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Abstract 

This thesis entitled “DNA origami directed self-assembled hybrid nanoantennas for single 

molecule spectroscopic applications” focuses on the fabrication of novel plasmonic 

nanoantenna materials and their applications in single molecule surface enhanced optical 

spectroscopy. Single molecule spectroscopy techniques enable the investigation of the 

individual nanoscale behavior of molecules which further helps in understanding the normally 

hidden heterogeneities of complex biological and chemical systems. It yields important 

information like distribution of behavior instead of a single population average and 

measurement of uncorrelated stochastic multistep processes. Due to weak interactions between 

an optical field and a single molecule, optimal signal to noise ratio is lost, limiting the utility of 

single molecule techniques for commercial applications. Plasmonic nanoantennas concentrate 

light into small volumes, which greatly enhances the local electromagnetic (EM) field near the 

metal nanostructures leading to a strong enhancement of usually weak single molecule signals. 

Anisotropic nanostructures because of high intensity electromagnetic field generated around 

their sharp edges result in enhancement factors (EFs) high enough for single molecule detection. 

For the fabrication of a highly efficient plasmonic nanoantenna, the two nanoparticles have to 

be placed close to each other with an interparticle gap of few nanometers. And the 

fluorophore/quantum dot has to be precisely placed in the conjunction region between the 

nanoparticles such that it experiences the highest electromagnetic field. This precision can be 

very easily achieved using DNA origami. DNA origami is a simple solution based technique 

that allows assembling of different types of particles in complex geometries with precise control 

over the interparticle gap, orientation, and stoichiometry. The design of Au nanostar (Au NS) 

dimer structures with tunable interparticle gap and stoichiometry on dimerized rectangular DNA 

origami has been described. Single Texas red (TR) dye molecule which acts as a Raman 

reporter molecule was precisely positioned in the junction of the dimerized DNA origami by 

modifying one of the branching staples of the DNA origami template with the dye molecule. 

The effect of the interparticle gap, stoichiometry, and negative curvature site of Au NSs on the 

Raman enhancement of single TR dye molecule has been investigated. The SERS enhancement 

factors (EFs) of single TR dye molecules located in the conjunction region of dimer structures 

having interparticle gaps of 7 and 13 nm were found to be in the range of 109-1010, which are 

high enough for single analyte detection.  

Bimetallic metal nanostructures are known to show better optical response as compared to their 

monometallic counterparts, due to the emergence of new optical and electronic properties 
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because of the combination of both the metals. Among all the bimetallic NPs Au@Ag NPs have 

gained immense attention because they combine the enhanced plasmonic properties (high 

extinction coefficient) of Ag and chemical stability of Au in one structure. Effect of Au@Ag 

bimetallic nanostars on the SERS signals of single FAM, Cy3, and Texas red (TR) dyes 

corresponding to different regions of the visible spectrum has been investigated. EFs for single 

Cy3 dye molecules were found to be higher than TR and FAM dyes due to close resonance 

between the surface plasmon resonance (SPR) of Au@AgNSs and the absorption maximum of 

Cy3 and higher Raman cross-section of Cy3 dye. The effect of different interparticle gaps and 

stoichiometry on the SERS EFs has also been demonstrated. The EFs were higher for dimer 

nanoantennas with 7 nm of interparticle gap than the 13 nm gap. And the EFs were higher for 

dimer nanoantennas than monomer nanoantennas. The EFs for all the three dyes were in the 

order of 109-1010 for Au@Ag NS dimer and monomer nanoantennas, sufficient for single 

molecule detection. Designed Au@Ag NS dimer nanoantennas with interparticle gap size of 5 

nm were found to be showing 10-fold enhancement in fluorescence signals of single Cy3 

molecule localized in the plasmonic hotspot. Further, the applicability of designed Au@Ag NS 

dimer nanoantenna for SERS based label-free detection of bacterial biomarker pyocyanin has 

been demonstrated. The Au@Ag NS dimer plasmonic nanoantenna was able to detect 

pyocyanin with a limit of detection (LOD) of 500 pM. The obtained results suggest that the 

designed nanoantennas have the potential to be transformed into a label-free SERS based 

plasmonic sensor. 

The statistical accuracy of single molecule methods relying on fluorescent dyes gets limited due 

to irreversible loss of fluorescence signals because of photobleaching of dye molecules. 

Quantum dots (QDs) offer a better alternative label to fluorescent dyes because of its 

photostability to overcome photobleaching problem associated with fluorophores. The 

applicability of heavy metal chalcogenide based QDs such as CdSe and CdTe is limited for 

biological applications due to toxicity associated with Cd+2 ions. So there remains a pressing 

need for the synthesis of non-toxic and highly stable QDs. A one-pot, green, cost-effective and 

energy efficient strategy for the synthesis of blue emitting Si QDs has been proposed. The Si 

QDs were synthesized at room temperature using 3-aminopropyltriethoxysilane (APTES) as the 

silicon source and a commonly available sugar, glucose, as a reducing and stabilizing agent. 

