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ABSTRACT 

HENs of modified DNA molecules 

Xinyu Zhang 

Hot Electron Nanoscopy and Spectroscopy (HENs) is a current-sensing AFM 

technique recently developed in our lab, which have proven a new kind of response on 

conduction at the nanometer scale, casting a new light for the comprehension of electronic 

states in nanomaterials. Direct imaging of DNA structure has long been investigated, with 

the development of HENs technology, more structural information about DNA could be 

revealed by simultaneous measurements of height, phase, Raman signal, and conductivity. 

With the aim of applying it for the first time on biological molecules, customized double-

stranded DNA sequences, including thiol-modified oligonucleotides are designed to create 

preferential conductive paths through the basis as a benchmark system for the technique 

on biomolecules. This work aims to a final goal to characterize hot-electron current 

between gold tip and thiol modified DNA which ideally is covalently bonded to the gold 

surface and optimized for the application. In this work, high density of DNA absorbed by 

SERS active gold surface with atomic flat islands has been prepared for HENs application. 

The samples have been characterized by AFM, SKPM and Raman Spectroscopy, as non-

destructive and controlled interactive image analysis. High-resolution images of DNA have 

been acquired, S-S and Au-S bonding of DNA anchored on SERS active gold substrate are 

also visible with Surface-enhanced Raman and Tip-enhanced Raman signals. A 

submolecular feature has also been found in both topographical and electrical results. 
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Herein, we report the synthesis and characterization steps to obtain the optimized operation 

standard.   
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Chapter 1  Introduction 

Hot Electron Nanoscopy and Spectroscopy (HENs) is an offspring of Atomic Force 

Microscopy (AFM) recently developed in SMILES lab in KAUST. It measures the charge 

transfer between high energy carriers from excited states of a metallic tip to a sample, in a 

nanometric contact region on unbiased samples. The underlying physical process relies on 

the possibility of efficiently exciting propagating plasmons from impinging photons into a 

well defined (extended) area, of guiding them into a well-defined region, also several 

micrometers far apart, and of concentrating them into a well defined, nanometer-sized, 

region of space by proper design of metallic microstructures in a AFM tip. There, in the 

presence of an asperity, they can decay into energetic carriers (electrons and holes) and 

photons. With this principle applied to AFM, the energy from an impinging laser can be 

collected in an area of some square micrometers at the base of the tip, guided and focused 

to the nanometric tip apex and released into the sample as energetic charge carriers and 

photons. Their interaction with the sample brings in new local information about the 

sample itself. The measurements of the hot carriers, in particular, give information about 

electronic states far from the Fermi level at zero tip-sample bias, i.e., no electrical 

perturbation is applied to the sample. In the past, it has been successfully applied to bulk 

semiconductors, 2D materials and conductive organic polymers, showing a spatial 

resolution on the nanometer scale and a new sensitivity on electronic states which was not 

accessible with other techniques. So far it has never been applied to insulated molecules 

yet. 

The activity of this thesis is aiming and concurring for a final goal to apply HENs 

on a system of insulated and electrically coupled molecules, as a test bench for this  
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technique on biological systems. This will provide new imaging and spectroscopic 

capability at a single/sub-molecular level, as well as new valuable information for the 

comprehension of important theoretical aspects in hot carriers transport at the nanoscale.  

Much effort has been spent in the design, preparation and characterization of the 

molecular system, tailored for the HENs application. We specifically designed double-

stranded DNA sequences with thiol, phosphorothioate and fluorescent modification on 

oligonucleotides, to covalently bond on gold surfaces at specific sites, generating 

preferential electrical paths through the molecules. The gold substrates were realized in 

order to have atomically flat terraces, optimal for AFM application, proper transparency to 

be studied by (inverted) optical microscopy and a Raman enhancement to perform micro-

Raman and tip-enhanced Raman spectroscopy, and good conductivity for HENs and 

electrical AFM modes. All the techniques except for micro-Raman have been intergrated 

into an AFM set-up to perform all these studies at a single molecule level contextually, 

with a multi-technique approach. The samples have been optimized and characterized in 

terms of state-of-the-art techniques to provide an extensive data set of their morphological, 

structural and electrical properties, highlighting results and technical limitations which we 

intend to overcome.  

This work is a fundamental prerequisite for the implementation HENs at single 

molecule level and the comprehension of the results.  

The structure of the thesis is as follows:  

Chapter two gives the general overview of DNA structure and DNA imaging 

development. 
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Chapter three discusses the design of the thiol-modified DNA that we have 

developed specifically for HENs applications, including the detailed sequence of 

oligonucleotides, the functionalizations and the motivations of these choices. 

Chapter four includes the working principles and instrumental setup of the 

techniques used in this work.  

Materials and methods of all the operation involved in sample preparation and 

characterization are presented in chapter five.  

Results of characterization are shown in chapter six.  

Finally, some conclusions are drawn in chapter seven with future outlooks.  
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Chapter 2  DNA and DNA Characterization 

2.1 Deoxyribonucleic Acid (DNA): from the 1870s to 1960s. 

Nuclein was first identified by Friedrich Miescher in 1869 during his work with 

white blood cells. He isolated this new substance from the cells, and he called it nuclein, 

which now is known as deoxyribonucleic acid, DNA. In 1929, the chemist Phoebus Levene 

discovered the DNA components while working on the hydrolysis of nucleic acids 

extracted from yeast.  

In 1944, the relationship between DNA and hereditary was revealed by McLeod and 

McCarty, revealing that genes are DNA fragments bundles. Later on, the biochemist Erwin 

Chargaff used chromatography to separate purines and pyrimidines, the relative amount of 

these molecules in a DNA sample was then quantified by absorption difference when 

exposed to ultraviolet (UV) light. With these findings, Chargaff concluded that the amount 

of adenine and thymine are similar as well as cytosine and guanine: the total amount of 

pyridines and purines are very close, although, the sequence of bases can vary among 

different DNA. This pattern is known as “Chargaff’s rule.” [1] 

It is well established now that DNA is constituted by nucleotides, which are formed 

by a carbohydrate-based component (a sugar called deoxyribose), four bases containing 

nitrogen (cytosine: C, guanine: G, adenine: A or thymine: T, and a phosphate group). 

Furthermore, bases are categorized into two groups: purines and pyrimidines. Specifically, 

the pyrimidines are thymine and cytosine; the purines are adenine and guanine. (Fig 2.1) 

https://en.wikipedia.org/wiki/Monosaccharide
https://en.wikipedia.org/wiki/Deoxyribose
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Figure 2-1 chemical structure of the four bases of DNA 

X-ray diffraction (XRD) was the fundamental technique used to obtain DNA 

structural information. In 1952, Rosalind Franklin, Maurice Wilkins, and Raymond 

Gosling obtained high-resolution diffraction images of crystallized DNA extracted from 

calf thymus in different humidity conditions. [2] Two different DNA conformations can be 

observed: A-form DNA was obtained with humidity less than 75% while B-form DNA was 

obtained with humidity over than 75%. Form transition can occur by changing the 

hydration state of the molecule, which represents an adaptation of DNA conformation 

towards the environment. The diffractograms and their characteristic X-shaped pattern are 

shown in figure 2.2. Linus Pauling identified this “X-shape” as alpha-helix secondary 

structure when he characterized proteins. [3] This suggested that DNA have the same 

helical structure as it shows the same X-shaped features. This information was particularly 

important for the finalization of the DNA structure interpretation by James Watson and 

Francis Crick, as it is related to the DNA structure double-helix arrangement and 

dimensions.   
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Figure 2-2 X-ray diffraction patterns of DNA, a: A-form DNA; b: B-form DNA. Readapted from 

[2]  

In 1962, Watson, Crick, and Wilkins won the Nobel Prize in Physiology and 

Medicine for the elucidation of the DNA structure. [4] Their interpretation of the helical 

structure of B-form DNA (sketch in figure 2.3) stated that the two hemihelices in a double-

stranded DNA (dsDNA) are anti-parallel and complementary with hydrogen bonds 

between bases. They found that only specific pairs of bases can bond together which are 

purines with pyrimidines. More precisely, adenine with thymine and guanine with cytosine 

as previously stated by Chargaff.  

 

Figure 2-3 Watson and Crick’s interpretation of B-from DNA. [4]  

Two phosphate-sugar backbones chains are represented by the two ribbons, and the pairs of bases 

are represented by the horizontal lines. The helix axis is shown as a vertical line in the center. 
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From X-ray experiments and interpreted DNA structure, Wilkins et al. reported in 

detail the diameter of crystallized DNA. [5] The diameter of a helix in B-form DNA is 

around 2 nm, while A-form is around 2.3 nm. The pitch of a helix in its B-form DNA is 

3.4 nm compared to less hydrated A-form DNA with 2.8 nm. The tilt of the bases with 

respect to the axis is estimated to be 19° for A DNA and −6° for B-DNA.[6] 

It is worth citing that DNA also attracted the scientific community’s interest due to 

its capability of self-assembling in engineered conformations with specific shapes and 

extended functional capabilities with a very small number of bases, here DNA is regarded 

as building blocks rather than a biomaterial. In this context, DNA with intrinsic self-

assemble characteristic has great potential in nanoscale fabrication, especially when 

modified on single mutation scale. [7] DNA structure can be further modified for 

nanotechnology applications. In 2006, Rothmund first introduced the DNA origami 

technique, showing the possibility to design specific shapes with functional capabilities 

only based on DNA polymerization. [8] They fabricated a scaffold structure from long 

single-stranded DNA which can be folded into different nanostructures with the help of 

staple strands (short oligonucleotides). Since then, DNA engineering has become one of 

the most effective and yet promising techniques for the synthesis of organic nanomaterials 

with application spanning from nanoelectronics to drug delivery and, of course, 

nanomedicine. Our activity is framed in this context since nanometer resolution 

microscopy coupled with new functional and structural sensitivity fulfills many of the 

fundamental requirements for the investigation of nanotextured materials. The design and 

preparation of engineered DNA samples is the central topic of chapter 5.1.  

2.2 Structural Characterization of DNA 
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X-ray diffraction successfully revealed the structure of DNA in the '50s, and it is a 

reference technique in the investigation on the crystallized material at the nanoscale, but 

still, it faces several limitations. The technique is based on crystallization, which requires 

an extensive experimental effort and is not applicable to all the biomaterials, especially for 

proteins. Also, the information extracted comes from the averaging process on a 

macroscopic area and is related to a crystal conformation: the study of structural and 

conformational modifications, their evolution over time and environmental conditions as 

well as their relation to the functionality require a different approach, capable of extracting 

information at the single molecule level.  

Besides X-ray diffraction method, many advanced techniques have been developed, 

with the aim to investigate structural information at atomic resolution. Several research 

fields spanning from molecular biology, genomics, to applied medicine have high interest 

in single-molecule imaging and structural analysis. In this chapter, several common 

methods used to image and characterize single molecules, with specific attention to the 

case of DNA, with reference to recent achievements as well as their relative limits are 

presented.  

2.2.1 Fluorescence Microscopy 

Fluorescence microscopy is a non-invasive method which can provide three- 

dimensional information for biomaterials imaging. As an optical technique, it is limited by 

diffraction which gives resolution limit to about 200 nm . This constraint has been 

overcome by approaches such as stimulated emission depletion microscopy (STED), 

structured illumination microscopy, photoactivated localization microscopy (PALM), and 

stochastic optical reconstruction microscopy. (STORM) [9], [10] Among these, 
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localization microscopy, such as stochastic optical reconstruction microscopy and 

photoactivated localization microscopy can reach a sub-diffraction limit resolution.  

Localization microscopy can reach single molecule detection by utilization of three 

main principles: dilution of the fluorescing label is enough to separate the images to 

individual molecule; the images obtained are considered point spread functions so that 

position of molecules can be estimated; reconstruction of molecular position can overcome 

the diffraction limit. In this way, super-resolution beyond diffraction limit can be obtained 

with wide-field localization microscopy technique. [11]Super-resolution imaging of DNA 

either in a cell or isolated DNA, involves high-density labeling method. Different labels 

can localize single molecule and provide super-resolution fluorescence imaging of isolated 

plasmid DNA, chromatin and living cells. [12] For example, by measuring emitted 

intensities of single dye molecules, researchers were able to acquire super-resolved images 

of stretched DNA strands. Whereas, this method required thousands of dye molecule 

orientation data such as intercalating and groove binding dyes. It is still an advanced and 

developed approach to DNA structural and DNA-dye interaction analysis. In this literature, 

dye (SYTOX Orange) was sandwiched in between two adjacent DNA base pairs, which 

suggests a certain deformation was introduced to DNA molecules. [13] The presence of 

chemically bonded labels could affect the original configuration and function of DNA, 

which gives a limitation to this imaging method with respect to a label-free approach. 

Besides wide-field microscopy, applications of near-field microscopy have potential 

in single molecule observation when combined with scanning force microscopy. This 

technique is named as near-field scanning optical microscopy, (NSOM) which can provide 

high-resolution images containing structural and conformational information such as the 
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orientation of each molecular dipole. NSOM utilizes an aperture which has a smaller 

diameter than excitation laser wavelength to focus excitation light and collect reflected 

light. The aperture scans over the sample surface during measurements which can also be 

considered as a form of scanning probe microscopy. [14] The application of such concept 

was previously reported by Betzig in 1993. [15] Imaging of individual dye molecules was 

achieved since then. Near-field scanning optical microscopy is a sensitive tool for studying 

the local environment of single molecules and even some slow dynamic processes between 

DNA and dye. [16] 

Another successful single molecule nanoscopy which combines scanning probe 

microscopy and fluorescence microscopy is the AFM-FRET (Foester resonance energy 

transfer) technique, which was first introduced in 2001. [17] Single molecule detection of 

some biological materials was achieved, such as proteins [18] and DNA. [19] 

DNA can also provide dynamic information as it is a polymer chain. In 1994, 

Thomas Perkins and his group labeled 1-micrometer beads with DNA strands intercalated 

with YOYO-1 and manipulated the constructs with optical tweezers in solution. They 

observed and recorded the relaxation of single molecule DNA using fluorescence 

microscopy to study static and dynamic properties of single-stranded DNA. [20] 

2.2.2 Scanning Probe Microscopy (SPM) 

SPM is a non-invasive approach to biological molecules studies and is capable of 

providing high-resolution three-dimensional images. Among all the related techniques, 

Atomic Force Microscopy (AFM) allows measurement in liquid condition, which mimics 

physiological condition while working in the presence of different buffers. Air-dried DNA 

and DNA in a liquid have been imaged by AFM on various substrates, including mica and 
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gold. [21] Scanning Tunneling Microscopy (STM) is a powerful imaging tool which can 

achieve atomic resolution imaging also on biomolecules and DNA. [22]Application of such 

technology on bio-materials attracts much attention since demonstrated, as a proof of 

concept, to be able to resolve DNA sequence directly, but it is usually operated in Ultra 

Hign Vacuum (UHV) environment and has quite a low throughput, therefore STM is more 

oriented to basic and applied research in molecular electronics rather than biological 

applications.  

2.2.2.1 AFM in biomaterial imaging 

AFM applications for biology are of great interest to researchers, due to its unique 

capability in probing soft materials. Air dried or in liquid measurement are well-established 

practice, allowing routinely application and statistically relevant data set acquisition of 

biomaterials on a flat surface. 

Imaging by AFM in liquid allows biomaterials to be probed in their physiological 

states, and the force between the tip and the molecules can be reduced significantly by a 

factor 10-100 if compared to AFM performed in air, which avoids deformation of soft 

biomaterials in contact mode measurements. [23], [24] 

One strategy to ease high-resolution imaging is to immobilize DNA on the substrate, 

which requires the use of cations or DNA modification. The first reproducible images of 

uncoated DNA attached to mica surface treated with magnesium acetate were reported by 

Thundat et al. in 1992. Mica surfaces were treated with 𝑀𝑔2+ to increase the electrostatic 

force between DNA and negatively charged mica surface. DNA molecules were then 

attached to the surface to allow AFM imaging. In later studies, various cations such as 

𝐶𝑜2+, 𝐿𝑎3+ and 𝑍𝑟4+ were proved as useful for mica treatment for DNA imaging.[25] 
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Hansma et al. have improved the method of anchoring DNA by imaging plasmids DNA in 

propanol. The insolubility of DNA in propanol helped to keep DNA attached to the surface. 

Effect of various concentrations of propanol on DNA was investigated. [26] 

DNA in buffer solutions was imaged by Hegner et al. in 1993, using different DNA 

anchoring method. A thiol modified DNA sequence has been immobilized on the gold 

substrate by the covalent bond between Au and SH; this is a stable bond with heat 

absorption of tens of 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙. [27]  

AFM performed in liquid have reached a spatial resolution of 1 nm, which indicated 

future possibilities to elucidate biosystems in physiological e environment. High-resolution 

measurements in liquid have shed light on resolving DNA double helix structure and even 

mismatch or single mutation inside DNA sequence. [28], [29] Most biomolecules have 

flexible structures which easily perturbated by the scanning tip, especially in contact mode. 

This limitation can be overcome by amplitude-modulation AFM, known as “tapping mode” 

or “AC mode”. Here, higher accuracy on the tip-sample forces is achieved by measuring 

and controlling the resonance frequency of the cantilever, while, lateral dragging forces 

can be significantly minimized by the cantilever vertical oscillation. Pyne and collaborators 

used high frequency, miniaturized and 250 𝑛𝑚 thin cantilevers to further improve the 

resolution. In this case, Frequency Modulation (FM) was applied and optimized to further 

reduce tip-sample interaction: traditional tapping mode compresses significantly the 

sample, inducing deformation while they demonstrated the capability to stably measure 

DNA to the diameter of 2 nm  within the experiment error (±10%) , unambiguously 

resolving DNA grooves and their depth (Fig 2.4); figure below is showing minor grooves 

have depth around 0.1 nm and major grooves 0.2 nm.  
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Figure 2-4 An elongated left-handed double helix with high resolution is presented.  

Two strands of the DNA, separated by the minor groove are indicated by green arrows on the top 

right. The major groove separates the subsequent turns of the double helix [28] 

In air-dried condition, salt accumulation on DNA after buffer solution drying is an 

issue for high-resolution imaging. Several approaches have been tested. For example, 

chemical treatment of mica was investigated to acquire a salt-free DNA for imaging. In 

vapor of 3-aminopropyltriethoxy silane (APTES), a smooth aminopropyl-mica (AP-mica) 

surface was obtained. This surface could bind DNA and ribonucleic acid (RNA) of various 

lengths in air or liquid. [30] Lyubchenko and his group improved this method using 1-(3-

aminopropyl) silatrane (APS) mica as an alternative to AP mica to absorb long chains 

duplex and triplex DNA molecules more efficiently to get rid of salt accumulation. [31] 

The major advantage of this method was that the functionalized surface could be used in a 

wide range of ionic conditions, 𝑝𝐻 , and temperatures. Moreover, once deposited and 

rinsed, the samples did not absorb contaminations and could be stored with minimal 

precautions. Importantly, APS mica can be applied to various force spectroscopy besides 

AFM probes. High resolution image obtained from this substrate is shown in figure 2.5.  
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Figure 2-5 AFM image of DNA fragments (130 base pairs (bp)) on APS-mica, measured in air 

[21] 

Interaction of DNA with flat surfaces strongly affects the properties of the molecules. 

For example, the height of double-strand DNA on mica imaged by AFM (0.6-0.8 nm) [21] 

is much lower if compared with nuclear magnetic resonance (NMR) (1.7-1.9 nm) or XRD 

(2 nm) data.[2], [32]. This effect is related to the compression due to tip contact mode tip 

and/or to the interactions with the surfaces [33]. Due to the unsatisfying efficiency of DNA 

deposition on other surfaces, comparatively few studies of DNA using alternative surfaces 

exist. Klinov and his group have developed high-resolution AFM imaging technique using 

chemically modified highly oriented pyrolytic graphite (HOPG) as a substrate to absorb 

DNA. Also, high-resolution AFM probes and low-amplitude tapping mode imaging were 

used to reduce tip-molecule interaction. Double-stranded and triple-stranded DNA 

molecules were resolved with this substrate and method. (Fig 2.6) [34]  
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Figure 2-6 High-resolution AFM image of triplex DNA. The chart in the bottom-right part is a 

cross-section of triplex line profile, indicating double-stranded DNA and single-stranded DNA 

regions in the molecule [34] 

Since1999, AFM was proposed as a possible attempt to sequence DNA by Matthias 

et al. [35]. They have successfully distinguished the base pair-unbinding forces between 

G-C(20 ± 3 pN) and A-T(9 ± 3 pN) by unzipping the lambda phage DNA, which was 

attached to a gold surface. (Fig 2.7).  

 

Figure 2-7 Schematic of base pairing forces measured by one strand attached to the tip. [35] 

The use of AFM to examine DNA sequence, localize bases, and find mismatches has 

attracted researchers’ interest. [29] For example, Hiroki et al. have detected DNA base-pair 

mismatches using MutS protein. MutS protein is involved in the repair of mismatched 
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along a DNA sequence due to its adenylpyrophosphatase (ATPase) activity. MutS binding 

sites on individual DNA molecule were detectable by AFM at a few-nanometer resolution. 

This technique was based on the conformational changes, in this particular case: MutS 

interaction with DNA. 

Aizawa et al. have sequenced linearized double-stranded DNA target at a single-

molecular level by AFM. They used RecA-coated single strand DNA to probe a specific 

DNA target. Interaction of nucleoprotein filaments was also visualized by AFM in solution. 

[36] 

2.2.2.2 STM  

Scanning Tunneling Microscopy (STM) has the capability of acquiring high-

resolution spatial imaging and spectroscopy of molecules to atomic scale by measuring the 

tunneling current from the last atom of an atomically sharp metallic tip and the first facing 

atom of a conductive sample under variable bias. Being sensitive to conductive states at an 

atomic-scale, this technique provides information on the local density of states and 

electronic distribution of the sample, thus allowing fine characterization of molecules and 

their electronic orbitals. [37] 

Researchers have attempted to use STM to sequence single DNA molecules. 

Similarly to high-resolution AFM imaging, one of the major difficulties is the sample 

preparation method that revolves around biomaterials deposition on surfaces without 

aggregation. Many techniques such as pulse deposition, electrostatic spray, chemically 

modified surface have been explored to overcome this limitation. For example, in 1997, 

Tanaka and his group developed a pulse injection technique for the absorption of DNA 

oligomers on a copper substrate in vacuum. DNA oligomer on copper was successfully 
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deposited by the pulse injection and positioned by lateral pushing of the scanning tip. (Fig 

2.8)[38] 

 

Figure 2-8 STM images of DNA oligomers [39] [38] 

When combined with STS(Scanning Tunneling Spectroscopy), STM can sequence 

single-stranded DNA partially. [39] Researchers discovered that guanine base has a 

significant signal from its electronic state which gives a brighter detail. By comparing data 

with known base sequences of M13mp18 (single-stranded phage DNA), it is possible to 

identify the guanine base of such DNA. The comparison is shown below in figure 2.9. 

 

Figure 2-9 STM images of single-stranded M13mp18 DNA molecules on the copper surface 

a: DNA molecules; b: 𝑑𝐼/𝑑𝑉 map of DNA in the same region; c: Part of the base sequence of 

M13mp18 obtained from a databank (the sequence of bases at positions 5322 to 5461) [39] 
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The measurements were made under slightly lower bias conditions so that the density 

of states of guanine can be detected as much as possible. To facilitate comparison with the 

STM data, the guanine sites were indicated by red characters and are also connected by red 

arrows to the corresponding parts of the image. 

Recently, this group has complementary sequenced adenine in DNA, using STM. 

[37] Their work showed that it is possible to locate DNA bases sequence by looking at the 

local conductive states inside the molecule which provides a direct measurement of the 

local density of states, the atomic orbitals, electronic distribution, and their energy level.  

2.2.3 Electron Microscopy 

Electron Microscopy (EM) is a widely diffused imaging tool, and it has demonstrated 

a huge potential in bio-materials imaging. [40] Recent developments of transmission 

electron microscopy (TEM) and cryo-EM has shed light on the structure of biomolecules 

and biomolecules-based objects. For example, 3D-DNA origami structures were 

successfully imaged by cryo-EM with details down to 1.15 nm. [41] In the following 

paragraphs a brief overview of the two techniques and their application to DNA is reported. 

2.2.3.1 Transmission Electron Microscopy (TEM)/High Resolution TEM (HRTEM) 

Electron microscopy has shown an exciting potential for biomaterials structural 

studies at high resolution. Despite its extensive use, TEM imaging shows some limitations. 

The samples are measured in high-vacuum conditions and are exposed to the electron beam 

with the risk to damage the samples. [42] Also, biomaterials have intrinsically low contrast 

due to the small mass of the atoms in the organic materials. For this reason, this technique 

relies on the use of staining and heavy contrast agents for successful imaging. 
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Staining methods for biomaterials include positive and negative staining. [43] Salts 

with heavy atoms such as uranyl nitrate[44], ruthenium[45] and osmium tetraoxide[46] are 

strong scattering agent, hence commonly used to enhance imaging contrast in electron 

microscopy. In negative staining, the specimen appears brighter than the background. Vice 

versa in positive staining the specimen is darker than the background. Grid supports are 

widely used in conventional TEM bioimaging. [47] Commercially available supports have 

different mesh size on the basis of the biological sample needs. A thin layer of carbon 

coating is usually deposited on top of the grid for sample adhesion. 

High-resolution imaging of light biomaterials could be challenging to achieve due to 

the strong background signal produced by the supporting film. An attempt to perform direct 

TEM imaging of DNA was obtained in 1981 by Kobayashi and his group. They prepared 

alumina supermicrogrids (ASM) with holes of 20–100 nm diameter across which DNA 

molecules can hang without the need of carbon films. With this method, they obtained an 

image of an unstained dsDNA molecule which was freeze-dried in its B-from, and they 

successfully recognized and measured major and minor grooves. (Fig 2.10) [48] 

 

Figure 2-10 B-form DNA TEM imaging after photographic noise averaging [48] 
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More recently high-resolution imaging on DNA has been developed in our 

group,[49] resolving for the first time the internal base pairing of a double strand at the 

edge of a DNA bundle suspended between pillars on a microfabricated sample designed 

for the purpose. The study not only achieved high-resolution imaging but also allowed 

metrological characterization of the sample in terms of base-pair and molecule groves 

distances, allowing measuring the molecular conformation. Detailed information of A-

DNA was resolved (Fig 2.11) and it was coherent with X-ray and simulation data.  

