ 

coordinates three H ligands.  The triplexes adopted a chiral structure due to the presence 

Coordination
number : 
2 to 4

Coordination
number : 
3 to 6
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of chiral centers in the backbone.  Ag+ binding to CGC+ nucleobase triplets in DNA 

triplexes has been reported in several studies.13-17 

               

                                    (a)                                                        (b) 

Figure II.2: Chemical structures of AT2 (a) or CG-C+ (b) nucleobase triplet. The bases 
shown in black form Watson-Crick hydrogen bonds; the pyrimidine base in red forms 
Hoogsteen hydrogen bonds with the purine base. 

Same as DNA18, polypurine and polypyrimidine PNA strands can form 

triplexes.19 The metallo-regulation of the formation of a ligand-modified PNA/DNA 

bimolecular triplex has been studied in 2013.20  The incorporation of metal complexes 

in PNA duplexes and triplexes can broaden its potential applications to nanotechnology 

and molecular electronics.  

In this chapter, we report the study of 3d metal ion binding to PNA triplexes 

that contain triplets of 8-hydroxyquinoline (Q) or 2,2'-bipyridine (Bpy) ligands. PNA 

oligomers synthesized with Q or Bpy ligand modifications were used in this study. 

Thermal stability of ligand modified PNA triplexes, in the absence and presence of 

metal ions was characterized by UV-melting. Stoichiometry of the metal complexes 

formed with PNA triplexes was determined by UV-Vis titrations and simulation of the 

titration data by Hypspec program. Circular Dichroism(CD) spectroscopy was used to 

study the effect of metal ion incorporation on chirality of the triplexes.   
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II.2 Research Design 

A triplex formally consists of a pyrimidine triplex forming oligonucleotide 

(TFO) bound to the purine strand of a duplex through Hoogsteen or reverse-Hoogsteen 

hydrogen bonds to a purine strand to form base triplets TA-T or CG-C+ (Figure II.2).18 

An (AT2)n triplex forms at neutral pH, while a (CG-C+)n  triplex forms at acidic pH. The 

nucleic acid triplexes can have parallel or anti-parallel orientations (Figure II.3); DNA 

triplexes with a parallel structure are typically more stable than triplexes with an 

antiparallel structure.  

 

                  (a)                                                             (b) 

Figure II.3: Cartoon representations for the (a) formation of a nucleic acid triplex, 
strand orientations in a (b) parallel or (c) anti-parallel triplex. The duplex always has 
anti-parallel orientation, while the triplex can be either parallel or anti-parallel, based 
on the orientation of the TFO with respect to the purine strand. 

 

To avoid consideration of the relative strand orientation in PNA triplexes, we 

incorporated a ligand in the middle of the polypurine and polypyrimidine strands 

(Figure II.4). We synthesized 11-mer adenine and thymine strands in which the central 

unit was either a Bpy or Q ligand (Table II.1), which are termed Bpy3 PNA or Q3 PNA, 

respectively.  
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Figure II.4: Possible strand orientations in PNA triplexes. Regardless of the relative 
strand orientation, the ligands are situated in complementary positions in these 
triplexes. 
 

Table II.1: PNA sequences and MALDI data 

Abbreviation 
 
PNA sequence (N to C) 

 
MWcalc/exp 

Lys-A5-Bpy-A5 H-AAAAABpyAAAAA-LLys-NH2 3193.23/3193.48 
Lys-T5-Bpy-T5 H-TTTTTBpyTTTTT-LLys-NH2 3103.90/3103.95 
Lys-A5-Q-A5 H-AAAAAQAAAAA-LLys-NH2 3182.20/3183.22 
Lys-T5-Q-T5 H-TTTTTQTTTTT-LLys-NH2 3093.11/3094.27 

 

 

Figure II.5: A schematic representation of the research design. 
 

We decided to study the interactions of L3 PNA (Figure II.5) with Fe2+, Ni2+, 

Cu2+ and Zn2+ based on the high stability constants reported for metal complexes with 

free Bpy or Q ligands (Table II.4).21-25   
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II.3 Results and Discussion 

II.3.1 Thermal Stability of Triplexes 

UV-melting curves were measured for the Bpy3 PNA and Q3 PNA triplexes in 

the absence and presence of Fe2+, Ni2+, Cu2+ or Zn2+ (Figure II.6). The changes in 

absorbance of the triplex were monitored at 260 nm, the wavelength corresponding to 

the absorbance of the nucleobases, at 300-320 nm, and at 388-460 nm, the wavelengths 

corresponding to the coordinated ligands. Table II.2 shows the melting temperatures of 

the L3 PNA triplexes in the absence and presence of the metal ions. 

Table II.2: Melting temperature Tm (oC)a for L3 PNA triplexes in the absence and 
presence of one/threeb equivalents of metal ion per triplex. 

 Bpy3 PNA Q3 PNA 
 260 nm lML

c  260 nm lML
c 

No M2+ 51  NCd 53 NCd 
+ Fe2+ 64 65 54 NCd 
+ Ni2+ 66/66 71 65 65 
+ Cu2+ 52 55 74/74 71 
+ Zn2+ 52/53 55 58/60 61 

a Tm are known within 1 oC; b Melting curves measured in the presence of three 
equivalents of metal ion per triplex are given in Figure II.16; c lML for the complexes 
of Bpy with Fe2+, Ni2+, Cu2+ and Zn2+ were 304 nm, 315 nm, 316 nm and 315 nm 
respectively, and for the complexes of Q with Ni2+, Cu2+ and Zn2+ were 460 nm, 408 
nm and 388 nm, respectively; d NC stands for no change observed in absorbance at this 
wavelength. 
 

The unmodified triplex that contains 11 AT2 nucleobase triplets has a melting 

temperature Tm = 73 oC.  The substitution of a central triplet with three L ligands to 

form the L3 PNA triplexes causes a large destabilization of the triplex (Tm = 51-53 oC). 

The melting temperature of the Bpy3 PNA triplex increases significantly in the presence 

of Fe2+ (DTm = 13 oC) or Ni2+ (DTm = 15 oC) but is not affected by Cu2+ or Zn2+ (Table 

II.2). The thermally-induced hyperchromicity at 260 nm is lower in the presence of Fe2+ 

or Ni2+, which suggests that steric interactions after the the metal coordination to the 

Bpy ligands negatively impact the p-stacking of the nucleobase triplets. 
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(a)                                                          (b) 

    

(c)                                                       (d) 

Figure II.6: Melting curves monitored at 260 nm/lML for 5 µM Bpy3(a/b) or Q3(c/d) 
PNA solutions in the absence (solid line) and presence of one equivalent of Fe2+ (dashed 
line), Ni2+ (dotted line), Cu2+ (dotted-dashed line) or Zn2+ (double dotted-double dashed 
line). lML for each sample is given in Table II.2 foot note.   
 

The melting temperature of the Q3 PNA triplex increases significantly in the 

presence of Cu2+ (DTm = 21 oC) and Ni2+ (DTm = 12 oC) suggesting that Cu2+ and Ni2+ 

form complexes with the Q ligands that act as alternative base triplets (Figure II.6c). 

Only small changes in Tm are observed in the presence of Fe2+ and Zn2+. The 

hyperchromicity for the Q3 PNA triplex increases in the presence of Cu2+ and Ni2+, 

which suggests that the coordination of these metals to the ligands “improves” the 
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nucleobase stacking in the triplex. Figure II.6b shows the temperature dependence of 

the absorbance at the wavelength corresponding to the p-p* transitions of the 

coordinated Bpy ligand (300-320 nm).26 A similar decrease in absorbance was seen for 

metal-to-ligand charge transfer bands that appear from ~360-500 nm for metal-Q 

complexes formed in Q3 PNA (Figure II.6d). Overall, the relative increase in melting 

temperatures monitored at 260 nm indicates that Ni2+ and Fe2+ coordinate to Bpy in 

Bpy3 PNA while Ni2+ and Cu2+ coordinate to Q in Q3 PNA to form metal complexes 

that act as metal-mediated alternative bases. Cu2+ or Zn2+ and Fe2+ or Zn2+ bind weakly 

or not at all to Bpy3 PNA and Q3 PNA, respectively.  

II.3.2 Spectrophotometric Titrations 

Spectrophotometric titrations with Fe2+, Ni2+, Cu2+, or Zn2+ were carried out for 

the free Bpy ligand, the Bpy3 PNA, Q ligand and the Q3 PNA triplexes. The UV-Vis 

spectra of the Bpy ligand and the Bpy3 PNA triplex in the presence of increasing 

amounts of Fe2+, Ni2+, Cu2+, and Zn2+ and the corresponding titration curves are shown 

in Figure II.7. The absorbance band at 260 nm is caused by p-p* transitions of the 

nucleobases; its intensity changes upon addition of the metal ions. Metal coordination 

to Bpy ligand shifts the p-p* transition peaks of the ligand at 235 nm and 285 nm to 

245 nm and 295 – 330 nm(Figure II.18 a-g).26-27  Thus, the new absorption bands at 300 

– 330 nm when Bpy3 PNA is titrated with metal ions arise from p-p* transitions of 

the coordinated Bpy.  In the case of Fe2+, new MLCT bands at 485 nm and 525 nm are 

observed also.  
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                               (g)                                                             (h) 

Figure II.7: Spectrophotometric titrations of Bpy (□) and Bpy3 PNA (■) with Fe2+ (a 
and b), Ni2+ (c and d), Cu2+ (e and f) or Zn2+ (g and h). The lines through the data in 
(b), (d), (f) and (h) represent simulations of the titration curves for Bpy (dashed line) 
and Bpy3 PNA (solid line) using HypSpec program with the stability constants given 
in Table II.3. The titration curves with Fe2+, Ni2+, Cu2+ and Zn2+ were monitored at 525 
nm, 296 nm, 301 nm and 295 nm, respectively for Bpy.  For Bpy3 PNA, the titration 
curves were monitored at 304 nm, 313 nm, 315 nm and at 310 nm with Fe2+, Ni2+, Cu2+ 
and Zn2+ respectively. 
 

The UV-Vis spectrum of the Q ligand is dominated by peaks at 240 nm and 300 

nm (Figure II.18 i, k, m, o) attributed to p-p* transitions of the ligand.28 Unlike in the 

case of Bpy3 PNA, the peaks due to the Q ligand are not masked by the nucleobase 

absorption peak at 260 nm. Therefore, the Q3 PNA UV-Vis spectrum shows bands at 

248 nm, 325 nm due to the ligand electronic transitions. Figure II.18 (i, k, m, o) show 

that the Ni2+, Cu2+, Zn2+ and Fe2+ coordination to the Q ligand leads to bathochromic 

shift in the 240 nm and 300 nm peaks. Similarly, the addition of Cu2+ and Zn2+ causes 

a decrease in the intensity of the absorption bands of Q3 PNA at 248 nm and 325 nm 

decreases upon addition of Cu2+ and Zn2+. The addition of Ni2+, Cu2+, or Zn2+ causes 

the apperance of a broad metal-to-ligand charge transfer band at 350 -500 nm29-30  

(Figure II.8 a, c and e). These spectral changes establish that Cu2+, Ni2+ and Zn2+ 

coordinate to the Q ligands in the Q3 PNA triplex. On the other hand, the UV Vis 
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spectra show no evidence for the binding of Fe2+ to Q3 PNA (Figure II.8g), a conclusion 

corroborated by the finding that the melting temperature of the Q3 PNA was not 

affected by the presence of Fe2+.  
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                               (e)                                                            (f)      

 

(g) 

Figure II.8: Spectrophotometric titrations of Q (□) and Q3 PNA (■) with Ni2+ (a and 
b), Cu2+ (c and d), Zn2+ (e and f) or Fe2+ (g). The titration curves with Ni2+, Cu2+ and 
Zn2+ were monitored at 375 nm, 376 nm and 362 nm, respectively for Q.  For Q3 PNA, 
the titration curves were monitored at 460 nm, 408 nm and at 388 nm with Ni2+, Cu2+, 
and Zn2+, respectively. Insets in (c) and (e) show absorbance change for peaks in visible 
region. No change in absorbance was observed upon addition of Fe2+ to Q3 PNA.  Solid 
lines (Q3 PNA) and dashed line (Q ligand) through titration points in b, d and f are 
simulations obtained using HypSpec and the stability constants are from Table II.3. 
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Fe2+, Ni2+, Cu2+ or Zn2+ show more gradual changes in the absorbance making it 

difficult to ascertain the stoichiometry of the [M(Bpy)n]2+ complexes from titration 

curves.  

In the titration curves of Q3 PNA with Cu2+ (Figure II.8), a sharp inflection 

point is seen at [M2+]/[ssPNA] ratio of ~0.5, indicating the formation of a [CuQ2] 

complex. The change in absorbance upon addition of Ni2+ or Zn2+ to Q3 PNA is gradual, 

which makes it unable for one to assign a stoichiometry to the complex formed, based 

on an UV-Vis titration curve. 

In order to further study the stability and the stoichiometry of the complexes 

formed, we have analyzed the UV-Vis titration curves of the free Bpy and Q ligands 

and of the Bpy3 and Q3 PNA triplexes using HypSpec refinement program31-32. The 

stability constants are listed in Table II.3 and the corresponding calculated speciation 

diagrams are shown in Figure II.9.  

Table II.3: The stability constants for metal complexes formed with the free ligands or 
L3 PNA obtained from UV-Vis data using HypSpec refinement program. 
   Refinement 

condition 
log b1 log b2 log b3 

Fe2+ Bpy MES refine b3, 
ignore b1,b2 

- - 16.4±0.1 
I=0.33 - - 16.7±0.1 

Bpy3 MES - - 16.8±0.4 
Ni2+ Bpy NaPi refine b1,b3, 

ignore b2 
5.7±0.2 - 17.4±0.02 

Bpy3 refine b3, 
ignore b1,b2 

- - 15.7±0.03 
I=0.33 - - 15.6±0.01 

Cu2+ Bpy NaPi refine b1, 
ignore b2,b3 

6.4±0.01 - - 

Bpy3 refine b1, 
ignore b2,b3 

5.7±0.02 - - 

Zn2+ Bpy I=0.33 refine b1,b2, 
ignore b3 

5.2±0.02 9.7±0.02 - 

Bpy3 NaPi refine b2, 
ignore b1,b3 

- 10.4±0.3 - 

Ni2+ Q NaPi refine b2, 
ignore b1,b3 

- 11.9±0.07 - 
Q3 - 9.9±0.7 - 
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Cu2+ Q - 12.4±0.05 - 
Q3 - 13.9±0.1 - 

Zn2+ Q - 11.2±0.03 - 
Q3 - 10.2±0.04  

  

The free ligand-metal complex stability constants that we obtained by 

simulations are smaller than the reported values (Table II.3and Table II.4). We attribute 

the discrepancy to the fact that our simulated stability constants are apparent and were 

determined from UV-Vis spectrometric titrations performed under different 

experimental conditions than the ones reported in literature (Table II.4).  

The HypSpec simulation analysis of the spectroscopic titrations shows that Fe2+ 

and Ni2+ form [M(Bpy)3]2+ complexes with Bpy3 PNA triplexes, but that these 

complexes are at most as stable as the corresponding complexes formed by these metal 

ions with free Bpy.  In the triplexes, the three ligands are situated in close proximity to 

each other. Hence one could anticipate a stabilization of the [M(Bpy)3]2+ complexes 

due to the supramolecular chelate effect.  We attribute the fact that this stabilization 

does not occur due to the steric interactions between the metal complex and PNA 

triplex.  These interactions could also explain why neither Ni2+ or Fe2+ cause an increase 

in the melting temperature of the Bpy3 PNA triplex when compared to the unmodified 

triplex.  Cu2+ and Zn2+ form mono- and bis-complexes respectively, with Bpy3 PNA, 

corroborating our conclusion that the complexes of Cu2+ or Zn2+ with Bpy do not 

function as alternative metal-mediated base triplets in the Bpy3 triplexes. Although 

three Q ligands are in close proximity of each other, Ni2+, Cu2+ and Zn2+ form bis [MQ2] 

complexes with Q3 PNA. We attribute this property to the high stability of square-

planar MQ2 complexes that can efficiently p-stack with adjacent nucleobases of the 

triplex. 
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Table II.4: Conditions for literature stability constants  
Complex Stability 

constants 
Method Experimental 

conditions 
Reference 

Ni2+-Bpy log b1=6.9 
log b2=13.7 
log b3=19.6 

Indirect 
spectrophotometric 
method where Cu2+ 
is used as a 
competing metal 
ion. 

In aqueous-
alcoholic 
solution 
(EtOH,41.5% 
by wt) in the 
presence of 
KNO3 (0.1M) 
as the 
electrolyte. 

21 

Fe2+-Bpy log b1=4.21 
log b3=17.07 

Spectrophotometric 
method 

In aqueous 
solutions of I 
=0.025 in the 
presence of 
acetate and 
phthalate 
buffers at pH 
4.00.  

22 

Zn2+-Bpy log b1=5.16 
log b2=9.62 
log b3=13.36 

pH metric method In aqueous 
solutions which 
contained 
KNO3 (0.1M) 
as the 
electrolyte. 

21 

Cu2+-Bpy logb1=8.15 
logb2=13.65 
log b3=16.95 

Partition method Partition 
coefficients of 
Bpy ligand 
between buffers 
of I=0.33 and 
organic 
solvents were 
used to 
determine the 
given stability 
constants, valid 
in solution of 
0.1 M KCl or 
KNO3. 

24 

Ni2+-Q logb1=9.9 
logb2=18.7 

Potentiometric 
titration 

- 25 

Zn2+-Q logb1=8.52 
logb2=15.83 

Solubility method In aqueous 
solutions of 0.2 
M sodium 
perchlorate, 0.2 
M perchloric 
acid and 0.2 M 
sodium 

23 

Cu2+-Q logb1=12.1 
logb2=23.0 
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hydroxide of 
I=0.1M. 

 

Speciation diagrams for free ligand L and for L3 PNA in the presence of of Fe2+, 

Ni2+, Cu2+ or Zn2+ are given in Figure II.9. At parity of concentration of ligand L in 

solution, the metal complex is present in lower concentration in solutions of L3 PNA 

than in solutions of the free ligand. The relative population of the dominant [M(L)x]2+ 

complex correlates with the relative increase in the stability of the L3 PNA in the 

presence of one equivalent of metal ion per triplex, except in the case of Fe2+ and Ni2+ 

with Bpy3 PNA. It is possible that a certain fraction Fe2+ is oxidized during the melting 

and annealing cycles, resulting in lower melting temperature (64 oC for Fe2+ vs 66 oC 

for Ni2+, Table II.2) than predicted by the percentage of [Fe(Bpy)3]2+ at 1 equivalent of 

Fe2+ per triplex ratio. The relative increase in melting temperatures of Q3 PNA in the 

presence of one equivalent of Cu2+ (DTm: 21 oC, 66% CuQ2), Ni2+ (DTm: 12 oC, 53% 

NiQ2) or Zn2+ (DTm: 5 oC, 38% ZnQ2) correlates nicely with the percentage of [MQ2].  
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                                    (c)                                                             (d) 
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(g) 

0

20

40

60

80

100

0 0.5 1 1.5

%
 F

or
m

at
io

n 
re

la
tiv

e 
to

 B
py

[Cu2+]/[Bpy]

28%

0

20

40

60

80

100

0 0.2 0.4 0.6 0.8 1

%
 F

or
m

at
io

n 
re

la
tiv

e 
to

 B
py

[Zn2+]/[Bpy]

43%

0

20

40

60

80

100

0 0.2 0.4 0.6 0.8 1

%
 F

or
m

at
io

n 
re

la
tiv

e 
to

 Q

[Ni2+]/[Q]

53%

0

20

40

60

80

100

0 0.2 0.4 0.6 0.8 1

%
 F

or
m

at
io

n 
re

la
tiv

e 
to

 Q

[Cu2+]/[Q]

66%

0

20

40

60

80

100

0 0.2 0.4 0.6 0.8 1

%
 F

or
m

at
io

n 
re

la
tiv

e 
to

 Q

[Zn2+]/[Q]

38%



 31 

Figure II.9: Speciation diagrams for free Bpy/Q ligand (black lines) and Bpy3/Q3 PNA 
(blue lines) with (a) Fe2+, (b/e) Ni2+, (c/f) Cu2+ and (d/g) Zn2+ obtained using the 
stability constants from Table II.3. Solid line: [M(L)3]2+; dotted line: [M(L)2]2+; 
segment-dot line: [M(L)]2+; dashed line: free L. The vertical solid line goes through the 
0.33 [M2+]/[L] or 1 eq of M2+ per L3 triplex ratio. The percentage of the dominant 
[M(L)x]2+ complex at 0.33 [M2+]/[L] or 1 eq of M2+ per L3 triplex ratio is written on 
each figure. 