These Si QDs showed a reversible thermo-responsive emission in the temperature range of 20-

80 0C and high ionic stability required for bioconjugation. The as synthesized hydrophilic Si 

QDs have been exploited as a reducing agent for the reduction of Au3+ ions to Au NPs leading 
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to the formation of Au NP-Si QD nanocomposites. The nanocomposites were found to be 

possessing catalytic activity for the reduction of nitroarenes. The as synthesized Si QDs were 

further used for the generation of white light emitting mixture (WLEM) by controlled mixing 

with orange red emitting Au nanoclusters (Au NCs). The chromaticity color co-ordinate of the 

WLEM was found to be (0.33, 0.32), which was very close to that of perfect white light 

emitting source. The generated WLEM was found to be showing fast, sensitive, and selective 

reversible sensing of Hg+2 ions and thiol containing amino acid Cysteine with a LOD of 10 nM.  

Owing to the interesting optical properties of QD, QD-metal hybrid nanostructures will open the 

window to a new class of photostable probes for single-molecule spectroscopic applications. 

Despite several advanced capabilities to produce the nanoantennas and the QDs separately, 

merging a single QD with a single plasmonic nanoantenna is an ongoing challenge. A simple 

strategy to immobilize single Si QD on the DNA origami template at a predefined position is 

demonstrated. Future works will focus on immobilization of single Si QD in the plasmonic 

hotspot of Au@Ag NS dimer structures for single molecule sensing and imaging applications. 

Highly sensitive single-molecule label-free sensing methods have applications in both the 

fundamental research and healthcare diagnostics. Proteins are the structural elements and 

machinery of every single cell of the body. They are responsible for proper functioning and 

maintaining biological architecture and homeostasis of cells. In case of onset of disease such as 

cancer, the concentration level of several proteins in the body gets misregulated. Such proteins 

have the potential to inform regarding the early onset of disease which will further allow early 

diagnostic confirmation and effective treatment. Development of novel label free single protein 

detection methods is important for getting molecular information critical for fundamental 

biochemical research and for clinical laboratory diagnosis. We have demonstrated the 

applicability of designed Au@Ag NS dimer nanoantennas for label free SERS based sensing of 

single thrombin protein molecule. Thrombin protein plays a critical role in hemolysis and 

hemostasis in our body. For research and clinical diagnosis applications, it is important to 

develop a label free detection system for its sensing. Specific binding of single thrombin protein 

in the conjunction region between the Au@Ag NSs was achieved by incorporating thrombin 

binding aptamers on the DNA origami template. After binding of thrombin protein molecule in 

the plasmonic hotspot we were able to record Raman vibrational bands at 1140, 1540, and 1635 

cm−1 characteristic of the protein. The designed plasmonic nanoantenna has the potential to be 

used as label free sensor for detection of proteins. 
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The work embodied in the present thesis represents a concerted effort to continue the 

development of novel plasmonic nanoantennas for single molecule spectroscopic and sensing 

applications. The study also discusses the scopes of future research work in extension of this 

investigation. 
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1.1. Optical spectroscopy 

Spectroscopy is a branch of science that deals with the study of interaction of matter with 

electromagnetic radiation. Electromagnetic radiation (light) is a form of energy which is known 

to have both particle and wave like nature. Depending on frequency and wavelength, 

electromagnetic radiation is divided into different regions collectively called as electromagnetic 

spectrum (shown in Figure 1.1). It includes microwaves, radiowaves, infrared, visible 

light, ultraviolet, X-rays, and gamma rays. Optical spectroscopy is the interaction of ultraviolet, 

visible, and infrared radiation with optically active molecules or materials. When light interacts 

with a matter it is either absorbed, emitted or scattered. Depending on the type of interaction 

they are further classified as absorption spectroscopy, emission spectroscopy, Raman 

spectroscopy, infrared (IR) spectroscopy, and nuclear magnetic resonance spectroscopy (NMR). 