 

Figure 2-11 Direct imaging of DNA using HR-TEM. 

(A): Phase contrast image of single A-DNA; (B): Dotted line indicated the shape and location of 

DNA, major and minor groove of DNA and pitch of DNA are also highlighted. (C): Details 

information such as length, base pairs, diameter are shown; (D): Tilt of base pairs.  

This work showed the possibility of imaging of DNA directly at room temperature 

without additional staining treatment. Moreover, it was able to acquire data related to 

modifications at the single molecule level. 

2.2.3.2 Cryo-Electron Microscopy 
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Imaging of biological materials using Cryo-TEM started in 1974 with a work on 

“electron diffraction of frozen, hydrated proteins.”[47]  

The highest resolution achieved using this technique is 0.22 nm  on protein 

complexes such as Escherichia-coli beta-galactosidase and related inhibitors (phenylethyl-

beta-D-thiogalactopyranoside (PETG) ).[50] Other applications of Cryo-EM are related to 

DNA/lipids complexes [51] and chromatin. [52]  

The resolution of Cryo-TEM is primarily limited by the ice-like layer embedding of 

the sample, the radiation damage [ref Egerton] and the low signal to noise ratio. [53]. The 

final output of the process is a reconstruction, not a direct image acquisition of hundreds 

to thousands of projections that have to be sorted and averaged by dedicated 3-D 

reconstruction algorithms. The techniques showed undoubted advantages if compared to 

conventional X-Ray diffraction but for molecules or complexes which are small, transient 

and asymmetric, Cryo-TEM still lacks atomic resolution. [52] and the application to 

isolated helices of DNA is still missing. 

Chapter 3 Methodologies 

3.1 Electrophoresis 

3.1.1 Introduction 

Electrophoresis is the ability of some particles to move in a matrix while influenced 

by a uniform electric field. This process was first observed in 1807 by Peter Ivanovich 

Strakhov and Ferdinand Frederic Reuss while working with clay particles. Nowadays this 
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technique is extensively used in molecular biology to separate and purify biomolecules 

such as nucleic acids on the basis, for example, of their sizes and shapes. [54], [55]  

In the electrophoresis process, an electric field is applied and the molecules are 

forced to migrate through the gel matrix. In this process, longer molecules experience more 

resistance within the gel and migrated slower, vice versa smaller fragments migrate faster. 

[56]Nucleic acids are naturally negatively charged molecules due to the presence of the 

phosphate groups in the backbone. Due to this characteristic, DNA will move towards the 

anode when undergoes to the effect of an electric field. In other words, DNA molecules 

with small molecular weight and short base pairs encounter little frictional drag, by 

contrast, large DNAs experience more friction which results in lower mobility.  

There are two typical gels used for nucleic acid electrophoresis: agarose and 

polyacrylamide gels. Agarose gels are widely used as they are cheap and easy to prepare 

and handle if compared with acrylamide based gels. [57] Gel concentration determines the 

DNA bands migration and separation. Usually, agarose gels concentration varies from 

0.7% (for large DNA fragments separation) up to 4% (small DNA fragments separation). 

Acrylamide gels are nowadays used in the form of pre-packed gels due to the toxicity of 

acrylamide in its liquid state. They are mainly used for the screening of those samples 

constituted by a mixture of DNA molecules with very similar migration mobility. 

Visualization of DNA fragments in a gel can be achieved by proper staining.  There 

is an extensive assortment of nucleic acids stains which have been developed and 

commercially available. In general, it is possible to distinguish different classes of stains 

on the basis of their interaction with the DNA. Intercalators such as  Ethidium Bromide 

(EtBr) (Thermo Fisher, USA) [58] or SYBR series (Thermo Fisher, USA)[59] and bis 
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intercalators, as Gel Red (Biotium. USA)[60] or YOYO-1 (Thermo Fisher, USA)[61] place 

themselves between the bases; Groove binders interact with the major (i.e., Methyl Green) 

or minor groove of the helix (i.e., DAPI or Hoechst dyes); external binders (i.e.TOTO-1 at 

high dye). Figure 3.1 shows a schematic of the different binding modes of these dyes. 

Compared with conventional EtBr, the new stains formulations are considered safer as they 

exhibit lower mutagenicity and they provide higher sensitivity with a lower background 

fluorescence. [62] 

  

 

Figure 3-1 Different binding mechanism of dyes with DNA [62] 

After the staining process, the gel can be read by a UV transilluminator. In figure 3.2 

is reported a scheme of the electrophoretic process, where DNA molecules are loaded in 

the wells (A),  undergo to the electric field action (B) and are finally imaged with the UV 

light (C). 



41 

 

 

 

Figure 3-2 Schematic of nucleic acid gel electrophoresis method 

To obtain the best migration results and molecules separation in the gel, several 

experimental parameters have to be considered, such as the sample characteristics, gel 

concentration, voltage, runtime, and buffer. DNA size determines the electric field (V/cm) 

to be used during the electrophoresis process. The field has to be homogeneously 

distributed into the gel and if it is is too high can lead to artifacts; if it is too low, smaller 

DNA will be dispersed through the gel matrix. Also, a buffer with good electrical an 

thermal properties have to be used during the gel run since overheating can degrade the 

sample. The most commonly used buffers are Tris-Acetate/EDTA 

(Ethylenediaminetetraacetic acid) (TAE) and Tris-Borate/ EDTA (TBE) [63], chosen on 

the basis of the samples to be analyzed. 

Table 3.1 reported below suggests voltages and buffers for analytical purposes.  

 

DNA size 
Typical electric 

fields 
Buffer 

≤1-kilo base pairs (kb) 5 V/cm 

 

TBE 

1 kb to 12 kb 4 V/cm-10 V/cm TAE/TBE 

>12 kb 1 V/cm-2 V/cm TBE 

Table 3-1: Suggested electrophoresis experimental parameters for linear DNA of different sizes [63] 

3.1.2 Mechanism of Nucleic Acid Migration and Separation 
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Driving force of electrophoresis, referred as electromotive force (EMF), exerting a 

force on the molecules is proportional to their total charge Q, and the electric field applied. 

On the other hand, the gel exerts a viscous friction 𝐹𝑣 on the molecules as 𝐹𝑣 = −𝛼𝑚 along 

the moving direction, while 𝛼𝑚 is a parameter typical of each molecule interaction with 

the gel and depends on molecular geometry (length and shape) and its affinity with the 

medium. Stationary velocity is reached under the condition: 𝛼𝑚𝑣∗ = 𝐸𝑀𝐹, driving each 

molecule through the gel matrix with its own characteristic speed. Provided that the 

molecules have the same charge-to-mass ratio, once applied electric potential, molecules 

will be separated by mass along their path in the gel. 

The quantity of nucleic acid loaded into the instrument wells is determined by the 

volume of wells and by the DNA concentration. In modern instruments, different samples 

can be loaded into adjacent wells, so that molecules from different samples will migrate in 

parallel lines, facilitating direct comparison. 

Horizontal bands at the same distance from the wells in parallel lanes usually indicate 

that DNA samples have migrated in the gel with the same speed, which ideally implies that 

they are approximately same size. Consequently, the largest DNA fragments are localized 

near the top of the gel and the smallest near the bottom. Based on this principle, different 

DNA sequence appears as ladders which provides a size estimation when compared to 

reference samples. (Fig 3.2 C) 

The other important notion is that the travel distance of a band of interest has, in 

general, an inverse linear relationship with the logarithm of the molecular sizes as depicted 

in figure 3.3 below. Some exceptions to this rule occur as, in the case of large DNA, for 
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which it requires special techniques rather than simple gel electrophoresis. The deviation 

of linearity relationships of large DNA is apparent as reflected in figure 3.3. [64] 

 

Figure 3-3 Relationship of distance DNA fragments migrated and log of their sizes [64] 

DNA constructs can originate secondary structures that do not follow the rule 

mentioned above: in other words, low molecular weight structures can migrate slower than 

higher molecular weight samples. Also, double-stranded DNAs are relatively rigid and 

thin, which implicates that long DNA molecules are fragile, they can break more easily 

and are not able to migrate efficiently through the gel matrix. To solve this issue, pulse-

field gel electrophoresis (PFGE) has been developed. This method employs long pulses in 

the vertical direction and shorter pulses in the horizontal one. DNA molecules of several 

million base pairs long and maintains the linearity relationship have been screened with 

PFGE. [65] 

Several models have been developed to explain the DNA fragments separation, 

[66][67] [68] and in recent years, new approaches and methods were optimized to separate 

ions, such as capillary electrophoresis, popular among researchers interested in high-

throughput DNA sequencing for its high resolution [69] 
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Not optimized electrophoresis parameters can lead to incomplete separation of 

components, bands overlapping, indistinguishable smears which can represent multiple 

components, artifacts and, more generally to misleading data interpretation. 

3.2 Raman Spectroscopy 

3.2.1 Introduction of Spectroscopy 

Optical spectroscopy studies the interaction between light and matter. The quantum 

of light, photon, exhibits both wave and particle properties, characteristically known as 

duality. They are characterized not only by a particular wavelength or frequency associated 

with the electromagnetic field oscillation, as well as energy depending on it, but also bring 

a momentum, despite being a zero mass particle. Energy and momentum are expressed by 

the relations: 

                                                                E = hν =
ℎ𝑐

𝜆
                                                           (1) 

                                                                P =
𝐸

𝑐
=

ℎ𝑣

𝑐
=

ℎ

𝜆
                                                        (2) 

Where 𝑐 and ℎ are two constants: speed of light in vacuum and Plank’s constant, 

respectively; 𝑣  is the photon frequency and 𝜆  its wavelength. The electromagnetic 

radiation and all the processes in which it is involved, whether it should be regarded as 

wave (where the important parameter is 𝜆) or particle (E, P) can be expressed in terms of 

one single parameter 𝑣  (or 𝜆 , equivalently), e.g., the ligh,t-matter interaction. A non 

monochromatic light, is characterized by a distribution of photons which can be described 

again in terms of their wavelength, as shown in figure 3.4, in terms of different units.  
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Figure 3-4 Electromagnetic spectrum shown in wavelength and frequency. [70] 

In the field of spectroscopy, the interaction of light with molecules is used to detect, 

identify and quantify information about atoms, molecules, compounds, and reactions, and 

can be expressed by the single parameter 𝜆 again, which defined the energy involved, the 

momentum exchange and all the optical properties of matter.  

3.2.2 Basic Raman Theory 

Raman spectroscopy is a technique capable of identifying and characterizing 

molecules and materials by studying their vibration fingerprint by means of inelastic light-

matter scattering. This effect was first theoretically discussed by Smekal in 1923 [71] and 

experimentally observed by Raman and Krishnan in 1928 [72], introducing the basis of 

this new spectroscopic technique.  

Light interacts with matter in the form of photons, which can be absorbed, scattered 

or transmitted. Absorption occurs when the energy difference between populated states and 

empty states of materials corresponds to the energy of the incident photons. This 

phenomenon is measured in absorption spectroscopies by comparing the difference in 

photon population as a function of their energy before and after absorption. Scattering of 
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light does not require the energy match like absorption, but it is capable of producing 

spectra which are peculiar of the system under investigation, mostly if we consider inelastic 

scattering. In this category, modern Raman spectroscopy is a relatively simple technique, 

requiring a moderately simple experimental set-up and gives a resulting spectra with sharp 

peaks peculiar of specific molecular vibrations, i.e., chemical and structural information at 

the sub-molecular level.  

The basic theory of Raman spectroscopy is introduced in this chapter.  

3.2.2.1 Scattering 

Photons, scattered by a material, can maintain the same energy of the impinging one 

or change it by the effect of specific processes in the material-photon interaction. In the 

first case, the process is referred to elastic or Rayleigh scattering and does not give spectral 

information. In the second case, it is referred to inelastic scattering and the energy acquired 

or lost by the photon while scattered by the material brings in information on the specific 

interaction itself.  

Raman spectroscopy is based on inelastic scattering. Bonded atoms at finite 

temperature vibrates at specific frequencies due to thermal excitation, introducing a 

distortion in the electron distribution of the molecular oscillation at the same frequency, If 

the electronic redistribution is associated with charge imbalance, i.e., an oscillation in the 

polarizability, then the electric field of the photon can couple with the vibration and the 

scattering process will be inelastic, with an energy change at the energy of the vibrational 

mode involved. This is called Raman scattering. Raman process is inherently a weak 

process due to the low probability of Raman scattering, with a typical cross-section of 10 −

24 photons/molecule, being a typical second order light-matter interaction process. If 
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compared with fluorescence, with typical cross sections of 10-12 photons/molecule, it is 

easy to understand that the Raman signal is very weak in all the cases. The technical 

development in the production of intense monochromatic radiation, i.e., laser, and in 

sensitive acquisition system gave a fundamental impulse in the development of modern 

Raman Spectrometers, broadening the range of applicability. However, intense excitation 

power can induce photodamage of the sample and/or a fluorescence signal superimposed 

as a broad background on the Raman spectra.  

Schematics of different scattering processes is shown in figure 3.5: virtual states refer 

to a short-living state where the electron cloud is distorted by the light interaction, therefore 

depending on the frequency of the laser source. This distortion of the charge distribution is 

referred as polarization. The capability of the electronic cloud to generate a dipole moment 

µ under the effect of an external field E is measured by the polarizability α, as:  

                                                                 μ = αE                                                               (3) 

 

Figure 3-5 Rayleigh and Raman scattering.  
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As shown in the diagram, Rayleigh scattering does not involve energy changes, so 

that the molecules will return to original vibrational states after the interaction. Raman 

scattering, on the other hand, implies a photon energy change. This can occur into two 

different ways, i.e., by losing or gaining energy from the interaction of the material, 

referred to Stokes and anti-Stokes scattering. Stokes scattering occurs when molecules 

absorb energy to return to a higher vibrational energy level (n) rather than ground one. In 

contrast, if molecules start to form an excited state due to thermal energy, they may transfer 

energy to the scattered photons during the interaction, and then return to lower energy 

levels or the ground state (m), we have anti-Stokes scattering.  

Reciprocal intensities of Stokes and anti-Stokes scattering are determined by the 

thermal population of different molecular states. According to Boltzmann distribution, at 

room temperature, most molecules are not excited and stayed in ground states. The ratio of 

Stokes and anti-Stokes intensities relative to the transition between the same two levels 

depends on the relative occupancy number of those level, which in the end is given by the 

Boltzmann distribution at finite temperature, as expressed by equation (4). [73] This 

equation is also based on the Boltzmann equation. The quantities in the equation are laser 

frequency 𝑣𝐿 , the vibration frequency involved 𝑣𝑣 , the temperature 𝑇, the Boltzmann’s 

constant 𝑘 = 1.38 × 10−23 𝐽/𝐾 and the Planck’s constant ℎ = 6.626 × 10−34 𝑚2 ∙ 𝑘𝑔/𝑠. 

From the formula, it is staightforwar that anti-Stokes scattering is weaker compared to 

Stokes scattering, and it will increase with a temperature rising.  

                                        
𝐼𝑆𝑡𝑜𝑘𝑒𝑠

𝐼𝑎𝑛𝑡𝑖−𝑆𝑡𝑜𝑘𝑒𝑠
=

𝑁𝑛

𝑁𝑚
= (

𝑣𝐿+𝑣𝑣

𝑣𝐿+𝑣𝑣
)4exp [−

h𝑣𝑣

𝑘𝑇
]                                         (4) 
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The intensity of Raman scattering is directly related to the polarizability of a 

molecule, which can be expressed in the equation below. Polarizability �̃�𝛼𝛽, polarization 

vector of incident radiation �̃�𝛼
𝑑 and scattered radiation �̃�𝛽

𝑖  are responsible for the intensity. 

K is the constant expressed in (6), with 𝜔 as angular frequency of the scattered light, 𝜇0 as 

the magnetic permeability, �̃�(0) as the electric field strength of the incident laser radiation 

and R as the distance from the sample to the detector. [74], [75] 

                                                 I(�̃�𝑑, �̃�𝑖) = 90𝐾 〈|�̃�𝛼
𝑑�̃�𝛼𝛽�̃�𝛽

𝑖 |
2

〉                                           (5) 

                                                            K=
1

90
(

𝜔2𝜇0�̃�(0)

4𝜋𝑅
)

2

                                                    (6) 

3.3.2.2 Selection Rule and Molecular Vibrations  

The basic selection rule in Raman is that Raman scattering result from polarizability 

change in molecules. Simply put, symmetric vibration causes polarization changes which 

result in intense Raman scattering,  

The energy of any molecules can be divided into translational energy, vibrational 

energy, and rotational energy, according to molecular degrees of freedom. Each molecule 

has three translational degrees of freedom and three rotational, except for linear molecules 

where the rotational degrees of freedom are two. Therefore, if 𝑁 is the number of atoms in 

a single molecule, then the 3𝑁 − 6 is the number of possible vibrations, or 3𝑁 − 5 for 

linear molecules. For example, a diatomic molecule will have one vibration, and a tri-

atomic molecule will have three. Polyatomic moleculs have complex vibrational motions, 

but they can be expressed as a linear combination of six vibration normal modes: 

asymmetric, symmetric, wagging, twisting, scissoring and rocking as shown in figure 3.6 

below.  
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Figure 3-6 Six vibrational normal modes 

Vibrational level calculations for complex molecules can be challenging. For 

example, vibrations can combine to give new levels, whose spectrum is called a 

combination band. Even more complex if rotational levels are involved, since they have 

lower energy. Several approximation methods are used to simplify the process. For 

example, the Morse curve. A potential called Morse Potential is adopted, named after 

physicist Philip Morse. This approximation includes the effects of bond breaking, and the 

Morse Potential shows the trend of repulsion in short range and attraction in the long-range 

term. Morse Potential is shown in the equation below (7). It makes reference to internuclear 

distance and V(𝑥0) = 0, V(∞) = 𝐷. D is the depth of the potential well, while 𝛽 controls 

the width of the potential well.  

                                                     V(x) = D(1 − 𝑒−𝛽(𝑥−𝑥0))
2
                                          (7) 
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There are more simplified approaches in calculating energy levels than Morse curve, 

as the harmonic approximation. In harmonic approximation method, Morse curve is 

replaced by parabola for diatomic molecules (shown in figure 3.7). This is because atoms 

and bonds are simplified to a spring-mass model. The Hooke’s law provides the 

relationship between vibration frequency, atom mass and bond strength in a diatomic 

molecule. µ represents reduced mass of atom A and B. From this simpler approximation; 

it is obvious to conclude that the lighter the atoms, i.e. smaller μ, and the stronger the bond, 

i.e., larger 𝐾 (spring constant), the higher the vibrational frequency: larger ν. Potential, in 

this case, can be expressed simply by the formula below: 

                                                             V(x) =
1

2
𝑘𝑥2                                                         (8) 

                                                              ν =
1

2𝜋𝑐
√

𝐾

𝜇
                                                            (9) 

                                                                 μ =
𝑀𝐴𝑀𝐵

𝑀𝐴+𝑀𝐵
                                                       (10) 

The solutions for the energy problem are quantized in terms of a single quantum 

number, which shows that the overtones of a molecule are equally spaced. The discrepancy 

from harmonic case implies that for the higher states, energy separation decreases. Morse 

Curve is a better approximation in this case.(Fig 3.7) 
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Figure 3-7 Harmonic approximation presented in comparison with Morse curve in vibrational 

energy levels. 

3.3.3 Enhancing Raman Scattering 

As mentioned earlier, Raman signal from molecules in low concentration is 

inevitably weak. There are different methods to enhance Raman signals.  

3.2.3.1 Resonance Raman Spectroscopy 

Raman scattering is determined by excited electronic states to a different extent in 

different molecules. [76] If the energy of the incident photons is close to the excitation 

energy of an electronic state, Raman signal would be enhanced by a factor of 103 to 104. 

[77] This phenomenon is called Resonance Raman scattering. Energy diagram of 

transitions in comparison with conventional Raman is shown in figure 3.8 below.  
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Figure 3-8 Energy level diagram of conventional Raman and Resonance Raman Scattering 

Resonance Raman Scattering can provide electronic information and vibrational 

information about the molecules during the resonance. Despite many advantages, this 

technique has a limited selection of molecules on which applies, such as chromophores. 

However, it is still an extremely important analysis technique. Detailed theories and 

research can be found in reference [78] 

3.2.3.2 Surface-Enhanced Raman Scattering 

In 1973, Martin Fleischmann et al. first observed the Surface-Enhanced Raman 

Scattering (SERS) effect: [79] When a sample was placed on or near a rough metal surface, 

Raman signal was greatly enhanced. The enhancement factor can reach up to 1012. [80] 

However, the enhancement factor is a continuous issue under discussion in SERS. [81] In 

the case of the ensemble of molecules, the enhancement factor is usually around 104-106. 

There are two primary mechanisms of this effect, chemical, and electromagnetic 

enhancement. [82] Chemical enhancement is related to the analyte which limits the 
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application of such enhancement. Electromagnetic, on the other hand, is associated with 

the surface roughness. The electromagnetic mechanism can provide enhancement up to 

1011 [83], whereas chemical enhancement is around 102-103. [84] 

Such enhancement is usually obtained with the use of gold, silver, and copper, in the 

forms of roughed surfaces, nanoparticles films or colloids. [85] Effective signal can only 

be obtained from certain metal surfaces which is the main limiting factor of the application 

of such techniques.  

3.2.3.3 Tip-Enhanced Raman Scattering 

Tip-Enhanced Raman Spectroscopy (TERS) is a technique that couples with 

Scanning Probing Microscopy, usually AFM. It resolves the limitation of poor 

reproducibility of SERS due to the metal co-localization effect, and it has the same or more 

enhancement factor (106-1012) than SERS. Wessel et al. proposed the idea of TERS in 

1985, to obtain surface enhancement as well as the spatial resolution. [86] In 2000, 

Pettinger et al. reported successful experimental results using TERS. [87] 

The enhancement of the Raman signal is achieved by a metallic AFM tip, which 

scans the sample surfaces. The theoretical picture of the enhancement is similar to SERS: 

the electromagnetic enhancement comes from the localized surface plasmon resonances of 

the surface induced by the laser light; chemical enhancement comes from the metal-analyte 

interactions. The use of a set-up of the TERS can be challenging. TERS can provide spatial 

information besides Raman information by AFM imaging; the resolution so far achieved 

is as low as 1.7 nm. [88] TERS is a powerful tool in sub-molecule detection, biomaterial 

imaging and structural analysis of materials. [89] 

3.2.4 IR versus Raman  
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Infrared absorption and Raman scattering spectroscopies are two main techniques 

which are applied to vibrations in molecules. Vibrational spectroscopy technologies are 

widely utilized in chemistry and physics for structural and morphological investigations, 

in the identification of substances from their fingerprint region and quantitatively 

determination of a certain substance in a sample. Raman scattering was not widely accepted 

as IR absorption, mostly due to sample degradation and fluorescent signal from the 

background. Recent advancements simplified the equipment and reduced the problems 

above, resulting in rapid growth of application of Raman spectroscopy. However, Raman 

scattering still contains important information which has not been identified and 

recognized. Infrared and Raman spectroscopies are both sensitive to vibrational states of 

molecules. Whereas, their working principle is different. Infrared spectroscopy uses a 

range of frequencies as incident radiation which matches vibrational excitation energies. 

Similar to the principle of the absorption spectroscopy, IR spectroscopy detects the loss of 

energy after the excitation. Conversely, Raman spectroscopy only utilizes a single 

wavelength to excite the sample, then the energy difference between the impinging and 

scattered radiation is measured. There is also a distinct difference in the selection rule at 

the base of the two interactions. Sensitivity of Raman measurements to the changes in 

polarizability is more intense with symmetric vibrations. In contrast, IR absorption is 

induced by changes in dipole moment, highlighting asymmetric vibrations. So, the 

symmetric molecules are usually Raman active but IR inactive vice versa: two 

spectroscopies are complementary and give different information on this matter. [90] For 

example, vibrations of carbon disulfide with detailed vibrational change are shown in the 

chart below.  
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Table 3-2: Detailed vibrational modes of carbon disulfide with the comparison between IR and 

Raman spectrum [90] 

In triatomic molecules, a symmetric stretch which is the Va vibration causes large 

polarizability change. Hence it presents a strong Raman peak with no dipole change. 

Whereas, deformation mode such as 𝑉𝑎𝑠 and σs causes a dipole change which is shown in 

IR peak and no polarization change which corresponds to non-exist Raman scattering.  

3.2.5 Raman Instrumentation and Raman Micro-spectroscopy 

In a Raman set-up, the sample is excited with a monochromatic laser beam which 

interacts with molecules and generates scattered light. Raman spectrum is constructed from 

scattered light. [91] On the instrumentation sides, Raman spectroscopy requires the 

following essential parts: a sample holder, a monochromatic light source, i.e. a filtered 
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stabilized laser, a filter to clean the scattered light from the excitation laser, photodetectors, 

a spectrometer, optics, and a control/acquisition computing system. [92] 

Use of highest frequency possible can improve Raman sensitivity as the scattering 

depends on the frequency. (chapter 3.2.2) However, UV excitation can be absorbed by 

many compounds so that the sample might degrade or even burn during the measurements. 

Additionally higher frequencies are more likely to excite fluorescence. Currently, 

commonly used lasers include Argon and Krypton ion lasers (323.9-799.3 nm), Helium-

Neon laser (632.8 nm), Near IR diode laser (785 and 830 nm), Neodymium-Yttrium 

Aluminum Garnet (Nd: YAG) (1064 nm) and frequently doubled Nd: YAG (532 nm). [93]  

Filters are important in preventing the undesired light entering the spectrometer. (Fig 

3.9) There are two filter systems during laser light interacts with samples: a laser 

transmission filter and a laser blocking filter. One only transmits one laser frequency and 

blocks other wavelengths, while notch filter block only the laser line and allows passing of 

all the other wavelengths. The combination of these filters can provide both Stokes and 

Anti-Stokes Raman shift simultaneously. 
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Figure 3-9 Function of optical filters in Raman spectroscopy 

Raman spectrophotometers are categorized into two types: dispersive or non-

dispersive. Dispersive spectrophotometers are based on the grating, whereas non-

dispersive ones use an interferometer. Dispersive spectrophotometer contains high-quality 

grating monochromator combined with a notch filter is the most commonly used set-up. 