 

The formation of CuQ2 complexes in Q3 PNA is corroborated by EPR spectra 

of solutions of the Q3 PNA triplex in the presence of 0.5, 1.0, and 1.5 equivalents of 

Cu2+, which are similar to each other and indicate the formation of square planar [CuQ2] 

complexes between the Cu2+ and the triplex irrespective of the amount of Cu2+ added 

to the solution.   

                     

                                  (a)                                                             (b) 

Figure II.10: (a) EPR spectrum (black line) of a sample of 100 µM Q3 PNA triplex 
containing one eq. Cu2+ in pH 7.00 10 mM sodium phosphate buffer with 25% glycerol 
as a glassing agent. The red line represents a simulation with g values 2.048, 2.056, 
2.223 and hyperfine A values 64.98 MHz, 94.26 MHz, and 608.3MHz, respectively. 
(b) Overlap of speciation diagram calculated with logb2=13.9 (Table II.3) for Q3 PNA 
in the presence of Cu2+, with the %[CuQ2] complex (red circles) measured by 
quantitation of the EPR spectra 
 

II.3.3 Effect of Metal Coordination on Handedness of L3 PNA  

The PNA backbone is achiral. Hence the PNA triplexes adopt a preferred 

handedness only when a chiral unit is incorporated in the PNA oligomers.19, 33 The Q3 
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PNA and Bpy3 PNA triplexes contain an L-Lysine, causing them to adopt a left-handed 

helical structure as revealed by the negative features at 220 nm and 255 nm in the CD 

spectra (Figure II.11). Additionally, Bpy3 PNA and Q3 PNA triplexes, both in the 

absence and presence of metal ions, show a bisignate CD band in the presence of 

DiSC2(5) dye molecules (Figure II.12). Specifically, Bpy3 PNA shows a positive CD 

peak at 523 nm and a negative peak at 539 nm and Q3 PNA shows a positive peak at 

527 nm and a negative peak at 548 nm, regardless of the absence or presence of metal 

ions. Smith and co-workers reported that a left-handed PNA duplex exhibits bisignate 

CD peaks that are similar in peak signs and positions to those we observed for the 

triplexes.34 Therefore, the left handedness of the triplexes is confirmed by the CD 

spectra of the triplex solutions to which DiSC2(5) dye was added. The bisignate CD 

peaks obtained for triplex solutions are consistent with the binding mode in which 

dimeric units of DiSC2(5) dyes form H-aggregates in a face-to-face orientation along 

the minor grove of the triplexes.35   

With one exception, namely Bpy3 PNA in the presence of Cu2+, the CD spectra 

of the Bpy3 PNA and Q3 PNA triplexes in the presence of any of the four metal ions 

used in this study show negative peaks at 220 nm and 255 nm, indicating that the metal 

coordination does not affect the triplex left handedness. L-Lysine induces a preferred 

left handed structure in a PNA duplex36 or a triplex by hydrogen bonding interaction 

between L-Lysine- side chain and PNA backbone and adjacent nucleobases. The 

chirality is transferred along the duplex or triplex through p-stacking interaction of 

nucleobases. 
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                                       (a)                                                         (b) 

Figure II.11: CD spectra for 5 µM solutions of (a) Bpy3 PNA and (b) Q3 PNA in the 
absence (solid line) and presence of one equivalent of Fe2+ (dashed line), Ni2+ (dotted 
line), Cu2+ (dotted-dashed line) or Zn2+ (double dotted-double dashed line). 

 

 

                                         (a)                                                    (b)      

Figure II.12: CD spectra for 2 µM Bpy3 PNA solutions with DiSC2(5) dye in the 
absence (solid line) and presence of one equivalent of Ni2+ (dotted line) and Zn2+ 
(double dotted-double dashed line) (a), for 2 µM Q3 PNA solutions with DiSC2(5) dye 
in the absence (solid line) and presence of one equivalent of Cu2+ (dotted-segmented 
line) and Zn2+ (double dotted-double dashed line) (b). Concentration of the dye in the 
solution was 5 µM. Triplex solutions were prepared in pH 7.00, 10 mM sodium 
phosphate buffer and 10 % methanol. 
 

 Cu2+ forms mono-Cu(Bpy)2+ complexes with Bpy3 PNA, as evident from 

analysis of UV-Vis titration curves (Figure II.7 e, f and Table II.3). The Cu(Bpy)2+ or 

uncoordinated Bpy may protrude out from the triplexes and break the p-stacking 
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interactions among nucleobase triplets in the Bpy3 PNA. This could be the reason why 

Bpy3 PNA shows very weak or no CD activity in the presence of one equivalence of 

Cu2+. The 255 nm and 220 nm CD peak intensities of Bpy3 PNA decrease in the 

presence of Fe2+, Ni2+ or Zn2+ (Figure II.11 a), which is attributed to the octahedral or 

tetrahedral geometry of the respective metal complexes negatively impacting the p-

stacking of the nucleobase triplets in Bpy3 PNA. In contrast, the intensity of the CD 

peaks of Q3 PNA at 255 nm and 220 nm increases in the presence of Cu2+, Ni2+ or Zn2+ 

(Figure II.11 b). The increase correlates with percent [MQ2] present in solution 

estimated from the speciation diagrams (Figure II.9 e-f). [MQ2] complexes are square 

planar and thus can efficiently p-stack with adjacent nucleobases of the Q3 PNA, 

effectively transferring the left-handedness induced by the terminal L-Lys. The 

negative and positive effects by the metal complexes on p-stacking of the nucleobases 

of the triplexes are consistent with our UV-melting results.  

The most striking features in the CD spectra of Bpy3 PNA triplex in the 

presence of one equivalent of Ni2+ (~318 nm) or Fe2+ (~308 nm) are the peaks from 300 

– 330 nm. These CD signals correspond to the p-p* transitions of the coordinated Bpy 

ligands in [M(Bpy)3]2+ complexes and suggest that one enantiomer for [M(Bpy)3]2+ 

predominates inside the Bpy3 PNA triplex. A similar UV-CD feature was observed 

recently for [Ni(Bpy)3]2+ situated at the core of a 3-way DNA junction and was 

interpreted as indicative of  the L conformation of the complex.37 The Cotton effects 

seen for Ni2+ and Fe2+ tris-Bpy complexes are consistent with L-isomers of each.38-41  
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                                     (a)                                                        (b) 

Figure II.13: CD spectra for 5 µM Bpy3 PNA solutions in the presence of (a) 0, 0.5, 
0.7, 0.9 equivalents of Fe2+ and (b) 0.2, 0.4, 0.7, 0.9 and 1.0 equivalents of Ni2+. 

  

                                    (a)                                                           (b)      

Figure II.14: Concomitant increase in CD (top) and UV absorption (bottom) band 
intensities in 300-330 nm region with addition of increasing amounts of (a) Fe2+ or (b) 
Ni2+ to Bpy3 PNA.  

 

We also measured UV-Vis and CD spectra of Bpy3 PNA annealed in the 

presence of different equivalents of Fe2+ or Ni2+ per triplex. The data were used to 
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construct the titration curves given in Figure II.15. The intensity of the CD and UV-

absorption at 300-330 nm increases with the amount of metal ion added to the solution 

up to one equivalent of metal per triplex (Figure II.13 and Figure II.14). These curves 

confirm the formation of [M(Bpy)3]2+ complexes in the triplexes.  

 

                           (a)                                                                (b) 

Figure II.15: CD (■) and UV (□) titration curves monitored at 308 nm in the presence 
of (a) Fe2+ and at 318 nm in the presence of (b) Ni2+, with 5 µM Bpy3 PNA. 
 

II.4 Conclusions 

In this study, we showed that [Fe(Bpy)3]2+, [Ni(Bpy)3]2+, [Zn(Bpy)2]2+ and 

Cu(Bpy)2+ complexes form within PNA triplexes that contain three Bpy ligands 

situated in complementary positions. We also showed that [NiQ2], [CuQ2] and [ZnQ2]   

complexes form with Q3 PNA triplexes although three Q ligands are situated in 

complementary positions in each triplex. [Fe(Bpy)3]2+, [Ni(Bpy)3]2+, [NiQ2], [CuQ2] 

and [ZnQ2] act as metal-based alternative base pairs or triplets and increase the thermal 

stability of the triplexes.  The thermal melting and UV titration results suggest that the 

stabilization effect arising from the coordination bonds, which are much stronger than 

hydrogen bonds within the nucleobase triplets, is mitigated by the steric interactions 
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between the octahedral complexes and the triplexes. The handedness of the PNA 

triplexes are not affected by the metal ions and in some cases, the chirality of the metal 

complexes depends on the chirality of the PNA triplex. These findings are of value in 

the design of hybrid inorganic-nucleic acid architectures. 

II.5 Material and Methods 

II.5.1 Solid-Phase PNA Synthesis 

The Boc/Z-A and T PNA monomers were purchased from Polyorg and used 

with no further purification. The Q and Bpy PNA monomers were synthesized 

according to previously published procedures.6-7, 10 PNA oligomers were synthesized 

by solid phase Boc-protection peptide synthesis strategy.42 p-Methyl-Benzhydrylamine 

resin.HCl (1.03 meq/g, Peptides International) was used as the solid support for PNA 

synthesis. The resin was downloaded to between 0.10-0.05 meq/g by preloading with 

an L-lysine using Boc-Lys(2-Cl-Z)-OH (Fluka). Boc-Lys(2-Cl-Z)-OH was coupled on 

to the resin using 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium3-oxid hexafluorophosphate (HATU, Chem-Impex) and N,N-

Diisopropylethylamine (DIEA, Sigma Aldrich) as the coupling reagent and the base, 

respectively. N,N,Nʹ,Nʹ-Tetramethyl-O-(1H-benzotriazol-1-yl)uronium 

hexafluorophosphate (HBTU, Chem-Impex) and N,N-Dicyclohexylmethylamine 

(MDCHA, TCI America)  were used as the coupling reagent and the base for the 

couplings of Boc-PNA monomers, Q or Bpy PNA monomers. PNA oligomers were 

cleaved form the resin using m-cresol/thioanisole/TFMSA/TFA (1:1:2:6) and 

precipitated using cold diethyl ether. Purification of the PNA was done by reversed-

phase HPLC equipped with a C18 silica column on a Waters 600 controller and pump. 

Absorbance was monitored with a Waters 2996 photodiode array detector. PNA 
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oligomers were characterized by MALDI-ToF-MS on an Applied Biosystems Voyager 

biospectrometry workstation using a-cyano-4-hydroxycinnamic acid as the matrix (10 

mg/ml in water/acetonitrile, 0.1% TFA). 

PNA stock solutions were made in nano-pure water. The concentrations of the 

PNA solutions were determined by UV-vis spectroscopy at 90 oC using 8600, 13700, 

9770 and 2574 cm-1 M-1 as the extinction coefficients at 260 nm for A, T, Bpy and Q 

PNA monomers, respectively.43 The 5 µM solutions of the PNA triplexes were prepared 

in pH 7.00, 10 mM sodium phosphate (NaPi) buffer except for the solutions of the Bpy3 

PNA triplex used in the study of interactions with Fe2+, which were prepared in pH 

6.50, 10 mM 2-(N-morpholino)ethanesulfonic acid (MES) buffer. The solutions of 

PNA triplexes were annealed by cooling from 90 oC to 15 oC at a rate of 1 oC/min in a 

Varian Cary 300 spectrophotometer equipped with a programmable temperature block. 

II.5.2 Melting Curves  

Variable temperature UV-vis experiments were performed in a Varian Cary 300 

spectrophotometer equipped with a programmable temperature block in 1 cm optical-

path, quartz cells. The melting curves were recorded in the presence of one or three 

equivalents of metal ions per triplex, over a temperature range of 15-90 ℃ for both 

cooling (annealing) and heating (melting) cycles at a rate of 1 ℃/min. The samples 

were kept for 10 minutes at 90 oC before cooling and at 15 oC before heating. Samples 

that contained Fe2+ were prepared in the glove box and melting experiments were 

performed in air-tight cuvettes under nitrogen. The melting temperature was 

determined by using the first derivative plots of the thermal melting profiles (Figure 

II.17). 



 39 

 

                                   (a)                                                                  (b)        

Figure II.16: Melting curves for Bpy3 PNA (a) and Q3 PNA monitored at 260 nm in 
the presence of three equivalents of Ni2+ (dotted line), Cu2+ (dotted-dashed line) or Zn2+ 
(double dotted-double dashed line) 
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                                 (c)                                                               (d) 

Figure II.17: First derivative plots of melting curves to determine the melting 
temperatures reported in Table II.2, monitored at 260 nm (a and c) or at lML (d and e) 
for Bpy3 PNA (a and b) and Q3 PNA in the presence of one equivalent of Fe2+ (dashed 
line), Ni2+ (dotted line), Cu2+ (dotted-dashed line) or Zn2+ (double dotted-double dashed 
line).     
 

II.5.3 Spectrophotometric Titrations 

The binding of metal ions to free ligands and ligand-modified L3 PNA was 

determined by spectrophotometric titrations performed in Varian Cary 50 

spectrophotometer. First, titrations of Bpy or Q ligand were done with Fe2+, Ni2+, Cu2+ 

and Zn2+ to determine the nature of complexes formed by each ligand with the metal 

ions under our experimental conditions (Figure II.18). 
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(i)                                             (j) 
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                                     (o)                                                      (p) 

Figure II.18: Spectrophotometric titrations of Bpy ligand with Fe2+ (a and b), Ni2+ (c 
and d), Cu2+ (e and f) or Zn2+ (g and h) and of Q ligand with Fe2+ (i and j) Ni2+ (k and 
l), Cu2+ (m and n) or Zn2+ (o and p). 
 

Titrations were carried out by addition of aliquots of known volumes and 

concentrations of metal ion solutions in water to ligand or L3 PNA solutions. Titrations 

of Bpy3 PNA or Bpy with Ni2+, Cu2+ and Zn2+ were done in pH 7.0 10 mM sodium 
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Cu2+, Zn2+ and Fe2+, respectively. L3 PNA triplex concentration was 5 µM. Metal ion 

concentrations for the titrations with Bpy were 1000 µM (Ni2+), 400 µM (Cu2+), 2000 

µM (Zn2+) and 2000 µM (Fe2+) and for the titrations with Bpy3 PNA were 500 µM 

(Ni2+), 400 µM (Cu2+), 500 µM (Zn2+) and 1500 µM (Fe2+). The Bpy3 and Q3 PNA 

solutions for titrations with Fe2+ were prepared in the glove box and the titrations were 

performed using an air-tight titration set-up. Bpy ligand and Bpy3 PNA was titrated 

with Fe2+ and Ni2+, respectively, in solutions in which the ionic strength was controlled 
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titrations showed that ionic strength had no significant effect on the stability constants 

(Table II.3).  

 

                                (a)                                                            (b)           

 

                              (c)                                                               (d) 

Figure II.19: Spectrophotometric titrations of Bpy ligand with Fe2+(a and b) and Bpy3 
PNA with Ni2+(c and d) at I=0.33. Ionic strength of the solution was adjusted with KCl. 
Concentrations of Bpy, Bpy3 PNA and Ni2+ were similar to non-ionic strength 
controlled titrations. 

 

Concentration of Q ligand was 40 µM for titrations with Ni2+ (2000 µM), Cu2+ 

(500 µM) and Zn2+ (500 µM) and that was 30 µM for the titration with Fe2+ (3000 µM). 

5 µM solutions of Q3 PNA were titrated with Cu2+ (400 µM), Zn2+ (500 µM) and Fe2+ 

(1500 µM). Concentration Q3 PNA was 25 µM for the titration with Ni2+ (500 µM). 
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Both Q ligand and Q3 PNA titrations with Ni2+, Cu2+ or Zn2+ were performed in 10 mM 

pH 7.00 sodium phosphate buffer while those with Fe2+ were done in 10 mM pH 6.5 

MES buffer. 

The absorbance was corrected for the dilution using the formula 𝐴"#$$ =

𝐴&'()*$'+×
(./01/)

/
, where n is the number of metal ion additions, Vi is the volume of 

the metal ion added during each addition and V is the initial volume in the cuvette. The 

change in the absorbance (DA) was normalized using the formulas Δ𝐴.4 = 𝐴.4 −

𝐴4.464(7 and 𝑁𝑜𝑟𝑚	Δ𝐴 = Δ𝐴.4 Δ𝐴=4.(7, where 𝐴.4 is the absorbance after each 

addition ni of metal ion.  

II.5.4 HypSpec Data Simulations 

Spectrophotometric data were simulated using the refinement program 

HypSpec to obtain stability constants.31 First, we determined the number of absorbing 

species present in the system based on factor analysis. The models were chosen to 

ignore or refine log b based on how many absorbing species are present. The 

combinations of log b were altered, to ignore or refine and the initial input values of 

log b, to get the output log bs to converge. Wavelengths were chosen to include the 

maximum absorbance for each species in the solution. It is enough to measure 

absorbance at a single wavelength to calculate stability constants from absorbance data. 

However, it is better to select a few wavelengths. These wavelengths should ideally be 

selected near the maximum molar absorbance of each of the species present.31 HypSpec 

software requires use of an experimental error function. Experimental error function for 

our instrument was determined by making repeat measurement of Holmium oxide filter 

(UV/Visible region) or 100 mg/l H+/K2Cr2O7 (235-310 nm).  
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Figure II.20: UV-Vis spectra for the titration of Bpy in pH 6.50 10 mM MES buffer 
with Fe2+.   Wavelengths for which the change in absorbance was within 70% of the 
maximum change in the absorbance within the same band were used first in HypSpec 
simulations to obtain the stability constants. These wavelengths are identified by blue 
lines. The red line shows the difference between the initial and final spectra in the 
titration. 

 

First, we simulated the UV-Vis titrations of 100 µM Bpy ligand in pH 6.5 MES 

buffer in the presence of increasing amount of Fe2+ using the Hyppec software over 
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Table II.5: Stability constants obtained with two error functions and different 
wavelength ranges used in the HypSpec simulations. 

Wavelength 
range (nm) 

H+/K2Cr2O7 error function holmium oxide filter error 
function 

log b3 s log b3 s 
227-237, 245-
252, 266-279, 
294-303, 327-
370, 472-543 

16.4386±0.0183 5.6082 16.4386±0.0183 0.51989 

227-237, 245-
252, 266-279, 
294-303 

16.423±0.0179 5.1528 16.423±0.0179 0.47768 

486-488, 524-
526, 349-352, 
247-248, 233-
234  

16.4746±0.0187 1.0091 16.4746±0.0187 0.093547 

486-488, 524-
526, 349-352, 
298, 247-248, 
233-234  

16.4564±0.0182 1.8661 16.4564±0.0182 0.17299 

349-352, 247-
248, 233-234 

16.4304±0.0174 0.73572 16.4304±0.0174 0.068202 

 

It was possible get sigma close to one when the H+/K2Cr2O7 error function was 

used and wavelength range was chosen to include the absorbance range of the error 

function. H+/K2Cr2O7 error function has absorbance data up to 1.4, the typical 

absorbance limit for our titration as well. When the wavelength 298 nm at which 

absorbance was ~2, was included in the simulation, sigma increased from 1.0091 to 

1.8661 (Table II.5). The holmium oxide filter has absorbance up to 3. Detector of our 

instrument saturates around 2 absorbance units. Therefore, the H+/K2Cr2O7 error 

function was used for the simulations and the data were simulated in the wavelength 

ranges within which absorbance is less than 1.4 and fine-tuned the wavelength range to 

get sigma closest to one. In the case of PNA triplex simulations, 260 nm region was not 

used as it accounts for nucleobase absorption. Multiple trials of titrations were fitted to 

get the final log b reported here.  
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II.5.5 EPR Spectroscopy 

X-band EPR spectra were recorded on a Bruker 300 spectrometer equipped with 

an Oxford ESR-910 liquid helium cryostat.  The microwave frequency was calibrated 

with a frequency counter and the magnetic field with an NMR gaussmeter.  A 

modulation frequency of 100 kHz was used for all EPR spectra.  The quantification of 

all signals is relative to a [Cu(EDTA] spin standard.  The concentration of the standard 

was derived from an atomic absorption standard (Aldrich).  Temperature calibrations 

were performed using devices from Lake Shore Cryonics.  The spectra were recorded 

at 17 K under non-saturating power conditions. The EPR simulation software (Spin 

Count) was written by Professor Michael P. Hendrich.44 Samples containing 100 µM 

Q3 PNA triplex and 0.5, 1.0, and 1.5 eq. Cu2+ in pH 7.0 10 mM NaPi buffer with 25% 

glycerol as a glassing agent were kept at 95 °C for 10 min, then slowly cooled to room 

temperature, transferred to an EPR tube, and frozen. 