[91], [94]  

In dispersive Raman spectrometer, scattered light from the sample is focused on the 

grating system and then split into constituent wavelengths, which are then detected by a 

charge-coupled device (CCD detector). Traditionally, thermoelectrically cooled 

photomultiplier tubes (PMT) and photodiode array detectors. These early models were 

replaced by more sensitive devices such as CCD detector and charge-injection devices 

(CIDs). [95] 

Delhaye and Dhamelincourt are the first who introduced the concept: Raman 

microscopy. [96] Raman micro-spectroscopy is an approach which combines Raman 

spectroscopy with an optical microscope. The optical microscope can collect the Raman 

scattered light so that the Raman spectrum is measured from microscopic areas. 

Conventional Raman can reach centimeters measurements whereas Raman micro-

spectroscopy can measure samples in the micrometers range. [97] 

Instrumentation of Raman micro-spectroscopy is a bit different from conventional 

Raman: it consists of a laser source, a notch filter or a filter set, a confocal microscope set-

up and conventional spectroscopy system. 

Various Raman micro-spectroscopy imaging methodologies have been developed. 

Generally, there are two frequently used techniques: direct imaging and serial imaging 

(mapping). [98] In direct imaging method, wide-field sample illumination is employed, 
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which is similar with conventional Raman. In serial imaging, a focus laser spot is step-

scanned in a two-dimensional map, a line or acquired at a single point. This method allows 

the collection of large amounts of Raman spectrums across the sample surface with high 

spatial resolution. [99] If combined with AFM unit, it is capable of obtaining 2D Raman 

information coupled with AFM topography. 

3.3 Atomic Force Microscopy 

3.3.1 Introduction  

Atomic Force microscope was invented in the mid ’80 as an alternative approach to 

avoid and overcome the Abbe limit of optical microscopy, giving direct access to 

information at the nanometer scale. [100] The working principle is based on a scanning 

probe architecture and the idea is quite simple: a very sharp tip is set to controlled 

interaction on the surface of a sample and scanned over it to compose a topography map at 

constant interaction (Fig 3.10 a). The sharper the tip, the higher the spatial resolution; the 

lighter the interaction, the system is more capable of control, the less invasive is the 

technique (Fig 3.10 b). The technique itself introduced several novelties in the microscopy 

world: on one side the possibility to image specimens with nano- to atomic- resolution in 

the real space with 3D capability changes the experimental approach to surface studies. 

The technique had virtually no requirements on sample properties, such as optical contrast 

or conductivity, therefore can be applied each sample with no limitations. The possibility 

to control the interaction at the surface opens up to mechanical probing with nanometer 

resolution and nano-manipulation experiments, which makes it a fundamental tool for 

nantotechnology. For these reasons, it very soon attracted attencion in many fields of 
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research, including biology and medicine, for its capability of operating in liquid 

environment, therefore of, measuring biomaterial under physiological conditions. 

 

Figure 3-10 (a) idea at the base of the technique, as explained by the AFM inventors (reprinted from 

[101] (b) practical realization of the force sensor consisting in a nanometer sharp tip fabricated at the 

end of a flexible cantilever. The tip end is usually modeled by a sphere, whose curvature radius is the 

parameter defining the contact area with the surface. (c) the forces between the tip and the sample can 

be classified in short-range repulsive forces and long-range (both repulsive and attractive) ones.  

Tip-surface interaction is usually controlled by measuring the force between the two. 

The different kind of forces contributing to the total one can be classified in terms of the 

range on which prevails. (Fig 3.10 c) Long range forces include van der Waals, 

electrostatic, magnetic and capillary forces. They exert their action up to several tens of 

nanometers far away from the surface and are usually dominated by the attractive van der 

Waals one. This last is originated by the electric dipole interaction between the tip and the 

sample, actuated as dipole-dipole (Keesom forces), dipole induced-dipole (Debye forces) 

and induced-dipole induced-dipole (London dispersion forces). The dependency of the 

interaction on the tip-surface distance is more often expressed by the decay law of the 

interaction potential, which goes with -3 power low for static dipole interaction and power 

-6 whenever at least an induced dipole is involved (Table 3.3).  
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Table 3-3 Atomic interaction potentials and their decay law dependence on distance, for the most 

common electrical interaction at surfaces.  

The first three lines show ion-ion, ion-dipole, and dipole-dipole in the static case. The orientation 

averaged dipole-dipole interaction is known as the Keesom potential. The dipole induced-dipole 

and induced-dipole induced-dipole contribution are described by the Debye and London potentials 

respectively. α01 and α02; I01 and I02 are the polarizability and the first ionization potentials of the 

atoms, respectively. [102] 

As a comparison, electrostatic forces decay with power -1 and are the ones that 

survive at a distance larger than hundreds of nanometers. Magnetic forces are present if a 

specialized cantilever with a magnetic coating is used. As a static dipole-dipole interaction, 

their interaction potential also decay with power -3 of the distance. It is important to notice 

that all these decay behavior are true for every single dipole at the surface. By integrating 

their contribution on the geometry of the tip and the sample, one obtains what is called the 

Hamaker potential, whose dependency is again as power -1 as in the case of the charge-

charge interaction for the most used tip-semple geometries. (Table 3.4) Equivalently, the 

dependency of the interaction forces in both cases decay as power -2, since 𝐹𝐻 =
𝑑𝑈

𝑑𝑍
 (U: 
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interaction potential, z: distance). This means that, in order to distiguish between the two, 

a more advanced technique is in need. [103] 

 

Table 3-4 Hamaker Potential W for different geometries  

All these forces also survives in the short-range but give a minor contribution with 

respect to the fast rising of the Pauli repulsion, which becomes the most relevant 

contribution in the very short range, i.e., on the Amstrong scale. [104] This arises from the 

fermionic character of the localized electrons in the atomic shells of the tip and the sample, 

implying their inter-compenetrability. Relying on this fact, using very specialized ultra 

high vacuum set-ups, researchers have been able to resolve and distinguish by directly 

imaging subatomic or interatomic features such as atomic orbitals, [105] individual atomic 
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covalent bonds, [106], [107] and hydrogen bonds, demonstrating the full potential of 

scanning probe techniques. [108] (Fig 3.11) 

 

Figure 3-11 Examples of the ultra-high resolution obtained by AFM in ultrahigh vacuum. (a) first imaging 

in the real space of 4𝑓𝑧3orbital of Sm [105] (b) Imaging of chemical covalent bonds at different steps of a 

chemical reaction. [109] (c) Direct imaging of hydrogen bonds (red arrows) between 3,4,9,10-perylene 

tetracarboxylic dianhydride (PTCDA) molecules (right) [108] 

On top of this it is worth citing the important role of possible capillary forces due to 

a very thin water layer, usually present on all the surface under environmetal conditions, 

which creates a water meniscus between the tip and the sample, [110] originating in most 

cases very high forces, as large as 90nN. [111] 

Since its first implementations, AFM has attracted much interest in the fields of 

biology and nanomedicine for is the capability to measure non-conductive samples and to 

operate in liquid. For example, the first in- liquid application dates back to 1987, [112] just 

one year after its invention. In 1988 the first application to organic materials was reported. 

[113] Bustamante et al. obtained the  first reliable AFM images of long DNA molecules, 

by pre-treating the mica substrate with 𝑀𝑔2+  ions to stabilize the adhesion of the 
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negatively charged DNA on the surface. [114] In the field of biomedical imaging, atomic 

force spectroscopy can offer a level of details that cannot be obtained from other 

instruments. Moreover, the instrument can be designed to be coupled with with inverted 

microscope, as in our case to allow complementary investigations such as optical 

fluorescence and Raman measurements in parallel with AFM imaging.  

Compared with electron microscopy, sample requirement of AFM is less demanding. 

For example, the sample can be non-conductive. Therefore, no metallic coating is needed. 

In all AFM set-ups, samples can also be routinely measured in a hydrated state or even in 

liquid whereas in SEM dehydration is often unavoidable. Especially for biomaterials, 

dehydration changes the structure intensively. AFM eliminates the shrinkage and 

deformation associated with dehydration and is therefore ideal for biomaterials imaging. 

Additionally, AFM is an inherently non-destructive technique. Although environmental 

SEM can image samples in the hydrated state, AFM has a comparatively higher resolution. 

TEM on the other hand, is also a promising technique for biomaterials imaging, however, 

more expensive and inconvenience in sample preparation gives it disadvantages. [41] 

3.3.2 How does Atomic Force Microscope work? 

Under the instrumental point of view, AFM relies on a scanning probe architecture 

with basically three main components: surface sensitive in which a central role is played 

by the cantilever and the tip, a positioning with accuracy at sub-nanometer level in the three 

space dimensions and an electronic system capable of accurately controlling the tip-sample 

reciprocal position and interaction force. The sensing part consists of a nanometric sharp 

tip at the end of a cantilever, as already explained, and a detection system capable of 

amplifying and measuring the deflection of the cantilever. This essentially works as a 
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spring, deflecting proportionally to the very small forces between the sample and the tip. 

The cantilever will deflect away from or towards the sample according to the interaction 

force between the tip and sample is repulsive or attractive. The deflection, i.e. the 

interaction force, is detected by Optical Beam Deflection (OBD) system, and the signal is 

converted to an electrical signal to be further processed by the electronic controller to keep 

the tip-sample interaction constant by means of a feedback loop, a fine 3D positioning 

system, and sensors to measure the actual displacement. By doing this, while the tip is 

scanned on the sample, the microscope can produce the final topographic image as a 

constant force map of the surface. By using piezo-actuated positioning systems, the 

microscope can achieve sub-nanometric positioning control and maintain the tip-sample 

forces at the order of a few tens of picoNewton. Despite many variants in the realization, 

this architecture has become a standard detection system of AFM, and it is known as optical 

beam deflection. As shown in figure 3.12 below, the beam of the laser is reflected by the 

back of the cantilever and detected by a photodetector. A small change in the bending angle 

of the cantilever can be converted to a large deflection in the laser reflection and a 

measurably large change in the position of the reflected spot. The detector is often divided 

into quadrants: the change in the reflected laser makes the spot falls on different parts of 

the quadrants of the photodetector, in which measured deflection is imbalanced. If a four 

quadrants photodiode is used,it is possible to detect the vertical component of the deflection 

normal to the surface (vertical) and the component in-plane (lateral), measuring the normal 

force (load) and the in-plane force (e.g., friction) of the tip-sample interaction. The vertical 

deflection is calculated by the signal difference between the top and bottom of the detector, 
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while the lateral twisting can be calculated by the comparison between the left and right of 

the detector. [115]  

The cantilever and the tip are usually nanofabricated using silicon or silicon nitride. 

Spring constant, tip curvature radius, tip geometry (and its aspect ratio) as well as further 

metallic coatings are parameters usually tuned by design for different applications or 

imaging mode, as it will be discussed in the following sections. Silicon or silicon nitride 

uncoated tips usually end with an apex curvature radius from 2 nm to 20 nm, while in the 

presence of metallic coatings at the tip side common radii are of the order of 30 nm  

 

Figure 3-12 Typical AFM: the laser, reflected by the back of the cantilever is aligned (Mirror) on a 

quadrant photodetector (Position Sensing Detector (PSD)) which transduces and amplifies the 

cantilever deflection into an electrical signal. This is processed by an external electronic to provide 

feedback to the piezo positioning system (Scanner Stage), which moves the position of the sample 

with respect to the tip (z direction) to keep the deflection constant and to raster the surface (X-Y 

directions) and finally composes an image.   

3.3.4 Imaging Methods in AFM 

Depending on how the tip-surface force is detected, it is possible to classify the 

imaging modes into two classes: quasi-static (or DC) and dynamic (or AC). In the first the 

static deflection is measured and kept constant across the image, as previously discussed. 
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This is operated at a constant repulsive mode and, once known the spring constant 𝑘 of the 

cantilever, the interaction force, kept constant across the map, is 𝐹 = 𝑘 ∙ 𝑑, where d is the 

deflection. Commercial cantilevers for contact mode operation have sprimg constant 

ranging from 2𝑁/𝑚 down to 0.006 𝑁/𝑚, so that interaction forces can be tuned from few 

tens of 𝑛𝑁 to few tens of 𝑝𝑁. In the AC mode, the cantilever is set into resonance at its 

typical frequency and the variation in one of the oscillating parameter (amplitude, 

resonance frequency or phase) due to the interarction with the sample is used by the 

feedback loop as a measurement of the interaction. Historically, this second mode has been 

introduced to minimize the lateral forces during scanning to further reduce the probability 

of tip/sample damage, [116] It also contains additional dynamic information on how the 

semple respond to mechanical modulated interaction with the tip. [117], [118] When a 

resonating cantilever is subject to a non constant force, its resonsance peak shifts by an 

amount that is proportional to the force first derivative 
𝑑𝐹

𝑑𝑧
 of the force 𝐹 , with 𝑧 being the 

modulated tip-sample distance. Repulsive forces shift the resonance towards higher 

frequencies, whereas attractive ones do the opposite. The most used dynamic imaging 

technique, both in air and in vacuum, is called Amplitude Modulation (AM) mode. In this 

technique, the forcing frequancy is set as a constant close to the resonance peak. When an 

external force gradient shifts the resonance peak, the oscillation amplitude changes 

proportionally to the extent and the direction of the force. (Fig 3.13) 
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Figure 3-13 Effects of the attractive and repulsive forces on the resonance frequency of the cantilever 

Additionally, the phase lag between the forcing and the cantilever oscillation can be 

collected as an additional image. Consistently with a picture in which a single oscillation 

of the tip, toward and away from the surface, is seen as a force curve, the additional phase 

channel contains information about the mechanical properties of the surface. For a fully 

elastic interaction with the adhesion neglected, the phase signal gives direct information 

on the Young's modulus of the sample. In general the picture is much more complicated 

since surface adhesion, [119] due to dissipative forces in the tip-sample interaction and 

harmonic distortion give a comparable or superior contribution to the phase signal, but still, 

phase imaging contains valuable information of the mechanical properties of the sample. 

Alternatively it is possible to track the shift of the resonance peak by following the 

resonance frequency by means of an external feedback loop, also measuring the damping 

in the resonance at the same time. This technique, known as Frequency Modulation (FM) 

is usually even more sensitive and less invasive on the surface, but less diffused in air and 

in liquid because it is less stable and its application is less straightforward. 
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Despite the signal monitored to track the surface, it is possible to distinguish three 

regimes according to the sign of the forces dominating the interaction, as depicted in figure 

3.14.  

 

Figure 3-14 Force plot for different interaction regimes of different AFM imaging methods.  

A fully repulsive range is probed in contact mode and related techniques. In this case, 

Pauli repulsion is by far the most important force, and the constant force feedback is to be 

compared with local mechanical properties of the material. The cantilever spring constant 

is chosen to allow possible normal loads between a couple of order of magnitude below 

and above 𝑟2𝐸, with 𝑟 being the tip curvature radius and 𝐸 the young’s modulus of the 

material. In this way, it is possible to access both non-invasive and mechanical probing 

ranges for light imaging and force spectroscopy at the same time.  

An intermediate regime is where the cantilever experience both attractive and 

repulsive regimes during each oscillation. This regime is the one usually probed by AC 

modes in air since the oscillation amplitude in most cases is of the order of few-to several 

tens of nanometers. Such a big oscillation is to prevent tip instability so that the withdrawn 

forces 𝐹𝑤𝑑 of the cantilever at the surface ( 𝐹𝑤𝑑 = 𝑘 ∙ 𝐴, with A being actual oscillation 

amplitude) should be higher than the adhesion forces at the surface. Increasing the spring 
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constant 𝑘 is usually accompanied by an increase in the quality factor 𝑄 of the cantilever, 

which can induce uncontrolled cantilever ringing in AM, thus slowing down the intrinsic 

system response to ~(𝑄 ∙ 𝑓)−1  ( 𝑓 : the resonance frequency of the system). [120] 

Moreover, o obtain a proper signal-to-noise ration, the signal, i.e., amplitude should be 

orders of magnitude greater than the thermal noise of the cantilever and the 

electronical/mechanical noise of the system. Commonly used parameters for stable 

imaging in AM mode are 𝑘~2 − 80
𝑁

𝑚
; 𝑄~100 − 400; 𝐴~10 − 100 𝑛𝑚. 

A fully attractive range is referred as a non contact: this is usally more easily 

addressed in FM mode since the technique usually allows much smaller oscillation 

amplitude 𝐴  and benefits of much higher 𝑄 , which are achievable with much stiffer 

cantielevers. In this case, the oscillation amplitude can be reduced below the nanometer 

range without instabilities, allowing the full control of the oscillation and the tip sample 

distance within the completely attractive (or repulsive) range. Usually, the hydrodynamic 

drag in air and in liquid enviroment can be quite high, reducing the 𝑄 factor by orders of 

magnitude, affecting the stability and reliability of the technique, which is conversely 

commonly used in a vacuum environment. 

An additional technique used to enhance mechanical contrast at the surface is the so-

called force modulation mode. The tip is scanned in contact mode with a slightly higher 

normal load than the usual imaging one, to set the probing stress range in which the material 

has to be tested and to guarantee a stable tip-sample contact. At the same time, the 

cantilever is dithered with the frequency close to the resonance of the cantilever plus 

surface system, resulting in a mechanical stimulus applied while imaging. Since the 

deflection is used to apply a constant load across the image, amplitude and phase images 
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are now totally decoupled from topographic feature and give a response which realtered 

just to present mechanical properties, both in their elastic and and inelastic contribution, 

giving information on elasticity and plasticity of the sample with nanometer resolution on 

a wide frequency range. In this case intermediate stiffness cantilevers, with 𝑘~2 − 10
𝑁

𝑚
 

and free resonance frequency 𝑓~50 − 150 𝑘𝐻𝑧 are used. 

3.3.5 Artifacts: Tip Shape Issues 

The artifact is part of an image that is not representative of the sample surface. It is 

important to recognize and get rid of them during the data analysis procedure since they 

can easily mislead the interpretation and introduce fake results. There are several sources 

of artifacts in AFM measurements, coming from tip, scanner, vibrations, contaminations. 

Among them, tip shape issues are the most common one.  

There are a variety of methods to avoid tip related artifacts in literature. [121]–[123] 

Tip shape artifacts are not easily avoidable during the imaging. That is why it is very 

important to perform AFM measurements with reproducible tips. Once the tip shape is 

well-determined, the image can be better processed. Theoretically, smaller objects need 

sharper tips. Height information is not disturbed by the shape of tips while the lateral 

geometry of samples of interest may be drastically affected. Figure 3.15 provides some 

examples of how the shape of the tip influence the sample imaging. None of the results 

show the true feature of the objects. However, the sharpest tip does provide the closest 

results to the true topography.  
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Figure 3-15 Schematic some examples of how different tip shape affect the imaging of 

rectangular step objects. 

In AFM data processing software, tip shape effect can be removed by a correct model 

of tip shape. For example, there is a simple and ideal model of a tip showed in figure 3.16. 

Calculation of the observed width is shown in the equations (11-13). It can be deduced that 

the width of such objects is far from the true sizes, which proves the necessity of 

reproducible tip shape again.  

 

Figure 3-16 An ideal model of AFM measurements with small objects. 

                                               𝑥2 = 𝑅2 − (𝑅 − 𝑑)2                                                          (11) 

                                                        W = √8𝑑𝑅                                                               (12) 
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                                                               d =
𝑊2

8𝑅
                                                               (13) 

If a sharp and stiff tip is used during a measurement, it may be easily damaged and 

contaminated during the scan. Sometimes, even a new tip can have two sharp ends which 

can be a common source of artifacts. This specific type of effect is called “double-tips.” 

Each sharp point at the end will contribute to the imaging, causing the unpredictable change 

to the images acquired. Figure 3.17 below shows an example of how double tips affect the 

imaging. Also, tip may pick up some debris and drags them along the scan, in this case, the 

unexpected interaction will occur between the surface and the tip. An obvious streak that 

does not fit in the imaging can be seen from the results.  

 

Figure 3-17 A double image of single amyloid fibrils resulted from double tips issue 

3.4 Electrical Measurements in AFM 

Across the years, countless specialized applications and variations of these main 

imaging modes have been developed, optimizing some aspects of the tip-sample 

interaction, so that further additional information is extracted. These include several 

electric modes, in which a conductive coating is deposited on the tip part of the cantilever 
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to guarantee full metallic conductance. Combination of contact modes, non-contact modes, 

and conductive tips can extend applications of AFM to electrical measurements of surfaces. 

[124], [125] In this way specific electrical functionalities and properties of the substrate, 

such as capacitance, conductance, and contact potential, can be probed on the nanometer 

scale. In this session, we will discuss three of them, which are relevant for this thesis: 

Conductive AFM (C-AFM), Scanning Kelvin Probe Microscopy (SKPM) and Hot 

Electron Nanoscopy and Spectroscopy (HENs). 

3.4.1 Scanning Kelvin Probe Microscopy (SKPM) 

SKPM measures the surface potential and work function at the surface in non-contact 

mode. As the name indicated, it involves the Kelvin probe principle. [126] If the tip and 

the sample are connected electrically, there will be a junction formed, and then electrons 

flowing through the system form a potential energy barrier called Schottky barrier across 

this junction and a charges re-distributing across it. To measure this potential, an indirect 

method is applied: a DC bias is applied externally to cancel the electrostatic force by 

canceling point by point this charge re-distribution.  

The detection scheme of the electrostatic force at the surface is quite simple: the 

topography is repeated two times for each line: during the first pass the topography 𝑧(𝑥, 𝑦) 

is acquired. During the second pass, the line is repeated at an height 𝑧(𝑥, 𝑦) + ∆𝑧  to 

maintain a constant tip sample distance. During the second pass, an AC+DC bias applied 

between the tip and sample to generate a capacitative coupling between the two, setting the 

tip in resonance. In a plain capacitor model, this electrostatic force can be described below. 

                                                             𝐹 =
1

2

𝜕𝐶

𝜕𝑧
(𝑉)2                                                       (14) 
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The total force between tip and sample during the second scan is described in 

equation 15. [127] 

                     𝐹𝑡𝑜𝑡(𝑧′, 𝑡) = 𝑘(𝑧(𝑡) − 𝑧′) sin(𝑤𝑡) − 𝐹𝑃𝑎𝑢𝑙𝑖 − 𝐹𝑣𝑑𝑊 −
1

2

𝜕𝐶

𝜕𝑧
(𝑉)2               (15) 

The total force depends on the total potential difference built up between the tip (𝑉) 

and gradient of sample-tip capacitance (
𝜕𝐶

𝜕𝑧
), as well as short-range repulsive force (𝐹𝑃𝑎𝑢𝑙𝑖) 

and long-range attractive van der Waals force (𝐹𝑣𝑑𝑊). Another term contributed to tip-

sample force is the withdrawl force results form oscillation amplitude (𝑧(𝑡) − 𝑧′) and 

cantilever spring constant ( 𝑘 ). The total potential difference 𝑉  contains the contact 

potential (𝑉𝑠𝑝), the externally applied AC bias (𝑉𝑎𝑐) and DC voltage 𝑉𝐷𝐶 at the tip. 

                                           𝑉 = 𝑉𝑠𝑝 + 𝑉𝑎𝑐 sin(𝑤𝑡) + 𝑉𝐷𝐶                                                (16) 

Therefore, after substitution and rearrangement, equation 17 is obtained. 

                                  𝐹 =
1

2

𝜕𝐶

𝜕𝑧
([(𝑉𝐷𝐶 − 𝑉𝑠𝑝)

2
+

1

2
(𝑉𝑎𝑐)2] + 2[(𝑉𝐷𝐶 − 𝑉𝑠𝑝)𝑉𝑎𝑐 sin(𝑤𝑡)] −

[
1

2
(𝑉𝑎𝑐)2 cos(2𝑤𝑡)])                                                                                                       (17) 

The first term is a static component which is independent of frequency; the second 

term is the first harmonic of the force at the AC drive frequency and contains the 

information on the tip-sample contact potential. The third term describes oscillation at 

twice the AC drive frequency and does not depend on the surface charge distribution. Tip-

sample maintains an electrostatic force when the external DNA bias 𝑉𝐷𝐶 = 𝑉𝑠𝑝 . The 

detection and minimization of the second pass force by regulating VDC allows measuring 

point by point the tip sample contact potential, creating an image out of the second surface 

scan. By calibrating the tip on a reference sample of known work function, usually Bernal-
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stacked Highly Oriented Pyrolitic Graphite (work function= 4.6 eV), it is possible to obtain 

the direct measurement of the sample workfunction at each point of the image.  

SKPM is usually coupled with the non-contact mode, which refers to lift mode in 

some publications. [128] There are two types of instrumental set-ups to obtain lift mode: 

single and dual pass set up. The difference between the two is the distance between the tip 

and the sample, which results in different sensitivity and resolution. In the single pass set-

up, the tip is closer to the surface, which means higher sensitivity and resolution compared 

with dual pass set-up. A single pass is simply recording surface height in standard tapping 

mode, while in the dual pass, the tip is lifted further from the surface, usually 30 − 50 𝑛𝑚 

away from the surface. Comparison of two set up is shown below. (Fig 3.18) [125] 

 

Figure 3-18 Two passes strategies in SKPM set up. A: single pass, B: dual pass  

From the schematic, it is clear that during measurements, the feedback loop 

connecting the z piezo is switched off to lift tip further. An oscillating potential is provided 

by the potential feedback loop to cancel the potential difference, the frequency of this 

potential is set the same as the cantilever resonance frequency (first harmonic frequency). 