II.5.6 CD Spectroscopy 

The CD spectra were measured at 20 oC at a rate of 50 nm/min and 10 scan 

accumulation on a JASCO J-715 spectropolarimeter equipped with a thermoelectrically 

controlled, single-cell holder.  For the spectra obtained in the presence of DiSC2(5) 

dye, 10 minutes before recording the CD spectra, a dye solution prepared in pH 7.00 

10 mM NaPi buffer and 10% methanol was added to the PNA solutions such that the 

final dye concentration was 5 µM. 
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CHAPTER III: Peptide Nucleic Assisted Dimerization of 
Gold Nanoclusters  

The Scanning transmission electron microscopy (STEM) imaging and analysis 

presented in this chapter was done by Stephen House from Professor Judith C. Yang’s 

group from University of Pittsburgh.  

III.1 Introduction 

Hybrid gold nanoparticle(AuNP)-DNA systems have been synthesized for 

applications in sensing, imaging, catalysis, therapeutics, diagnostics, and drug 

delivery.1-3 Particularly, AuNP dimers have attracted attention due to their significant 

plasmonic coupling enhancement upon dimerization. A relatively straightforward 

method for the construction of AuNP dimers is the synthesis of mono-DNA-

functionalized gold nanoparticles and to use the Watson crick base pairing of 

complimentary DNA strands to bring two AuNP together.4-8 AuNP conjugates bearing 

a discrete number of oligonucleotide per particle are also useful in bio-diagnostics and 

as building blocks to construct nanostructures. 

To date, there are numerous studies on the preparation and applications of DNA-

AuNP conjugates.4-5, 9-13 The majority of the papers published on DNA conjugation to 

AuNP reported the attachment of ss-DNA bearing free thiol or disulfide groups to 

aqueous gold colloids, including nanoparticles of typically 5-250 nm. There are two 

established protocol to attach thiol-modified ss-DNA to AuNPs depending on the final 

coverage of oligonucleotides on the NP, one that produces NPs functionalized with one 

or a few of oligos, and one that produces NPs functionalized with a dense layer of many 

oligos.14 The oligonucleotide-modified NPs are typically separated from side products 

and unreacted materials by centrifugation or gel-electrophoresis. 
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In contrast to the studies of DNA-AuNPs conjugates being numerous, only a 

few reports focused on the modification of AuNPs with synthetic nucleic acid such as 

peptide nucleic acid (PNA),15-17 locked nucleic acid (LNA),18-19 and morpholino 

oligomers.20-21 The specific properties of these synthetic molecules are different from 

those of DNA; hence one can anticipate that their conjugates with AuNPs would also 

be different from those of DNA-AuNP conjugates and that these differences can be 

exploited in distinct applications.  For example, PNA has a higher affinity for DNA 

than DNA itself and, consequently, one could anticipate that PNA-AuNP conjugates 

display superior selectivity in binding to specific positions on DNA nanostructures. To 

the best of our knowledge, only three papers reported the direct conjugation of PNAs 

onto AuNPs through Au-thiol bonds.15, 22-23  The conjugation reactions have been 

carried out in sodium phosphate buffer15, 24 or pure water.22  

The charge neutrality of PNA can lead to strong, non-specific interactions 

between PNA and AuNPs, which may underscore the immediate agglomeration and 

precipitation observed when thiolated PNA is mixed with citrate stabilized AuNPs.15, 

22 This challenge in the synthesis of stable PNA-AuNPs was addressed by including 

charged amino acids and hydrophilic linkers to PNA oligomers that vary the charge 

density and the hydrophobicity of the PNA sequences.15  This strategy led to conjugates 

of citrate-stabilized AuNPs with diameter of ~13 with modified PNAs that were stable 

for short time periods. Murphy and co-workers used PNA-DNA chimeras, which carry 

a negative charge, to improve the solubility of PNA-Au NP conjugates.17  

Surfactants have also been used to improve the solubility of PNA-Au NP 

conjugates. Duy et al. used non-ionic surfactant polyoxyethylene (20) sorbitan 

monolaurate (Tween 20) to mediate the exchange between citrate anions situated on the 

surface of Au NPs and thiolated PNA. More recently, Tween 20 and 32-mercapto-
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3,6,9,12,15,18,21-heptaoxadotria-contan-1-oic acid have been used to synthesize 

highly stable PNA-AuNP conjugates.23 Anstaett et al. argued that non-selective 

aggregation of PNA-Au-NPs still occurs during the synthesis of PNA-Au NPs in the 

presence of Tween 20.  

The three studies of PNA AuNPs published to date presented evidence that 

PNAs can be bound to AuNPs and that the bound PNAs are accessible to 

complementary oligonucleotides.  They have not showed a method to synthesize 

AuNP-PNA conjugates with a specific number of PNA strands per AuNP. One part of 

our work fills this gap by introducing a method to synthesize and isolate gold-

nanocluster (AuNC) conjugates bearing a known number of PNA strands per AuNC. 

Alivisatos published a couple of papers on the kinetic control of attachment of a few 

DNA oligonucleotides onto AuNPs and the separation of the DNA-Au NPs by gel 

electrophoresis based on the number of DNAs per NP.6, 25-27  A fairly long 

oligonucleotide (>50 nucleotides) was necessary to purify the ss-DNA-AuNP 

conjugates by gel electrophoresis because shorter ss-DNA are “intrinsically bent” and 

wrap around AuNPs.28-30  

AuNCs are special types of nanoparticles that have a countable number of atoms 

(up to ~200), small core diameters  (less than ~2 nm), and a precise molecular structure 

(Figure III.1a) .31-32 Given their size, AuNCs behave as clusters of atoms or molecules 

and quantum confinement effects are manifest in their properties.  AuNCs can manifest 

HOMO-LUMO electronic transitions (Figure III.1 b and c), enhanced 

photoluminescence, chirality, and intrinsic magnetism. These properties are different 

from those of the bulk metal and of conventional nanoparticles (2-100 nm in size). 

Additionally, AuNCs have a higher biocompatibility than AuNPs.   
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(a) 

 

                            (b)                                                                          (c) 

Figure III.1: (a) Size regime to show where AuNC lie compared to the dimensions of 
molecules and AuNPs. (b) Kohn-Sham orbital energy level diagram to show the 
electronic transitions in a model [Au25(SH)18]- cluster. (b) Simulated optical absorption 
spectrum for [Au25(SH)18]- clusters. “Reprinted (adapted) with permission from the 
reference 33. Copyright (2008) American Chemical Society.” 

 

Ackerson et al. published a paper in 2005 on the successful conjugation of 19- 

or 20-residue thiolated ss-DNA onto glutathione monolayer protected clusters with ~1.2 

nm core diameter.34 They were able to successfully separate the conjugates by gel 

electrophoresis, based on the number of bound ss-DNAs per particle. The glutathione 

monolayer suppressed the direct DNA-gold interactions, which is believed to interfere 

not only with electrophoretic separation but also with the hybridization of the 

complementary strands when the DNA sequence length is <50 nucleotides. 
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In the work presented in this chapter we used [Au25(Captopril)18]- to create 

PNA-AuNC conjugates.  Au25 clusters typically have diameters of about 1 nm. The 

ultra-small size of the AuNCs and the potential PNA-induced aggregation of AuNPs 

were the main challenges in the development of a suitable conjugation protocol, a 

purification methodology, and the characterization of PNA-AuNC conjugates. PNA 

oligomers modified with a monothiol (L-Cys, SH1) or a trithiol group (3-mercapto-2,2-

bis(mercaptomethyl)propanoic acid, SH3) were used to modify AuNCs. The properties 

of PNA-AuNC conjugates were studied by UV-Vis melting, CD spectroscopy and 

Fluorescence spectroscopy. The PNA-AuNC conjugates that had one PNA/AuNC were 

used to prepare dimers of AuNCs by PNA hybridization of complementary PNAs 

attached to different AuNCs. STEM analysis was used to prove the AuNC dimerization, 

assisted by complementary PNA hybridization. AuNP dimers of particle diameters of 

5-36 nm, linked by DNA duplexes that had 11-100 base pairs have been synthesized.6, 

8 These procedures involved tedious, multistep purifications and the yield of dimer 

formation was up to 26%.7 Our method successfully makes AuNC dimers connected 

by 8 or 10-base pair PNA duplexes in a few synthetic steps with an yield of up to 45-

50%.  

 

III.2 Research Design 

We hypothesize that PNA can be particularly useful in the assembly of 

functional groups in larger nanostructures. We chose to synthesize dimers of Au 

nanoclusters bridged by PNA duplexes as a goal for the research presented in this paper.  

In this pursuit, we evaluated two steps critical for the realization of PNA’s potential as 

smart glue for nano-scale structures with inorganic components, namely: 
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(1) the synthesis and purification of gold nanoclusters bearing a discrete and known 

number of single stranded PNAs and 

(2) the ability of complementary PNA strands that carry relatively large inorganic 

groups to hybridize based on Watson Crick base pairing.  

 

We used [Au25(Capt)18]- clusters35 as the inorganic component and 8- or 10-base 

pair duplexes as a glue. The [Au25(Capt)18]- clusters were chosen because they are (1) 

soluble in water, a solvent in which PNA is also soluble, and (2) stable at temperatures 

up to 80oC, which is above the melting temperature is shown in Figure III.7 and Table 

III.3.  The 10-bp PNA1.PNA2 duplex has been used in a very large number of published 

studies, and is thus extremely well-characterized. The 8-bp PNA3.PNA3 duplex had a 

palindromic sequence. A stretch of three L-Glu amino acids was introduced at the C-

end of each PNA strand because at neutral pH it would confer a negative charge to the 

PNA, and thus reduce the chance that the PNA strands lie down on the negatively-

charged nanoclusters to which they are attached.  A monothiol (L-Cys, SH1) or a trithiol 

group (3-mercapto-2,2-bis(mercaptomethyl)propanoic acid, SH3) was introduced at the 

N-end of each PNA strand to support the formation Au-S bonds between the PNA and 

the nanoclusters. PNA sequences and MALDI data are given in Table III.1. 

Table III.1: PNA sequences and MALDI data 
Abbreviation Sequence (N to C) MWcalc/exp 

PNA 1 H-GTAGATCACT-(L-Glu)3-NH2 3113.9/3114.66 
PNA 2 H-AGTGATCTAC-(L-Glu)3-NH2 3113.9/3115.66 
PNA 3 H-CCTTAAGG-(L-Glu)3-NH2 2572.47/2571.12 

PNA 1-SH3 (HS-CH2)3-C-CO-GTAGATCACT-(L-Glu)3-NH2 3294.34/3295.99 
PNA 2-SH3 (HS-CH2)3-C-CO-AGTGATCTAC-(L-Glu)3-NH2 3294.34/3295.07 
PNA 1-SH1 H-L-Cys- GTAGATCACT-(L-Glu)3-NH2 3259.03/3258.28 
PNA 2-SH1 H-L-Cys- AGTGATCTAC -(L-Glu)3-NH2 3259.03/3259.72 
PNA 3-SH3 (HS-CH2)3-C-CO-CCTTAAGG-(L-Glu)3-NH2 2752.79/2776.57 
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We anticipated that we will be able to use gel electrophoresis to separate these 

conjugates because they and the [Au25(Capt)18]- clusters are charged (Figure III.12). 

Therefore, one can expect to get discrete bands in gels based on the number of bound 

PNAs per cluster. 

 

Figure III.2: Schematic representation of the research design 
 

III.3 Results and Discussion 

III.3.1 Purification, Isolation and Quantification of PNA-AuNC conjugates 

bearing a finite number of PNA strands per cluster 

One of our main goals for this paper is to establish a protocol to synthesize and 

isolate individual conjugates bearing a finite number of PNA per Au25 cluster, i.e: 

1xPNA - Au25, 2xPNA - Au25, 3xPNA - Au25 etc. We carried out a series of Au25-PNA 

conjugation reaction at different PNA1 SH3: Au25 ratios of 0.2 to 2.4 and studied the 

product mixtures by gel electrophoresis (Figure III.3). Lane 10 in Figure III.3 shows 

the electrophoretic behavior of AuNC only; lane 6 in Figure III.3 shows the PNA only. 

The intense low mobility band (top band) observed for all reaction mixtures that contain 
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both PNA and AuNCs is attributed to Au25-PNA aggregates.  Its intensity increases 

when the PNA1-SH3: Au25 ratio in the reaction mixtures increases.  We attribute the 

other, intermediate mobility bands to Au25-PNA conjugates with discrete numbers of 

ss-PNAs/cluster. The highest number of distinct gel bands (up to 4-PNAs per Au25) 

with the best resolution is seen for a PNA: Au25 molar ratio of 0.4 (Figure III.3 lane 2). 

The same experiment was done with mono-thiol modified PNA1-SH1 (Figure III.4) 

While PNA1-SH3 gives rise to distinct gel bands at ratios as high as 2.4, PNA1-SH1 

induced full aggregation of Au25 at ratios as low as 0.5. The molar ratio that gives rise 

to the highest number of well-resolved distinct gel bands for PNA1-SH1 – Au25 

conjugates is 0.10. At this ratio, two distinct gel bands for specific PNA1-SH1 – Au25 

conjugates and almost no unreacted PNAs or PNA-Au25 aggregates are observed. Thus, 

one can chose to carry out their PNA-AuNC conjugation reactions starting with either 

mono- or tri-thiol PNAs based on the final goal of the experiment.   

  

 

Figure III.3: The gel migration pattern for reaction products obtained from the 
incubation of Au NCs with PNA1-SH3 for 1 hour at 50oC.  The PNA1-SH3:AuNC 
ratios were 0.2, 0.4, 0.5, 0.7, 0.9, 1.3, 1.7, 2.1 and 2.4 (left to right, lanes 1-9) and AuNC 
only (lane 10) 
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Figure III.4: The gel migration pattern for reaction products obtained from the 
incubation of Au NCs with PNA1-SH1 for 1 hour at 50oC. Lanes 1-5 and 7-9, PNA1-
SH1: Au25 ratios 0.90, 0.70, 0.50, 0.40, 0.20, 0.05, 0.10, 0.15. Lane 6: AuNC only and 
Lane 10: PNA 1-SH1 only. 

 

 

Figure III.5: The gel migration pattern for scaled up reactions between PNA1-SH3 or 
PNA2-SH3 and Au25 at PNA : Au25 molar ratio 0.4. Up to six distinct gel bands are 
seen that correspond to conjugates bearing distinct number of PNAs per Au25 cluster. 
Lane 1: Au25 only, lane 2: PNA2-SH3: Au25 reaction mixture and lane 3: PNA1-SH3: 
Au25 reaction mixture. 

 

Since the beginning of the use of gel-electrophoresis to purify DNA-AuNP 

conjugates, each discrete gel band was assigned to a conjugate bearing a unique number 

of DNA strands per particle.6, 25 Ancona and co-workers used a simple UV-Vis 

absorption spectroscopy based method to verify the ratio between DNA and AuEO3 
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(EO3: methyl-terminated tri(oxyethylene) thiol, CH3(OCH2CH2)3SH) for mono-DNA-

AuEO3 conjugate extracted from gel-electrophoretic purification.36 They incubated 5’-

HS-(CH2)6-ACACACACACACACA-fluorescein-3’ with AuEO3 AuNC with a 

diameter of about 1.8±0.2 nm at DNA : AuNC molar ratio of 0.09 for 16 hours at 35 

oC. The resultant product was purified by 2% agarose gel electrophoresis. The mono-

DNA-AuEO3 conjugate was extracted from the cut gel band pieces following an 

organic-aqueous extraction method. UV-Vis absorption spectrum was recorded for the 

extracted DNA-AuEO3 conjugate. Since the e260 nm for EO3SH is known, absorbance 

at 260 nm due to conjugated DNA could be corrected for the contribution by EO3SH 

at 260 nm. Number of moles of DNA in the conjugate was calculated form the corrected 

absorbance data. Absorbance at 507 nm was used to determine the number of moles of 

AuEO3. Finally, the number of DNA strands per cluster was calculated to be 0.82±0.13.  

 We wanted to quantitatively identify the nature of the PNA-Au25 conjugates in 

each discrete gel band observed for reaction mixtures of Au25 with PNAs. We used a 

procedure similar to that used by Ancona and co-workers to determine the ratio between 

PNA and Au25 in each gel band. Figure III.6 shows the absorption spectra for PNA1-

SH3 Au25 conjugates and Table III.2 gives the average number of PNA1-SH3 : Au25 

for conjugates extracted from the  gel bands numbered 1-3 in Figure III.5 lane 2. The 

three bands contain 1 PNA1/cluster, 2 PNA1/cluster and 3 PNA1/cluster respectively.  
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Figure III.6: Absorption spectra for 1x (solid line) PNA1-SH3 – Au25 conjugate, 2x 
(dashed line) PNA1-SH3 - Au25 conjugate or 3x (dotted line) PNA1-SH3 – Au25 
conjugates in the wavelength ranges (a) 400 – 850 nm, and (b) 220 – 350 nm. 670 nm 
and 260 nm are identified by vertical lines. Each extracted conjugate was diluted with 
water to get reasonable absorbance at 670 nm (Au25 absorption) and 260 nm (PNA 
absorption). 
 

Table III.2: Average PNA1-SH3 : Au25 ratio in the conjugates from gel electrophoresis 
bands 1-3 
Gel bands Conjugate PNA : Au25 ratio 

 

 
3xPNA-Au25 

 
3.53±0.55 

 
2xPNA-Au25 

 
2.35±0.22 

 
1xPNA-Au25 

 
1.12±0.18 

 

III.3.2 Melting behavior of PNA-AuNC conjugates 

The PNA1.PNA2 duplex has a melting temperature Tm of 68oC in nanopure 

water and in 10 mM pH 7.00 NaPi buffer (Figure III.7(a) and Table III.3). The melting 

temperature is not affected by the introduction of three L-Glu residues at the C-end of 

the strands.  This finding is in agreement with previous results that showed similar Tm 

for the duplex with a C-terminal single D/L-Lysine, L-Glutamic acid, L-Alanine, L-

Phenylalanine or L-Isoleucine.37-38 The PNA3.PNA3 duplex has a melting temperature 
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of 58oC, which is lower than that of the PNA1.PNA2 duplex.  The fact that the two 

duplexes, which have similar GC content, have different Tm can be related to the 

differences in their lengths. The melting temperatures for the PNA1.PNA2 duplex 

decreased by 10 oC when Au25 nanoclusters have been attached to the PNA strands 

(Figure III.7(a) and Table III.3). 

 

 

                               (a)                                                    (b) 

Figure III.7: Melting curves (a) monitored at 260 nm for ss PNA 1 (10 µM, dotted-
dashed line), ss PNA 2 (10 µM, dashed line), PNA 1 – PNA 2 duplex (5 µM, dotted 
line), PNA 3 duplex (10 µM, double dotted-double dashed line), PNA 1-SH3 – PNA 2-
SH3 Au25 assembly (4 µM in duplex concentration, solid line) or (b) monitored at 670 
nm for same PNA 1-SH3 – PNA 2-SH3 Au25 assembly. All samples were in 10 mM, 
pH 7.00 sodium phosphate buffer. 

 

We attribute this decrease to the fact that the Au25 clusters can negatively affect 

the p-stacking of the terminal base pairs.  This explanation is supported by the fact that 

the hyperchromicity change induced by duplex melting is ~10% smaller when Au25 

NCs are attached to the strands. We have also observed a sharp sigmoidal increase in 

the absorbance at 670 nm, where AuNCs absorbs, as the temperature of a solution 

containing PNA1-SH3 and PNA2-SH3 attached to AuNCs solution was heated to 52oC 

(Figure III.7(b)), which indicates a cooperative melting of the duplexes.   
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We note that in this experiment, we used conjugates of Au25 NCs with PNA1 

and with PNA2 that have not been purified based on the number of PNA strands per 

cluster.  Hence the samples contain a mixture of Au25 clusters with different number of 

attached PNA strands.  Hence the cooperative melting can occur from multiple 

equivalent melting sites in the PNA-AuNP structures in which each pair of AuNPs may 

be linked by multiple PNA linkers, as previously noted for DNA-AuNP structures.39  

Table III.3: Melting temperatures (Tm)a for single stranded (ss) PNAs or PNA duplexes 
with no thiol modifications and for Au25-PNA assemblies. 

PNA assembly Tm (oC)b 
260 nm 670 nm 

ss PNA 1 44 - 
ss PNA 2 45 - 

PNA 1 - PNA 2 duplex 68 - 
PNA 3 duplex 59 - 

PNA 1-SH3 - PNA 2-SH3 Au25 assembly 58 52 
a Tm were determined by the first derivative plot of the melting curves and are known 
within 1oC; b Changes in absorbance with temperature were monitored at both 260 nm, 
where nucleobases absorb and at 670 nm, where the Au25 clusters absorb.  
 

III.3.3 Chiral Properties of PNA-AuNC conjugates 

The PNA1.PNA2 duplex adopts a helical structure at pH 7.00.  A preferred 

handedness can be induced in the duplex by a terminal, chiral amino acid.38 Figure III.8 

shows the CD spectra for PNA1.PNA2 duplex, [Au25(Capt)18]- clusters, Captopril 

ligand, PNA1-SH3 - Au25 conjugate, PNA2-SH3 - Au25 conjugate and PNA1-

SH3.PNA2-SH3 Au25 assembly. 
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Figure III.8: CD spectra for PNA1.PNA2 duplex (10 µM, orange), [Au25(Capt)18]- 
clusters (8 µM, black), Captopril ligand (60 µM, pink), PNA1-SH3 - Au25 conjugate (4 
µM PNA1-SH3, blue) , PNA2-SH3 - Au25 conjugate (4 µM PNA2-SH3, green) or 
PNA1-SH3-PNA2-SH3 Au25 assembly (2 µM PNA1-SH3-PNA2-SH3 duplex, red) in 
10 mM pH 7.00 sodium phosphate buffer. UV-Vis spectra for these samples are given 
in Figure III.19. 

 

PNA1-SH3- or PNA2-SH3-Au25 conjugates have identical CD spectra that are 

significantly different from the CD spectra for [Au25(Capt)18]-. The CD spectrum for 

[Au25(Capt)18]- clusters shows two positive peaks 275 nm, 480 nm and two negative 

peaks ~ 310 nm and 430 nm, which is in agreement with previously published results.35 

These CD features correspond to metal-based electronic transitions that manifest in the 

CD due to the chiral induction effect exerted by chiral captopril ligands on the metal 

core. We observed another positive peak at 235 nm and a negative peak at 208 nm. The 

peak at 208 nm is attributed to the chiral captopril ligands.40  The substitution of 

captopril ligand/s by PNA1-SH3 or PNA2-SH3 significantly enhances the intensity of 

the positive peak at 235 nm for [Au25(Capt)18]-. New CD positive features are observed 

at 260 nm, 295 nm and ~ 460 nm  for Au25 conjugates with single stranded PNA1-SH3 

and PNA2-SH3. The positive peaks observed for [Au25(Capt)18]- clusters at 275 nm, at 

580 nm and negative peaks at 325 nm and 430 nm disappear.  

A sample prepared by annealing 1:1 mixture of PNA1-SH3-Au25 conjugate and 

PNA2-SH3-Au25, which we call as PNA1-SH3-PNA2-SH3 Au25 assembly, shows CD 
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features different from those of spectra for [Au25(Capt)18]- clusters and for Au25 

conjugates with single stranded PNAs. Note that the PNA1/2 SH3-Au25 conjugates used 

to prepare these samples were not separated based on the number of PNA 

strands/cluster. Therefore, the PNA1-SH3-PNA2-SH3 Au25 sample is likely to contain 

a mixture of dimers, trimers, tetramers or even extended networks duplexes that form 

during the annealing process between Au25 conjugates with a variable number of PNAs. 

Specifically, a negative peak is observed at 260 nm and a small positive peak is 

observed at 270 nm; these features are due to p – p* transitions of the nucleobases and 

are indicative of a left-handed PNA duplex.38 The fact that the strong positive peak seen 

at 235 nm in both PNA1-SH3/ PNA2-SH3 Au25 conjugates disappears and that a 

negative peak appears at 260 nm in PNA1-SH3-PNA2-SH3 Au25 assembly clearly 

indicates that the Au25 clusters are brought together into dimers bridged by PNA1- 

PNA2 duplexes.   The peak intensity for the negative 260 nm feature observed for the 

non-modified PNA duplex and the Au25-modified duplex is the same although the 

duplex concentration in the two samples is different, namely 10 µM and 2 µM, 

respectively. This suggests that the Au25 nanoclusters amplify the CD peak due to 

nucleobase absorption of the duplexes to which they are linked. Two positive peaks at 

288 nm, 330 nm, a broad peak centered ~ 500 nm and a negative peak at 380 nm are 

also observed in the spectrum of the PNA1-SH3-PNA2-SH3 Au25 assembly. The CD 

features of [Au25(Capt)18]- clusters continue to change from ss-PNA modification to 

complementary PNA assisted assembly formation of Au25 clusters. These observations 

show that the chirality of Au25 clusters are very sensitive to fine changes in the nature 

of the surface ligands.41 
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III.3.4 STEM analysis of AuNC dimerization 

Scanning transmission electron microscopy (STEM) was employed to confirm 

the AuNC size as well as to determine the degree of pair self-assembly in each sample. 

Example images of the PNA-functionalized AuNCs are shown in Figure III.9 along 

with their size histograms. The particle size distributions were slightly lognormal (right 

skew), with means and standard deviations of 1.04 ± 0.12 nm and 1.07 ± 0.10 nm for 

the annealed PNA1-SH3+PNA2-SH3 and annealed PNA3-SH3 specimens, 

respectively. The corresponding lognormal quantile plots are included in Figure III.21. 

 

Figure III.9: Example HAADF-STEM micrographs (a,b) and corresponding particle 
size histograms (c,d) from the annealed PNA1-SH3+PNA2-SH3 (a,c) and annealed 
PNA3-SH3 (b,d) specimens. 
 

The presence and degree of self-assembly of the PNA-functionalized AuNCs was 
was characterized by examining the nearest neighbor (nn) distances. Because each 
AuNC should only have a single PNA attached to it, self-assembly into AuNC 
would be expected. The pairing up on AuNCs in this manner should most strongly 
a deviation in the first nn distances. Deviations in higher-order nn distances as 
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the radial distribution function would also occur but not manifest as clear a 
Only images from regions of the specimens without the presence of additional 
that would impact the spatial distribution were selected for analysis. Examples of 
factors include edges of the lacy carbon “holes,” “coffee ring”-like drying artifacts, 
support imperfections. Roughly ten images were analyzed for each specimen, with 
populations of ~1000-18000 particles measured (Table III.6). A typical image from 
each of these datasets is included in  

Figure III.10 (a)-(e). 

In conventional nn analysis, the “random” distribution used for comparison is 

typically assumed to be of a given form, such as a Poisson. This, is not an ideal 

approach, however, as it does not take into account the impact that differences in 

images’ spatial densities of AuNCs and the finite dimensions of the micrograph have 

on the resulting distribution. For this study, a program was composed that takes into 

account these aspects to produce more accurate “random” distributions that are tailored 

to reflect the details of each experimental dataset. This same program was also used to 

perform the analysis herein applied to both the experimental and simulated datasets. 

These distributions thus more accurately represent what would be expected if the 

AuNCs were truly randomly distributed, providing a more robust and meaningful 

comparison.  
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Figure III.10: Example HAADF-STEM micrographs (a-e), experimental and 
simulated-random nn distance distributions (f-j), and center-to-center nn distributions 
where the simulated-random distribution has been scaled to the non-spike regions of 
the experimental (k-o) for each of the five samples examined. The simulated-random 
distributions are in red, while the experimental are overlaid in semi-transparent blue. 
The dashed lines correspond to the theoretical max-extension distance assuming fully 
bonded PNA chains for the given sample. In (k-o), the x-axes for each plot have been 
set to the same range for ease of visual comparison. 



 70 

 

The first nn distributions from the experimental and simulated random datasets 
for each specimen are shown in  

Figure III.10 (f)-(j). The distances analyzed are the center-to-center distances of 

each AuNC. The vertical dashed lines correspond to the theoretical distance between 

the centers of two mean-sized AuNCs whose PNA bases have 1:1 bonded to each other 

and are stretched to max extension: ~3.7 nm for the specimens from the system 

composed of two different PNA chains ( 

Figure III.10 (f)-(h)) and ~3.1 nm for the specimens from the system with a 

single self-complimentary PNA chain ( 

Figure III.10 (i),(j)). The shallowness and extent of the PNA 1-SH3 sample is 

due to the significantly lower spatial density of the AuNCs in the specimen. As can be 

seen, however, the corresponding simulation takes this into account, highlighting the 

importance and value of that approach.  

In all cases the experimental exhibits significant deviation from random 

behavior in the form of a spike towards the beginning of the distribution. The bins 

spanned by the spike as well as the most populated bin are listed in Table III.4. The 

positions of these spikes are also in good agreement with the distances that would be 

expected of particles dimerizing through interaction of the PNA chains, centered 

roughly around the max-extension distance. This is clear evidence of self-assembly into 

dimers. The spikes are a few bins wide, extending out in both directions from this point. 

The portion of the spike below the max-extension bin likely corresponds to AuNCs 

whose PNA chains have bonded but are not stretched out straight. The portion of the 

spike above the max-extension bin likely corresponds to AuNCs whose PNA chains 

have partially bonded or are otherwise entangled. This agrees well with the shapes and 

positions of the spikes, e.g., self-complementary binding of the 2nd and 3rd bases from 
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the end in PNA2-SH3 (AT to TA) corresponds to a ~5.5 nm distance, which is indeed 

the most populous bin in the PNA2 distribution. The sharp drop-offs on the right-hand 

sides of the spikes are also consistent with this interpretation, as beyond a certain 

distance – 2×(NP radius + PNA chain length) – the AuNCs are too far away for any 

portion of the PNA chains to reach each other. The sigmoidal shape melting curves with 

a melting transition at ~ 45oC (Figure III.7 and Table III.3) also suggest that the ss-

PNA1-SH3 and ss-PNA2-SH3 form secondary structures due their self-complementary 

nature. 

The degree of AuNCs pairing in each specimen was quantified by calculating the 
the portion of the distribution that could not be accounted for by randomly 
particles. The fitted scaling factors and fraction of dimerized AuNCs are listed in 
III.4. The first nn distributions with scaled random distributions are shown in  

Figure III.10 (k)-(o). 

Table III.4: Summary of AuNC pairing behavior from nn distributions. Spike Span is 
the distance range spanned by the non-random spike. Highest Bin is the bin with the 
largest population. The scaling factor yielding the best fit to the non-spike regions of 
each nn distribution and the resulting calculated of % of AuNCs exhibiting non-random 
pairing are listed in the last two columns. 
Specimen* Spike Span 

(nm) 
Highest Bin 

(nm) 
Scaling 
Factor 

% Non-random 

PNA1-SH3 
unannealed 

2-7 5-6 0.861 11.1 

PNA2-SH3 
unannealed 

2-7 5-6 0.713 26.3 

PNA1-SH3+PNA2-
SH3 annealed 

2-6 3-4 0.681 28.5 

PNA3-SH3 
unannealed 

2-6 3-4 0.647 32.2 

PNA3-SH3 
Annealed 

2-6 3-4 0.566 44.1 

PNA3-SH3 
Annealed (2 M×) 

1.5-4.5 2.5-3 0.539 47.3 

*unannealed means as extracted 1xPNA-AuNC conjugates from gels, desalted, 
lyophilized and dissolved in water. 1xPNA-AuNC conjugates modified with 
complementary PNA (PNA1-SH3 and PNA2-SH3 or self-complementary PNA3-SH3) 
were extracted from the gels, desalted, lyophilized and dissolved in water and then 
mixed and warmed to 80 oC in a heating block and slowly cooled to room temperature 
to obtain the annealed samples 
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In the two PNA system, the PNA2-SH3 and mixed specimen exhibited similar 

overall degrees of pairing, but the other features indicate a difference in the nature of 

the pairing. The sharper spike of the mixed specimen suggests a more uniform pairing, 

while the shift in the dominant bin from 5-6 nm down to 3-4 nm is consistent with 

dimers predominantly of the PNA1-SH1+PNA2-SH3 type rather than the self-

complementary partial-bonding that the PNA2-SH3 specimen is limited to. The height 

of the 5-6 nm bin, however indicates that dimerization due to partial binding was still 

present. In the one PNA system (PNA3-SH3), annealing not only increased the amount 

of pairing by ~38%, but also significantly enhanced the uniformity of the dimerization, 

as evidenced by the much sharper spike and increased relative height of the 3-4 nm bin 

(corresponding to fully bonded max-extension). As in the previous system, some 

partial-binding or entanglement still remained.  

An additional dataset was acquired from the annealed specimen, this time at a 

higher magnification (2 M×) to obtain a finer spatial resolution. An example 

micrograph and the corresponding full and scaled nn distributions are shown in Figure 

III.11, with the distribution analysis included in Table III.5. The results are consistent 

with 500 k× dataset, confirming the validity of using those magnifications as well as 

the success of dimerization. The spike is both narrower as well as more strongly 

centered around the fully bonded max-extension distance, indicating the dimerization 

was substantial (nearly half) and quite uniform. 
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Figure III.11: Example HAADF-STEM micrograph (a), experimental and simulated-
random center-to-center nn distance distribution (b), and nn distributions where the 
random distribution was scaled to the non-spike regions of the experimental (c) for the 
annealed PNA3-SH3 specimen at 2 M× magnification. The simulated-random 
distributions are in red, while the experimental are overlaid in semi-transparent blue. 
 

III.4 Conclusions 

Binding of thiol modified PNA oligomers to AuNCs is a statistical process. The 

number of ss-PNAs that attaches per cluster depends on the molar ratio between PNA 

and AuNC in the reaction mixture and the type of thiol modification on PNA. Gel 

electrophoresis successfully separates PNA-AuNC conjugates based on the number of 

PNA strands attached per each cluster. A simple UV-Vis spectroscopy based method 

was developed to quantitatively prove that the distinct gel bands that appear during gel 

electrophoresis are due to AuNC-PNA conjugates bearing a specific number of PNA 

strands.  

The stability of PNA duplexes decreases from 68 oC to 58 oC accompanied by 

a 16% to 6% hyperchromicity reduction upon AuNC modifications at the ends of the 

duplexes. Fluorescence emission intensity of AuNC increased when they were 

modified with PNA. Increments that varied from 1.9±0.3 to 6.7±0.8 were achieved 

based on the number of PNA strands that were attached per AuNC. The fluorescence 

emission intensity enhancements were accompanied with a 11-24 nm blue shift in 
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emission maximum wavelength.  The chiral properties of AuNC dramatically changed 

with PNA modifications.  

AuNC-PNA conjugates that had one PNA strand attached per cluster were used 

to make AuNC dimers. STEM image analysis proved the complementary mono-PNA 

modification can glue two AuNCs together to form AuNC dimers, with dimerization 

yields as high as 45-50%.  

III.5 Material and Methods 

III.5.1 Synthesis of 3-(tritylthio)-2,2-bis(tritylthio)methyl) propanoic acid. 

Step 1: Oxidation of tris(bromomethyl)ethanol to tris(bromomethyl)acetic acid.  

 

The procedure from Shimizu et. al.42 was modified in two ways to synthesize to 

tris(bromomethyl)acetic acid. First, the reaction mixture was allowed to stir at 65 oC 

overnight, instead of monitoring the completion of reaction by HPLC after 1 hour of 

stirring. Secondly, instead of aging the slurry after adding water for 3 hours and further 

stirring at 5 oC for 1 hour, the reaction mixture was scratched and kept in the fridge for 

3 hours to maximize the yield. A few specs of NaNO2 was dissolved in 68% nitric acid 

(2.34 ml, 25.2 mmol) and the mixture was heated to 65 oC. Solid 

tris(bromomethyl)ethanol (1; 1g, 3.1 mmol) was dissolved in acetic acid (1 ml) and 

10% of this solution was added to nitric acid solution at 65 oC. The reaction mixture 

was stirred for half an hour. Then, the remaining alcohol was added slowly over about 

2 hours. Evolution of brow fumes became intense upon addition of the alcohol. It was 

continued to stir overnight at 65 oC. Then, it was cooled to 32 oC and stirred for an hour 
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at the same temperature. After that, the reaction mixture was withdrawn from the 

reaction flask and cold-water (2.7 ml) was added to it. A milky solution was obtained 

and it was scratched to yield a white solid. The mixture was kept in the fridge for three 

hours to maximize the precipitation. The white crystalline solid was filtered and washed 

with cold water (isolation yield 63 %). H1NMR (300 MHz, CDCl3) d 3.78 (s, 6H).  

 

Step 2: Synthesis of 3-(tritylthio)-2,2-bis(tritylthio)methyl)propanoic acid. 

 

For the synthesis of 3-(tritylthio)-2,2-bis(tritylthio)methyl)propanoic acid from 

tris(bromomethyl)acetic acid, the procedure from Gasser and co-workers24 was used 

with no major modification, except the extended reaction time. Triphenylmethanethiol 

(TCI America: 432 mg, 1.56 mmol) was slowly added to a cooled suspension of NaH 

(100 mg, 2.35 mmol) in dry THF (10 ml). After 15 min, tris(bromomethyl)acetic acid 

(150 mg, 0.39 mmol) was added. The mixture was heated to 50 ℃ and stirred at that 

temperature for 68 hours. The reaction was quenched with water. CH2Cl2(20 ml) and 

HCl (1M, 8 ml) were added. The layers were separated and the aqueous layer was 

washed with CH2Cl2(3×20 ml). The combined organic layers were washed with brine, 

dried (NaSO4), filtered and concentrated. The crude was purified by column 

chromatography (hexanes/ethyl acetate 100% to 80%) to obtain pure 3-(tritylthio)-2,2-

bis(tritylthio)methyl)propanoic acid as an off-white crystalline solid (isolation yield 

40%).  H1NMR (300 MHz, CDCl3 d 7.43-7.34 (m, 18 H), 7.24-7.12 (m, 27 H), 2.29 (S, 
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6H). m/z calc for [M-H]- 923.3 and m/z exp for [M-H]- 922.8, for 2[M-H]- 1848.1 and 

for 2[M-H]-Na+ 1870.4. 