In this way, lift mode can separate the surface height and spatial features and the 

electrostatic force.  
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SKPM is widely applied in the field of semiconductors. [129] SKPM is useful to 

understand electron transport by work function measurements in semiconductor and metal 

systems. Also, it can characterize photo-electronic devices, such as laser cavities, solar 

cells, and transistors. [130] 

This technique has the huge potential not only in the fields of molecular physics and 

electronics but also in applications for biophysics, such as bio-molecule interactions and in 

biomedicine. [131], [132] The mechanism of SKPM also gives it an advantage in label-

free biomaterial imaging, such as DNA. [133] In this work, a 3000 𝑏𝑝 double-stranded 

circular plasmid DNA was imaged with lift mode SKPM in air, the image of a surface 

potential mapping of DNA on silicon is shown below with different tip-sample distance. 

(Fig 3.19) 

 

Figure 3-19 Topography (a) and a surface potential mapping of DNA at a different tip-sample 

distance (b):47 nm (c):32 nm (d):24 nm 

3.4.1 Conductive AFM (CAFM) 

CAFM measures the current flow through the interface between the tip and the 

sample. [134] CAFM mode is based on contact mode and maps the current and the surface 

features at the same time when a bias voltage is applied. It can be performed both in both 

imaging mode at a constant tip-sample bias or in spectroscopy mode (I-V spectroscopy. 

The second measures the current as a function of a variable bias applied, usually a ramp, 

while staying at a fixed position under static normal load. Since they are usually performed 
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during the contact time of a force spectroscopy curve, the mechanical and conductive 

information can be acquired at the same point. As already discussed that I-V spectroscopy 

can be performed at single points during imaging or arranged in a map to acquire an 

extended data set in a specific region. The qualitative picture of the information that can 

be extracted from each curve is in principle similar to macroscopic I-V conductance tests 

or voltammetry, with the major difference that here the contact point is on the nanometer 

scale. This means that the data allows the analysis of the variability of the sample with a 

final resolution of few to few tens of nanometers. 

For example, the image below (Fig 3.20)a shows the donor/acceptor regions in a 

conductive bland of the conjugated polymers (PEDOT: PSS) by conductive AFM. While 

topography cannot distinguish between different  phases of the polymer, CAFM shows the 

contrast in different conductive parts, also highlighted in the 3D rendered (Fig. 3.20c) [In 

preparation] 

Additionally, I-V curves allow distinguishing between different conducting 

behaviors (Fig 3.20d). The highly conductive regions (light color in figure 3.20b) show a 

linear, i.e.ohmic, the dependency of the current on voltage (Fig 3.20d, green curve), 

whereas less conductive points show different behavior, proceeding toward a more 

semiconducting one (Fig 3.20d, light blue and purple curves).  

It should be noticed that, in principle, on the nanoscale the current response of a 

nanojunction, as in the case of a Schottky junction between the tip and the sample, the 

behavior can be remarkably different from the macroscopic one. This is due to the fact that 

the size of the tip is comparable with the mean free path of electrons, with inter-distance 

between doping center and with the extension of the depletion region in a semiconductor 
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interface, so that the approximation of extended flat junction does no more apply. In the 

case of tip semiconductor interface, it is possible that the reversed current will be 

comparable (as figure 3.20d, purple curve) or eventually exceed the forward bias one. This 

effect has been clarified by Smit, Rogge and Klapwijk. [136] They considered the reduction 

of the gap at the contact point with respect to a macroscopic extended flat contact, finding 

that tunneling can quickly become the dominant effect, instead of thermionic emission, 

dominating the transport processes both in reverse and the direct polarization. Moreover, 

the electric field at the tip can be rather intense: this can induce local modification at the 

sample in case of molecules and semiconductive/insulating thin films or nanoparticle. For 

nanometer thick adsorbate, the electric field can reach and exceed the bulk dielectric 

strength (usually in the range of ~2000 𝑚𝑉/𝑚) already for voltage of fraction of volts. 
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Figure 3-20 Topography (a) and current mapping (b) of PEDOT: PSS conductive polymer acquired at 

-70mV constant bias. (c) Current map superimposed as a color gradient on the 3D rendered 

topography demonstrate the high spatial resolution. It can be noticed that the full size of the image is 

300x300 nm2 .(d) representative I-V spectroscopy curves acquired in three different points showing 

highly conductive ohmic regions (green curve), semiconducting nanojunctions (purple) and 

intermediate states (cyan) [in preparation] 

3.4.3 Hot Electron Nanoscopy and spectroscopy (HENs) 

HENs is a current-sensing AFM technique recently developed in our lab, which have 

proven a new kind of response on conductive state at the nanometer scale [137], casting a 

new light for the comprehension of electronic states in nanomaterials.  

Conceptually, HENs is based on the generation of surface plasmons as the TERS, 

since it relies on resonant interactions between light and metallic nanostructures.  

In particular, in this technique, surface plasmon polaritons (SPPs) are involved. SPPs 

are propagating quasi-particles confined at a metal-dielectric interface, for example, metal 

in air, generated by light-induced collective charge oscillation. After excitation, SPPs can 

propagate at the surface far from the generation point and be guided by proper metal 

structures. The free propagation length, before their decay by scattering with thermally 

excited electrons and phonons, can be of the order of several micrometers. The wavelength 

of SPPs is shorter than the incident light, resulting in a spatial confinement and a field 

intensification. The scale of spatial confinements is in subwavelength. [138] The 

wavelength 𝜆𝑆𝑃𝑃 of SPPs is associated with the real part of their wavevector 𝐾′
𝑆𝑃𝑃. 𝐾′

𝑆𝑃𝑃. 

Depends on the  are permittivity of metal and dielectric 휀𝑑 and 휀𝑚′, respectively. 

                                                          𝜆𝑆𝑃𝑃 =
2𝜋

𝐾′
𝑆𝑃𝑃

                                                          (18) 

                                                   𝐾′
𝑆𝑃𝑃 =

𝜔0

𝑐0
√

𝜀𝑑𝜀𝑚′

𝜀𝑑+𝜀𝑚′
                                                       (19) 
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Our interest in relies on the fact that they can be efficiently generated in a large 

interaction area, guided and focused into a limited volume micrometers far from the 

generation point just by a proper design of the metallic structure, opening new possibilities 

in the field of light spectroscopy and microscopy far beyond optical resolution.[139] There 

are three processes which have to be optimized, in order to use SPPs for practical 

applications in AFM microscopy: first, the external light has to be efficiently coupled to 

electrons at a metal-dielectric interface to generate SPPs. They have to be guided and 

localized in a confined volume at the tip apex of an AFM cantilever, at the tip-substrate 

interface. Last, they have to decay into a detectable particle, interacting with the sample in 

the contact region with the tip. 

SPPs generation from photon absorption can occur only if in the process both energy 

and momentum are conserved. At a given energy, the momentum of an SPP is always 

higher than the one of the photons, as visible from the direct comparison of their dispersion 

relations in fig 3.21. Therefore, to make the photon-electron coupling possible, a third 

element has to take part in the process in order to provide the missing momentum to the 

SPPs. This can happen in the presence of asperities where SPPs can be generated by 

exploiting the recoil of the whole structure which provides the missing momentum. [127] 

 

Figure 3-21 Dispersion curve of SPPs (solid line) and photons (dashed line) [127] 
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The efficiency of the process thus depends on the optimization of the coupling 

between the photons source and the plasmonic device. 

Nanofabricated grating couplers are an efficient way to couple SPPs at a metal-

dielectric interface since each groove cooperates to provide the missing momentum to 

create propagation polaritons. For plane wave at an incident angle 𝜃, as shown in the 

schematic below. (Fig 3.22) [127] Photons coupling and SPPs generation can be optimized 

by defining a proper coupling geometry of the grating. 

 

Figure 3-22 Grating geometry and SPPs generation. 𝜃𝑖𝑛, h [127] 

W and P are the incident angle, the height of groove, width, a groove pitch of the grating 

respectively. 

The groove pitch P comes from the momentum mismatch between incident photons 

and SPPs. The pitch should compensate for the increased momentum of SPPs. Therefore: 

                                
2𝜋

𝑃
= ∆𝐾𝑧 = 𝐾𝑍

𝑆𝑃𝑃 − 𝐾𝑍
𝑃ℎ =

𝜔0

𝑐0
√

𝜀𝑑𝜀𝑚′

𝜀𝑑+𝜀𝑚′
−

2𝜋

𝜆
𝑠𝑖𝑛𝜃𝑖𝑛                       (20) 

Figure 3-23 Dispersion curve of SPPs and photons [127] 

For material capable to sustain plasmonic resonances, such as gold, silver, and 

aluminum, this coupling scheme can be very effective, reaching exceeding an efficiency of 

40 %. [140] 

Two things can be noticed: once fixed the geometry of the grating and the incidence angle 

of the light beam, the 𝐾 of the SPPs is selected: this also defines the propagation, which 
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take places only in one well defined direction along the grating axis. The SPPs are fully 

directional as shown in figure 3.21. The second thing is that the photons couple with the 

greating by means of their electric field. This means that the process is polarization 

sensitive and SPPs will be generated only in the case the electric field would have a 

componet alighed with the grating axis and the magnetic field would be in plane with the 

structure. This offers an experimental advantage since working on the polarization of the 

light it is possible to maximize the process. 

The same dispersion curves in figure 3.21 guarantee that, once generated, the SPP 

can propagate along their direction on a flat surface without decaying into photons, due to 

momentum conservation. In this way, they can be guided by the be guided along the metal 

feature, following the geometry microstructure for several micrometers up to their decay 

length, when they thermalize in the due to the scattering with electrons and phonons in a 

non-radiative way. If a second asperity is introduced before SPPs thermalize, it is opened 

a possible first-order decay mechanism into photons or energized electrons (hot electron, 

he-), both having the energy of the plasmon from which they are originated. (Fig 3.24) 

 

Figure 3-24 Possible decay path of SPPs in the presence of an asperity, here denoted as "tip", into two 

competitive mechanisms, generating: (a) hot electrons and (b) photons, each with the energy of the 

SPP 
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The probability for and hot electron to be generated in the metal tip is proportional 

to the density of states D between levels with energy difference equal to the one of the 

plasmons, which is basically the one of the impinging photons. As: 

                                  𝑃(𝐸) ∝ 𝐷(𝐸 − 𝐸𝑝ℎ)𝑓(𝐸 − 𝐸𝑝ℎ)𝐷(𝐸)(1 − 𝑓(𝐸))                           (21) 

Where 𝑓 is the Fermi distribution. It can be pointed out that, while an electron is 

excited toward an empty state, an hole is produced in the Fermi sea, so that both charges 

are produced in hot states, i.e., ,far from the Fermi level. Once set into contact with a 

semiconducting material, the tip sample system can generate a Schottcky junction. There, 

hot carriers (HC) can have enough energy to overcome the barrier also at zero bias, 

originating a new mechanism for conductance. Again, also holes partecipates in the 

process, and, in a totally symmetric way, if they are created far enough from the fermi 

level, they can contribute to conductance, eventually beacming the majoritary carriers if 

the junction is with a p-type material. Figure 3.25 illustrates a schematic of the junction 

involving hot carriers. 

 

Figure 3-25 (a) Process of Photon-generation of SPPs and their decay into HC. HC conduction 
mechanisms at a Schottky junction with an n-type (b) and p-type (c) semiconductor. It can be noticed 



85 

 

 

that in the first case the majority carriers are electrons, whereas in the second conductance is 

dominated by holes. The density of states for both types are reported. [141] 

It can be noticed that the density of states for both types of HC are redefined 

according to equation (21) which accounts for the density of state of the material and the 

energy of the photon. This means that for any wavelength of the excitation laser, a different 

shape of the density of state for HCs is found. This is interesting because in presence of a 

sharp peak in HCs density of states, the majority of carriers contributing to the conductance 

come from well-defined energy levels, suggesting possible applications in energy-filtered 

current spectroscopy with nanometric spatial resolution. 

Sundararaman [141] and Bernadi [142] calculated the density of states for hot 

carriers at the surface of noble metals. Gong and Munday extended the computation also 

to non-metals which were non traditionally used for plasmonic applications, finding that 

they can be very good materials for hot carrier production. Figure 3.26 shows some 

examples from this last work. It can be noticed how in several cases, sharp peaks in the HC 

density of states appear far from the Fermi level. 
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Figure 3-26 Density of states for carriers (black lines) and hot carriers (blue and red) in plasmonic 

(first group) and non-plasmonic (second and third group) materials for different wavelength. [143] 

These concepts, applied to an AFM tip, bring to the final device shown in figure 

3.27a, where the grating is FIB milled on the side of the pyramidal tip to generate the 

plasmons. The whole device is gold coated to produce the metal-dielectric (air) interface. 

The pitch of the grating is tuned to match with photon wavelength and incidence direction 

(black arrows), producing SPPs with momentum direction toward the tip apex. The 
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structure between the grating and the tip apex is tapered in order to avoid sharp asperities: 

in this way, SPPs can travel toward the tip apex (Fig 3.27b) without finding sharp asperities 

so that additional decaying channels are avoided up to the tip apex. Finally, at the very end 

of the sharp tip, propagating plasmons can decay into he- or photons. Figure 3.27c,d show 

the dependence of the photon decay on the polarization of the impinging laser light (yellow 

arrows indicate the electric field direction): efficient coupling and reemission is found for 

polarization direction along the tip axis (Fig 3.27d), whereas for orthogonal direction just 

the Rayleigh scattering is present. 

 

Figure 3-27 (a) SEM image of the 20nm Au coated device. The FIB fabricated grating is well visible 

on the front side of the pyramid. On top of the pyramid a Pt-C cone is grown by FIB-assisted additive 

deposition to create a tapered nano-cone as suggested by Stockman to guide and adiabatically focus 

the SPPs at the tip apex. [144](b). (c)SPPs generation and decay at the tip is ineffective if the light 

polarization (yellow arrows) is along the grooves and only Rayleigh scattering from the grating is 

visible. On the contrary, if the polarization is along the cone axis, an efficient coupling at the grating 

and photon re-emission at the tip is detected. 

Additionally, it should be mentioned that in 2004, Stockman proposed and 

theoretically discussed an additional process, here implemented in the fabrication of figure 

3.27. He predicted that if the plasmons are guided by means of a very sharp cone (full 

aperture << 20°) toward the tip, their propagation becomes fully adiabatic and all their 

energy can be focused into a few nanometer column at the apex of the cone, increasing the 
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efficiency of the device by order of magnitude. The physical process underlying this effect 

is summed up hereafter. [144] 

The in-plane magnetic field 𝐻𝑥 and out of plane electric field 𝐸𝑧 of the SPP (the only 

two components) are connected at the metal dielectric interface by the relation: 

                                    𝐻𝑥(𝑖, 𝑦, 𝑧) = 𝐸𝑧(𝑖, 𝑦, 𝑧)
𝜀1

𝑘
= 𝐸𝑧(𝑖, 𝑦, 𝑧)

𝜀i

𝑘0𝑛
                                   (22) 

Where i denotes the metal (m) or dielectric (d) side, 𝑘0 the SPP wave number and n 

the effective refractive index.  

When the local cone radius R<<i/k0, the effective refractive index can be written as: 

                                             𝑛(𝑅) ≅
1

𝑘0𝑅
√−

2𝜀𝑑

𝜀𝑚
[Ι𝑛√−

4𝜀𝑚

𝜀𝑑
− 𝛾]

−1

                                 (23) 

From (20) and (21), it is possible to write the ratio: 

                                          
𝐻𝑥(𝑖,𝑦,𝑧)

𝐸𝑧(𝑖,𝑦,𝑧)
=

𝜀i

𝑘0𝑛
= 휀i𝑅√−

2𝜀𝑑

𝜀𝑚
[Ι𝑛√−

4𝜀𝑚

𝜀𝑑
− 𝛾]                              (24) 

Which goes to zero as R. This is because the electric field increases faster than the 

magnetic one while the local radius decreases. Moreover, both the group and the phase 

velocity of the SPPs slow down toward the tip, with the net result that the SPPs turn from 

an electromagnetic wave toward a fully electromechanical wave at the tip apex, resulting 

in a strong electrical field enhancement. [145]–[148] 

Moreover, also the skin depth is affected by the change of the effective refractive 

index, going to zero as 

                                                  𝑙𝑠𝑘𝑖𝑛
𝑚 ~

𝜆0

2𝜋
(

1

−𝜀𝑚
)1/2 =

𝜆0

2𝜋𝑛(𝑅)
≅ 𝑅                                      (23) 



89 

 

 

This means that the local radius R becomes the only relevant parameters and all the 

process typical length rescale with it, i.e. as long as the semi-calssical approximation at the 

base of the prediction is verified (approximately 3 nm), it is possible to adiabatically focus 

the SPPs (and the energy to them related). In other words, the device in figure 3.27 is 

theoretically capable to collect energy from a focused laser (with a typical waist of 5-10 

𝜇𝑚 in our set-up) and focus it into a nanometric area at the very end of the tip without 

losses, wich is at the base of our interest in the device. Moreover, the possibility to collect 

signal the photon decay channel in such a localized volume opens endless possibilities for 

optical microscopy and related techniques far below the Abbe limit, such as nano-TERS. 

In the very first implementation of HENs by our group, [137] this is the device that 

have been used, finding an efficiency in electron generation close to 30% (HC/Photon), a 

final lateral resolution of 3 nm and an overall current exceeding some tens of nA for less 

the 100 μW laser power, which was often higher than the maximum current a nano-tip can 

withstand. This allowed the very first proof of concept of this new kind of microscopy. In 

more recent applications, [140] the schematic has been simplified by not including the most 

demanding element under the fabrication point of view, i.e., the nanocone at the end of the 

pyramid. This allowed for more reliable tips (which in AFM are consumables) at the 

expenses of a reduction of more than two order of magnitude in the HC signal yet with an 

S/N >100. This was sufficient to identify electronic edge states in 2D MoS2 crystals 

undetectable by conventional CAFM. Very recently also commercial tips, with no 

nanocone and no grating have been tested. The motivations at the base of this study were 

different. On one side we wanted to expand the range of materials on which the technique 

could be effectively applied, including also brittle and delicate ones, such as organic 



90 

 

 

conductive polymer and biomaterials, which can easily damage or contaminate the tip. 

Moreover, we wanted to demonstrate that the technique can be accessible also to AFM 

laboratories which do not have extended nanofabrication capabilities. Numerical 

simulations on gratings with a variable number of grooves demonstrated that in the limit 

of one single groove it is still possible to couple photons to the device to generate SPPs, 

yet with a reduction in the efficiency of almost two orders of magnitude. (Fig 3.28) [140] 

 

Figure 3-28 Relationship between a number of grooves and energy coupling efficiency. 

The working hypothesis here was that a single asperity at the base of the cone could 

act as a single groove in the grating, allowing for the generation of SPPs. This scheme 

resulted in a final S/N ratio> 10 and the first application of HENs on organic conductive 

polymers (PEDOT: PSS) with a final spatial resolution of few tens of nanometers. 

Moreover, it was implemented, for the first time, a measurement scheme in which the 

photon decay channel was used to perform nano-Raman in parallel with HENs and 

nanomechanical AFM techniques, providing structural, conductive and mechanical 

information contextually [in preparation] 
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Table 3.5 sums up the best results in terms of S/N ratio obtained with different types 

of tips, with decreasing complexity. It can be noticed that, despite their performance 

decrease with the fabrication effort, the percentage of tips successfully coupling SPPs and 

generating HC increases, still maintaining an S/N ratio >>1.  

 

Table 3-5 Comparison of three different types of HENs tips  
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2.2.4 Raman of DNA 

Raman, as a non-invasive spectroscopy technique, it is especially widely used to 

characterized biomaterials analysis. In principle, Raman can qualitatively acquire 

structural and conformational information of DNA, and determine the secondary structure 

of DNA. Raman is capable of DNA characterization for synthetic [149] or natural [150] 

nucleic acids, in small or large molecular sizes and measured in liquid or air. [151] Classic 

Raman can ensure minimal damage to the sample, and when measured in solution, water 

Raman signals give comparatively small interference.  

Development of Raman characterization of DNA began with the secondary structure 

of  [152] and marker bands for A-form and B-form in the 1970s. [96], [153] For example, 

A-form DNA and B-form DNA can be distinguished by nucleic acid phosphodiester group 

locates in the frequency range 780 − 840 𝑐𝑚−1. Raman spectra of A-DNA and B-DNA 

were obtained with 300 − 4000 𝑐𝑚−1  range in 1984, later in 2014, a wider range (7 −

4000 𝑐𝑚−1) of spectra of solid DNA was obtained. [154] The Raman spectra of DNA can 

be divided into three region: low frequency range (7 − 200 𝑐𝑚−1) which represents the 

DNA molecular vibrations; mid-range frequency ( 600 − 1800 𝑐𝑚−1 ) corresponds to 

intra-molecular modes of DNA bases; high frequency range which is the CH-group 

vibrations. Parts of peak frequencies of DNA in the range (1100-1600 𝑐𝑚−1)and their 

assignments are listed below. (Table 2.1) 

Peak frequencies in the Raman spectrum (𝑐𝑚−1) Assignments of peaks [154] 

1094-1100 𝑑(𝑃𝑂2
−) 

1237-1242 dT 

1301-1308 dA 
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1335-1339 dA 

1372-1376 dT; dA; dG 

1418-1422 dT; 𝑑(𝐶𝐻2) 

1460-1464 𝑑(𝐶𝐻2) 

1483-1490 dA; dG 

1508-1512 dA 

1528-1537 dC 

1573-1577 dG; dA 

Table 3-6 Raman shift of DNA in the range of 1100-1600 𝑐𝑚−1 

With the development of the Raman technique, detection and identification of DNA 

molecules are achievable with enhanced Raman signal. Surface-enhanced Raman 

spectroscopy (SERS) and Tip-enhanced Raman spectroscopy (TERS) are the modern 

Raman methods to enhance and detect scattering by increasing the local field by means of 

local metallic asperities, demonstrate the potential of localized and high-resolution DNA 

characterization. 

Raman signal is intrinsically weak, duet to its low scattering cross section, usually 

more than six orders of magnitude weak with respect to fluorescence. Therefore, with 

enhancement, SERS allows localized structural analysis of samples in low concentration 

limited by the amplification of electromagnetic fields on a rough surface. [155] SERS is 

normally localized to hot spots. When laser excites over the metal surface, a localized 

plasmonic field is created: once a bonded molecule is close enough to the field, a dramatic 

increase in Raman signal can be observed. [80] The critical parameter in SERS 

measurements is the roughness of the surfaces, which are usually plasmonic materials, such 

as gold, silver, and copper. [156] Amplification of the electromagnetic field of molecules 

can also be further increased by tailored nanostructured, such as nanoparticles and three-

dimensional scaffolds. [157], [158] In principle, the enhancement requires a certain 
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roughness at the substrate and the large enhancements lie in few nanometers close to the 

surface.  

Many publications investigated in SERS for pure bases: A, G, C and T, because these 

bases yield strong Raman signal and are easily assigned to Raman frequencies. [159] Pure 

DNA, on the other hand, is less intensively measured because they present lower Raman 

intensity compare with bases. [160] Especially, the double-stranded DNA measurements 

are challenging: when absorbed by the surface, the sugar and phosphate backbones attached 

to the bases will shield the bases from contact with the SERS-active surface. [161] Certain 

dyes [162] or indirect methods (detections of DNA hybridization and mutations) [163] 

have been investigated to avoid this shielding problem. 

Mirkin et al. have reached a detection limit of DNA concentration at 20 femtomolar 

in 2002. [164]This method used a three components sandwich microarray format to 

enhance Raman signal and distinguish target sequence. Schematic of such an experiment 

is shown below. (Fig 2.12 )  

 

Figure 3-29 Schematic of Raman enhancement from functionalized nanoparticles with 

oligonucleotides [164] 
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Firstly, gold particles were modified with Cy3 dyes labeled oligonucleotides, which 

were used as probes to detect the specific target DNA strands. Secondly, a substrate was 

coated with oligonucleotides with the target sequence, and then the probes were incubated 

on such substrate. Only a small amount of oligonucleotides hybridized and an even smaller 

amount of double-stranded DNA can combine with silver during later Ag solution 

treatment. However, enhancement is strong enough to detect double-stranded DNA to a 

limit of 20 femtomolar. This work also demonstrated that other dye asideCy3 could be used 

to label more oligonucleotides with various target sequences. (Fig 2.13) 

 

Figure 3-30 Tailored oligonucleotides used for specific sequence detection with different dyes 

attached [164] 

TERS was considered a specific type of SERS because their mechanism of 

enhancement is the same, except that in TERS electromagnetic field was localized at the 

end of the tip. The asperities concentrated on the small apex of the scanning probe. [165] 

Although classic Raman was able to provide localized structural information when 

coupling with Scanning Probe Microscopy, it can provide both spatial and structural 

information at the nanoscale. Combination of nanoscale resolution and highly sensitive 
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spectrography can provide combined local information in a reduced nanometric volume 

corresponding to few nucleic acids and proteins. Enhancement of TERS  is also dependent 

on the type of substrate, for example, a metal substrate (gold) can provide additional 

enhancement when electromagnetically coupled with tip. On the other hand, the dielectric 

substrate cannot be coupled with tip effectively, so the enhancement of Raman only comes 

from the tip, leading to a weaker enhancement. [166] Besides the material requirement, the 

flatness of the substrate surface is another key parameter. In order to perform a high-

resolution SPM measurement, usually AFM, the substrate must be flat enough to provide 

high contrast while imaging of molecules. These requirements contrast with the surface 

roughness needed to provide surface enhancement on Raman signal. Moreover, if the 

Raman is coupled in an inverted microscopy set-up, the metal deposited on the substrate 

must be thin enough for the scattered light not be absorbed by the substrate, making the 

metal deposition process even more demanding. [167] 

In 2004, TERS of DNA crystals and monolayers were reported [168], since then 

TERS on DNA attracted vast interest. Some groups started to explore the possibility to use 

TERS as sequencing technique by performing on nano-crystals [165] and studying the 

hydrogen bonding between bases. [169] The first success was TERS measurements of 

single RNA strands in 2008. [170] The challenge of sequencing using TERS lies on the 

fact that four bases have huge Raman scattering cross-section difference. If measured at 

the same concentration, the intensities of ring-breathing modes of four bases are arranged 

from largest to smallest as follow: poly-A, poly-C, poly-G and poly-T. [171] Therefore, in 

TERS measurements of natural DNA, adenine is most likely to be detected.  
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The distinction of four bases was achieved in 2001, published by Deckert and his 

group. [165]The first TERS of single-stranded adenine homopolymers immobilized on 

mica and uracil on gold demonstrated the possibility to achieve stable measurements. Then 

single-stranded calf thymus DNA was sequenced arbitrarily with TERS spectra. This work 

showed the possibility to probe DNA sequence when the tip is scanned over DNA with 

localization capability better than one base-base distance. TERS spectra of calf thymus 

DNA at four points is shown below. (Fig 2.14) 

 

Figure 3-31 TERS spectra of calf thymus DNA at four different points with four bases labeled 
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Chapter 4 Materials and Methods 

4.1 DNA Constructs Hybridization 

Three types of double-strand DNA constructs have been obtained on the basis of the 

DNA design reported in chapter 5.1. A set of oligonucleotides were purchased with 

standard purification (desalted) from Sigma-Aldrich (Darmstadt, Germany) and 

resuspended in MilliQ water to the final concentration of 100 μM. 

A second set of the same oligonucleotides was purchased polyacrylamide gel 

electrophoresis (PAGE) purified, [172] from IDT (Belgium) and resuspended in MilliQ 

water to the final concentration of 100 μM. 

Oligonucleotides were diluted in 1× PBS to the desired final concentrations. (Table 

4.1 and Table 4.2) The three constructs obtained using the two sets of DNA 

oligonucleotides were hybridized in a thermocycler (BIO-RAD, C1000-Touch, USA) 

following this steps: the first step at 95 °∁ for 2 minutes to allow the denaturation of self-

dimers and secondary structures, followed by an annealing step at 70 °∁ for 5 minutes. The 

solution was cooled in the thermocycler and stored at 4 °∁ for further use. 

 Guide(μM) 

RC-

Guide-

01(μM) 

RC-

Guide-

02(μM) 

5'-Flc-

Guide-

02(μM) 

SH-3'-

RC-

01(μM) 

SH-5'-

RC-

02(μM) 

Construct A 1  1  1   

Construct B 1  1  1  

Construct C 1 1    1 

Table 4-1 First set of concentrations of oligonucleotides for different DNA constructs.  

 

 Guide(μM) 

RC-

Guide-

01(μM) 

RC-

Guide-

02(μM) 

5'-Flc-

Guide-

02(μM) 

SH-3'-

RC-

01(μM) 

SH-5'-

RC-

02(μM) 
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Construct A 1  1.5  1   

Construct B 1  1  1.5  

Construct C 1 1    1.5 

Table 4-2 Second set of the concentration of oligonucleotides for DNA construction 

4.2 Electrophoresis 

Agarose gel electrophoresis was performed to visualize DNA constructs and 

products and to preliminary screen the efficiency of the hybridization process.  

Electrophoresis was accomplished using 1% , 2% , 3%  or 4%  agarose (VWR 

Prolabo, Leuven, Belgium) dissolved in TAE 1x buffer, melted using a microwave and 

poured in the gel case equipped with the suitable comb. The gel polymerized in 30 minutes. 

Gel-red (3 ×, Biotium, Fremont, CA) and YOYO-1 (3 ×, Thermo-Fisher, CA, US) were 

used as in-gel stains. These stains are sensitive, stable and environmentally safe bis-

intercalators,[59] The stain SYBR Gold (1 ×, Thermo-Fisher, Eugene, US) was loaded into 

the well with the sample and the loading agent. As previously reported, [173] SYBR Gold 

stain is an unsymmetrical cyanine dye which is considered more sensitive than other 

intercalators. 

After gel solidification, the electrophoresis apparatus has been filled with TAE 1x as 

a buffer solution, the comb removed and the wells loaded with an aliquot of the solution to 

be analyzed. Single-stranded oligonucleotides were used as a negative control and were 

loaded at the final concentrations of 1 𝜇𝑀, 5 𝜇𝑀, and 10 𝜇𝑀. 3% DNA constructs were 

loaded with 1× loading dye (BioLabs, New England, US). Running voltage varied from 

80 to 120 V while running time varied from 40 minutes to one hour on the basis of agarose 

gel concentration and voltage. The DNA 100 bp ladder (BioLabs, New England, US) was 

loaded as a molecular weight reference. 
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The electrophoresis results were visualized and photographed with UV 

transilluminator. (Bio-Rad, USA).  

4.3 AFM Imaging on DNA 

AFM measurements were performed with aNanowizard III (JPK, Berlin, Germany) 

mounted on an Olympus inverted microscope used in AC mode. The different tips used 

were xsc 11 tip C (Mikro masch, USA), having a spring constant  in the range 3-16 N/m 

(typically at 7 𝑁/𝑚) and resonance frequency at around 150 kHz.  

4.3.1 Substrate Preparation 

The substrate that we need for this applications must combine different requirement 

for the different techniques which are used: as previously mentioned, the roughness of 

substrate surface is important for efficient enhanced Raman signal; on the other hand, for 

optimized AFM imaging, substrate surface should be atomically flat to allow imaging of 

DNA features down to a size of 1-2 nm. Finally, for HENs and SKPM, the surface must be 

conductive and transparent enough to allow light from the inverted microscope to pass 

through. Therefore, a careful design of the substrate is necessary.  

The principle of film growth can be categorized into three different mechanisms. 

[174] for this application, we have decided to use mica substrates on which gold was 

deposited in the so-called Vollmer-Weber growth (or island growth) mode. Freshly cleaved 

highest Grade V1 Mica disk (TED PELLA, USA) were placed in a Korvus e-beam 

evaporator ( Korvus technology, Oxford, United Kingdom), powered by a QUAD-EV 



101 

 

 

deposition system (Mantis, Oxford, United Kingdom). During all depositions, base 

pressure in the evaporator chamber was always kept below 5 × 10−6  mBar. 

Two parameters were changed in the evaporation process: temperature of the sample 

and growth rate. In the theory of heteroepitaxial growth, the rate and temperature control 

coverage of islands which is the density of islands.  

The samples were then prepared in variant experimental conditions: gold thickness 

from 100 to 200 nm, deposition rate from 0.03 nm/s to 0.39 nm/s , and the temperature 

was kept constant at 500 C during the deposition.  

After deposition, the gold surface was carefully stored in a vacuum storage chamber, 

to avoid surface contamination.[175] The freshly deposited gold surface can give good 

DNA absorption.  

4.3.2 Sample Preparation 

There are three different surfaces prepared in this work for sample deposition: 

200 nm and 100 nm gold on mica, and bare mica). After hybridization, double-stranded 

DNA constructs were stored in 1 × 𝑃𝐵𝑆 solution at −20℃. Addition of 10 μM 𝑀𝑔𝐶𝑙2 

was also investigated to understand if 𝑀𝑔2+ can enhance the absorption of DNA to gold 

surfaces.[25]  

A droplet of 50 μl of a 60 ng/μl of DNA constructs in 1 ×PBS and 1 ×PBS(10 

μM 𝑀𝑔𝐶𝑙2 ) were deposited onto the surfaces. After the deposition, three different 

incubation methods were explored: 

1. drying in air at room temperature 

2. 5 hours in a humidity chamber at room temperature (RH> 70%) 
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3. 5 hours in a humidity chamber at 40℃ (RH> 90%) 

Then the surfaces were rinsed few times (2-5) with 1 ml MilliQ water and dried with 

𝑁2 gas. After this, all the samples were fixed on a glass slide to fit on the sample holder of 

the AFM. 

An overview of different sets of AFM measurements on different samples is 

provided below. A1 stands for construct A incubated with method 1; AP means construct 

A dissolved in PBS and A2100 refers toconstruct A incubated with method 2 deposited on 100 nm 

gold surface.  

1. Effect of incubation methods 1 and 2 on surfaces 

Incubation methods (1 or 2) Construct A Construct B Construct C 

mica A1+A2 B1+B2 C1+C2 

200 nm Au on mica A1+A2 B1+B2 C1+C2 

Table 4-3 Investigation of the effect of incubation methods 1 and two on surfaces 

2. Effect of 𝑀𝑔𝐶𝑙2 (𝑀𝑔2+)  

Constructs on 200 nm Au 

surface (incubation method 2) Construct A Construct B Construct C 

1 ×PBS AP BP CP 

1 ×PBS (10 μM 𝑀𝑔𝐶𝑙2) AM BM CM 

Table 4-4 Investigation of the effect of 𝑀𝑔𝐶𝑙2 (𝑀𝑔2+)  

3. Effect of heat (40℃) 

Constructs (in 10 μM 𝑀𝑔𝐶𝑙2, 

1 ×PBS) on 100onenm Au 

surface  

Construct 

A 

Construct 

B 

Construct 

C 

Room temperature A2100 B2100 C2100 

40℃ A3100 B3100 C3100 

Table 4-5 Investigation of the effect of heat (40℃) 

4.4 Raman Spectroscopy  
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Raman spectra were collected with a WITec alpha 300R (Ulm, Germany). The 

configuration of the instruments is shown in Figure 4.1. The main body of the instrument 

consists of a confocal microscope, which defines the spatial resolution of the acquired 

signal by using objectives with different numerical apertures (NA). The microscope is 

equipped with the following objectives: 10× (NA: 0.2), 20× (NA: 0.4), 50× (NA: 0.75), 

100× (NA: 0.9). There are two available laser sources used for excitation of the Raman 

signal, one emitting at 532 nm and the other at 632.8 nm. The Raman signal collected from 

the sample in epi-detection geometry is first pre-filtered by notch filter or by a volume 

Bragg grating filter, and then is collected into an optical fiber to be transmitted to a 

monochromator for the spectral analysis. The monochromator used (witec, Ulm, German) 

is an ultra-high throughput spectrometer (UHTS Raman), which can provide up to 70% 

throughput, [127] and is equipped with different gratings. In these experiments, we have 

used the ones with 600 grooves 𝑚𝑚−1 and 1800 𝑚𝑚−1.  

 

Figure 4-1 Instrument configuration of WITec alpha 300R [127] 
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Raman spectroscopy measurements reported in this thesis were performed using the 

632.8 nm laser source and the 100× objective, working with a laser power of 1 mW and 

integrating one second per point acquired from the sample, which was kept at room 

temperature during measurements. 

Mapping of Raman spectroscopy was performed on three constructs in 1 ×PBS(10 

μM 𝑀𝑔𝐶𝑙2) incubated with method 3 on 100 𝑛𝑚 thick gold surface.  

The Raman peak of Silicon at 520 𝑐𝑚−1 was considered as a frequency reference 

and measured before each sample measurement. Response of the cooled camera used for 

the detection was intensity calibrated using the emission of a light-emitting diode (LED) 

to remove the patterned background due to the local modulation of the efficiency in the 

response of the sensor array.  

4.5 SKPM, TERS, and HENs 

Experimental setups of these AFM-based techniques are based on the same AFM 

(AFM, MFP3D_Bio, Oxford Instrument-Asylum Research, USA). This microscope is 

located inside an isolated hood equipped with computer controlled temperature and 

humidity regulation. In particular, humidity was always kept below 5% RH during all 

measurements, and the temperature was set to 27 ℃ ± 0.1℃. AFM scanner is installed on 

inverted microscope (Nikon, Japan), which allows optical and fluorescence studies as well 

as the collection of scattered light. (Fig 4.2) [140] 

In the set-up developed for TERS and HENs measurements, light excitation from an 

external He-Ne stabalized laser emitting at 632.8 nm wavelength is used. The light, after 

being modulated by a mechanical chopper, is coupled into a single-mode optical fiber to 
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be transferred into the hood of the microscope and to be delivered to the optical setup. (Fig 

4.3 d) Once there, the beam is de-coupled from the optical fiber and by means of an optical 

setup built inside the hood to be fixed to the same reference system of the AFM scanning 

head. (Fig 4.3 a and c) This set-up is providing the polarization and intensity regulation for 

the laser beam, which is then focused on the side of the tip at 8° angle with respect to the 

surface grazing incidence, almost perpendicularly to the lateral face of the AFM tip. A 

schematic of the set-up is shown in figure 4.2. In the picture, it is also visible the path of 

the light that, upon reflection and back-scattering from the tip-sample system, is collected 

by a CCD which is confocal to the excitation system. This allows having precise control 

over the delivery of the laser waist on the tip. The current induced by the light excitation 

through the tip is collected by an electrical detection module integrating a trans-impedance 

preamplifier (dual ORCA trans-impedance amplifier, TIA), directly embedded in the 

scanning head of the AFM. This geometry allows the possibility of pre-amplifying and 

detecting small currents with a very low level of noise, 0.3 𝑝𝐴 RMS in a bandwidth of 100 

𝐻𝑍 − 10𝑘𝐻𝑧. 

 

Figure 4-2 Schematic of the experimental setup used for HC measurement. (a) One or more laser 

sources collimated, polarized, intensity controlled and time-modulated before being focused on the 
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side of the cantilever. (b) The current from the tip is amplified and synchronously filtered by a Lock-

In Amplifier to extract the hot electron signal 

Figure 4.3 shows pictures of the experimental setup. Fig 4.3a also shows the port 

introduced to couple the microscope to an external spectrometer, to couple a TERS 

configuration for the detection of the photon after SPPs decay at the tip.  

 

 

Figure 4-3 Photography of set-up a: AFM set up with optical path indicated; b: sample under 

AFM head with laser path indicated. c: detail of the sample area with an indication of the 

electrode used for current measurements; d: layout of the external laser modulation and a 

coupling unit 

SKPM measurements were carried out on best samples prepared, which is DNA 

constructs deposited on 100 𝑛𝑚 gold surface with incubation method 3 and in the presence 

of 𝑀𝑔2+. Different tip to sample distances from 30 nm to -30 nm were applied on the same 

area of each measurements.  

Commercial titanium and iridium coated tips (ASYELEC.01-R2, Oxford 

Instruments-Asylum Research, USA) were used in SKPM measurements. The nominal 

value of spring constant for this tip is 2.8 𝑁/𝑚, resonance frequency: 75 𝑘𝐻𝑧.  
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For TERS measurements, ATEC CONT gold tips (Nanosensors) were redeposited 

with 20 nm gold prior to measurements. This tips have the nominal spring constant of 

0.2 𝑁/𝑚 and esonance frequency: 15 𝑘𝐻𝑧. Characterization of concstruct C on 100 nm 

gold are performed in contact mode for all measurements.  

TERS mappings were acquired in contact mode, Raman signal and topography were 

collected separately to identify a promising region of the sample to be investigated by 

TERS mapping, with 400 Raman spectra per maps. For these measurements, acquisition 

parameters were set as follows: laser power: 100 μW, Raman integration time/point: 100 

s.  

4.6 Additional techniques 

4.6.1 SEM 

In order to obtain a larger area of substrate morphology, SEM imaging of 100 nm 

gold surface was performed with Quanta600 SEM at a 5 kV beam voltage and 32 pA 

current. The image was brightness and contrast corrected to better visualization.  

4.6.2 Optical Microscopy 

Spectrometer (Compact spectrometer 500-1000 nm, Thor Labs, Germany) was used 

to measure the transimission. Transmission spectra of substrate was performed with 20 × 

lense (Nikon, Japan) installed in optical microscope from Nikon (Japan). Two 

measurements were carried out on the sample, one is focused on the mica part of the 

substrate, the other is focused on the gold surface depostied on mica. Intergration time of 
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acquisition is 2 seconds and spectra was averaged 10 times before capture. Background 

spectra was also collected at the same condition. 
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Chapter 5  Experimental Results and Analysis 

5.1 DNA Modification 

DNA, besides being the material on which the genetic information is encoded, is also 

a versatile constructive material with astonishing properties such as autonomous base 

pairing and self-assembly potential. Various nano-shapes have been obtained, such as two-

an three-dimensional (2-D, 3-D) DNA origami and DNA dendrimers, [176] using several 

different modifications of the bases sequence. DNA-based switches, nano-containers, and 

cages have been widely applied for biosensing and drug delivery, as well as simpler 

constructs based on DNA showing autonomous recognition between base pairs. [177], 

[178] 

Several chemical modifications of oligonucleotides, e.g., being bonded to thiols, 

amines, spacers, and biotins are commercially available from several companies and are 

widely used, for example in molecular biology functional studies. Chemical modification 

of synthetic sequences of DNA permits the functionalization of surfaces or particles 

allowing a number of downstream applications. As an example, thiolated DNA is 

conveniently used to immobilize DNA on gold nanoparticles [179] or gold surfaces. [27] 

Cao et al. used gold nanoparticles labeled with oligonucleotides and Raman-active dyes 

[164] to detected target molecules by SERS. 

Nucleic acids can also be immobilized on gold particles by phosphorothioate 

modifications as reported in the work of Lee and co-workers. [180] 

In this thesis, combinations of unmodified oligonucleotides together with 

phosphorothioate, thiolated and fluorescent oligo have been used, as reported in detail in 

Paragraph 5.1.2. 
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5.1.1 DNA Constructs Design 

The DNA constructs herein described are designed to obtain a synthetic double-

strand DNA sequence with dedicated modifications. The DNA construct is made of three 

single-stranded oligonucleotides that, after the proper hybridization process, will originate 

a double helix with two types of modification: one side of the double helix have to be 

covalently linked to a gold surface, and the other side of the helix carries a thiol 

modification to promote interaction with a gold-coated AFM tip. 

The longer strand is a phosphorothioate oligonucleotide that, from here on, will be 

called the “guide.” The guide is a 100 nucleotides sequence, chosen among several 

sequences generated by using an online tool. [181] The bases composition of the guide is 

as follows: 30 A's, 24 C's, 18 G's, 28 T's. To introduce a phosphorothioate modification, a 

sulfur atom substitutes non-bridging oxygen of the phosphate in the backbone. In this 

project, a sulfur atom has been introduced approximately every 11 bases, to allow a site of 

linkage with the gold surface every double helix turn (Fig 5.1). This modification avoids 

any mechanical stress to the structure and ensures the pristine conformation of a B-DNA 

in a physiological environment [4], [5] 
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Figure 5-1 Schematic of phosphorothioate DNA oligonucleotide  

Two shorter oligonucleotides are required to complement the guide: RC_guide01 

and RC_guide02, where "RC" means “reversed and complemented”. Different 

combinations of complementary oligonucleotides are used, as listed in Table 5.1. One 

oligonucleotide carries a Thiol with the carbon spacer. (C6 or C3 on the basis of the 

functionalization termini – 5’ C6 S-S or 3’ C3 S-S); the functionalization is by design the 

suitable site of linkage to the gold AFM tip. A fluorescent modification is also used instead 

of the thiolated one for a preliminary screening of the constructs by fluorescence. Thiol 

modifications are indicated with "SH" and fluorescent modifications with "Flc." In this 

preliminary step, the fluorophor chosen is the fluorescein 6-FAM™ (Ex. 495 nm; Em. 520 

nm). The combination of oligonucleotides originates the three constructs reported in table 

5.1 and figure 5.2. 

 
RC_Guide_01 RC_Guide_02 

Construct A no modification Flc 

Construct B SH, 3' no modification 

Construct C no modification SH, 5' 
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Table 5-1 Combinations of oligonucleotides complementary to the guide, used in this work. 

 

Figure 5-2 Sketches of the different constructs designed for this project. 

Modifications sites and helices turns were visualized with the software CHIMERA. 

[182]All the oligonucleotides must respect the rule of the 50% of GC content. Secondary 

structures constraints and working parameters were predicted with the mfold web server. 

[183] 

5.1.2 List of Sequence of DNA Oligonucleotides 

The complete sequence of nucleotides described above is listed below.  

* The asterisk represents the phosphorothioate modification. This modification occurs 

on the phosphate between the two bases flanking the asterisk.  

Guide:  

5’-

CGAATTCTCTCATTTAGGACCCTAGTAAGTCATCATTGGTTTTGAATGC 



113 

 

 

GACCCCGAAGAAACCGCCTAAAAATGTCAATGGTTGGTCCACTAAACT

TCA-3’ 

Complete RC_Guide (reverse complement)(for reference only): 

5’-

TGAAGTTTAGTGGACCAACCATTGACATTTTTAGGCGGTTTCTTCGGGGT 

GCATTCAAAACCAATGATGACTTACTAGGGTCCTAAATGAGAGAATTC

G-3’ 

Guide Phosphorothioate *: 

5’-

CGAATTCTCTCAT*TTAGGACCCT*AGTAAGTCAT*CATTGGTTTT*GAATGC 

GACC*CCGAAGAAAC*CGCCTAAAAA*TGTCAATGGT*TGGTCCACTAA

ACTTCA-3’ 

SH3’_RC_Guide01 (reverse complement) 

5’-

TGAAGTTTAGTGGACCAACCATTGACATTTTTAGGCGGTTTCTTCGGGGTC-3’-

SH 

RC_Guide01: 

5’-

TGAAGTTTAGTGGACCAACCATTGACATTTTTAGGCGGTTTCTTCGGGGTC-3’ 

SH5’_RC_Guide02 (reverse complement): 

SH-5’-

GCATTCAAAACCAATGATGACTTACTAGGGTCCTAAATGAGAGAATTCG-3’ 

RC_Guide02 : 
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5’-

GCATTCAAAACCAATGATGACTTACTAGGGTCCTAAATGAGAGAATTCG-3’ 

5’Flc-RC_Guide02 (reverse complement): 

Flc-5’-

GCATTCAAAACCAATGATGACTTACTAGGGTCCTAAATGAGAGAATTCG-3’ 

 

5.2 DNA Constructs Visualization: Agarose Gel Electrophoresis 

To gain preliminary information about the results of the hybridization process, the 

DNA constructs were processed in a standard agarose gel electrophoresis apparatus and 

imaged under UV light. The best migration results were obtained by using SYBR gold as 

a nucleic acid stain and a 4 % agarose gel run at 80 V for 40 minutes (Figure 5.3). 

 

Figure 5-3 (a): Electrophoresis result of oligonucleotides and dsDNA construct, using a 1:1:1 

molar ratio in 4% agarose gel with SYBR Gold as intercalator at 80V for 40 minutes.  
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Lane 1: Guide, Lane 2: RC-Guide-02, Lane 3: PAGE purified SH-3’-RC-01, Lane 4: construct A, 

Lane 5: PAGE purified RC-Guide-01, Lane 6: PAGE purified SH-5’-RC-02, Lane 7: construct B, 

Lane 8: construct C; Lane 9: 100 bp DNA Ladder. (b) Line profiles of three constructs are shown. 

Bright bands in lane 4, 7, and 8 corresponding to molecular lengths of 100 base pairs 

(as per design) as confirmed by DNA ladders indicate efficient polymerization of all three 

constructs. In double-stranded DNA lanes, besides bright bands, there are smear bands at 

around 200 bp indicating the possible presence of aggregates. Also, results show some 

impurity with lower molecular weight in these lanes. 

Two other DNA stains were used: 3x YOYO-1 in agarose gel gave misleading 

smears, while Gel-red provided good results. (Fig 5.4 and 5.5) 

 

Figure 5-4 Electrophoresis result of DNA samples in 3% agarose gel at 80V for 40 minutes. 

Stain: Gel-red. 

Lane 1: Guide, Lane 2: 5'-FLC-Guide-02, Lane 3: RC-Guide-01, Lane 4: Construct A, Lane 5: 

RC-Guide-02, Lane 6: SH-3'-RC-01, Lane 7: Construct B, Lane 8: SH-5'-RC-02, Lane 9: 

Construct C, Lane 10: 100 bp DNA ladder. 

The migration profiles are shown in Figure 5.4 Lanes 4, 7, 9 suggest an efficient 

formation of the constructs, revealed by sharp bands: if compared with ssDNA 

oligonucleotides used as a control (lanes 1, 2, 3, 5, 6 and 8), the migration of the annealed 
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mixture is slower. One band at a lower molecular weight compared with dsDNA constructs 

was observed in the same lanes. 

To guarantee the complete reaction of the Guide oligonucleotide, a titration to tune 

the complementary oligonucleotides concentrations has been evaluated by working with a 

concentration of RC-Guide-01, SH-3'-RC-01 and SH-5'-RC-02 of 1.5 μM. (Figure 5.5). 

 

Figure 5-5 Electrophoresis result of oligonucleotides and dsDNA constructed with 1:1.5:1 molar 

ratio in 4% agarose gel at 80V for 40 minutes. Stain: Gel-red 

Lane 1: Guide, Lane 2: 5'-FLC-Guide-02, Lane 3: RC-Guide-01, Lane 4: construct A, Lane 5: 

RC-Guide-02, Lane 6: SH-3'-RC-01, Lane 7: construct B, Lane 8: SH-5'-RC-02, Lane 9: 

construct C, Lane 10: 100 bp DNA ladder. 

The comparison between lanes 4, 7 and 9 of figure 5.4 and figure 5.5 suggests the 

same efficiency in the construct formation, despite the concentration variation.  

RC-Guide-01 in lane 3 (Figure 5.5) showed a band at the higher molecular weight 

than the bright DNA band, related to a possible secondary structure formation. The same 

band was observed in lane 6 (Figure 5.5), related to SH-3'-RC-01; notice that the DNA 

sequence of these two oligonucleotides was the same. The secondary structures of the 
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single strand oligo in solution without its complementary sequences are removed during 

the construct formation in the first annealing step, performed in denaturing conditions. 

The presence of different species in the same lane such the one observed in lanes 3 

and 6 in figure 5.4 and 5.5 can be clarified by previously reported literature [184], [185]. 

The chemical synthesis of thiol-modified oligonucleotides produces three main species:  

1. Designed oligonucleotides with capped termini 

2. Designed oligonucleotides with uncapped termini 

3. Self-Dimerized oligonucleotides 

The uncapped oligonucleotide has a lower molecular weight compared to the 

modified one, resulting in the band with faster migration profile (lane 3 and 6 in. figure 5.4 

and 5.5). PAGE-purified oligonucleotides were used as an attempt to decrease the presence 

of the incomplete synthesis products, which suggests these products are not originated from 

impurity but an unavoidable side products. (Fig 5.3)  

5.3 AFM Imaging 

5.3.1 Substrate Morphology 

200 nm gold evaporated on mica surface presented terraces with a flat surface. AFM 

images of such surface are shown in figure 5.6. Gold coverage was 98.14% with respect to 

mica. The flat terraces had an average area of 200 × 200 𝜇𝑚2, as shown in figure 5.6 c. 