III.5.2 Solid Phase PNA Synthesis 

PNA oligomers were synthesized by solid phase Boc-protection peptide 

synthesis strategy as decribed in Cahpter II, except for the differences that are presented 

herein.43 The p-Methyl-Benzhydrylamine resin.HCl (1.03 meq/g, Peptides 

International) resin was downloaded to approximately 0.10 meq/g by preloading with 

a L-glutamic acid using Boc-L-Glu-(OBzl)-OH (Anaspec). Boc-L-Glu-(OBzl)-OH or 

N-Fmoc-S-trityl-LCysteine (AK Scientific) was coupled on to the resin and/or on to the 

growing PNA chain using 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-

b]pyridinium 3-oxid hexafluorophosphate (HATU from Chem-Impex) and N,N-

Diisopropylethylamine (DIEA from Sigma Aldrich) as the coupling reagent and the 

base, respectively. 3-(tritylthio)-2,2-bis(tritylthio)methyl)propanoic acid was coupled 

using 6-Chloro-Benzotriazole-1-yl-oxy-tris-Pyrrolidino- Phosphonium 

Hexafluorophosphate (Pyclock from Peptides International) as the coupling reagent and 

DIEA as the base. L-Cysteine modified PNAs were capped with Acetic Anhydride 

(Sigma Aldrich) prior to cleavage from the resin. PNA oligomers were cleaved form 

the resin using m-cresol (Sigma Aldrich) /thioanisole (Alfa Aeser) /TFMSA (Alfa 

Aeser) /TFA (EMD Milipore) (1:1:2:6) and two drops of immobilized (tris(2-

carboxyethyl)phosphine) disulfide reducing resin (Thermo Scientific). Purification of 

the PNA was achieved by reversed-phase high pressure liquid chromatography 

(HPLC). (tris(2-carboxyethyl)phosphine).HCl (Chem-Impex) was added to crude PNA 

solutions prior to the injection in to HPLC. Molecular weights of purified PNA 

oligomers were determined by MALDI-ToF mass spectroscopy on an Applied 
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Biosystems Voyager biospectrometry workstation using 2,5-Dihydroxybenzoic acid as 

the matrix (10mg/ml in 1:1 acetonitrile: 0.1% trimethylamine in water).  

III.5.3 Synthesis and Polyacrylamide gel electrophoretic purification of the 

[Au25(Capt)18]- clusters 

[Au25(Capt)18]- clusters were synthesized following a published procedure.44 

The clusters were purified by Polyacrylamide gel electrophoretic purification. The gel 

was prepared with 15 % acrylamide and 3.3 % bis-acrylamide concentrations 

(15T/3.3C). The crude [Au25(Capt)18]- was loaded on to the wells at a concentration of 

9 mg/ml in water and 200 µl per well. The gel was run in 0.5x TBE buffer (44.4 mM 

Tris, 44.4 mM Boric acid, 1 mM EDTA) at 4 W for 3 hours. Each gel band was crushed 

and subjected to electroelution at 200 V in 0.5x TBE buffer for 3 hours to efficiently 

recover the purified [Au25(Capt)18]- from the gel slabs. Aliquots of solutions were 

withdrawn every half an hour form the electroelution chambers to maximize the 

recovery yield of pure [Au25(Capt)18]- clusters. The electroeluted, purified 

[Au25(Capt)18]- clusters were concentrated and desalted on 3 kDa molecular weight cut-

off filters. The concentrated ultra-pure [Au25(Capt)18]- cluster solution was lyophilized 

to obtain a dark brown, shiny powder. The molar concentration of the purified 

[Au25(Capt)18]- clusters was determined by using e670nm= 8800 M-1 cm-1. 
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Figure III.12: Gel photograph for purification of [Au25(Capt)18]- clusters. Right lane 
contains Bromophenol blue and Xylene cyanol, which function as a marker to monitor 
the gel running. 

 

(a) 

 

                                           (b)                                                   (c) 

Figure III.13: Absorption spectra for (a) band 1 (pure [Au25(Capt)18]- ), (b) band 2 and 
(c) band 3. Band 2 and band 3 are impurities, bigger clusters. 
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                               (a)                                                           (b) 

Figure III.14: STEM (a) image and (b) size distribution of purified [Au25(Capt)18]- 
clusters 
 

III.5.4 Synthesis, PAGE purification and Isolation of PNA-AuNC conjugates 

The protocol for synthesis and purification of PNA-AuNC conjugations was 

developed, following a procedure published by Kornberg et. al.34 Their protocol 

explains the synthesis and PAGE purification of 19- or 20-mer mono-thiolated DNAs 

conjugated on to glutathione-monolayer protected Au46 clusters.  

We first confirmed that our PNAs attach on to Au25 clusters via specific Au-

thiol bonds. [Au25(Capt)18]- clusters were reacted with PNA1-SH3, PNA2-SH3, PNA1 

and PNA2 under the same experimental conditions (see below) and run through gel-

electrophoresis (Figure III.15).Only thiol modified PNAs (lanes 3 and 4) give rise to 

discrete gel bands that are mono- and di-PNA - Au25 conjugates. Under these 

conditions, almost all of the Au25 clusters react with PNA1-SH3 and PNA2-SH3. In 

contrast, PNA1 and PNA2 (lanes 1 and 2) do not show discrete bands that parallel with 

mono- or di-PNA – Au25 conjugates and majority of the Au25 clusters remain unreacted. 

The very top band either can come from unreacted PNAs or from possible aggregates 

of Au25-PNA. It is not our concern, as far as we can get discrete gel bands for conjugates 
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bearing defined number of PNAs per clusters, which are only seen when Au25 clusters 

are incubated with thiol modified PNAs. Therefore, we verify from this experiment that 

only thiol modified PNAs are capable of forming conjugates with distinct number of 

PNAs per cluster attached. 

 

Figure III.15: Gel photograph that shows specific Au-thiol interactions produce Au25-
PNA conjugates with distinct number of PNAs per cluster attached. Lane 1: 
Au25+PNA1, lane 2: Au25+PNA2, lane 3: Au25+PNA1-SH3, lane 4: Au25+PNA2-SH3, 
lane 5: Au25 NC only, lane 6: PNA only. The top band for lanes 1,2,3 and 4 represents 
PNA only and/or PNA- Au25 aggregates. The top band for lane 6 is PNA only.  Other 
bands are parallel to the structures illustrated by cartoons. The PNA : Au25 molar ratio 
used in the reaction mixtures in the gel shown in is 2.4.  
 

Thiol modified PNA oligomers were incubated with Tris(2-

carboxyethyl)phosphine (TCEP, Chem impex) at 1:10 molar ratio for half an hour at 

room temperature. Then, [Au25(Capt)18]- was mixed with PNA solutions at the molar 

ratios of interest and the reaction mixtures were incubated for one hour in a 50 oC water 

bath. Samples were then lyophilized and dissolved in 1:1 (v:v) mixture of 10 mM pH 

7.00 sodium phosphate buffer : denaturing PAGE gel loading solution to have 0.7 mM 

PNA concentration in the final solution to load to the gel. Denaturing PAGE gel loading 

solution consists of 9:1 (v:v) Formamide:pH 8.00  0.1 M EDTA. All the gels for 

1       2         3       4       5       6              7

or
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reaction molar ratio optimization and purification of Au25-PNA conjugates were 15 % 

acrylamide and 3.3 % bis-acrylamide (15T/3.3C) and run in 0.5x TBE buffer. 

Analytical gel set-up was used to optimize the reaction molar ratios and was run at a 

constant 120 V for 1 hour. The PAGE gels for purification of PNA-Au25 conjugates 

were carried out at a constant 5 W for 3.5 hours. The gel bands that correspond to 

specific number of PNA-Au25 conjugates were cut, crushed and extracted in a GE 

Whatman Elutrap electroelution device in 0.5x TBE buffer at a constant 200 V for 3 

hours. Mono-PNA-Au25 conjugates for TEM imaging were concentrated and desalted 

on 3 kDa molecular weight cut-off filters (Merck Millipore). The conjugates for 

quantification of PNA:Au25 ratio were desalted by Sep-pack C18 classic cartridge 

(Waters). Desalted conjugates were lyophilized and dissolved in nanopure water. 

 

                                                         (a) 

 

                                                         (b) 

Figure III.16: Reaction mixtures after 1 hour incubation at 50 oC those correspond to 
gel photographs in (a) Figure III.3 and (b) Figure III.4. Aggregation is visible in the 
reaction mixxtures starting from the PNA: AuNC ratio ~1.7 and ~0.5 for PNA1-SH3 
and PNA1-SH1 conjugation, respectively. 
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III.5.5 Quantification of Au25:PNA ratio in Conjugates 

The lyophilized PNA-AuNC conjugates bearing a specific number of ss-PNA 

attached were dissolved in nanopure water. Dilution of the samples was first adjusted 

to get a measurable absorbance at 670 nm and the solutions were further diluted to 

measure the absorbance at 260 nm. Dissolved volumes for 670 nm/260 nm peak 

detection were, 1xPNA1-SH3 (10 µl/400 µl water), 2xPNA1-SH3 (10 µl/100 µl), 

3xPNA1-SH3 (9 µl/99 µl). UV-Vis spectra for the isolated Au25-PNA conjugates were 

measured in NanoDrop One instrument. Absorption at 670 nm is due to Au25 cluster 

core HOMO-LUMO electronic transition.33 e670nm for [Au25(Capt)18]- is not reported in 

literature. e670nm for [Au25(SG)18]- is 8800 M-1 cm-1.45 Optical properties of Au25 clusters 

are highly independent from the nature of the surface ligand. Therefore, it is reasonable 

for one to assume that [Au25(Capt)18]- and [Au25(SG)18]- clusters have similar extinction 

coefficients at 670 nm to calculate number of moles of Au25 clusters in each extracted 

conjugate. Both [Au25(Capt)18]- clusters and PNA nucleobases absorb at 260 nm. The 

relative contribution by each for total absorbance at 260 nm depends on e260nm of the 

two components. While we know the e260nm for PNAs (PNA1/2-SH3: 103500 M-1 cm-

1, PNA 3-SH3: 81200 M-1 cm-1), e260nm for [Au25(Capt)18]- was calculated to be 181020 

M-1 cm-1 (Figure III.17). Measured absorbance data, along with respective e values were 

used to calculate the Au25:PNA molar ratio in each conjugate.  
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Figure III.17: Plot of absorbance at 260 nm vs concentration to determine e260 nm for 
[Au25(Capt)18]-Concentration of [Au25(Capt)18]- was determined based on e670nm = 8800 
M-1 cm-1. 
 

Figure III.18 shows the UV-Vis spectra for 1xPNA1-SH1 conjugate to calculate 

the PNA:AuNC ratio. The PNA1-SH1:Au25 ratio was calculated to be 0.99±0.15. 

 

 

Figure III.18: UV-Vis spectra for 1xPNA1-SH1-Au25 conjugate (a) Au25 absorption 
region and (b) PNA absorption region. The conjugate was dissolved in 3 µl and 14 µl 
of nano-pure water to measure the Au25 and PNA absorption, respectively. The solid 
vertical lines are drawn through 670 nm and 260 nm.  
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III.5.6 Melting analysis 

Melting experiments were done in a Varian Cary 300 spectrophotometer 

equipped with a programmable temperature block in 1 cm optical-path length, quartz 

cells. Change in absorbance was monitored both at 260 nm and 670 nm for PNA-Au25 

assemblies while only at 260 nm for PNA only samples. The melting curves were 

recorded from 15-80 ℃ over two cooling and one heating cycles. The rate of cooling 

and heating was set to 1 oC/min. The samples were maintained at 80 oC before cooling 

and at 15 oC before heating, for 2 minutes. The molar ratio between Au25 : PNA was set 

to 2.4 so that there is no excess Au25 present in the reaction mixture to saturate the 

detector at 260 nm. Lyophilized reaction mixtures were re-suspended in 10 mM pH 

7.00 NaPi buffer. 

 

III.5.7 CD Spectroscopy 

The CD spectra were measured on a JASCO J-715 spectrometer equipped with 

a thermoelectrically controlled, single-cell holder in a 1 cm path length cuvette at 20 

oC. The scan rate was 50 nm/min and scan accumulation was 10. PNA-Au25 conjugation 

reactions were carried out as described in the section of synthesis of PNA-Au25 

conjugates, at 2.4 PNA:Au25 molar ratio. When the PNA:Au25 ratio is 2.4, the final 

product PNA-Au25 conjugates consists of a mixture of conjugates bearing different 

number of PNAs per cluster attached, with no excess [Au25(Capt)18]-
 that can mask the 

inherent CD features of Au25-PNA1-SH3/PNA2-SH3 conjugates. At the end of the 

conjugation, the reaction mixture was lyophilized and re-dissolved in 10 mM pH 7.00 

NaPi buffer. Absorption spectra of dissolved samples were recorded and diluted 

accordingly to have absorbance at 260 nm around 1, so that the sample does not saturate 

the CD detector (SI). PNA1-SH3-PNA2-SH3 Au25 assembly sample was prepared by 
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annealing 1:1 mixture of PNA1-SH3-Au25 : PNA2-SH3 –Au25. The concentration of 

PNA in CD samples were calculated based on absorbance at 260 nm. The absorption at 

670 nm was noisy, which made it impossible for us to specify the exact concentration 

of Au25 in the samples. However, the initial concentrated samples which were diluted 

to record the given CD spectra show clear peaks at 670 nm.  

 

 

Figure III.19: Absorption spectra for the samples of which CD spectra were measured 
(a) 200 – 350 nm and (b) 350 -850 nm). (c) and (d) are absorption spectra from 200 – 
400 nm and 400 – 850 nm, respectively for concentrated samples of PNA 1-SH3 - Au25 
conjugate and PNA 2-SH3 - Au25 conjugate. These samples were diluted by four-fold 
to prepare the samples of which CD spectra are given in Figure III.8. Line styles are 
consistent with Figure III.8 caption. 
 

III.5.8 Fluorescence Spectroscopy 

We also measured how the fluorescence properties of AuNC are affected upon 

ss-PNA modifications. The fluorescence emission [Au25(Capt)18]- increases upon 
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binding of PNA1-SH3 to the cluster. More importantly, we see that the fluorescence 

intensity enhancement correlates to the number of PNA1-SH3 strands attached per 

cluster.  

 

     (a)                                                             (b) 

Figure III.20: Fluorescence properties of PNA-Au25 conjugates. (a) Fluorescence 
emission intensity enhancement and (b) blue shift in emission maxima for 
[Au25(Capt)18]- clusters (double dotted – double dashed line), 1 PNA1 – Au25 conjugate 
(solid line), 2 PNA1 – Au25 conjugate (dashed line), 3 PNA1 – Au25 conjugate (dotted 
line), crude PNA1-Au25 conjugates (dotted-dashed line). Excitation wavelength is 460 
nm. 

We obtained reproducible results that 1xPNA1-SH3-Au25 fluorescence is ~1.9 

times greater than [Au25(Capt)18]- only fluorescence and always lower than 2/3/crude- 

PNA1-SH3-Au25 fluorescence. Fluorescence intensity enhancements were variable 

among trials for 2 or 3- PNA1-SH3 conjugates, but always higher than [Au25(Capt)18]- 

only or 1PNA1-SH3-Au25 fluorescence and lower than crude- PNA1-SH3-Au25. Figure 

III.20(a) shows results from a trail in which we observed that the fluorescence intensity 

enhancement correlates exactly with the number of PNA1-SH3 strands attached. Table 

III.5 summarizes the fluorescence results. 
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Table III.5: Fluorescence properties of PNA-Au25 conjugates. 
Conjugate FL lemmax (nm, Ex at 

460 nm) 
FL enhancement 

[Au25(Capt)18]- 698±1 - 
1PNA1-SH3-Au25 687±1 1.9±0.3 
2PNA1-SH3-Au25 677±2 4.0±1.3 
3PNA1-SH3-Au25 676±3 4.9±0.2 

Crude PNA1-SH3-Au25 684±3 6.7±0.8 
 

Wu and co-worker incubated [Au25(SG)18]- clusters with a very high excess of 

ssPNA and obtained only ~1.8 times increase in fluorescence intensity.46 We also note 

that in their work, cysteine modified 5-mer PNA was used and excited at 514 nm while 

we used tri-thiol modified 10-mer PNA and excited at 460 nm, which would also 

account for any differences between the results. The fact that we see a systematic 

increase in fluorescence emission with number of PNAs, agrees well the proposed 

explanation by Wu et. al. because increase in number of bound PNA means, increase 

in the number of electron rich atoms and functional groups to delocalize the electron 

density to AuNC surface. We also see that that the emission maximum wavelength of 

[Au25(Capt)18]- blue shifts with PNA attachment (Figure III.20 (b) and Table III.5). 

Near infrared fluorescence emission maximum wavelength for Au25
- clusters capped 

with different ligands oscillates ~ 700 nm.35, 46-48 Specifically, a similar result to ours 

was obtained when a 20 nm blue shift in emission maximum was seen as Au25(SG)18 

was ligand exchanged with 3-mercapto-2-butanol (MB) to get Au25(MB)5(SG)13.47 

Overall, we see that sequential exchange of captopril ligands in [Au25(Capt)18]- clusters 

with thiol-modified PNA, systematically tune the cluster fluorescence properties. One 

can also exploit our finding to tailor the AuNC fluorescence by controlling the PNA 

loading onto AuNCs. Our observations support the existing theory that Au25 

nanocluster fluorescence is sensitive to subtle changes of the surface ligand 

environment.46, 48-50 



 88 

Fluorescence emission spectra were recorded using a Jobin-Yvon FluorMAx 2. 

The excitation wavelength was set to 460 nm. All the samples were in nanopure water. 

Fluorescence spectra were OD corrected by dividing emission data by the absorbance 

at excitation wavelength, 460 nm. 

III.5.9 STEM Imaging and Analysis 

Specimens for TEM were prepared by drop-casting 3-4 uL of the suspended 

AuNC solutions onto ultrathin carbon-coated TEM grids (from Ted Pella). The droplet 

liquid was carefully wicked away after a given wait time and the remaining liquid film 

was allowed to dry. A range of wicking times was used for each sample (from 3-60 

minutes) with the best resulting dispersion of each selected for subsequent TEM 

analysis. A JEOL JEM2100F TEM/STEM was operated at a 200 kV accelerating 

voltage in high-angle annular dark-field (HAADF) imaging mode. A nominal spot size 

of 0.2 nm, camera length of 20 cm, and dwell time of 64.8 µs were used. 1024 x 1024 

px images for particle size analysis were acquired at a 2 M× magnification, while 

images for determining pairing were acquired at 500 k×. The latter provided the largest 

field of view possible (to obtain the largest number of particles for better population 

sizes) while still clearly resolving each AuNC’s position to within half a nanometer 

(pixel size of 0.457 nm). Under these conditions, no changes in the AuNCs were 

observed during STEM examination. AuNC positions were determined using Find 

Foci,51 a plugin for ImageJ 52, with manual adjustment as needed. Size analysis was 

performed using WMI 53, a freely available MATLAB program. 

To briefly summarize the program used to simulate the image, for each 

experimental micrograph an otherwise identical image, but without any particular 

interactions beyond that of space occupation, is simulated many times (in this case, 10) 

using the same spatial density and dimensions. AuNC sizes are determined following 
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the same distribution as the experimental samples. An equivalent random distribution 

for each experimental dataset was reconstructed from the corresponding simulated 

images. 

In order to calculate the degree of AuNC pairing, for each specimen, the 

random-simulation distribution was uniformly scaled to best match the non-spike 

portion of the experimental distribution through a least-squared fitting approach. Then, 

for each bin in the spike region (which corresponds to particles interacting via PNA 

chains), the scaled-simulation value was subtracted from the experimental value. 

Because these values are all population fractions, the sum of the remainders provides a 

lower-bound estimate of the fraction of the AuNCs in each specimen that is exhibiting 

non-random pairing behavior. 

 

                                 (a)                                                       (b) 

Figure III.21: Lognormal quantile (qq) plots of the size distributions for the (a) 
annealed PNA1-SH3+PNA2-SH3 and (b) annealed PNA3-SH3 specimens. The red line 
is a visual guide for an ideal lognormal distribution. 
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Table III.6: Number of micrographs and total number of nanoparticles comprising 
each of the experimental datasets used for nearest neighbor analysis. 