Steps from terraces to terraces were found with a height of 1-2 nm. (Fig 5.6 b) 
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Figure 5-6 Morphology of 200 nm gold surface on mica (a): an area of 1 𝜇𝑚 × 1𝜇𝑚 surface 

image (b): Height difference between steps of the terraces indicated in (a) (c): line profiles of 

terraces indicated in (a) 

To allow optical transmission, in perspective to perform AFM and TERS 

contextually, we have tried to further reduce gold thickness, with the additional target to 

preserve atomic flatness on terraces top for HENs application. The optimal parameters for 

100 nm gold, evaporated at the highest rate possible in our E beam evporator set-up (0.4 

nm/s) showed similar features as 200 nm gold: atomically flat terraces, as visible in figure 

5.7. Although 100 nm gold surface had the similar terraces structure with a similar average 

area (200 × 200 𝜇𝑚2), the surface coverage was lower: 79.18% due to a higher presence 

of sharp vallies. Additionally, the height of steps between terraces was smaller, below 1 

nm.  
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Figure 5-7 Morphology of 100 nm gold surface on mica (a): an area of 1 𝜇𝑚 × 1𝜇𝑚 surface 

image (b): Height difference between steps of the terraces indicated in (a) (c): line profiles of 

terraces indicated in (a) 

Moreover, 100 nm gold surface was characterized by Scanning Electron Microscopy 

(SEM) and Transmission Spectroscopy. Surface imaged by SEM with a larger area is 

shown. (Fig, 5.8) 

 

Figure 5-8 Morphology of 100 nm gold surface on mica imaged by SEM 

The transmittance of the gold surface ( 100 𝑛𝑚 ) is measured by transmission 

spectroscopy with the absorption of mica removed. (Fig, 5.9) 
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Figure 5-9 Transmission spectroscopy of 100 nm gold surface 

The region, where peaks of interest would appear, is highlighted in figure 5.9. In the 

HENs set-up, Raman signal scattered from the DNA on the surface after illumination by a 

633 nm laser, will be collected by the inverted microscope placed under the substrate. 

Therefore, form the transmission measurements, we can estimate that around 10-20% of 

Raman shift will pass through the substrate and collected by the inverted microscope.  

5.3.2 DNA Imaging 

High-density double-stranded DNA deposited on the smooth gold surface is ideal 

for characterization purposes. Different attempts have been made to achieve that. 

Firstly, after comparing two different incubation method on both mica and gold 

surfaces, some findings can be concluded. Incubation method 1 had severe salt 

accumulation problems on both surfaces, which requires more rinsing and creates further 

possibilities of contamination. Salt accumulation during immobilization of DNA on the 

surface is a long-standing issue. [31] AFM images using incubation method 1with different 
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substrates are shown in figure 5.10. Once dried, salt accumulated around DNA on the gold 

surface cannot be removed easily with rinsing. (Fig 5.10, a)  

 

Figure 5-10 (a) Construct A deposited on the gold surface (200 𝑛𝑚) and (b) mica surface using 

method 2. Both (a) and (b) are an 1 𝜇𝑚 × 1𝜇𝑚 area (c): close-up images of DNAs on mica (green 

square image in image (b)) (d): Line profiles of DNA showing a height consistent with insulated 

double strands 

Construct A showed a straight shape when deposited on mica, as can be observed in 

figure 5.10. The height of construct A showed in the line profiles is around 0.8 nm, which 

is coherent with the height of double-stranded DNA reported in literature . [21] Length of 

such double-stranded DNA indicated in line profiles is around 34 nm, consistently with the 

expected length as each double-stranded DNA contains 100 base pairs each spaced 0.34 

nm. The width of double-stranded indicated in profiles was around 18 nm and if the tip 

shape artifact was removed according to equation (13) (tip radius ~8-10 nm), the actual 

width was estimated to ≤5 nm approximately, which is consistent with literature. [186] 

Incubation method 2 gave better results on the gold surface (Fig 5.11), while it was 

more difficult to immobilize a consistent quantity of DNA on mica surfaces due to the 

different interaction with the substrate. (Fig 5.12) 
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Figure 5-11 Construct B deposited on the gold surface (200 𝑛𝑚) using incubation method 2 : (a): 

Amplitude signal; (b): Height signal; (c) Phase signal 

 

Figure 5-12 Construct C deposited on mica using incubation method 2: (a): Phase signal; (b): 

Height signal; (c) Amplitude signal 

AFM images presented in different signals have different contrast, from here, best 

contrast obtained will be showed with an indication of signal types.  

Close up AFM images of DNA constructs incubated with method 2 on gold and mica 

surface with their possible arrangements are also shown in figure 5.13 and 5.14. The 
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schematic of the positions of double-stranded DNA is based on height and geometry 

information. 

 

Figure 5-13 Construct C deposited on mica using method 2 with possible DNA configuration 

indicated. 

 

 

Figure 5-14 Constructs deposited on the gold surface (200 𝑛𝑚) using method 2. (a): a 

0.3 𝜇𝑚 × 0.3 𝜇𝑚 area of AFM imaging of construct A; (b):a 0.3 𝜇𝑚 × 0.3 𝜇𝑚 area of AFM imaging 

of construct B; (c): a 0.5 𝜇𝑚 × 0.5 𝜇𝑚 area of AFM imaging of construct C. Close-up images of 

constructs and their possible arrangements: (d): construct A; (e):construct B; (f): construct C. Line 

profiles of DNA: (g): construct A; (h): construct B; (i) :construct C. 
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A new shape dsDNA of can be found on the gold surface. They seem to be a 

particular type of aggregates comprised of two to three double-stranded DNA and form a 

circular shape. This feature appears with a higher probability with respect to the straight 

shape, and from here after we will call it the “donut shape”.Figures 5.14 and 5.15 suggest 

that donut shape is preferentially formed on the gold surface for all three constructs. 

Comparing these findings with electrophoresis results, which, on the contrary, suggest a 

high concentration of insulated double-stranded DNA and very low concentration of 

possible aggregates, it can be concluded that the formation of the donut shape is a surface-

induced process. The reason for the formation of these configurations will be discussed in 

chapter 5.4. Repetitive pattern with a length of 3-4 nm shown in figure 5.14 b might be an 

indication of turns of DNA which occurs every 10 base pairs, also oberved in literature. 

[28] 

For the sake of optimizing the incubation method on a gold substrate, we also 

investigated the effect of 𝑀𝑔2+  on DNA immobilization. The role of 𝑀𝑔2+  in DNA 

surface immobilization is to provide an excess of positive charge at the interface to 

intensify the electrostatic interaction with negatively charged DNA. Since salt 

accumulation mainly comes from sodium ions in PBS solution, a higher adhesion between 

DNA and gold surface, allowing a more accurate rinsing will lead to a clean surface. On 

top of this, 𝑀𝑔2+  can be very efficient in removing the salt accumulation. Samples to 

which 𝑀𝑔2+ was added during incubation showed less salt and clearer DNA, (Fig 5.15) 

despite mantaining a comparable final density of DNA on gold surfaces. 
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Figure 5-15 Constructs deposited on the gold surface (200 nm) using method 2: (a): construct B 

incubated with the presence of 𝑀𝑔2+; (b): construct B incubated without the presence of 𝑀𝑔2+; 

(c): construct C incubated with the presence of 𝑀𝑔2+; (d): construct C incubated without the 

presence of 𝑀𝑔2+. 

High-resolution detailed images of DNA constructs in 1 × PBS(10 μM 𝑀𝑔𝐶𝑙2 ) 

solution incubated with method 2 are shown. (Fig 5.16) 
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Figure 5-16 Constructs deposited on the gold surface (200 𝑛𝑚) using method 2 in 1×PBS(10 

μM 𝑀𝑔𝐶𝑙2). (a): a 0.3 𝜇𝑚 × 0.3 𝜇𝑚 area of AFM imaging of construct A; (b):a 0.3 𝜇𝑚 × 0.3 𝜇𝑚 area 

of AFM imaging of construct B; (c): a 0.3 𝜇𝑚 × 0.3 𝜇𝑚 area of AFM imaging of construct C. Close-

up images of constructs and their possible arrangements: (d): construct A; (e):construct B; (f): 

construct C. Line profiles of DNA: (g): construct A; (h): construct B; (i) :construct C. 

The first measurements of DNA constructs in liquid showed a high mobility of the 

absorbate on the substrate, as an indication that they were mostly physisorbed than 

chemisorbed. Raman measurements, in which no visible Raman signal from the Au-S bond 

peaks could be recognized. This leads to the conclusion bonding between DNA and gold 

was not efficient and had to be further improved. In order to increase the kinetics of the S- 

Au bond, a further step was taken, by heating the enclosed humid cell to 40 C during the 

five hours of deposition. (incubation method 3)  

Results from this method suggested that indeed the immobilization of DNA on gold 

was by far improved. (Fig 5.17)  
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Figure 5-17 DNA constructs deposited on the gold surface (100 𝑛𝑚) using incubation method 3 

with the presence of 𝑀𝑔2+ 

Figure 5.17 shows the density and quality of 1 𝜇𝑚 × 𝜇𝑚 area phase images of DNA 

constructs. If compared the density of DNA constructs in figure 5.17 with figure 5.15 (a) 

and (c), which are AFM images measured in the same area, we could observe a significant 

increase in the density of all three DNA constructs. t is clear that a high density of DNA 

structures with no salt accumulation can be obtained with this sample preparation method. 

Close-up images of DNA deposited in such a way are shown. (Fig 5.18) 
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Figure 5-18 close-up AFM image of constructs. (a): construct A; (b): construct B; (c): construct 

C; (d): line profiles of construct A; (e): line profiles of construct B; (f): line profiles of construct 

C 

Comparing the height and configuration of constructs incubated in method 3 (Fig 

5.18) and 2 (Fig 5.16), no distinct difference can be found. Therefore, extra thermal energy 

added during incubation does not change the arrangements of DNA, the existence of DNA 

and gold bond is confirmed by Raman spectroscopy, as described in chapter 5.4. The results 

show that the increase in temperature from 23℃ to 40 ℃ effectively increase the Au-S 

reaction efficiency in a temperature range still far from DNA denaturation of the damaging 

point.  

5.4 Raman of DNA 

As previously shown, 100 nm gold surfaces deposited on mica present islands in 

their morphology, which have smooth terraces and very deep valleys of few tens of 

nanometers extension presenting counterposed faces and sharp edges where electric field 

enhancement is expected, i.e., the presence of hot spots for Raman signal. Indeed, Raman 

mapping of all DNA constructs showed a strong enhancement into some specific localized 
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spots of the substrate. This enhancement gives a high enough signal-noise ratio to study 

the formation of chemical bondings also on a submonolayer film, as the case of our 

constructs. Two mappings were performed on each sample, one using the 600 grooves 

𝑚𝑚−1 grating of the spectrometer, and another with the 1800 𝑚𝑚−1 one. Raman spectra 

obtained in the first case covered the spectral range from 73 to 2759 𝑐𝑚−1 of Raman shift 

with respect to the excitation energy of the laser used, while for the second case the covered 

spectral range was 1050-1668 𝑐𝑚−1. 

It can be observed in figure 5.19-5.21 that Micro-Raman mappings are showing very 

intense spots with high spatial correlation in which the signal is intensified. The images 

reported here, in particular, shows the Raman signal integrated between 1100 −

1600 𝑐𝑚−1 since in that region, a major contribution from DNA peaks is expected. Some 

points in the mapping are singled out and their corresponding spectra are presented.  

 

Figure 5-19 Raman mapping of construct A. (a): an area of 20 𝜇𝑚 × 20 𝜇𝑚 scanned in 150 × 150 
points density using low grating; (b): Raman spectra of four points indicated in (a); (c): an area of 
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10 𝜇𝑚 × 10 𝜇𝑚 scanned in 200 × 200 points density using high grating; (d): Raman spectra of four 

points indicated in (c) 

 

Figure 5-20 Raman mapping of construct B. (a):an area of 5 𝜇𝑚 × 5 𝜇𝑚 scanned in 100 × 100 points 

density using low grating; (b): Raman spectra of four points indicated in (a); (c):an area of 

10 𝜇𝑚 × 10 𝜇𝑚 scanned with 200 × 200 points density using high grating; (d): Raman spectra of 

four points indicated in (c) 

 

Figure 5-21 Raman mapping of construct C. (a): an area of 10 𝜇𝑚 × 10 𝜇𝑚 scanned in 200 × 200 

points density using low grating; (b): Raman spectra of four points indicated in (a); (c): an area of 
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10 𝜇𝑚 × 10 𝜇𝑚 scanned in 200 × 200 points density using high grating; (d): Raman spectra of four 

points indicated in (c) 

 

The results demonstrate the capability of the technique to detect the presence of DNA 

constructs. Spectras of hot spots can be divided into three regions: 170-600 𝑐𝑚−1 contains 

S-metal and S-S stretching vibraions; 600-1800 𝑐𝑚−1 encompasses a great deal of 

information of DNA; the 2000-2600 𝑐𝑚−1 range is where SH bonds vibrations are 

expected. [187]  

A summary of Au-S, S-S and SH vibrational peaks is presented with table below. 

Peak frequencies in the 

Raman spectrum(𝑐𝑚−1) 
Assignments of peaks 

195-215 Au-S-C bending [188] 

220-350 Au-S vibrations [188] 

315 Au-S stretching in monomeric S [189] 

330;370  metal- S stretching with electron sharing feature [187] 

450 S-S stretching in polysulfide on Au [187] 

212-220; 470-476 stretching and bending modes in bulk S8 [190] 

450-500 S-S stretching vibrations in Sn species [190] 

525;507 S-S vibrations [191] 

2500-2600 Stretching vibrations of S-H bond[192] 

2543 S-H…O stretching [193] 

2586 S-H stretching [192] 

Table 5-2 Relevant peak frequencies of S-H, S-S and Au-S vibrations 

Raman data has huge variability from point to point, which suggests that we might 

measure different positions of DNA with various structural information. 35 enhanced 

Raman spectra for each of the three DNA constructs were selected and fitted altogether. 

All the peaks were assumed as Lorentzian peaks and fitted using an in-home developed 

software. Fitted Peaks were grouped and selected on the basis of their statistical weight, to 

get a robust procedure in peaks assignment. This is because the point by point internal 

variability on each sample makes it hard to identify one curve representative of the whole 
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surface. This is often observed on SERS substrate, when the interaction with the surface 

and the high localization of the electrical field suppress or enhance some specific modes of 

vibration. The statistical analysis of the peaks, after an accurate fitting on each curve, 

allows assigning several of the most relevant peaks for our interest.  

Raman peaks found in the 200-600 𝑐𝑚−1 and in the 2000-2600 𝑐𝑚−1 are shown in 

table 5.3 and compared with values from the literature. 

Peaks after fitting 

(𝑐𝑚−1) 

Peaks in literature 

(𝑐𝑚−1) 
Peak assignments in literature 

195 195-215 Au-S-C bending [188] 

261 220-350 Au-S vibrations [188] 
 315 Au-S stretching in monomeric S [189] 

 330 
metal- S stretching with electron sharing 

feature [187] 

343  Not identified 

359  Not identified 

376 370  
metal- S stretching with electron sharing 

feature [187] 

425  Not identified 

441 450 S-S stretching in polysulfide on Au [187] 

524 525 S-S vibrations [191] 

2514 2500-2600 Stretching vibrations of S-H bond [192] 

2540 2543 S-H…O stretching [192] 

2586 2586 S-H stretching [192] 

Table 5-3 Peaks related to thiol vibrations identified in SERS data 

As results, Au-S-C and Au-S bonds are visible in Raman spectra, thanks to the 

enhanced Raman signal from the gold surface.  

The higher incubation temperature used in method 3 increases the S-Au bond 

kinetics. In construct B and C, a peak is found at 195 𝑐𝑚−1 characteristic of the Au-S-C 

bond vibration which derives from thiol-gold bonds since the sulful in the backbone has no 

bonds with carbon. [188] The high density of construct A (unthiolated) obtained with 
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method 3 suggests that extra heat also activate the bonding between phosphorothioate sites 

with the gold surface. Here, the peak at 375 𝑐𝑚−1 reported in the literature as the electron 

sharing features is indicative of a bonding between gold and sulfur. [187] 

S-H bonds at around 2543 𝑐𝑚−1  is clearly and visible, this is an indication 

incomplete disassociation of S-H bonds in the DNA constructs, showing that not all thiol 

bonds reached the gold surface. [192] 

The presence of S-S vibrations suggests the existence of interactions between two 

double-stranded DNA, as one of the possible mechanisms at the base of donut formation, 

which is a recurrent one in these samples.  

Raman signal provides information on a complex system of interactions: thiol sites 

on DNA interact with other DNA, phosphorothioate sites on DNA interact with other DNA, 

and thiol modification or phosphorothioate modification induces bonding of gold and 

DNA. Further interpretation and characteristic work such as (X-ray Photoelectron 

Spectroscopy) XPS and TERS is needed to better understand the bonding mechanisms 

between gold and sulfur. Simulation of the deposition process can shine light on the 

formation of DNA constructs on a gold surface, particularly for what concerns the origin 

of the complex structures we called donut shapes. 

5.5 SKPM imaging 

In order to characterize the electrical properties of DNA deposited on the gold 

substrate, we performed SKPM on the three constructs, gaining insight into their contact 

properties and charge redistribution on a gold substrate. These measurements provide 

important information in perspective of their use as a benchmark system for conductive 
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measurements. In fact, the contact potential with the tip is one of the parameters entering 

in the Drude conductance theoretical description, both in the extended contact picture, 

dominated by the thermionic effect, and in the more complicated nanojunction picture, 

mixing thermionic and tunneling. For what concerns HENS, even if more complicated by 

the new redefinition of the density of states for HCs (formula 19), the process is described 

by the reciprocal position of the Fermi levels, which again is the tip-sample contact 

potential. Under this perspective, if any difference in the SKPM arises from the three 

samples, it would be very likely to reflect in the current and hot current behavior.  

SKPM was used to measure the work functions of DNA and gold surface. Results 

from samples deposited B, and C are shown below. In these measurements, the second pass 

height has been finely tuned to provide good contrast and lateral resolution, obtaining a 

final sensitivity on a surface potential better than 1 mV. The comparison between height 

and SKPM in the same area allows a straightforward recognition of the different parts, i.e. 

gold substrate and DNA.  

 

Figure 5-22 SKPM images of Construct C measured at 20 nm tip height to sample. (a): 

0.5 𝜇𝑚 × 0.5 𝜇𝑚 area of SKPM imaging (b): close-up images of DNA (c): Line profile of DNA and 

gold work functions 
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Figure 5.23a shows the contact potential between the tip (asylum electrilever R2, 

TiIr coating) and the sample. Three distinct area gives three different contrast: the bright 

one corresponds to the valleys, the gold terraces and the darker spots where the DNA is 

deposited. Fig 5.23b is a zoom corresponding to the green square in fig 5.23a with the 

diagonal cut, whose value profile is in fig. 5.23c, The line profile shows a lateral resolution 

better 10 nm. The average work function of construct C on gold was around -1.23V, in 

contrasts with the gold surface (-1.21 V), which gives the construct C a potential difference 

of about 20 𝑚𝑉. 

 

Figure 5-23 SKPM images of Construct C. (a): Height information of a DNA with straight shape with 

line profile (b); (c): Electrical information of the same DNA (d): line profile DNA labeled in C. 

The same measurement repeated on construct B, with the same working parameters, 

shows construct B has a lower potential difference (4 𝑚𝑉) than construct C with similar 

lateral resolution with respect to the gold substrate. Construct A was almost not visible in 

SKPM measurements. Therefore, the charge redistribution in these three different 
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constructs indicates three different electronic states. Figure 5.24c confirms the spatial 

resolution better than 10 nm. In both cases, the charge redistribution, i.e., the contrast 

toward the substrate, is spread over the entire molecule, even if in the case of Fig.5.24c and 

internal structure can be recognised, as an additional difference. In both cases, the shape of 

the DNA is resolved with a better contrast then the topographycal one. According to the 

working principle of SKPM, the more charged the molecules, the best contrast can be seen 

from the gold surface.  

Under this point of view, Construct C is the most charged one while construct A is 

the least. This trend might correspond to different bonds between DNA constructs and the 

surface of gold. According to the design, construct A does not have the thiol modification, 

therefore the bonding to gold only occurs via phosphorothioate, giving a shorter distance 

between DNA and the surface and likely a more intimated electrical contact. In contrast, 

construct B and construct C have thiol modification in the middle of the DNA chain, the 

difference of these constructs is the length of spacer: construct C has a longer spacer than 

construct B. If DNA is bonded with gold by the thiol sites rather than by the 

phosphorothioate sites, then the spacer would give DNA a certain degree of freedom to 

move and vibrate and makes the DNA to surface electrical contactless intimate than in 

construct A. However, geometry and position of DNA on gold surface varies at the single 

molecule level. Here, we can only assume the difference of this distance created by spacer 

results in the difference of charge distribution. Aside from speculations we can state that 

this is a very interesting system for our setup, since the possibility to give a more complete 

electrical characterization and to perform single Raman measurements at a single molecule 
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level (in the TERS channel already developed and tested on our microscope) can correlate 

electrical, structural and topographical information at single molecule level. 

If we take a closer look at the SKPM images obtained, similar repetative structure 

with higher resolution than AFM images figure 5.14 d (chapter 5.3.2) can be observed. It 

is possible that this pattern indicates the pitch of DNA, or it is a indication of mismatch 

point or some supercoiled structure.  

 

Figure 5-24 SKPM images of DNA constructs with repetitive patterns highlighted. (a): Construct C; 

(b): construct B; (c) line profiles in image (a); (d) line profiles in image (b). 

5.6 TERS mapping 

Using 100 nm gold on mica substrates and the set-up configuration previuosly 

discussed, Raman signal  at single molecule levelwith signal-to-noise ratio higher then one 

was achieved.  

As expected, TERS spectra varies from point to point, reflecting the local variability 

of the response at the nanometer scale. (Fig 5.25 a ) With the aim of obtaining localized 
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DNA information, all the spectra were first processed by a statistical approach. TERS 

spectra collected from each mapping was analyzed and fitted. Peaks distribution of the 

results are showing visble peaks corresponding with DNA fingerprint and thiol-metal 

bonding, which is coherent with SERS results. (Fig 5.25 b)  

 

Figure 5-25 TERS results of construct C. (a) two spectra showing variations in intensity and peaks. (b) 

400 spectra after fitting indicating DNA and thiol bonding.  

Abundunt peaks related to DNA showing different conformational and structural 

information with huge variability suggest successful TERS measurements. Peaks related 

to thiol-metal vibrations (170-600) were fitted separately from peaks concerning DNA 

(1100-1600). Fitting results of two measurements are shown here. 

Peaks after fitting (𝑐𝑚−1) Peak assignments in literature 

1174 dT dC [194] 

1248 dA [195] 

1341 dA dG [194] 

1359 dT dA dG [194] 

1396 dG 𝑑(𝐶𝐻2 𝛿) [196] 

1452 dG [197] 

1470 dG 5'CH2 scissoring mode [197] 

1563 C-C stretching [198] 

1581 dG dA ring mode [194] 

200 Au-S-C bending [188] 

465 S-S stretching vibrations in Sn species [190] 

513 S-S vibrations [191] 
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Table 5-4 Peaks assignment of TERS measurement 1. 

Peaks after fitting (𝑐𝑚−1) Peak assignments in literature 

1172 dT dC [194] 

1190 dT dC [196] 

1210 dC [199] 

1223 dT [194] 

1229 𝑃𝑂2
− antisymmetry stretching [200] 

1254 dC dA [194] 

1323 dG [194] 

1375 dT [197] 

1405 dG 𝑑(𝐶𝐻2 𝛿) [196] 

1474 dG dA [194] 

1489 dG dA [196] 

1512 dA [196] 

1533 dC [196] 

1589 dG dA [194] 

208 Au-S-C bending [188] 

Multiple peaks in 220-350 Au-S vibrations [188] 

330, 370 metal- S stretching with electron sharing feature [187] 

350 Au-S vibrations [188] 

470, 478 stretching and bending modes in bulk S8 [190] 

518 S-S vibrations [191] 

Table 5-5 Peaks assignment of TERS measurement 2. 

Visible difference of the peaks in these two measurements indicate variability 

containing structural and conformational information of DNA, which means we hav 

obtained results with sensitity on local features with submolecular resolution. In table 5-5, 

multiple peaks in overlap area of thiol-metal vibrations and DNA suggest a complex 

interaction between DNA and gold surface and variant DNA arrangements on surface. 

[188] Localized information of DNA-gold surface intercation can be interpreted which 

cannot be obtained with averaged Raman. For example, peaks visible in 195-215 𝑐𝑚−1 

indicate linkage occurs from the the space modification with gold surface. Peaks at 470 

and 478 𝑐𝑚−1 are an indication of interaction between DNA through thiol bonds. 



140 

 

 

Chapter 6  Conclusions and Future Outlooks 

In this work we have developed a test bench to extend the applicability of hot 

electron microscopy and spctroscopy (HENs) to biological material at single molecule 

level. For this purpose, several aspects had to be developed on the sample side.  

The gold substrate has been optimized in its grown process, to obtain atomically flat 

terraces with yet enhancing capabilities for Raman signal: two requisites that are usually 

considered mutually exclusive. To do this, we have performed Au/mica at high temperature 

(500  C) and the highest possible deposition rate on our setup (0.4 nm/s) to find a proper 

trade-off between energetics and kinetics in the process, balancing three dimentional 

growth and flatness. Additional requirements have been addressed, as high conductivity 

and transparency of the final substrate.  