Sample Number of Images 
Analyzed 

Total Number of 
Nanoparticles Analyzed 

Unannealed PNA1-SH3 11 680 
Unannealed PNA2-SH3 8 3516 
Annealed PNA1-SH3+PNA2-SH3 5 1160 
Unannealed PNA3-SH3 10 4377 
Annealed PNA3-SH3 9 17852 
Annealed PNA3-SH3 at 2 M× 5 642 
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CHAPTER IV: Chirality Based Probing of Plasmon-Dot 
Coupling  

The work presented in this chapter is a collaboration project with Professor 

Yossi Paltiel’s group from the Hebrew University of Jerusalem, Israel. I worked on 

synthesis and characterization of opposite handed PNA oligomers. Device fabrication 

and extinction measurements were done by Lior Bezen. Results were discussed and 

interpreted by all the authors. 

IV.1 Introduction 

Semiconductor colloidal quantum dots (CQDs) have electrical and optical 

properties that can be tuned by varying the size1-2, shape3 and extent of impurity 

doping.4 Self-assembled hybrid CQDs coupled with specific organic linker molecules, 

are a promising way to realize spectrally-tunable  photovoltaics5, light-emitting diodes6-

7 and photodetectors8 that operate at room-temperature. However, these devices 

demonstrate low quantum efficiency due to low light absorption ability of CQDs.7-9 

Therefore, there is a need to develop simple and cost-effective ways to enhance the 

light absorption ability of CQDs to develop sensitive devices. One way to enhance 

absorption of CQDs is to couple them to plasmonics.10 Since the surface plasmon of 

Au nanoparticles depends on size, shape and local environment11, plasmonics can be 

used to control light at nanoscale dimensions. As plasmonic modes exhibit highly 

confined fields, they locally increase light−matter interactions and consequently 

enhance the performance of CQD-based devices. This effect has previously been used 

to increase absorption efficiency by enhancing the photoluminescence.12-16  

Recently, Paltiel and co-workers reported a large extinction enhancement from 

a monolayer of CQDs coupled to random Au nanoparticle islands by an achiral organic 

molecule.11 Three plasmonic Au nanoislands of thicknesses 2, 5 and 7 nm with different 
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plasmonic resonances and four types of CQDs (CdS 420 nm, CdSe 520 nm, CdSe 610 

nm and PbS 850 nm) were used in their study. A light extinction up to 16% (13-fold 

enhancement) compared to the reference self-assembled monolayer of CQDs on a glass 

substrate was achieved by matching the plasmonic resonance frequency and the band 

gaps of CQDs. The random Au nanoislands functioned as plasmonic antennas to induce 

the observed extinction enhancement. The random structures guarantee no sensitivity 

to the light polarization changes. Theoretical calculations using a two-dimensional 

finite-difference, time-domain method demonstrate plasmonic control of the 

enhancement factor near the Au nanoislands’ plasmon resonance.17 

Chiral molecules have identical composition and connectivity but can adopt 

conformations that are non-superimposable mirror images of each other, these different 

conformations have left or right symmetry. Recent experiments have shown that 

ordered films of chiral organic molecules on surfaces can act as electron spin filters 

with an efficiency of up to 60% at room temperature.18 This effect is called the chiral-

induced spin selectivity (CISS),19 opened the possibility of using chiral molecules to 

create spin-specific devices operated at room temperature. Some works present chiral 

imprinting using chiral molecule,20 a common approach for preparing chiral surfaces 

based on molecular monolayers using chiral molecules as templates, which allows the 

easy design of chiral materials with specific properties related to those of the molecules 

used as templates. Paltiel and co-workers created a thin-layer, nano-scale charge 

separation device which operates at room temperature using semiconductor CQDs and 

chiral helical peptides.21 The device operation was explained based on CISS effect and 

chiral imprinting on semiconductor CQDs by chiral helical peptides.  

In this chapter, we show that the extinction enhancement in the visible spectrum 

by random Au nanoislands and CQD monolayer is higher when the linkers between the 
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nanoislands and the CQDs is made of  helical chiral molecules when compared to 

achiral molecules. The chiral molecules improve the light extinction using random Au 

nanoislands that act as plasmonic antennas. A light extinction of up to 35% is attained 

when the plasmonic resonance of the Au nanoislands and the bandgap of the CQDs 

deposited onto the nanoislands are matched. This extinction is 28-fold higher than that 

measured for a monolayer of CQDs in the absence of the Au nanoislands.   

 For the work presented in this chapter, self-assembled monolayers of left- or 

right-handed PNA duplexes on Au nanoisalnds were used. The left- and right-handed 

PNAs were made by incorporating (R) and (S)-g-Serine-PNA monomers, respectively, 

at intermittent positions along the PNA oligomer chain. The PNA duplex monolayers 

were attached to CQDs by C-terminal glutamic acid modification. The helicity of the 

ss- and duplex PNAs in solution were characterized by circular dichroism (CD) 

spectroscopy. The stability of the duplexes was accessed by UV-melting. 

 

IV.2 Research Design 

In the work by Paltiel and coworkers, they used an achiral organic linker 

molecule, 1,9-nonanedithiol, to create a monolayer of CdSe CQDs to Au plasmonic 

nanoislands and achieved a 13-fold light extinction enhancement.10 In this project, we 

chose to substitute the achiral linker, by a chiral linker, and study the effect on 

extinction properties of a monolayer of CQDs coupled to Au nanoislands. Ly and 

coworkers showed that a randomly coiled PNA can be pre-organized in to a right-

handed helical structure by introducing a (S)-serine modification at the g-position of N-

(2-aminoethyl) glycine (AEG) unit of the PNA backbone.22 Similarly, one can 

synthesize left-handed PNA by introducing (R)-serine modification at the g-position of 

the PNA monomer. We decided to synthesize both right- and left-handed PNA and 
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study the effect of both handed linkers on extinction properties of the monolayers CdSe 

CQDs coupled on Au nanoislands. We anticipated the possibility to link the CdSe QDs 

to Au nanoislands by opposite-handed chiral molecules would add another control 

parameter to tune the extinction properties of CQD based future electronic devices.  

CD spectra for ss-PNA with one, three or ten g-(R)-serine modifications in the 

AEG unit of PNA backbone show similar biphasic exciton coupling pattern that is 

characteristic for a right-handed helix and the peak intensity at 260 nm does not change 

significantly with increase number of g-modifications.22 Based on these results, we 

chose to synthesize the 10-mer PNAs which have similar nucleobase composition 

reported by Ly et.al. and to synthesize them with three g-(S) or (R)-serine modifications. 

The complementary PNA strand was synthesized with no g-modification as one g-

modified ss-PNA in a PNA homoduplex is enough to induce a preferred helicity. ss-g-

PNA strands were modified with D or L-Glutamic acid (Glu) at the C-end to couple the 

PNAs onto QDs. We incorporated D-Glu to (S)-serine PNA and L-Glu to (R)-serine 

PNA so that the helicity induced by the g-monomers matches with the helicity induced 

by the terminal amino acid modification. The PNA sequences are given in Table IV.1. 

Table IV.1: PNA Sequences and MALDI data 
Abbreviation PNA sequence (N to C) MWcalc/exp 
PNA 1S H-GCSATGSTTTSGA-DGlu-NH2 2976.88/2976.44 
PNA 1R H-GCRATGRTTTRGA-LGlu-NH2 2976.88/2975.80 
PNA 2 H-TCAAACATGC-NH2 2695.65/2964.69 

*Underlined letters show g-modified PNA monomers. Superscripts stand for specific 
enantiomer of g-modified PNA monomers and terminal amino acid.  
 

IV.3 Results and Discussion 

IV.3.1 Thermal Stability and Helicity Characterization of PNA Duplexes 

Duplexes PNA 1S.PNA 2 and PNA 1R.PNA have the same melting temperature 

Tm = 60 oC (Figure IV.1).  



 98 

 

Figure IV.1: Melting curves measured at 260 nm for 5 µM solutions of duplexes PNA 
1S.PNA 2 (black dotted line) and PNA 1R.PNA 2 (black solid line) in 10 mM pH 7.00 
NaPi buffer. 

 

The CD spectra for ss- and duplex PNAs are shown in Figure IV.2. The exciton 

coupling pattern with minima at ~ 220 and 260 nm and a maximum at ~ 280 nm 

observed for both single stranded PNA 1R and duplex PNA 1R.PNA is indicative of a 

left-handed helical structure, which is in agreement with results previously reported for 

PNA containing g-(S)-serine modifications.22-23 The spectra obtained for ss-PNA 1S 

and PNA 1S.PNA 2 are mirror images of those for ss-PNA 1R and PNA 1R.PNA 2, 

which indicates that the g-(S)-serine modification induces a right-handed structure. 

Amplitudes of all the CD peak intensities are higher for duplexes compared to ss-PNAs. 

The increase in 260 nm peak intensity, which is due to the nucleobase absorption, 

indicates improved base stacking in duplexes compared to a ss-PNAs. The peak in the 

region of 200-230 nm is due to n-p* transitions in the amide backbone. This peak 

intensity is significantly higher for PNA duplexes compared to ss-PNA. It can be 

attributed to the increase in helical twist, reflecting the tightening of the backbone 

conformation, as ss-PNAs hybridize to form duplexes. Analysis of CD spectra confirms 
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that the g-(S) and (R)-serine backbone modifications induce right and left handed 

helical structures, respectively, in both ss- and PNA homo-duplexes.   

 

 

Figure IV.2: CD spectra of 5 µM solutions of duplexes PNA 1S.PNA 2 (black dotted 
line) and PNA 1R.PNA 2 (black solid line) and of 2 µM solutions of single stranded 
PNA 1S (blue dotted line), and single stranded PNA 1R (blue solid line). All the 
samples were prepared in 10 mM pH 7.00 NaPi buffer. 

 

IV.3.2 Light Extinction Measurements 

Plasmonic properties are highly dispersive.24 Consequently, spectral analysis is 

a common tool for the characterization of the surface plasmons. In order to estimate the 

effects of the monolayer of organic molecules that connects the random-shaped Au 

naoislands and the CQDs, we measured separately and then compared the light 

extinction properties of the monolayer of CQDs and random-shaped Au nanoislands in 

the presence of absence of the monolayer of Au nanoislands.  Comparison of the light 

enhancement caused by chiral and achiral linker molecules was used to identify the 

effect of the chirality on the light extinction.  The light extinction by a device with a 

given CQD and Au nanoislands should depend on the spectral overlap of the two 
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resonances of these components and not on the organic linker between the two 

components if the dipole-dipole interactions are random in direction.10    

 

Figure IV.3: Light extinction spectra for samples that have a monolayer of achiral 
(MPS, pink) or chiral molecules a-HPA (a, blue lines) and g-PNA (b, purple lines for 
left-handed PNA and pink lines for righ handed PNA) on top of Au nanoislands created 
from a 5 nm-thick layer of evaporated Au. The solid lines correspond to samples 
without CQDs; the dashed lines correspond to samples that have adsorbed CQDs. The 
horizontal arrows mark the red shift in the position of the maximum light extinction 
caused by the adsorption of CQDs.  The vertical arrows identify the increase in light 
extinction due to adsorption of CQDs, at the wavelength of the maximum light 
extinction for samples that have the CQDs. 
 

The data shown in Figure IV.3 reflects a 28-fold enhancement in light extinction 

of the CQDs on the plasmonic samples with chiral molecules compared to the light 

extinction of a single quantum dot monolayer without Au nanoislands which is around 

1.1% at peak (Refer to the work by Paltiel and co-workers10 for this spectrum). The 

enhancement for the MPS achiral molecules 13-fold, which is consistent with our 

previous work on achiral molecules.10 The relative enhancement depends on the 

detuning between the quantum dot band gap and the plasmonic resonance through the 

molecules. Nevertheless, for all the detuning range, using the same CQD and Au 

nanoislands a two-fold enhancement is measured for chiral linkers as compared to the 

non-chiral molecules. Furthermore, a clear red shift is seen for the CQD - Au nanoisland 
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coupling through both achiral and chiral molecules.  The red shift observed for chiral 

molecules is larger than that for achiral molecules, which indicates that chiral molecules 

support a better Au nanoislands-CQDs coupling than the achiral ones. 

We attribute this high enhancing effect to the chiral imprinting on the Au 

nanoislands and QDs, which aligns the dipole moments of the CQDs parallel to the 

dipole moment of the Au nanoislands. While an achiral molecule has very low 

polarization parallel to the Au surface, the chiral molecules induce about the same 

magnitude of polarization parallel and perpendicular to the surface. This argument 

based on dipole alignment is supported by the fact that the enhancement is larger for 

the g-PNA, which has a diameter of ~ 2 nm, and thus a larger interface area with the 

CQD than a-HPA, which has a 1.2 nm diameter. 

 

 

Figure IV.4: The light extinction of the samples that have monolayers of chiral PNA 
on Au nanoislands obtained from evaporated Au with 2, 5 or 7nm thickness. The solid 
lines correspond to the light extinction by the random-shaped Au nanoislands that have 
a PNA (left/right) monolayer. The dashed lines correspond to samples which a CQD 
monolayer was added over the PNA (left/right) monolayer. 
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Figure IV.4 shows the light extinction of the samples due to the adsorption of 

the CQD monolayers on top on the chiral molecules using evaporated Au that has 2 nm, 

5 nm or 7 nm thickness. As the nominal thickness of the Au film increases, the light 

extinction of the plasmonic NP increases to the point where the plasmonic extinction 

peak becomes less obvious due to light scattering from the sample (as expected for a 

metallic layer). Also, as the thickness increases, the islands start to connect, the 

plasmonic chiral imprinting is less pronounced, and the in-plane plasmonic dipole 

moment is reduced. Note that the large extinction enhancement at the peak is consistent 

with the results shown in Figure IV.3. 

 

Figure IV.5: The changes in light extinction due to the adsorption of another chiral 
molecules layer on top of the CQDs monolayer. 
 

Figure IV.5 shows the light extinction due to the adsorption of an additional 

layer of chiral molecules on top of the CQDs monolayer (besides the layer of chiral 

molecules situated between the Au nanoislands and the CQDs). This data indicates that 

the light extinction decreases when the second layer of the chiral molecules is adsorbed 

on top of the CQDs. Also, the red shift of the maximum light extinction caused by the 

adsorption of the CQDs on the first monolayer of chiral molecules is reduced by the 
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layer of chiral molecules adsorbed on top of the CQSs. These two results strengthen the 

argument that the symmetry-breaking caused by imprinting chirality to one side of the 

CQDs is the main reason for the extinction ratio enhancement. The layer of chiral 

molecules added on top of the CQDs causes a reduction in the alignment of the dipole 

moment of the CQDs with respect to the dipole moment of the Au nanoislands because 

it restores (some of) the symmetry that was broken by the chiral imprinting effect 

exerted by the first layer of chiral molecules. 

 

 

                            (a)                                                                    (b) 

Figure IV.6: CD spectra of a monolayer of chiral organic molecules on top of the Au 
nanoislands structure (a) a-HPA or (b) g-PNA) measured using a circular polarized 
light source and calculated as the difference between the light extinction of a sample 
measured using left circular polarized light and the light extinction of the same sample 
measured using right circular polarized light.  
 

The same system seems to enable measuring for the first time the circular 

dichroism originating from a single adsorbed chiral monolayer. We are sensitive only 

in wavelength that are in proximity the Au nanoisland resonance. For this type of 

measurement, the resonance should be tuned to the required CD spectra range.  In 

Figure IV.6 CD spectra of a monolayer of chiral organic molecules a-HPA or g-PNA 

on top of the Au nanoislands. The CD spectra are calculated as the difference between 

light extinction spectra measured using left circular polarized light and light extinction 
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spectra measured using right circular polarized light. The spectra are noisy but shows 

around 1% change between the two helicities. Similar spectra are measured using 

different samples. Using silver nanoislands and smaller CQDs the resonance could be 

shifted to the UV range and is expected to result in a less noisy behavior. 

IV.4 Conclusions 

The chiral molecules enhance the light extinction by a monolayer of CQDs 

using random Au nanoislands that act as plasmonic antennas. The extinction 

enhancement is higher for chiral g-PNAs compared to chiral a-HPA. By matching the 

plasmonic resonance and the colloidal quantum dots’ bandgap, we achieve light 

extinction of up to 35%, which represents a 28-fold enhancement over a reference that 

has a monolayer of CQD only. This surprising effect results from the coupling between 

the chiral plasmons and the quantum dots, which breaks the symmetry of the plasmonic 

coupling and align the dipole-dipole interactions. The same effect could be used to map 

the circular dichroism of the monolayers of chiral molecules. These results may pave 

the way toward realizing more efficient and sensitive photon detectors and may provide 

a simple way to map circular dichroism of chiral monolayers. 

 

IV.5 Material and Methods 

g-(S)/(R)-serine modified AEG PNA monomer synthesis reactions were 

performed under nitrogen atmosphere unless otherwise stated. All commercially 

available materials were used without further purification unless otherwise specified. 

Anhydrous solvents, purchased from EMD Millipore, such as dimethylformamide 

(DMF), dichloromethane (DCM), and tetrahydrofuran (THF), were dried by standard 

methods and freshly distilled prior to use. All anhydrous reagents were purchased 
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from Sigma Aldrich. Common reagents were purchased from either Chem-Impex or 

Alfa Aesar.  

The two polyalanine molecules with two opposite handedness, AHPA-L and AHPA-D 

handedness, were purchased from Sigma Adrich. These peptides contain L- and D-

amino acids, (H-CAAAAKAAAAKAAAAKAAAAKAAAAKAAAAKAAAAK-OH 

respectively, where C, A, and K represent cysteine, alanine and lysine, respectively. 

Both molecules adopt an a-helix structure. 

IV.5.1 Solid-Phase PNA Synthesis 

The Boc/Z-PNA monomers were purchased from Polyorg and ASM Research 

Chemicals and used with no further purification. Boc-protected g-(S)/(R)-serine 

modified AEG PNA monomers were synthesized by adapting previously published 

procedures.22, 25 PNA oligomers were synthesized by solid phase Boc-protection 

peptide synthesis strategy.26 p-Methyl-Benzhydrylamine resin.HCl (1.03 meq/g, 

Peptides International) was used as the solid support for PNA synthesis. The resin was 

downloaded to between 0.10 meq/g by preloading with D- and L –Glutamic acid for 

PNA 1S and PNA 1R, respectively, using Boc-D- or L- Glu-OBzl (Anaspec) and with 

Boc/Z- C- PNA monomer for PNA 2. PNA oligomers were cleaved, purified as 

described in Chapter II. Mass of PNA oligomers MALDI-ToF-MS using 2,5-

Dihydroxybenzoic acid (for PNA 1S and PNA 1R) or a-cyano-4-hydroxycinnamic acid 

(for PNA 2) as the matrix (10mg/ml in water/acetonitrile, 0.1% TFA). Concentrations 

of PNA solutions were determined as described in Chapter II. 

IV.5.2 Sample Preparations for Extinction Measurements 

The samples were prepared in four main steps A-D. Figure IV.7 shows the 

sample after each of these preparation steps.  
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                                   (a)                                                       (b) 

                       

                                    (c)                                                     (d)  

Figure IV.7: (a) Schematic sketch of the plasmonic layer of Au nanoislands evaporated 
on top of a glass substrate; (b) A homogeneous, closely-packed monolayer of organic 
molecules is covalently-adsorbed onto plasmonic layer of Au nanoislands.  The organic 
molecules may be chiral or achiral. (c) CdSe CQDs with energy band gap of 590nm is 
covalently adsorbed onto the monolayer or organic molecules. (d) Lastly, an additional 
monolayer of organic molecules similar to those used in step (b) is formed on top of the 
monolayer of CQDs. 
 

(A) Au nanoislands were created in step A. First, thin 2 nm, 5 nm or 7 nm Au 

nanoparticles were evaporated on top of cleaned glass substrates. Then the samples 

were annealed on a hot plate at 400oC for several minutes to form random-shaped, Au 

plasmonic islands, termed nanoislands through this manuscript. Figure IV.8 shows that 

the size of the nanoislands increased with the thickness of the layer of Au NPs 

evaporated on the glass substrate.  The nanoisland structures are stable for months at 

ambient conditions enabling wet chemistry processes that withstand washing and 

rinsing with water or organic solvents.   
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Figure IV.8: Au nanoislands evaporated on top of a glass substrate. The size of the 
islands depends on the Au thickness of the layer of Au NPs evaporated onto the glass 
surface, which was (a) 7 nm, (b) 5 nm, or (c) 2 nm. 
 