Specific double-stranded DNAs have been designed and synthesized to get three 

constructs with different functional groups. Electrophoresis characterization was 

performed to confirm the efficiency of double-stranded hybridization until a satisfying 

efficiency has been reached. The deposition process of DNA on the gold surface was 

optimized to realize high-density DNA distribution on gold, without salt aggregation, under 

different temperature and humidity conditions.  

AFM imaging of DNA was performed routinely during sample preparation and 

optimization, obtaing high resolution imaging of the three DNA constructs with a good 

coverage and shape reproducibility in the sub-monolayer range. Micro-Raman 

characterization was used to characterize the final samples in terms of DNA coverage and 

the presence of covalent bonding of DNA with the gold substrate. This has been made 

possible by the enhanced signal obtained in the SERS hot spots of our substrate, whereas 
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on completely flat substrate (200 nm gold surface) we did not get a valuable S/N ratio under 

the same measurements conditions. Interestingly, Aside from covalent Au-S bondings from 

the phospotiolated backbone, we also find peaks relative to the Au-S-C vibration, meaning 

that als thiol has a certain probability to bond with gold and intermolecular S-S bonds, 

which makes the sample even more interesting for HENs and TERS single-molecule 

approach. Additionally, surface potential mapping of DNA, obtained by SKPM 

measurement showed a different charge redistribution for the three constructs, as a 

consequence of different electrical bonding with the substrate. Both topography and SKPM 

results have highlighted a submolecular feature, meaning a very high spatial resolution was 

achieved. TERS measurements has demonstrated feasibility of the experimental 

configuration. Statistical TERS results were coherent with SERS spectra. Submolecular 

resolution with chemical sensitivity has been achieved with TERS mapping, variance 

obseved in statistical TERS peaks assignments was an indication of localized DNA 

information.  

To summarize, several important conclusions can be drawn. First, the density of 

DNA on the gold surface is tunable by temperature. Second, effective covalent bonding 

between gold substrate and molecule has been achieved, as demonstrated from Raman 

spectra. Third, a certain degree of heterogeneity, yet controllable by tuning deposition time 

and temperature, is found in the morphology and chemical bonds of the single molecules, 

making it a very appealing sample for single molecule level studies. Lastly, submolecular 

TERS results provides a sensitive and localized chemical information of DNA. 

As future perspectives, the next step will be the test of these three systems in our 

setup. Direct correlation toward topography, chemcal structures, and current can provide 
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additional information at a single molecule level on electronic states of the molecules, their 

structure and chemical bonds with the substrate, allowing an overall characterization of 

DNA conformational and structural variability asingle at molecular level. With this we 

expect to address open questions on the variability of covalent bondings found in Micro-

Raman. Further studies will be performed under different mechanical and electrical stimuli 

applied with the AFM tip, inducing change in the electronic structure to be detected in 

parallel by HENs and TERS at each point.   



143 

 

 

BIBLIOGRAPHY 

[1] E. Chargaff, “Chemical specificity of nucleic acids and mechanism of their enzymatic 

degradation. 1950,” Experientia, vol. 50, no. 4, p. 368—376, 1950. 

[2] R. E. Franklin and R. G. Gosling, “The structure of sodium thymonucleate fibres. I. The 

influence of water content,” Acta Crystallogr., vol. 6, no. 8–9, pp. 673–677, 1953. 

[3] J. Waser and L. Pauling, “Compressibilities, Force Constants, and Interatomic Distances of 

the Elements in the Solid State,” J. Chem. Phys., vol. 18, no. 5, pp. 747–753, 1950. 

[4] J. D. Watson and F. H. C. Crick, “Molecular Structure of Nucleic Acids: A Structure for 

Deoxyribose Nucleic Acid,” Nature, vol. 171, p. 737, Apr. 1953. 

[5] M. H. F. Wilkins and J. T. Randall, “Crystallinity in sperm heads: molecular structure of 

nucleoprotein in vivo.,” Biochim. Biophys. Acta, vol. 10, no. 1, pp. 192–193, Jan. 1953. 

[6] W. Saenger, “Principles of nucleic acid structure, 1984,” NY Springer, 2006. 

[7] C. A. Mirkin, R. L. Letsinger, R. C. Mucic, and J. J. Storhoff, “A DNA-based method for 

rationally assembling nanoparticles into macroscopic materials,” Nature, vol. 382, p. 607, 

Aug. 1996. 

[8] P. W. K. Rothemund, “Folding DNA to create nanoscale shapes and patterns,” Nature, vol. 

440, p. 297, Mar. 2006. 

[9] M. Bates, G. T. Dempsey, K. H. Chen, and X. Zhuang, “Multicolor super-resolution 

fluorescence imaging via multi-parameter fluorophore  detection.,” Chemphyschem, vol. 13, 

no. 1, pp. 99–107, Jan. 2012. 

[10] G. T. Dempsey, J. C. Vaughan, K. H. Chen, M. Bates, and X. Zhuang, “Evaluation of 

fluorophores for optimal performance in localization-based super-resolution imaging.,” Nat. 

Methods, vol. 8, no. 12, pp. 1027–1036, Nov. 2011. 

[11] S. T. Hess, T. P. K. Girirajan, and M. D. Mason, “Ultra-high resolution imaging by 

fluorescence photoactivation localization microscopy.,” Biophys. J., vol. 91, no. 11, pp. 

4258–4272, Dec. 2006. 

[12] C. Flors, “DNA and chromatin imaging with super-resolution fluorescence microscopy 

based on  single-molecule localization.,” Biopolymers, vol. 95, no. 5, pp. 290–297, May 

2011. 

[13] A. S. Backer, M. Y. Lee, and W. E. Moerner, “Enhanced DNA imaging using super-

resolution microscopy and simultaneous single-molecule orientation measurements.,” 

Optica, vol. 3, no. 6, pp. 3–6, 2016. 

[14] U. Dürig, D. W. Pohl, and F. Rohner, “Near‐field optical‐scanning microscopy,” J. Appl. 



144 

 

 

Phys., vol. 59, no. 10, pp. 3318–3327, May 1986. 

[15] E. Betzig and R. J. Chichester, “Single molecules observed by near-field scanning optical 

microscopy.,” Science, vol. 262, no. 5138, pp. 1422–1425, Nov. 1993. 

[16] M. F. Garcia-Parajo, J.-A. Veerman, S. J. T. van Noort, B. G. de Grooth, J. Greve, and N. 

F. van Hulst, “Near-field optical microscopy for DNA studies at the single molecular level,” 

Bioimaging, vol. 6, no. 1, pp. 43–53, May 2001. 

[17] S. A. Vickery and R. C. Dunn, “Combining AFM and FRET for high resolution 

fluorescence microscopy.,” J. Microsc., vol. 202, no. Pt 2, pp. 408–412, May 2001. 

[18] Y. He, M. Lu, J. Cao, and H. P. Lu, “Manipulating Protein Conformations by Single-

Molecule AFM-FRET Nanoscopy,” ACS Nano, vol. 6, no. 2, pp. 1221–1229, Feb. 2012. 

[19] H. Li, C.-F. Yen, and S. Sivasankar, “Simultaneous AFM Force Spectroscopy and FRET 

Measurements on Single Biological Molecules,” Biophys. J., vol. 100, no. 3, p. 152a, Feb. 

2011. 

[20] T. T. Perkins, Quake, D. E. Smith, and S. Chu, “Relaxation of a single DNA molecule 

observed by optical microscopy,” Science (80-. )., vol. 264, no. 5160, pp. 822–826, 1994. 

[21] Y. L. Lyubchenko, “Preparation of DNA and nucleoprotein samples for AFM imaging.,” 

Micron, vol. 42, no. 2, pp. 196–206, Feb. 2011. 

[22] R. J. Driscoll, M. G. Youngquist, and J. D. Baldeschwieler, “Atomic-scale imaging of DNA 

using scanning tunnelling microscopy,” Nature, vol. 346, p. 294, Jul. 1990. 

[23] T. Fukuma and S. P. Jarvis, “Development of liquid-environment frequency modulation 

atomic force microscope with low noise deflection sensor for cantilevers of various 

dimensions,” Rev. Sci. Instrum., vol. 77, no. 4, p. 043701, Apr. 2006. 

[24] T. Fukuma et al., “Mechanism of atomic force microscopy imaging of three-dimensional 

hydration structures at a solid-liquid interface,” Phys. Rev. B, vol. 92, no. 15, p. 155412, 

Oct. 2015. 

[25] T. Thundat et al., “Atomic force microscopy of DNA on mica and chemically modified 

mica,” Scanning Microsc., vol. 6, no. 4, p. 911—918, 1992. 

[26] H. G. Hansma et al., “Reproducible Imaging and Dissection of Plasmid DNA Under Liquid 

with the Atomic Force Microscope,” Science (80-. )., vol. 256, no. 5060, pp. 1180–1184, 

1992. 

[27] M. Hegner, P. Wagner, and G. Semenza, “Immobilizing DNA on gold via thiol modification 

for atomic force microscopy imaging in buffer solutions.,” FEBS Lett., vol. 336, no. 3, pp. 

452–456, Dec. 1993. 

[28] C. Leung et al., “Atomic Force Microscopy with Nanoscale Cantilevers Resolves Different 

Structural Conformations of the DNA Double Helix,” Nano Lett., vol. 12, no. 7, pp. 3846–



145 

 

 

3850, 2012. 

[29] H. Bin Sun and H. Yokota, “MutS-Mediated Detection of DNA Mismatches Using Atomic 

Force Microscopy,” Anal. Chem., vol. 72, no. 14, pp. 3138–3141, 2000. 

[30] Y. L. Lyubchenko et al., “Atomic force microscopy imaging of double stranded DNA and 

RNA.,” J. Biomol. Struct. Dyn., vol. 10, no. 3, pp. 589–606, Dec. 1992. 

[31] Y. L. Lyubchenko and L. S. Shlyakhtenko, “AFM for analysis of structure and dynamics of 

DNA and protein-DNA complexes.,” Methods, vol. 47, no. 3, pp. 206–213, Mar. 2009. 

[32] N. Tjandra, S. Tate, A. Ono, M. Kainosho, and A. Bax, “The NMR Structure of a DNA 

Dodecamer in an Aqueous Dilute Liquid Crystalline Phase,” J. Am. Chem. Soc., vol. 122, 

no. 26, pp. 6190–6200, Jul. 2000. 

[33] A. Y. Kasumov, D. V Klinov, P.-E. Roche, S. Guéron, and H. Bouchiat, “Thickness and 

low-temperature conductivity of DNA molecules,” Appl. Phys. Lett., vol. 84, no. 6, pp. 

1007–1009, 2004. 

[34] D. Klinov, B. Dwir, E. Kapon, N. Borovok, T. Molotsky, and A. Kotlyar, “High-resolution 

atomic force microscopy of duplex and triplex DNA molecules,” Nanotechnology, vol. 18, 

no. 22, p. 225102, 2007. 

[35] M. Rief, H. Clausen-Schaumann, and H. E. Gaub, “Sequence-dependent mechanics of 

single DNA molecules,” Nat. Struct. Biol., vol. 6, p. 346, Apr. 1999. 

[36] G. H. Seong, T. Niimi, Y. Yanagida, E. Kobatake, and M. Aizawa, “Single-molecular AFM 

probing of specific DNA sequencing using RecA-promoted homologous pairing and strand 

exchange.,” Anal. Chem., vol. 72, no. 6, pp. 1288–1293, Mar. 2000. 

[37] H. Tanaka and M. Taniguchi, “Sequencing of adenine in DNA by scanning tunneling 

microscopy,” Jpn. J. Appl. Phys., vol. 56, no. 8S1, p. 08LB02, 2017. 

[38] H. Tanaka and T. Kawai, “Scanning tunneling microscopy imaging and manipulation of 

DNA oligomer adsorbed on Cu(111) surfaces by a pulse injection method,” J. Vac. Sci. 

Technol. B Microelectron. Nanom. Struct. Process. Meas. Phenom., vol. 15, no. 3, pp. 602–

604, May 1997. 

[39] H. Tanaka and T. Kawai, “Partial sequencing of a single DNA molecule with a scanning 

tunnelling microscope,” Nat. Nanotechnol., vol. 4, p. 518, Jul. 2009. 

[40] N. Uyeda, T. Kobayashi, E. Suito, Y. Harada, and M. Watanabe, “Molecular image 

resolution in electron microscopy,” J. Appl. Phys., vol. 43, no. 12, pp. 5181–5189, 1972. 

[41] X. Bai, T. G. Martin, S. H. W. Scheres, and H. Dietz, “Cryo-EM structure of a 3D DNA-

origami object,” Proc. Natl. Acad. Sci., vol. 109, no. 49, pp. 20012–20017, 2012. 

[42] Y. Talmon, “Transmission Electron Microscopy of Complex Fluids: The State of the Art,” 

Berichte der Bunsengesellschaft für Phys. Chemie, vol. 100, no. 3, pp. 364–372, Sep. 2010. 



146 

 

 

[43] L. E. Franken, E. J. Boekema, and M. C. A. Stuart, “Transmission Electron Microscopy as 

a Tool for the Characterization of Soft Materials: Application and Interpretation,” Adv. Sci., 

vol. 4, no. 5, p. 1600476, May 2017. 

[44] J. D. Hartgerink, E. Beniash, and S. I. Stupp, “Self-Assembly and Mineralization of Peptide-

Amphiphile Nanofibers,” Science (80-. )., vol. 294, no. 5547, pp. 1684–1688, 2001. 

[45] J. S. Trent, J. I. Scheinbeim, and P. R. Couchman, “Ruthenium tetraoxide staining of 

polymers for electron microscopy,” Macromolecules, vol. 16, no. 4, pp. 589–598, Apr. 1983. 

[46] T. Serizawa, S. Takehara, and M. Akashi, “Transmission Electron Microscopic Study of 

Cross-Sectional Morphologies of Core−Corona Polymeric Nanospheres,” Macromolecules, 

vol. 33, no. 5, pp. 1759–1764, Mar. 2000. 

[47] K. A. Taylor and R. M. Glaeser, “Electron diffraction of frozen, hydrated protein crystals.,” 

Science, vol. 186, no. 4168, pp. 1036–1037, Dec. 1974. 

[48] T. Kobayashi, Y. Fujiyoshi, F. Iwatsu, and N. Uyeda, “High-resolution TEM images of zinc 

phthalocyanine polymorphs in thin films,” Acta Crystallogr. Sect. A, vol. 37, no. 5, pp. 692–

697, 1981. 

[49] M. Marini et al., “The structure of DNA by direct imaging,” Sci. Adv., vol. 1, no. 7, 2015. 

[50] A. Bartesaghi et al., “2.2 {\r A} resolution cryo-EM structure of β-galactosidase in complex 

with a cell-permeant inhibitor,” Science (80-. )., vol. 348, no. 6239, pp. 1147–1151, 2015. 

[51] V. Alfredsson, “Cryo-TEM studies of DNA and DNA–lipid structures,” Curr. Opin. Colloid 

Interface Sci., vol. 10, no. 5, pp. 269–273, 2005. 

[52] F. Song et al., “Cryo-EM study of the chromatin fiber reveals a double helix twisted by 

tetranucleosomal units.,” Science, vol. 344, no. 6182, pp. 376–380, Apr. 2014. 

[53] R. M. Glaeser and R. J. Hall, “Reaching the Information Limit in Cryo-EM of Biological 

Macromolecules: Experimental Aspects,” Biophys. J., vol. 100, no. 10, pp. 2331–2337, May 

2011. 

[54] M. Yılmaz, C. Ozic, and İ. Gok, “Principles of Nucleic Acid Separation by Agarose Gel 

Electrophoresis,” in Gel Electrophoresis, S. Magdeldin, Ed. Rijeka: IntechOpen, 2012. 

[55] P. A. Sharp, B. Sugden, and J. Sambrook, “Detection of two restriction endonuclease 

activities in Haemophilus parainfluenzae using analytical agarose-ethidium bromide 

electrophoresis,” Biochemistry, vol. 12, no. 16, pp. 3055–3063, 1973. 

[56] J. Sambrook, Molecular cloning : a laboratory manual / Joseph Sambrook, David W. 

Russell. Cold Spring Harbor, N.Y: Cold Spring Harbor Laboratory, 2001. 

[57] S. A. Boffey, “Agarose Gel Electrophoresis of DNA,” in Nucleic Acids, J. M. Walker, Ed. 

Totowa, NJ: Humana Press, 1984, pp. 43–50. 



147 

 

 

[58] E. Fonfria et al., “Cloning and pharmacological characterization of the guinea pig P2X7 

receptor orthologue.,” Br. J. Pharmacol., vol. 153, no. 3, pp. 544–556, Feb. 2008. 

[59] R. E. Casu, A. Selivanova, and J. M. Perroux, “High-throughput assessment of transgene 

copy number in sugarcane using real-time  quantitative PCR.,” Plant Cell Rep., vol. 31, no. 

1, pp. 167–177, Jan. 2012. 

[60] G. A. V Boulet, I. M. Micalessi, C. A. J. Horvath, I. H. Benoy, C. E. Depuydt, and J. J. 

Bogers, “Nucleic Acid Sequence-Based Amplification Assay for Human Papillomavirus 

mRNA Detection and Typing: Evidence for DNA Amplification ,” J. Clin. Microbiol., vol. 

48, no. 7, pp. 2524–2529, Jul. 2010. 

[61] K. E. Thompson, I. G. Sipes, B. D. Greenstein, and P. B. Hoyer, “17beta-estradiol affords 

protection against 4-vinylcyclohexene diepoxide-induced  ovarian follicle loss in Fischer-

344 rats.,” Endocrinology, vol. 143, no. 3, pp. 1058–1065, Mar. 2002. 

[62] G. Y. Wiederschain, “The Molecular Probes handbook. A guide to fluorescent probes and 

labeling technologies,” Biochem., vol. 76, no. 11, p. 1276, 2011. 

[63] P. Barril, “Introduction to Agarose and Polyacrylamide Gel Electrophoresis Matrices with 

Respect to Their Detection Sensitivities,” S. N. E.-S. Magdeldin, Ed. Rijeka: IntechOpen, 

2012, p. Ch. 1. 

[64] J. Boyle, “Molecular biology of the cell, 5th edition by B. Alberts, A. Johnson, J. Lewis, M. 

Raff, K. Roberts, and P. Walter,” Biochem. Mol. Biol. Educ., vol. 36, no. 4, pp. 317–318, 

2008. 

[65] M. E. Kaufmann, “Pulsed-Field Gel Electrophoresis BT  - Molecular Bacteriology: 

Protocols and Clinical Applications,” N. Woodford and A. P. Johnson, Eds. Totowa, NJ: 

Humana Press, 1998, pp. 33–50. 

[66] A. G. Ogston, “The spaces in a uniform random suspension of fibres,” Trans. Faraday Soc., 

vol. 54, no. 0, pp. 1754–1757, 1958. 

[67] G. A. Griess, E. T. Moreno, R. A. Easom, and P. Serwer, “The sieving of spheres during 

agarose gel electrophoresis: quantitation and modeling.,” Biopolymers, vol. 28, no. 8, pp. 

1475–1484, Aug. 1989. 

[68] G. W. Slater, “DNA gel electrophoresis: The reptation model(s),” Electrophoresis, vol. 30, 

no. S1, pp. S181–S187, 2009. 

[69] N. J. Dovichi, “Capillary Electrophoresis for DNA Sequencing,” in Analysis of Nucleic 

Acids by Capillary Electrophoresis, C. Heller, Ed. Wiesbaden: Vieweg+Teubner Verlag, 

1997, pp. 236–254. 

[70] S. Giannakis, M. I. Polo López, D. Spuhler, J. A. Sánchez Pérez, P. Fernández Ibáñez, and 

C. Pulgarin, “Solar disinfection is an augmentable, in situ-generated photo-Fenton 

reaction—Part 1: A review of the mechanisms and the fundamental aspects of the process,” 

Appl. Catal. B Environ., vol. 199, pp. 199–223, 2016. 



148 

 

 

[71] A. Smekal, “Zur Quantentheorie der Dispersion,” Naturwissenschaften, vol. 11, no. 43, pp. 

873–875, 1923. 

[72] C. V Raman and K. S. Krishnan, “A New Type of Secondary Radiation,” Nature, vol. 121, 

p. 501, Mar. 1928. 

[73] S. D. McGrane, D. S. Moore, P. M. Goodwin, and D. M. Dattelbaum, “Quantitative 

Tradeoffs Between Spatial, Temporal, and Thermometric Resolution of Nonresonant 

Raman Thermometry for Dynamic Experiments,” Appl. Spectrosc., vol. 68, no. 11, pp. 

1279–1288, Nov. 2014. 

[74] R. L. Grosse, “Handbook of Raman Spectroscopy:  From the Research Laboratory to the 

Process Line Edited by Ian R. Lewis (Kaiser Optical Systems) and Howell G. M. Edwards 

(University of Bradford). Dekker:  New York, Basel. 2001. xiv + 1054 pp. $225. ISBN 0-

8247-0557-2.,” J. Am. Chem. Soc., vol. 124, no. 19, pp. 5601–5602, May 2002. 

[75] L. D. Barron, Molecular Light Scattering and Optical Activity, 2nd ed. Cambridge: 

Cambridge University Press, 2004. 

[76] D. P. Strommen and K. Nakamoto, “Resonance raman spectroscopy,” J. Chem. Educ., vol. 

54, no. 8, p. 474, Aug. 1977. 

[77] F. S. Ameer, C. U. Pittman, and D. Zhang, “Quantification of Resonance Raman 

Enhancement Factors for Rhodamine 6G (R6G) in Water and on Gold and Silver 

Nanoparticles: Implications for Single-Molecule R6G SERS,” J. Phys. Chem. C, vol. 117, 

no. 51, pp. 27096–27104, Dec. 2013. 

[78] G. Smith, Ewen;Dent, “Resonance Raman Scattering,” Modern Raman Spectroscopy – A 

Practical Approach. 22-Aug-2005. 

[79] M. Fleischmann, P. J. Hendra, and A. J. McQuillan, “Raman spectra of pyridine adsorbed 

at a silver electrode,” Chem. Phys. Lett., vol. 26, no. 2, pp. 163–166, 1974. 

[80] E. J. Blackie, E. C. Le Ru, and P. G. Etchegoin, “Single-Molecule Surface-Enhanced Raman 

Spectroscopy of Nonresonant Molecules,” J. Am. Chem. Soc., vol. 131, no. 40, pp. 14466–

14472, Oct. 2009. 

[81] P. G. Etchegoin and E. C. Le Ru, “A perspective on single molecule SERS: current status 

and future challenges,” Phys. Chem. Chem. Phys., vol. 10, no. 40, pp. 6079–6089, 2008. 

[82] A. Campion and P. Kambhampati, “Surface-enhanced Raman scattering,” Chem. Soc. Rev., 

vol. 27, no. 4, pp. 241–250, 1998. 

[83] H. Xu, E. J. Bjerneld, M. Käll, and L. Börjesson, “Spectroscopy of Single Hemoglobin 

Molecules by Surface Enhanced Raman Scattering,” Phys. Rev. Lett., vol. 83, no. 21, pp. 

4357–4360, 1999. 

[84] H. Xu et al., “Gold-Nanoparticle-Decorated Silica Nanorods for Sensitive Visual Detection 

of Proteins,” Anal. Chem., vol. 86, no. 15, pp. 7351–7359, Aug. 2014. 



149 

 

 

[85] Z.-Q. Tian, B. Ren, and D.-Y. Wu, “Surface-Enhanced Raman Scattering:  From Noble to 

Transition Metals and from Rough Surfaces to Ordered Nanostructures,” J. Phys. Chem. B, 

vol. 106, no. 37, pp. 9463–9483, Sep. 2002. 

[86] J. Wessel, “Surface-enhanced optical microscopy,” J. Opt. Soc. Am. B, vol. 2, no. 9, pp. 

1538–1541, Sep. 1985. 

[87] B. Pettinger, G. Picardi, R. Schuster, and G. Ertl, “Surface enhanced Raman spectroscopy: 

towards single molecular spectroscopy,” Electrochemistry, vol. 68, no. 12, pp. 942–949, 

2000. 

[88] C. Chen, N. Hayazawa, and S. Kawata, “A 1.7 nm resolution chemical analysis of carbon 

nanotubes by tip-enhanced Raman imaging in the ambient,” Nat. Commun., vol. 5, p. 3312, 

Feb. 2014. 

[89] Z. Zhang, S. Sheng, R. Wang, and M. Sun, “Tip-Enhanced Raman Spectroscopy,” Anal. 

Chem., vol. 88, no. 19, pp. 9328–9346, Oct. 2016. 

[90] D. M. Haaland, “Vibrational Spectroscopy, Methods and Applications: A. Fadini and FM 

Schnepel, Ellis Horwood, Hemel Hempstead, 1989 (ISBN 0745800351). 206 pp. 

Price£ 39.95/US $78.10.” Elsevier, 1991. 

[91] G. S. Bumbrah and R. M. Sharma, “Raman spectroscopy – Basic principle, instrumentation 

and selected applications for the characterization of drugs of abuse,” Egypt. J. Forensic Sci., 

vol. 6, no. 3, pp. 209–215, 2016. 

[92] D. L. Gerrard and H. J. Bowley, “Instrumentation for Raman Spectroscopy,” in Practical 

Raman Spectroscopy, D. J. Gardiner and P. R. Graves, Eds. Berlin, Heidelberg: Springer 

Berlin Heidelberg, 1989, pp. 55–76. 

[93] J. M. Chalmers, H. G. M. Edwards, and M. D. Hargreaves, Infrared and Raman 

spectroscopy in forensic science. John Wiley & Sons, 2012. 

[94] M. J. Bertrand, “Handbook of Instrumental Techniques for Analytical Chemistry Edited by 

Frank A. Settle. Prentice Hall:  Upper Saddle River. 1997. xxi + 995 pp. ISBN 0-13-177338-

0.,” J. Am. Chem. Soc., vol. 120, no. 26, p. 6633, Jul. 1998. 

[95] R. L. McCreery, Raman spectroscopy for chemical analysis, vol. 225. John Wiley & Sons, 

2005. 