 
(B) In the second step, a homogeneous, closely-packed monolayer of organic 

molecules was covalently adsorbed on the Au nanoislands by immersing the samples 

in solutions of the organic molecules for 3 hours. Five types of organic molecules have 

been used: achiral (3-Mercaptopropyl)trimethoxysilane (MPS), a-helix L-polyalanine 

(HPA), which is right-handed, a-helix D-polyalanine, left handed, and right- and left-

handed peptide nucleic acid (PNA). The organic molecules bound to the Au nanoislands 

through thiol linkers (MPS and polyalanine) or amino linkers (PNA). (C) The samples 

were washed with the solvent that dissolves the organic molecules and then immersed 

in a dilute 0.1% (w/w) solution of CdSe CQDs with band gap 590 nm for 3 hours. 

Lastly, they were cleaned with toluene. The structure of the device is shown in Figure 

3. Figure IV.9.  

7 nm Au layer 5 nm Au layer 2 nm Au layer
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Figure IV.9: The device contains CdSe CQDs (blue) attached to Au nanoislands 
through chiral (yellow) or achiral molecules. 
 

(D) Another homogeneous, closely-packed monolayer of organic molecules 

was adsorbed on top of the layer of the CQDs.  

IV.5.3 Light Extinction Curve Measurements 

The light transmission and reflection spectra were measured using high intensity 

LED as a white light source and an integrating sphere (Figure IV.10). A linear polarizer 

and quarter wave plate were placed in front of the light source to determine the 

polarization of the exciting light. The light extinction of the sample is mostly due to 

absorption because the measured reflection of the samples is very small and the 

scattering is minimized in this optical setup. The spectra were recorded using Ocean 

Optics usb4000 VIS-NIR spectrometer.  
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Figure IV.10: Experimental set up for measuring the extinction spectra. 
 

IV.5.4 UV-Melting and CD Spectroscopy 

Variable temperature UV-vis experiments for PNA duplexes and CD 

spectroscopy for ss- and duplex PNAs were performed as explained in Chapter II. 

Experimentally obtained CD spectra were corrected for concentration and plotted in the 

y-axis. Absorption spectra were recorded for each sample of which CD spectra were 

recorded. In the case of duplexes, the absorption spectra were recorded at 90 oC and 15 

oC. The decrease in absorbance at 260 nm with decreasing temperature proves that the 

ss-PNA hybridized with complementary strands to form the duplexes (Figure IV.11).  

 

Figure IV.11: Absorption spectra at 90 oC (dashed line) and 15 oC (solid line) for 5 
µM CD samples of (a) PNA 1S.PNA 2 and (b) PNA 1R.PNA 2.  
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CHAPTER V: Spin Dependent Mechanism of Charge 
Transfer through Helical Peptides 

This chapter presents the results of a collaborative project with the group of 

Prof. Ron Naaman from the Weizmann Institute of Science, Rehovot, Israel. I worked 

on synthesis and characterization of opposite-handed, helical peptides. Self-assembled 

monolayer preparations, characterizations, electrochemistry, contact potential 

difference (CPD) and superconducting quantum interference device (SQUID) 

measurements were done by Francesco Tassinari.  The results were discussed by all 

authors. 

V.1 Introduction  

Metal-based conductors, semiconductors, and conjugated polymers are used as 

electron transport materials in most man-made electronic devices. Electrons are also 

transferred in living beings, in order to transfer energy and information from one place 

to another. Chiral/helical proteins are used to transfer electrons in living systems.1 The 

investigation of the charge transfer through proteins is important, not only to gain a 

better understanding of biological functions, but also to design future molecular 

electronic devices at nanoscale.2  

Self-assembled monolayers of peptides modified with a redox group such as 

ferrocene (Fc) and attached to gold surfaces are a popular tool to study and model 

charge transfer through proteins. To date, a large number of peptides has been studied.3 

The charge transfer through peptides monolayers depends on many properties of the 

peptide chain such as the length,4-7 dipole moment,8-11 the secondary structure,12-13 

hydrogen bonding capability,14-15 backbone conformation16 and the quality of 

monolayer.17 Two main mechanisms have been proposed to explain the charge transfer 

between a donor and an acceptor bridged by a peptide. They are electron tunneling and 
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hopping.4-7, 18-21 As shown in Figure V.1, reported by Arikuma and co-workers,4 

electronic coupling between an acceptor and a donor through molecular orbitals of the 

peptide bridge underscores the electron transfer by tunneling mechanism. They also 

report that, in the hopping mechanism, electrons “hop” from a donor to an acceptor 

through the peptide bridge using amide groups as the hopping sites for electron transfer. 

The peptide length is the main determinant factor to decide whether the electrons travel 

by tunneling or hopping. Electron transfer mechanism switches from tunneling to 

hopping when the peptide exceeds a certain length. The charge transfer rate constant 

decreases exponentially as the peptide length increases when tunneling is the operating 

mechanism.20 The charge transfer rate constants show weak distance dependence in the 

case of hopping mechanism.4, 6-8  

 

 

Figure V.1: A schematic diagram of electron tunneling and hopping mechanisms of 
electron transfer from ferrocene (donor) to Au surface (acceptor), connected by a helical 
peptide bridge. “Reprinted (adapted) with permission from the reference 4. Copyright 
(2011) American Chemical Society.”  
 

Experimentally, it has also been shown that the electron transmission through 

chiral peptides is spin selective.22 Naaman and co-workers studied spin selectivity of 

electron transmission through right-handed (Ala:Alanine-Leu:Leucine)n peptides (n=5-

7) by photoelectron spectroscopy, electrochemistry and single molecule conduction.22 

Photoelectron experiment showed that the majority of electrons that travel through the 
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peptides and reach the detector have a negative spin polarization. Electrons are negative 

spin polarized means, majority of the electrons have spin orientations antiparallel to the 

direction of propagation. Higher(-17%) and lower(-11%) spin polarizations were 

observed for (AlaLeu)7 and (AlaLeu)5, respectively. Polarization of the detected 

electrons increased linearly with the length of the peptide. Cyclic Voltammetry was 

used to determine the effect of applied magnetic field direction on the charge transfer 

through the peptides. If the current varies with the applied magnetic field direction, that 

means the electron transfer through peptides is spin selective. They observed that the 

current for both oxidation and reduction of the Fe2+/Fe3+ redox couple, depends on the 

direction of the applied magnetic field, for all three peptides. They also showed that the 

spin selective electron transfer through the peptides can be seen only if the a-helicity 

of the peptide remains intact. In a different study, Naaman and co-workers used 

conductive atomic force microscopy to show the spin dependent electron conduction 

through right-handed helical peptides of two different lengths, (Ala-2-aminoisobutyric 

acid:Aib)5 and (Ala-Aib)7.23 The spin selectivity increased with the length of the 

peptides.  

Spin selectivity of electron transfer through chiral peptides was explained based 

on the “Chiral Induced Spin Selectivity” (CISS) effect.24 Transfer of one electron spin 

orientation (spin orientation parallel or antiparallel to the direction of propagation), to 

one direction through one enantiomer of a chiral molecule is favoured than the transfer 

of the same spin through the same enantiomer to the opposite direction (Figure V.2). 

The spin filtering depends on the chirality/handedness, the number of helical turns, and 

the length of the molecule.25  
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(a)                                                                  (b) 

Figure V.2: (a) A schematic representation of the movement of a charge q with spin 
state s along a helical electric field (path of the charge is shown by blue circles). “a”, 
“b” and “Dz” are the radius of the helix, the pitch of the helix and the position vector of 
the charges distributed along the helix, respectively. The helical electric field, Ehelix 
induces a magnetic field B in the rest frame of the charge and thus influences its spin 
state.25 The degenerate magnetic dipole associated with a moving electron (charge q of 
spin state s) along the helix becomes split due to the generated magnetic field B. 26 (b) 
An energy diagram to explain the CISS effect. A freely moving electron has four states 
associated with its motion. Those states are given by ½+,+ñ, ½-,-ñ, ½+,-ñ and ½-,+ñ. 
The first and second variables denote the direction of motion and spin, respectively. 
Spin up (+) is stabilized relative to the spin down (-) state for an electron that moves 
towards the positive (+) direction along a left-handed helix. Thus, the ½+,+ñ state is 
stabilized by spin-orbit coupling to the same extent that the ½+,-ñ state is destabilized. 
½+,+ñ state is also degenerate with the state ½-,-ñ which is the stabilized state for the 
electron moving in the opposite direction of the same helix. The ½+,-ñ state has a ½-,+ñ 
degenerate state. An electron of ½+,+ñ state moving towards positive (+) direction to 
elastically backscatter within the left-handed helix, has to change to ½-,-ñ state, 
changing its both spin state and momentum (direction). This flipping requires a high 
energy, and thus unlikely. For the right-handed helix, ½+,-ñ, ½-,+ñ  and ½+,+ñ,½-,-ñ  
are the ground states and high energy states, respectively. “Reprinted (adapted) with 
permission from the reference 26. Copyright (2012) American Chemical Society.”  

 

In the research presented in this chapter, we investigated electrochemically the 

charge transfer through self-assembled monolayers of opposite handed chiral peptides 

modified with a terminal Fc group adsorbed on the gold substrate. We observed that 

the charge transfer through chiral peptides is asymmetric and the asymmetry of charge 

transfer rate is opposite for the opposite handed L- and D- peptides. Asymmetric charge 
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transfer refers to the different rate constants observed for charge transfer from the 

electrode to the redox active group situated at the opposite end of the molecule 

compared to the rate constant for transfer in the opposite sense (Figure V.3).9-10  

 

Figure V.3: A cartoon representation to illustrate the asymmetry in charge transfer 
through Fc-modified peptide attached to a gold substrate. Asymmetric charge transfer 
means, the rate constant for charge transfer from substrate to Fc group is different than 
the rate constant for charge transfer from Fc to substrate. 
 

The peptides used for the work presented in this chapter were synthesized by 

manual solid phase Fmoc-peptide synthesis. The helicity of the peptides was 

characterized by Circular Dichroism (CD) spectroscopy. Charge transfer through self-

assembled monolayers of helical peptides was studied by Cyclic Voltammetry(CV). 

Dipole moments of the peptides were determined by CPD measurements. The 

magnetization of the peptide monolayers on gold surface was measured using SQUID.  

V.2 Research Design 

Naturally-occurring a-helical peptides are right-handed and made up 

exclusively of L-amino acids. Therefore, one can synthesize opposite handed peptides 

of same sequence using the L or D enantiomer of the amino acid. A peptide’s ability to 

fold into a helical structure depends mainly on the amino acid sequence and on the 

peptide length. a-helix formation propensity is high in peptides that are made up of 
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alanine (Ala/A) residues.27 One disadvantage of polyalanine peptides is that they are 

extremely hydrophobic, which makes it difficult for one to purify these peptides by 

reverse phase HPLC to obtain pure batches of single-length polypeptides. The impure 

nature of the peptide batches influence the quality of the monolayer formation on gold 

surfaces and makes it hard for one to obtain reproducible results in experiments.28  

 Incorporation of 2-aminoisobutyric acid (Aib/B) residues at intermittent 

positions along a polyalanine peptide chain improves the solubility of the peptide in 

aqueous solvents. Aib is also known as a helix promoter in peptide chains.29-31 

Therefore, one can synthesize hydrophilic peptides that fold in to helices by 

incorporating Aib at intermittent positions in a polyalanine peptide chain.  Peptides that 

fold into helices can adopt either a or 310 helix types. 310 helices have conformational 

parameters similar to a-helices except, the 310 helix is slightly tighter and more 

elongated. Several findings have established correlations between helix type and the 

Aib content or the length of a polypeptide. Peptides which are seven or more amino 

acids long and consists of 50% Aib residues are likely to adopt a 310 helix whereas 

peptides of the similar lengths, but contain 30-35% AIB residues favor to adopt an a-

helix.32 Bavoso and co-workers stated that Aib rich peptides longer or equal to 8-mer 

length fold into either a 310 helix or a hybrid 310-a-helix type.33 Based on these reported 

conclusions and the work by Bezer et.al.34, I synthesized D/L-9, 12 and 15 mer peptides 

with cysteamine (Cya) modification at the C-end (Table V.1). Cya is the thiol 

modification that attaches the peptides onto the gold surface. Peptide chain needed to 

be modified with a Fc group to do electrochemical studies. The incorporation of the Fc 

modification to the shortest helical peptide that has a high helix content is both 

synthetically feasible and cost effective. Therefore, the helicity of the peptides was 

characterized to determine the shortest peptide that adopt a helical structure. 
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Table V.1: Peptide sequences and mass spectrometry results  

Abbreviation Sequence from N to C* MWcalc MWexp 
D 
peptide 

MWexp 
L peptide 

D/L- 9 mer H-AABAABAAA-Cya 744.9 745.5 746.1 
D/L- 12 mer H-AABAABAABAAA-Cya 972.2 972.3 972.2 
D/L- 12 mer Fc Fc- AABAABAABAAA-Cya 1184.2 1184.2 1184.2 
D/L- 15 mer H-AABAABAABAABAAA-Cya 1199.42 1220.8 1220.87 

*D or L-enantiomer of Ala (A) was used to synthesize D or L peptides. 

12 mer peptide was the shortest peptides that adopted a helical structure and it 

had a similar helix content to the longer 15 mers (Table V.2). Therefore, I chose to 

synthesize D/L-12 mer peptides with N-terminal Fc modification to study the charge 

transfer by electrochemistry. The chemical structure of the D/L-12 mers and D/L-12 

mers-Fc is shown in Figure V.4. 

 

(a) 

 

(b) 

Figure V.4: Chemical structures of (a) D/L-12 mer or (b) D/L-12 mer Fc peptides. 
    
V.3 Results and Discussion 

V.3.1 Characterization of the Helicity of the Peptides 

CD spectroscopy is usually used to probe peptide or protein secondary 

structures. The helicity of the peptides was characterized by CD spectroscopy in the 

same solvent system in which peptide monolayers were formed for electrochemical 

studies. The CD spectra proved that regardless of the terminal Fc-modification, L and 

D-peptides adopt right- and left-handed helical structures, respectively (Figure V.5). 
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Negative peaks at 208 nm and 222 nm and a positive peak at 192 nm are characteristic 

of right-handed a-helix.35 A mirror image spectrum for a right-handed helix is 

distinctive for a left-handed helix.36 The negative band at 222 nm arises from n-p* 

transitions of the backbone amide chromophore; the negative band at 208 nm and the 

positive band at 192 nm arise from the p-p* electronic transitions of the same 

chromophore.37-38 The CD spectrum for a right-handed 310 helix is similar to that of an 

a-helix in their peak positions and signs. However, the peak ~190 nm exhibits a much-

reduced intensity. 310 helices also show a much weaker peak ~222 nm compared to the 

peak at ~208 nm.39  

 

Figure V.5:  CD spectra for 0.1 mg/ml solutions of D/L-9 mers (dotted-dashed line), 
D/L-12 mers (dashed line), D/L-12 mers Fc (solid line) or D/L-15 mers (dotted line) in 
1:1(v/v) 10 mM pH 7.00 NaPi:TFE. Black lines are for D-peptides while red lines are 
for L-peptides.  
 

One can extract additional structural details from a CD spectrum of a helical 

peptide, i.e. (1) whether the peptide is a 310 helix, mixture of 310 and a helices or an a 

helix and (2) the percentage helix content (both 310 and a). Specifically, the q222 nm/q208 

nm ratio, where q222 nm and q208 nm are ellipticities at 222 and 208 nm, is 0.4 for an 
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ideal 310 helix and 1.0 for an ideal a helix.39 Ratios between 0.4-1.0 denote that the 

peptide exists as a mixture of 310 and a helices. The calculated ratios were 0.6 - 0.8 for 

all the peptides, which indicate that they exist as a mixture of 310 and a helices (Table 

V.2). This observation is consistent with literature reports, which indicated that Aib-

rich peptides longer than eight residues may adopt either a 310 or a mixed 310/a helical 

structures.33  The helix content of D/L-9 mers was lower than those for D/L-12 or 15 

mers. D/L- 12 and 15 mers have with similar helix contents. (Table V.2). Minor 

differences in the helix content are observed between the unmodified and Fc-modified 

peptides.  

Table V.2: q222 nm/q208 nm and percentage helix content of the peptides 

Peptide q222 nm/q208 nm Percentage  
helix content (fH) 

D-9 mer 0.54±0.02 14±1 
L-9 mer 0.59±0.02 15±1 

D-12 mer 0.71±0.02 35±1 
L-12 mer 0.72±0.03 36±1 

D-12 mer Fc 0.75±0.02 32±1 
L-12 mer Fc 0.71±0.02 33±1 

D-15 mer 0.73±0.01 41±2 
L-15 mer 0.76±0.04 35±1 
 

V.3.2 Characterization of Peptide Monolayers formed on Gold Surface 

Polarization Modulation Infrared Reflection Absorption Spectroscopy (PM-

IRRAS) was used to confirm that the helicity of the peptides is preserved in the 

monolayers and to assess the packing of the peptide monolayers on the gold electrode 

surface. Structural data can be derived from the position and intensity of the amide I 

and amide II absorption bands. Amide I band arises mainly due to stretching vibrations 

of the C=O group of the peptide backbone of a protein arranged in a helix. This band 

appears between 1600-1700 cm-1 and the exact position depends on the backbone 
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conformation and the hydrogen bonding pattern. Amide II peak appears between 1510-

1580 cm-1 and derives mainly from in plane N-H bending vibrations.40 Amide I and 

amide II bands for both D/L-12mer Fc peptide monolayers appear at 1670 cm-1 and at 

1544 cm-1, respectively (Figure V.6). Exactly same values for amide I and amide II 

vibrations have been observed for monolayers formed on gold surfaces by a-helical L-

(Ala-Aib)n-Fc peptides.17 Moreover, the intensities of the amide I and amide II bands 

for two peptides are identical as well. The extracted tilt angle, g, of the helix with respect 

to the surface normal is 48o, which is in good agreement to the reported value for similar 

systems.10 Hence, the properties determined using PM-IRRAS indicate that the two 

peptide enantiomers form similar, densely packed monolayers and adopt the same 

structure within these monolayers.  

 

Figure V.6: The amide region of PMIRRAS spectra recorded for the self-assembled 
monolayers of L-12 mer-Fc and D-12 mer-Fc. The D-12 mer-Fc spectrum is shifted up 
for clarity. 
 
V.3.3 Charge Transfer Rates Through Opposite-Handed Helical Peptides 

The analysis of the electrochemistry data proves that the self-assembled 

monolayers of D/L-12 mer-Fc peptides, formed on gold, have similar surface coverages 

(Table V.3). This observation further proves that the two peptide enantiomers form 

similar monolayers on gold surface. The calculated electron transfer rate constants for 
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the D and L peptides (Table V.3) are close to what was previously reported for a 

polyalanine 14-mer.10 Figure V.7 presents the experimental data compared to the 

theoretical curve for a k0 of 0.48 s-1.  For the D-peptide, the rate constant, as determined 

by the analysis of the anodic process, is larger than that determined by the analysis of 

the cathodic process.  In contrast, for the L-peptide, the situation is reversed and the 

rate constant determined from the cathodic process is larger than that determined from 

the anodic process. 

 

Table V.3: The electron transfer rate constants and surface coverage for the self-
assembled monolayers of L/D-12 mer-Fc. 

Peptide Surface coverage 
(mol/cm2) 

Rate constant for 
oxidation (s-1) 

Rate constant for 
reduction (s-1) 

L-12 mer-Fc 3.6*10-11 0.30±0.02 0.47±0.03 
D-12 mer-Fc 3.7*10-11 0.48±0.03 0.28±0.03 

 

 

Figure V.7: Plot of peak position relative to the formal potential (Ep-E0) as a function 
of the normalized scan rate (v/k0) for either L-12mer-Fc (red squares) or D-12mer-Fc 
(black dots). The blue solid lines are calculated using the Marcus theory applying a 
standard electrochemical rate constant (k0) of 0.48 s-1 and assuming the reorganization 
energy for the ferrocene to be 0.8 eV. The dotted lines are a guide for the eye. 

 

Several groups have reported an asymmetry in the charge transfer through 

peptides, which contain L-amino acids and adopt a right-handed helical structure.9-10 
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Several reasons have been suggested for the asymmetry (Figure V.3) in the rate constant 

for electron transfer through peptide monolayers, measured from the anodic and 

cathodic process: 1) The dipole moment of the helix was suggested to play a role, as it 

may favor electron-transfer in the direction towards the positive end of the dipole;10 2) 

The amide-ferrocene strong electronic coupling promotes fast electron transfer8 that 

would promote electron transfer between the C-terminal amide group and the sulphur, 

which was considered the rate-determining step; 3) the polarity of the Au-S junction 

defines a favorite direction for electron transfer.9 These explanations cannot be used to 

rationalize the asymmetry observed for the two enantiomers because the orientation and 

strength of the dipole moment, the amide-ferrocene electronic coupling, and the polarity 

of the Au-S junction do not depend on the chirality of the two peptides. The CPD 

measurements reported in Table V.4, show that the two enantiomers of the peptides 

have similar dipole moments. The change of the work function of the Au surfaces, after 

the monolayer formation, is similar for the two enantiomers.  

Table V.4: CPD of gold substrate coated with self-assembled monolayers of peptides. 

 CPD (V) 
Gold (blank) 0.0±0.004 

L-12 mer-Fc monolayer -0.539±0.017 
D-12 mer-Fc monolayer -0.486±0.006 

 

V.3.4 The Proposed Model 

It has been shown that the properties of the gold surface, bridge organic 

molecule, and redox group are not independent from each other and new properties may 

emerge when these three components are linked. For example, several groups reported 

that gold may show magnetic properties when molecules are self-assembled on its 

surface.28, 41-45 The magnetic properties were explained as resulting from both Pauli 
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principle and orbital paramagnetism in the gold.46 Pauli paramagnetism comes from the 

electrons in the conduction band. When an external magnetic field is applied, the 

electrons with spin aligned with the field are stabilized. This leads to a different density 

between the two populations, which yields a positive paramagnetic susceptibility. 

Orbital paramagnetism arises from the orbital motion of the electrons around the 

nucleus.  

Furthermore, spin-dependent electron transfer was found when a monolayer of 

organic molecules containing paramagnetic atoms was adsorbed on gold, which 

indicated that the gold was magnetized.47 The magnetic properties of gold may 

influence electron transfer through self-assembled monolayer of chiral molecules. In 

recent years it was established that electron transfer through chiral systems is spin 

dependent.48 If the gold is indeed magnetic, its direction of magnetization may affect 

the spin of the electrons or holes injected from the substrate into the chiral molecule 

and thereby affect the charge transfer rate through the chiral molecule.   

The model we propose to explain the observed asymmetry in the rate constant 

for the two peptides is based on two components, the magnetization of the system and 

the spin selective electron transfer through the chiral molecules. It was reported before 

that linking chromophores to a substrate via organic monolayer may cause a large 

magnetic anisotropy in the sample.49 Several groups already observed that binding 

paramagnetic molecules to gold, through an organic linker, causes spin selective 

conduction through the molecules.41, 50-52 Hence we propose, that as a result of the 

induced anisotropy, both the surface magnetization of the gold and the spin on the 

ferrocene are magnetized parallel to each other, along the axis of the molecule. 

To verify this assumption, we measured the magnetization of the peptide monolayer on 

gold surface at room temperature, using SQUID. Figure V.8 shows the magnetic 
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moment as a function of the magnetic field applied either perpendicular or parallel to 

the surface. The results are presented after the subtraction of the contribution of the 

substrate without the monolayer. A ferromagnetic response with a significant hysteresis 

is observed for both magnetic field directions. However, the response is non-isotropic. 

For the field applied perpendicular to the surface, the magnetic susceptibility is large 

and the hysteresis is about 40 Oe. For the magnetic field applied parallel to the surface, 

the magnetic susceptibility is somewhat smaller however the hysteresis is much larger, 

namely 120 Oe. Assuming that the measured magnetic moment at H=0 is proportional 

to the density of the monolayer, we calculated that per molecule the magnetic field 

corresponds to a 0.86 µB for the parallel field and 0.64 µB for the perpendicular one. 

These two values are consistent with a SAM in which the molecules are at a tilt angle 

with respect to the surface normal of ~50o, which is similar to the tilt angle inferred 

from the PM-IRRAS (48o). Based on these results, we conclude that the easy axis of 

the ferromagnet is along the molecular axis. 

In attempting to rationalize the enantio-dependant asymmetry in the electron 

transfer rate, we propose a model that invokes spin-dependent electron transfer through 

the chiral molecules, based on CISS and the magnetization of the gold substrate. (Figure 

V.9).  
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                              (a)                                                               (b) 

Figure V.8: Magnetic moment versus magnetic field measured by SQUID at 300K for 
the L-12mer-Fc monolayer adsorbed on gold film. The substrate contribution to the 
signal has been subtracted from the data.  The magnetic field was applied either (a) 
parallel or (b) perpendicular to the sample surface. The inset is a zoom of the low field 
region where the hysteresis is largest. 
 

The CISS has an inherent asymmetry, for a given enantiomer, the preferred spin 

of electrons conducted in one direction is the opposite to that of electrons conducted in 

the opposite direction. In our system, we assume that both the gold substrate and the 

ferrocene have a magnetic moment parallel to each other and to the molecular axis. The 

electrons injected into the oligopeptide have therefore their spin oriented in the same 

direction, independent if they are transferred from the gold or from the ferrocene and 

independent on the specific enantiomer. Because of the CISS effect, in the case of the 

L-peptide the spin is oriented so that its transport is favored for the reduction direction, 

while for the D-peptide it is favored for the oxidation direction.  Since we know from 

former studies that for the right-handed L peptide the preferred spin orientation is the 

spin that is aligned parallel to its velocity,22 we conclude that the magnetization of the 

gold and the ferrocene is pointing away from the surface, parallel to the molecular axis. 
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Figure V.9: A scheme of the proposed mechanism for the asymmetric electron transfer. 
The gold surface is magnetized and as a result, one spin is injected preferentially from 
it to the molecule or vice versa. In the case of L-12 mer-Fc peptide (right handed helix) 
the electron injected from the gold has a spin aligned parallel to the electron’s velocity, 
which is the preferred spin for the electron transfer. As a result, the electron transfer in 
this direction (reduction process) is faster than backwards. In the case of D-12 mer-Fc 
peptide (left handed helix), the preferred spin orientation is when the spin is aligned 
antiparallel to the electron’s velocity and therefore the preferred rate is for the oxidation 
process. 

 

V.4 Conclusions 

We show that “spontaneous magnetization” occurs when chiral oligopeptides 

are attached to ferrocene and self-assembled on a gold substrate. The magnetization 

measured shows high anisotropy and the “easy axis” is along the molecular axis. As a 

result, the electron transfer, measured by electrochemistry, shows asymmetry in the 

redox and oxidation rate constants and this asymmetry is reversed between the two 
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enantiomers. The results are explained by the chiral induced spin selectivity of the 

electron transfer.  

V.5 Material and Methods 

V.5.1 Peptide Synthesis 

In addition to the peptide sequences given in Table V.1, we also synthesized 

Cya-D/L-(Ala-Leu)7-H, Cya-D/L-(Leu-Ala-Ser)3-H, Cya-D/L-(Aib-Ala-Leu)4-H and 

Cya-D/L-(Aib-Ala-Leu)5-Aib-H. The extreme hydrophobicity of the Cya-D/L-(Ala-

Leu)7-H peptides made it impossible for us to purify them by reverse phase HPLC on 

a C18-column. We anticipated that the incorporation of the hydrophilic amino acid, 

D/L-Serine into the sequence would increase the hydrophilicity of the peptides. Indeed 

Cya-D/L-(Leu-Ala-Ser)3-H peptide was soluble enough to make possible the 

purification by reverse phase HPLC on a C18 column. However, the helicity analysis 

by CD spectroscopy revealed that the peptides adopt a random coil structure (Figure 

V.10). The incorporation of Aib residues at intermittent positions to Ala-Leu sequence 

to synthesize Cya-D/L-(Aib-Ala-Leu)4-H or Cya-D/L-(Aib-Ala-Leu)5-Aib-H did not 

make the peptides hydrophilic enough to purify them by reverse phase HPLC. 

Cysteamine modified D/L- peptides were synthesized manually using the 

Fmoc-solid phase peptide synthesis strategy, starting form commercially available 

Cysteamine-4-methoxytrityl resin with a loading of ~0.83 meq/g (Anaspec). Fmoc-

D/L-Ala/Leu-OH or Fmoc-D/L-Ser(tBu)-OH amino acids (Anaspec) were coupled 

using HATU (Chem-Impex) as the coupling reagent while PyClock (Peptides 

International) was used for the coupling of Fmoc-Aib-OH (Anaspec) and 2-Azidoacetic 

acid (Sigma Aldrich). HBTU (Chem-Impex) was used as the coupling reagent for 

Ferrocene Carboxylic acid (Sigma Aldrich). Anhydrous DIEA and anhydrous NMP 

(Sigma Aldrich) were used as the base and the solvent, respectively. The molar ratios 
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among growing peptide chain: amino acid: coupling reagent: base were 1:4:3.9:8. The 

respective molar ratios for 2-Azido acetic acid coupling was 1:4:3.9:12. First amino 

acid was coupled overnight while the others were coupled for one hour. 2-Azido acetic 

acid  was coupled overnight. The coupling of the amino acids were repeated and the 

success of coupling was monitored by qualitative Kaiser test. The peptides were cleaved 

from the resin  for 3 hours with a cleavage cocktail of 95% TFA (EMD): 2.5% TIS 

(Sigma Aldrich): 2.5% water and two drops of Immobilized TCEP disulfide reducing 

gel (Thermo Scientific). Azide modified peptide were cleaved from the resin using 

92.5% TFA (EMD): 2.5% TIS (Sigma Aldrich): 2.5% water: 2.5% Dithiothreitol. 

Crude peptides were precipitated with cold diethyl ether (EMD) and dried under 

nitrogen. Peptides were purified by reversed-phase HPLC equipped with a C18 silica 

column on a Waters 600 controller and pump. Absorbance was monitored at 210 nm 

with a Waters 2996 photodiode array detector. Peptide masses were determined by ESI-

MS or MALDI-ToF-MS on an Applied Biosystems Voyager biospectrometry 

workstation using a-cyano-4-hydroxycinnamic acid as the matrix (10 mg/ml in 

water/acetonitrile, 0.1% TFA). Samples of the lyophilized D/L-9,12 or 15 mer peptides 

were dissolved in nano pure water and those of D/L-12-mer-Fc were dissolved a 1:1 

(v/v) mixtue of 2,2,2-trifluoroethanol (TFE) and nano pure water. 

Table V.5: Peptide sequences and mass spectrometry results 

Peptide (C to N) MWcalc MWexp 
D peptide 

MWexp 
L peptide 

Cya-D/L-(Ala-Leu)7-H 1366.8 1366.5 1366.4 
Cya-D/L-(Lue-Ala-Ser)3-H 1162.41 1184.33 1184.76 
Cya-D/L-(Aib-Ala-Leu)4-H 1239.63 1263.00 1263.00 

Cya-D/L-(Aib-Ala-Leu)5-Aib-H 1508.98 1532.27 1532.17 
D/L-9 mer-azide 827.95 850.2 850.4 
D/L-9 mer-Cy3 1324.66 1320.63 1320.65 

D-9mer-Mega stoke 673 1294.50 1315.32 - 
D/L-12 mer-azide 1055.22 1077.5 1077.5 
D/L-15 mer-azide 1282.477 1304.7 1304.7 
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We also synthesized dye-modified peptides by “click chemistry”. The azide 

modification to peptides was introduced on the solid phase. Then, the azide-modified 

peptides were cleaved from the resin and coupled to the dyes in solution. The general 

reaction is shown in Scheme V.1 

 

Scheme V.1: Reaction for coupling of dye on to peptide 
 

0.2-2 mM solutions of azide-modified peptide were prepared in water. 10 mM 

stock solutions of Cyanine3 alkyne (Lumiprobe) or Alkyne MegaStokes dye 673 

(Sigma Aldrich) were prepared in DMSO. A 5 mM ascorbic acid solution was freshly 

prepared in water. 10 mM Cu(II)-TBTA complex in 55 vol.% in DMSO and water was 

obtained from Kerafast. Each reagent and solvent was degassed with Ar for a few 

minutes. Azide-modified peptide dissolved in water was mixed with 2 M pH 7.00 

triethylammonium acetate buffer to final buffer concentration of 0.2 M. DMSO was 

added to this solution, so that the final composition of DMSO in the reaction mixture 

is 50% (v/v). To this solution, 1.5 molar excess of the dye alkyne of stock concentration 

10 mM was added. Then, 5 mM Ascorbic acid, followed by 10 mM Cu(II)-TBTA 

complex were added to the reaction mixture, to 0.5 mM final concentration of each. 

Reaction mixture was vortexed and degassed with Ar for a few minutes after addition 

of each reagent. Reaction was left on a shaker at room temperature overnight. The 

product was precipitated with acetone and incubated at -20 oC for 20 minutes. Then, 

the reaction mixture was centrifuged at 10,000 rpm for 10 minutes and the pellet was 

washed with acetone. Solid was dried under nitrogen. Product mass was determined by 
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MALDI-ToF-MS on an Applied Biosystems Voyager biospectrometry workstation 

using a-cyano-4-hydroxycinnamic acid as the matrix (10 mg/ml in water/acetonitrile, 

0.1% TFA).  

V.5.2 CD Spectroscopy 

The CD spectra for the peptides were measured in 1:1 (v/v) mixture of 10 mM, 

pH 7.00 sodium phosphate (NaPi) buffer and TFE, in 0.1 cm path length cuvettes, at 20 

oC on a JASCO J-715 spectrometer equipped with a thermoelectrically controlled 

single-cell holder.  The scan rate was 100 nm/min and 10 scans were accumulated for 

each spectrum. The concentration of the peptides was 0.1 mg/ml. The helix content of 

the peptides was determined from the CD data using the equations:53 

𝑓@ = 	−( 𝜃 BBB + 2340)/30300 

where [q]222 is the mean residue ellipticity at 222 nm, and fH is the fraction of helix 

(both a and 310). 

𝜃 BBB deg 𝑐𝑚B 	𝑑𝑚𝑜𝑙OP = 	𝜃BBB ∗ 𝑀/[10 ∗ 𝑑 ∗ 𝐶 ∗ 𝑁 − 1 ] 

where q222 is the observed ellipticity at 222 nm in degrees, M is the molecular weight 

of the peptide, d is the path length in cm, C is the concentration in g/ml and N is the 

number of peptide bonds in the peptide.54 

 

Figure V.10: CD spectra for 12 µg/ml solutions of Cya-D/L-(Leu-Ser-Ala)3-H in 10 
mM pH 7.00 NaPi buffer. Black line: D-peptide, Red line: L-peptide. The CD spectra 
were measured in a 1 cm path length cuvette.  
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V.5.3 Monolayer Formation 

The 120 nm thick gold surfaces were prepared by electron beam evaporation on 

a p-doped silicon wafer, using 3 nm of chromium as the adhesion layer. The gold 

surfaces were cleaned by boiling them first in acetone and then in ethanol for 10 

minutes, followed by a UV-ozone cleaning for 15 minutes and a final incubation in 

warm ethanol for 40 minutes. The surface, dried with a nitrogen gun, where 

immediately immersed into the peptide solution (0.625 mg/ml, using a 1:1(v/v) mixture 

of pH 7.00 10 mM NaPi and TFE as solvent) and incubated for 36 h.  After the 

incubation, the surfaces were rinsed 3 times with deionized water, dried with a nitrogen 

gun and immediately used for the experiments. 

V.5.4 Polarization Modulation Infrared Reflection Absorption Spectroscopy 

(PMIRRAS) 

Infrared spectra were recorded in polarization modulation–infrared reflection–

absorption mode, using a Nicolet 6700 FTIR instrument, equipped with a PEM-90 

photoelastic modulator (Hinds Instruments, Hillsboro, OR), at an 80° angle of 

incidence. The orientation of the peptides on the gold surface was determined using the 

following equation: 

𝐼P
𝐼B
= 1.5	×	

3cosB 𝛾	 − 	1 3cosB 𝜃P 	− 	1 	+ 	2
3cosB 𝛾	 − 	1 3cosB 𝜃B 	− 	1 + 2  

where I1 and I2 are the intensity of the amide I and amide II bands, q1 and q2 are the 

angles between the transition moment of the two bonds and the helical axis (which are 

found in the literature to be 39o and 75o respectively) and g is the tilt angle of the helix 

in respect to the surface normal.55-56  
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V.5.5 Electrochemistry 

The electrochemical experiments consisted in cyclic voltammetry experiments 

carried out at different scan rates (v) ranging from 10 mV/s to 100 mV/s in a potential 

window from 0.0 to 0.7 V, using the oligopeptide modified gold surface as working 

electrode. The measurements were done using a standard three-electrode setup, in a 

supporting electrolyte solution of 0.1 M NaClO4, using a Pt wire as the counter 

electrode and an Ag/AgCl (sat. KCl) electrode as reference. Following the same 

approach used by Waldeck and collaborators,57 the charge transfer rate constant k0 was 

obtained from the experimental data by plotting the anodic and cathodic peak separation 

(Ep-E0) versus the normalized scan rate (v/k0) and fitting the data by a curve obtained 

by Marcus theory, using a recombination energy (l) of 0.8 eV for the ferrocene. The 

surface coverage G is calculated integrating the charge under the faradaic current peaks 

at a scan rate of 50 mV/s. 

 

 

       

                                    (a)                                                          (b) 

Figure V.11: Cyclic voltammograms for (a) D-12 mer Fc and (b) L-12 mer Fc 
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V.5.6 Contact Potential Difference (CPD) 

The CPD of the surfaces was determined using a commercial Kelvin probe 

instrument (Delta Phi Besocke, Jülich, Germany) within a Faraday cage. The reference 

probe consisted of a gold grid. The measurements were held in the dark and in ambient 

atmosphere. The CPD signal of a blank gold substrate was taken as the zero value. The 

CPD of the monolayers is reported as the difference between the gold reference and the 

value recorded for the monolayers after letting the signal to stabilize.  

V.5.7 Superconducting Quantum Interference Device (SQUID) Measurements 

A SQUID magnetometer MPMS2 (magnetic property measurement system 2) 

with an absolute sensitivity of 10-7 emu was used to measure the magnetic properties 

of peptide monolayers, with the magnetic field applied either parallel or perpendicular 

to the sample plane. The measurements were conducted at 300 K, and consisted in a 

magnetizing run from 0 Oe to 6000 Oe, a first measurement going from 6000 Oe to -

6000 Oe, a second going from -6000 Oe to 6000 Oe, and a demagnetizing run from 

6000 Oe to 0 Oe. The diamagnetic contribution of the gold-silicon substrate was 

measured prior to the monolayer formation and subtracted from the final data. Figure 

V.12 and Figure V.13 report the measurements done on the bare gold surface and the 

unprocessed data for the monolayers. 
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                              (a)                                                                 (b) 

Figure V.12: SQUID measurements for the bare gold surface that has been used as a 
substrate for the L-12mer-Fc monolayer formation. Applied magnetic field (a) parallel 
to the field and (b) perpendicular to the field. 

  

                               (a)                                                            (b) 

Figure V.13: SQUID measurements for the L-12mer-Fc monolayer prior to subtraction 
of the magnetic moment due to the bare gold substrate. Applied magnetic field (a) 
parallel to the field and (b) perpendicular to the field. 
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