[96] M. Delhaye and P. Dhamelincourt, “Raman microprobe and microscope with laser 

excitation,” J. Raman Spectrosc., vol. 3, no. 1, pp. 33–43, 1975. 

[97] L. Puppulin et al., “Raman micro-spectroscopy as a viable tool to monitor and estimate the 

ionic transport in epithelial cells,” Sci. Rep., vol. 7, no. 1, p. 3395, 2017. 

[98] M. Truchet, J.-C. Merlin, and G. Turrell, “5 - Raman Microscopy and Other Local Analysis 

Techniques,” G. Turrell and J. B. T.-R. M. Corset, Eds. London: Academic Press, 1996, pp. 

201–242. 



150 

 

 

[99] S. Schlücker, M. D. Schaeberle, S. W. Huffman, and I. W. Levin, “Raman 

Microspectroscopy:  A Comparison of Point, Line, and Wide-Field Imaging Methodologies,” 

Anal. Chem., vol. 75, no. 16, pp. 4312–4318, Aug. 2003. 

[100] G. Binnig, C. F. Quate, and C. Gerber, “Atomic Force Microscope,” Phys. Rev. Lett., vol. 

56, no. 9, pp. 930–933, 1986. 

[101] G. Binnig and H. Rohrer, “In touch with atoms,” Rev. Mod. Phys., vol. 71, no. 2, pp. S324-

-S330, Mar. 1999. 

[102] R. Reifenberger, “ME 597/PHYS 570: Fundamentals of Atomic Force Microscopy (Fall 

2010),” 2010. 

[103] J. N. Israelachvili, “Chapter 13 - Van der Waals Forces between Particles and Surfaces,” in 

Intermolecular and Surface Forces (Third Edition), Third Edit., J. N. Israelachvili, Ed. San 

Diego: Academic Press, 2011, pp. 253–289. 

[104] N. Moll, L. Gross, F. Mohn, A. Curioni, and G. Meyer, “A simple model of molecular 

imaging with noncontact atomic force microscopy,” New J. Phys., vol. 14, no. 8, p. 83023, 

2012. 

[105] M. Herz, F. J. Giessibl, and J. Mannhart, “Probing the shape of atoms in real space,” Phys. 

Rev. B, vol. 68, no. 4, p. 45301, Jul. 2003. 

[106] L. Gross, F. Mohn, N. Moll, P. Liljeroth, and G. Meyer, “The Chemical Structure of a 

Molecule Resolved by Atomic Force Microscopy,” Science (80-. )., vol. 325, no. 5944, pp. 

1110–1114, 2009. 

[107] L. Gross et al., “Bond-Order Discrimination by Atomic Force Microscopy,” Science (80-. )., 

vol. 337, no. 6100, pp. 1326–1329, 2012. 

[108] H. Mönig et al., “Quantitative assessment of intermolecular interactions by atomic force 

microscopy imaging using copper oxide tips,” Nat. Nanotechnol., vol. 13, no. 5, pp. 371–

375, 2018. 

[109] A. Riss et al., “Imaging single-molecule reaction intermediates stabilized by surface 

dissipation and entropy,” Nat. Chem., vol. 8, p. 678, May 2016. 

[110] C. Gao, “Theory of menisci and its applications,” Appl. Phys. Lett., vol. 71, no. 13, pp. 

1801–1803, 1997. 

[111] L. R. Fisher and J. N. Israelachvili, “Direct measurement of the effect of meniscus forces 

on adhesion: A study of the applicability of macroscopic thermodynamics to microscopic 

liquid interfaces,” Colloids and Surfaces, vol. 3, no. 4, pp. 303–319, 1981. 

[112] O. Marti, B. Drake, and P. K. Hansma, “Atomic force microscopy of liquid‐covered surfaces: 

Atomic resolution images,” Appl. Phys. Lett., vol. 51, no. 7, pp. 484–486, 1987. 

[113] O. Marti, H. O. Ribi, B. Drake, T. R. Albrecht, C. F. Quate, and P. K. Hansma, “Atomic 



151 

 

 

force microscopy of an organic monolayer,” Science (80-. )., vol. 239, no. 4835, pp. 50–52, 

1988. 

[114] C. Bustamante, J. Vesenka, C. L. Tang, W. Rees, M. Guthold, and R. Keller, “Circular DNA 

molecules imaged in air by scanning force microscopy.,” Biochemistry, vol. 31, no. 1, pp. 

22–26, Jan. 1992. 

[115] D. Ricci and P. C. Braga, “How the Atomic Force Microscope Works,” in Atomic Force 

Microscopy: Biomedical Methods and Applications, P. C. Braga and D. Ricci, Eds. Totowa, 

NJ: Humana Press, 2004, pp. 3–12. 

[116] A. Vinckier and G. Semenza, “Measuring elasticity of biological materials by atomic force 

microscopy.,” FEBS Lett., vol. 430, no. 1–2, pp. 12–16, Jun. 1998. 

[117] S. Alexander et al., “An atomic‐resolution atomic‐force microscope implemented using an 

optical lever,” J. Appl. Phys., vol. 65, no. 1, pp. 164–167, 1989. 

[118] G. Meyer and N. M. Amer, “Novel optical approach to atomic force microscopy,” Appl. 

Phys. Lett., vol. 53, no. 12, pp. 1045–1047, 1988. 

[119] Garcia and S. P. A, “Amplitude curves and operating regimes in dynamic atomic force 

microscopy,” Ultramicroscopy, vol. 82, no. 1–4, pp. 79–83, Feb. 2000. 

[120] T. R. Albrecht, P. Grütter, D. Horne, and D. Rugar, “Frequency modulation detection using 

high‐Q cantilevers for enhanced force microscope sensitivity,” J. Appl. Phys., vol. 69, no. 

2, pp. 668–673, 1991. 

[121] C. Han and C. C. Chung, “Reconstruction of a scanned topographic image distorted by the 

creep effect of a  Z scanner in atomic force microscopy.,” Rev. Sci. Instrum., vol. 82, no. 5, 

p. 53709, May 2011. 

[122] P. Markiewicz and M. C. Goh, “Atomic force microscope tip deconvolution using 

calibration arrays,” Rev. Sci. Instrum., vol. 66, no. 5, pp. 3186–3190, 1995. 

[123] D. J. Taatjes, A. S. Quinn, M. R. Lewis, and E. G. Bovill, “Quality assessment of atomic 

force microscopy probes by scanning electron microscopy: Correlation of tip structure with 

rendered images,” Microsc. Res. Tech., vol. 44, no. 5, pp. 312–326, Mar. 1999. 

[124] A. Avila and B. Bhushan, “Electrical Measurement Techniques in Atomic Force 

Microscopy,” Crit. Rev. Solid State Mater. Sci., vol. 35, no. 1, pp. 38–51, Feb. 2010. 

[125] M. Palacio and B. Bhushan, “Surface potential and resistance measurements for detecting 

wear of chemically-bonded and unbonded molecularly-thick perfluoropolyether lubricant 

films using atomic force microscopy,” J. Colloid Interface Sci., vol. 315, no. 1, pp. 261–

269, 2007. 

[126] Lord Kelvin, “V. Contact electricity of metals,” London, Edinburgh, Dublin Philos. Mag. 

J. Sci., vol. 46, no. 278, pp. 82–120, 1898. 



152 

 

 

[127] A. Giugni, B. Torre, M. Allione, G. Perozziello, P. Candeloro, and E. Di Fabrizio, “Hot 

Electron Nanoscopy and Spectroscopy (HENs),” Conductive Atomic Force Microscopy. 16-

Aug-2017. 

[128] B. Bhushan, Springer handbook of nanotechnology. Springer, 2017. 

[129] Y. Rosenwaks, O. Tal, S. Saraf, A. Schwarzman, E. Lepkifker, and A. Boag, “Kelvin Probe 

Force Microscopy: Recent Advances and Applications,” in Applied Scanning Probe 

Methods VIII: Scanning Probe Microscopy Techniques, B. Bhushan, H. Fuchs, and M. 

Tomitori, Eds. Berlin, Heidelberg: Springer Berlin Heidelberg, 2008, pp. 351–376. 

[130] S. V Kalinin and A. Gruverman, Scanning probe microscopy: electrical and 

electromechanical phenomena at the nanoscale, vol. 1. Springer Science & Business Media, 

2007. 

[131] M. Salerno and S. Dante, “Scanning Kelvin Probe Microscopy: Challenges and Perspectives 

towards Increased Application on Biomaterials and Biological Samples,” Materials (Basel)., 

vol. 11, no. 6, p. 951, Jun. 2018. 

[132] M. E. Davis and J. A. McCammon, “Electrostatics in biomolecular structure and dynamics,” 

Chem. Rev., vol. 90, no. 3, pp. 509–521, May 1990. 

[133] C. Leung, D. Maradan, A. Kramer, S. Howorka, P. Mesquida, and B. W. Hoogenboom, 

“Improved Kelvin probe force microscopy for imaging individual DNA molecules on 

insulating surfaces,” Appl. Phys. Lett., vol. 97, no. 20, p. 203703, 2010. 

[134] R. Fuji, “Conductive Atomic Force Microscopy,” in Compendium of Surface and Interface 

Analysis, T. S. S. S. of Japan, Ed. Singapore: Springer Singapore, 2018, pp. 51–54. 

[135] M. Osaka, H. Benten, H. Ohkita, and S. Ito, “Intermixed Donor/Acceptor Region in 

Conjugated Polymer Blends Visualized by Conductive Atomic Force Microscopy,” 

Macromolecules, vol. 50, no. 4, pp. 1618–1625, Feb. 2017. 

[136] G. D. J. Smit, S. Rogge, and T. M. Klapwijk, “Enhanced tunneling across nanometer-scale 

metal–semiconductor interfaces,” Appl. Phys. Lett., vol. 80, no. 14, pp. 2568–2570, 2002. 

[137] A. Giugni et al., “Hot-electron nanoscopy using adiabatic compression of surface plasmons,” 

Nat. Nanotechnol., vol. 8, p. 845, Oct. 2013. 

[138] W. L. Barnes, “Surface plasmon–polariton length scales: a route to sub-wavelength optics,” 

J. Opt. A pure Appl. Opt., vol. 8, no. 4, p. S87, 2006. 

[139] N. Yu and F. Capasso, “Flat optics with designer metasurfaces,” Nat. Mater., vol. 13, p. 139, 

Jan. 2014. 

[140] A. Giugni et al., “Experimental Route to Scanning Probe Hot-Electron Nanoscopy (HENs) 

Applied to 2D Material,” Adv. Opt. Mater., vol. 5, no. 15, p. 1700195. 

[141] R. Sundararaman, P. Narang, A. S. Jermyn, W. A. Goddard III, and H. A. Atwater, 



153 

 

 

“Theoretical predictions for hot-carrier generation from surface plasmon decay,” Nat. 

Commun., vol. 5, p. 5788, Dec. 2014. 

[142] M. Bernardi, J. Mustafa, J. B. Neaton, and S. G. Louie, “Theory and computation of hot 

carriers generated by surface plasmon polaritons in noble metals,” Nat. Commun., vol. 6, p. 

7044, Jun. 2015. 

[143] T. Gong and J. N. Munday, “Materials for hot carrier plasmonics \[Invited\],” Opt. Mater. 

Express, vol. 5, no. 11, pp. 2501–2512, Nov. 2015. 

[144] M. I. Stockman, “Nanofocusing of Optical Energy in Tapered Plasmonic Waveguides,” 

Phys. Rev. Lett., vol. 93, no. 13, p. 137404, Sep. 2004. 

[145] D. K. Gramotnev, M. W. Vogel, and M. I. Stockman, “Optimized nonadiabatic 

nanofocusing of plasmons by tapered metal rods,” J. Appl. Phys., vol. 104, no. 3, p. 34311, 

2008. 

[146] L. Novotny and S. J. Stranick, “NEAR-FIELD OPTICAL MICROSCOPY AND 

SPECTROSCOPY WITH POINTED PROBES,” Annu. Rev. Phys. Chem., vol. 57, no. 1, 

pp. 303–331, 2006. 

[147] F. De Angelis et al., “Nanoscale chemical mapping using three-dimensional adiabatic 

compression of surface plasmon polaritons.,” Nat. Nanotechnol., vol. 5, no. 1, pp. 67–72, 

Jan. 2010. 

[148] A. B. Petrin, “Extremely tight focusing of light at the nanoapex of a metal microtip,” 

Quantum Electron., vol. 46, no. 2, p. 159, 2016. 

[149] T. J. Thamann, R. C. Lord, A. H. J. Wang, and A. Rich, “The high salt form of poly(dG-

dC)·poly(dG-dC) is left-handed Z-DNA: Raman spectra of crystals and solutions,” Nucleic 

Acids Res., vol. 9, no. 20, pp. 5443–5458, 1981. 

[150] W. L. Peticolas, “[17] Raman spectroscopy of DNA and proteins,” in Biochemical 

Spectroscopy, vol. 246, Academic Press, 1995, pp. 389–416. 

[151] A. S. Anokhin, V. S. Gorelik, G. I. Dovbeshko, A. Y. Pyatyshev, and Y. I. Yuzyuk, 

“Difference Raman spectroscopy of DNA molecules,” J. Phys. Conf. Ser., vol. 584, no. 1, 

p. 12022, 2015. 

[152] S. Bram, “The secondary structure of DNA in solution and in nucleohistone,” J. Mol. Biol., 

vol. 58, no. 1, pp. 277–288, 1971. 

[153] S. C. Erfurth, “SC Erfurth, EJ Kiser and WL Peticolas, Proc. Natl. Acad. Sci. USA 69, 938 

(1972).,” Proc. Natl. Acad. Sci. USA, vol. 69, p. 938, 1972. 

[154] V. S. Gorelik, A. S. Krylov, and V. P. Sverbil, “Local Raman spectroscopy of DNA,” Bull. 

Lebedev Phys. Inst., vol. 41, no. 11, pp. 310–315, Nov. 2014. 

[155] B. Sharma, R. R. Frontiera, A.-I. Henry, E. Ringe, and R. P. Van Duyne, “SERS: Materials, 



154 

 

 

applications, and the future,” Mater. Today, vol. 15, no. 1, pp. 16–25, 2012. 

[156] A. Boltasseva and H. A. Atwater, “Low-Loss Plasmonic Metamaterials,” Science (80-. )., 

vol. 331, no. 6015, pp. 290–291, 2011. 

[157] J. J. Schmied et al., “DNA Origami Nanopillars as Standards for Three-Dimensional 

Superresolution Microscopy,” Nano Lett., vol. 13, no. 2, pp. 781–785, Feb. 2013. 

[158] K. M. Kosuda, J. M. Bingham, K. L. Wustholz, and R. P. Van Duyne, “3.09 - Nanostructures 

and Surface-Enhanced Raman Spectroscopy,” D. L. Andrews, G. D. Scholes, and G. P. B. 

T.-C. N. and T. Wiederrecht, Eds. Amsterdam: Academic Press, 2011, pp. 263–301. 

[159] K. Kneipp et al., “Detection and identification of a single DNA base molecule using surface-

enhanced Raman scattering (SERS),” Phys. Rev. E, vol. 57, no. 6, pp. R6281--R6284, Jun. 

1998. 

[160] E. Le Ru and P. Etchegoin, Principles of Surface-Enhanced Raman Spectroscopy: and 

related plasmonic effects. Elsevier, 2008. 

[161] E. Koglin and J.-M. Séquaris, “Surface enhanced raman scattering of biomolecules,” in 

Analytical Problems, 1986, pp. 1–57. 

[162] A. Macaskill et al., “Quantitative surface-enhanced resonance Raman scattering of 

phthalocyanine-labelled oligonucleotides,” Nucleic Acids Res., vol. 35, no. 6, pp. e42–e42, 

Mar. 2007. 

[163] R. P. Johnson, J. A. Richardson, T. Brown, and P. N. Bartlett, “A Label-Free, 

Electrochemical SERS-Based Assay for Detection of DNA Hybridization and 

Discrimination of Mutations,” J. Am. Chem. Soc., vol. 134, no. 34, pp. 14099–14107, Aug. 

2012. 

[164] Y. C. Cao, R. Jin, and C. A. Mirkin, “Nanoparticles with Raman spectroscopic fingerprints 

for DNA and RNA detection.,” Science, vol. 297, no. 5586, pp. 1536–1540, Aug. 2002. 

[165] A. Rasmussen and V. Deckert, “Surface- and tip-enhanced Raman scattering of DNA 

components,” J. Raman Spectrosc., vol. 37, no. 1‐3, pp. 311–317, 2006. 

[166] Z. Yang, J. Aizpurua, and H. Xu, “Electromagnetic field enhancement in TERS 

configurations,” J. Raman Spectrosc., vol. 40, no. 10, pp. 1343–1348, 2009. 

[167] M. Lucas and E. Riedo, “Invited review article: combining scanning probe microscopy with 

optical spectroscopy for applications in biology and materials science.,” Rev. Sci. Instrum., 

vol. 83, no. 6, p. 61101, Jun. 2012. 

[168] H. Watanabe, Y. Ishida, N. Hayazawa, Y. Inouye, and S. Kawata, “Tip-enhanced near-field 

Raman analysis of tip-pressurized adenine molecule,” Phys. Rev. B, vol. 69, no. 15, p. 

155418, Apr. 2004. 

[169] D. Zhang, K. F. Domke, and B. Pettinger, “Tip-Enhanced Raman Spectroscopic Studies of 



155 

 

 

the Hydrogen Bonding between Adenine and Thymine Adsorbed on Au (111),” 

ChemPhysChem, vol. 11, no. 8, pp. 1662–1665, 2010. 

[170] E. Bailo and V. Deckert, “Tip-Enhanced Raman Spectroscopy of Single RNA Strands: 

Towards a Novel Direct-Sequencing Method,” Angew. Chemie Int. Ed., vol. 47, no. 9, pp. 

1658–1661, 2008. 

[171] M. Green, F.-M. Liu, L. Cohen, P. Köllensperger, and T. Cass, “SERS platforms for high 

density DNA arrays,” Faraday Discuss., vol. 132, no. 0, pp. 269–280, 2006. 

[172] K. Karikó, H. Muramatsu, J. Ludwig, and D. Weissman, “Generating the optimal mRNA 

for therapy: HPLC purification eliminates immune activation and improves translation of 

nucleoside-modified, protein-encoding mRNA,” Nucleic Acids Res., vol. 39, no. 21, pp. 

e142–e142, Nov. 2011. 

[173] R. S. Tuma et al., “Characterization of SYBR Gold nucleic acid gel stain: a dye optimized 

for use with 300-nm ultraviolet transilluminators.,” Anal. Biochem., vol. 268, no. 2, pp. 278–

288, Mar. 1999. 

[174] K. Oura, V. G. Lifshits, A. A. Saranin, A. V Zotov, and M. Katayama, Surface science: an 

introduction. Springer Science & Business Media, 2013. 

[175] M. Chiesa and C.-Y. Lai, “Surface aging investigation by means of an AFM-based 

methodology and the evolution of conservative nanoscale interactions,” Phys. Chem. Chem. 

Phys., vol. 20, no. 29, pp. 19664–19671, 2018. 

[176] P. L. Xavier and A. R. Chandrasekaran, “DNA-based construction at the nanoscale: 

emerging trends and applications,” Nanotechnology, vol. 29, no. 6, p. 62001, 2018. 

[177] V. R. B. Liyanage, J. S. Jarmasz, N. Murugeshan, M. R. Del Bigio, M. Rastegar, and J. R. 

Davie, “DNA modifications: function and applications in normal and disease States,” 

Biology (Basel)., vol. 3, no. 4, pp. 670–723, Oct. 2014. 

[178] Q. Li et al., “Aptamer-Modified Tetrahedral DNA Nanostructure for Tumor-Targeted Drug 

Delivery,” ACS Appl. Mater. Interfaces, vol. 9, no. 42, pp. 36695–36701, Oct. 2017. 

[179] B. Liu and J. Liu, “Methods for preparing DNA-functionalized gold nanoparticles{,} a key 

reagent of bioanalytical chemistry,” Anal. Methods, vol. 9, no. 18, pp. 2633–2643, 2017. 

[180] J. H. Lee, D. P. Wernette, M. V Yigit, J. Liu, Z. Wang, and Y. Lu, “Site-specific control of 

distances between gold nanoparticles using phosphorothioate anchors on DNA and a short 

bifunctional molecular fastener.,” Angew. Chem. Int. Ed. Engl., vol. 46, no. 47, pp. 9006–

9010, 2007. 

[181] M. Maduro, “Maduro Lab, UC Riverside.” [Online]. Available: 

http://www.faculty.ucr.edu/~mmaduro/contact.htm. [Accessed: 28-Oct-2018]. 

[182] E. F. Pettersen et al., “UCSF Chimera--a visualization system for exploratory research and 

analysis.,” J. Comput. Chem., vol. 25, no. 13, pp. 1605–1612, Oct. 2004. 



156 

 

 

[183] M. Zuker, “Mfold web server for nucleic acid folding and hybridization prediction.,” 

Nucleic Acids Res., vol. 31, no. 13, pp. 3406–3415, Jul. 2003. 

[184] J. L. Zimmermann, T. Nicolaus, G. Neuert, and K. Blank, “Thiol-based, site-specific and 

covalent immobilization of biomolecules for single-molecule experiments.,” Nat. Protoc., 

vol. 5, no. 6, pp. 975–985, Jun. 2010. 

[185] Z. Li, R. Jin, C. A. Mirkin, and R. L. Letsinger, “Multiple thiol-anchor capped DNA–gold 

nanoparticle conjugates,” Nucleic Acids Res., vol. 30, no. 7, pp. 1558–1562, Apr. 2002. 

[186] Y. L. Lyubchenko and L. S. Shlyakhtenko, “Visualization of supercoiled DNA with atomic 

force microscopy in situ,” Proc. Natl. Acad. Sci., vol. 94, no. 2, pp. 496–501, 1997. 

[187] X. Gao, Y. Zhang, and M. J. Weaver, “Adsorption and electrooxidative pathways for sulfide 

on gold as probed by real-time surface-enhanced Raman spectroscopy,” Langmuir, vol. 8, 

no. 2, pp. 668–672, Feb. 1992. 

[188] B. Varnholt, P. Oulevey, S. Luber, C. Kumara, A. Dass, and T. Bürgi, “Structural 

Information on the Au–S Interface of Thiolate-Protected Gold Clusters: A Raman 

Spectroscopy Study,” J. Phys. Chem. C, vol. 118, no. 18, pp. 9604–9611, 2014. 

[189] E. Pensa et al., “The chemistry of the sulfur-gold interface: In search of a unified model,” 

Acc. Chem. Res., vol. 45, no. 8, pp. 1183–1192, 2012. 

[190] P. G. Lustemberg et al., “Spontaneously Formed Sulfur Adlayers on Gold in Electrolyte 

Solutions: Adsorbed Sulfur or Gold Sulfide?,” J. Phys. Chem. C, vol. 112, no. 30, pp. 

11394–11402, Jul. 2008. 

[191] R. C. Price and R. L. Whetten, “Raman Spectroscopy of Benzenethiolates on Nanometer-

Scale Gold Clusters,” J. Phys. Chem. B, vol. 110, no. 44, pp. 22166–22171, Nov. 2006. 

[192] R. Tuma, S. Vohník, H. Li, and G. J. Thomas, “Cysteine conformation and sulfhydryl 

interactions in proteins and viruses. 3. Quantitative measurement of the Raman S-H band 

intensity and frequency.,” Biophys. J., vol. 65, no. 3, pp. 1066–1072, Sep. 1993. 

[193] P. Bazylewski, R. Divigalpitiya, and G. Fanchini, “In situ Raman spectroscopy 

distinguishes between reversible and irreversible thiol modifications in l-cysteine,” RSC 

Adv., vol. 7, no. 5, pp. 2964–2970, 2017. 

[194] J. G. Duguid, V. A. Bloomfield, J. M. Benevides, and G. J. J. Thomas, “Raman spectroscopy 

of DNA-metal complexes. II. The thermal denaturation of DNA in the presence of Sr2+, 

Ba2+, Mg2+, Ca2+, Mn2+, Co2+, Ni2+, and Cd2+.,” Biophys. J., vol. 69, no. 6, pp. 2623–

2641, Dec. 1995. 

[195] L. Movileanu, J. M. Benevides, and G. J. J. Thomas, “Temperature dependence of the 

Raman spectrum of DNA. II. Raman signatures of premelting and melting transitions of 

poly(dA).poly(dT) and comparison with poly(dA-dT).poly(dA-dT).,” Biopolymers, vol. 63, 

no. 3, pp. 181–194, Mar. 2002. 



157 

 

 

[196] B. Prescott, W. Steinmetz, and G. J. Thomas, “Characterization of DNA structures by laser 

Raman spectroscopy,” Biopolymers, vol. 23, no. 2, pp. 235–256, 1984. 

[197] J. M. Benevides and G. J. Thomas Jr, “Characterization of DNA structures by Raman 

spectroscopy: high-salt and low-salt forms of double helical poly (dG-dC) in H 2 O and D 

2 O solutions and application to B, Z and A-DNA,” Nucleic Acids Res., vol. 11, no. 16, pp. 

5747–5761, 1983. 

[198] A. Toyama, M. Hamuara, and H. Takeuchi, “Correlation between vibrational frequencies 

and hydrogen bonding states of the guanine ring studied by UV resonance Raman 

spectroscopy of 2′-deoxy-3′,5′-bis(triisopropylsilyl)guanosine dissolved in various solvents,” 

J. Mol. Struct., vol. 379, no. 1, pp. 99–108, 1996. 

[199] R. C. Lord and G. J. Thomas, “Raman spectral studies of nucleic acids and related 

molecules—I Ribonucleic acid derivatives,” Spectrochim. Acta Part A Mol. Spectrosc., vol. 

23, no. 9, pp. 2551–2591, 1967. 

[200] K. Serec, S. D. Babic, R. Podgornik, and S. Tomic, “Effect of magnesium ions on the 

structure of DNA thin films: an infrared spectroscopy study.,” Nucleic Acids Res., vol. 44, 

no. 17, pp. 8456–8464, Sep. 2016. 

 