 

Figure 1.1. A diagram of the electromagnetic spectrum. (Taken from Wikipedia) 

1.1.1. Ensemble spectroscopy  

The interaction between light and matter is generally weak owing to the large mismatch 

between the wavelength of light and the size of the molecules, atoms, and electrons whose 

excitation and motion contain information about their molecular properties. Therefore, most of 

the spectroscopic investigations such as UV-visible spectroscopy, infrared spectroscopy, 

Raman spectroscopy, and NMR rely on the generation of a strong signal by a large number of 

molecules. Although this approach is beneficial because it results in a very high signal to noise 

ratio, it is also unsatisfactory because it yields only ensemble-averaged information. With 

ensemble measurements, only average properties are revealed, and it becomes difficult to study 

individual behavior of molecules which is highly desirable for studying dynamics and kinetics 
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of bio-molecules, observing intermediate states, studying stochastic procedures, and detection 

of static and dynamic heterogeneity in a population.1-3 

1.1.2. Single molecule spectroscopy  

Single molecule spectroscopy as the name suggests is the investigation of the interaction of 

optical radiation with exactly a single molecule. In single molecule spectroscopic methods, at a 

time, exactly one molecule is allowed to be observed by the optical radiation. This one by one 

scanning of molecules provide averaging-free insights of a system that is unattainable with 

ensemble methods. The first report on optical detection of a single molecule came around 30 

years ago in 1989 by Moerner and Kador.4 They recorded absorption spectrum of single 

pentacene molecule in p-terphenyl using a combination of frequency modulation spectroscopy 

and Stark modulation. Later in 1990, Orrit et al. recorded single molecule fluorescence 

spectrum of pentacene molecule and demonstrated that fluorescence is a better mode for single 

molecule detection than absorption as it yields superior signal to noise ratio.5 In these two initial 

reports, the single molecule measurements were carried out at liquid helium temperature. Later, 

demonstration of single molecule detection at room temperature by Betzig et al.6, 7 followed by 

aqueous medium detection by Funatsu et al.8 led to the exponential growth of single molecule 

based applications in a variety of fields including material science, molecular biophysics, 

heterogeneous catalysis, molecular biology and many more. 9-13 In the last few years single 

molecules have provided necessary insights into some of the difficult problems which were 

difficult to achieve using ensemble methods. Single molecule enzymatic dynamics studies done 

by Lu et al.3, 14 helped them in differentiating static and dynamic disorders associated with 

enzymes. Single molecule fluorescence resonance energy transfer (FRET) technique helped in 

shedding light on the protein folding dynamics,15 chemomechanical mechanism of kinesin motor 

protein,16 and real time monitoring of intermolecular interactions.17 Roeffaers et al. used diffraction 

limited wide field microscopy for locating catalytic sites on single [Li+-Al3+] layered double 

hydroxide (LDH) heterogeneous catalysts.18 Very recently Moerner et al. used advanced single 

molecule-based microscopy techniques for revealing initial steps of Hedgehog signaling 

pathways essential for normal embryonic development.19 The 2014 Nobel Prize in 

Chemistry was jointly awarded to Eric Betzig, Stefan W. Hell and William E. Moerner for the 

development of super-resolution fluorescence microscopy.20, 21 

So far most of the developed single molecule detection techniques such as DNA sequencing,13 

confocal fluorescence correlation spectroscopy (FCS),10 single enzymes based immunoassays,9 
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and single-molecule counting,22 are based on fluorescence spectroscopy. The ability of 

fluorescence based approaches to provide high sensitivity, high spatial and temporal resolution, 

and superior signal-to-noise ratio have laid the foundation for the dominance of fluorescence 

microscopy over all other optical techniques at the single-molecule level from past 25 years. 

Although widely employed, single molecule fluorescence based spectroscopic techniques are 

fundamentally restricted to fluorophores having high quantum yield (typically >0.1) 23 and fail 

to provide any molecule specific information. Raman spectroscopy is another spectroscopic 

technique that provides exquisite chemical specificity about molecular structure because Raman 

fingerprint is characteristic feature of a molecule.24 Although powerful, it is highly insensitive 

because of very low Raman cross-section of molecules. The appeal of achieving single 

molecule detection using surface enhanced Raman spectroscopy in 199725, 26 triggered 

enormous interest in the scientific community for using SERS as an alternative to fluorescence 

based single molecule detection. Since then different types of SERS active substrates have been 

prepared and used for single molecule measurements.27-29 

Although widely employed in different fields of science, single molecule measurements have 

not dramatically impacted commercial applications due to some associated key limitations. 

1.1.2.1.  Limitations of single molecule measurements 

Diffraction limited resolution. Ernst Abbe in 1873 proposed that when light of certain 

wavelength (λ) travels through a medium with n refractive index making a half angle ϴ on the 

objective angular aperture then the minimum resolution that it can provide is given by equation 

1.1. 

𝑑𝑑 = 𝜆
2𝑛𝑠𝑖𝑛𝛳

                                                                                                                  Equation 1.1 

Where 2nsinϴ is termed as the numerical aperture (NA) of the objective. If green light of 

wavelength 500 nm is used for illuminating a sample through an objective of NA 1, the Abbe’s 

limit comes out to be 250 nm. This means if the distance between two molecules is equal to or 

less than 250 nm than the microscope will not able to resolve it. To avoid this limitation, optical 

single molecule measurements are performed at ultra-low concentrations in the range of 1 pM to 

1 nM to guarantee that only a single molecule resides in the observing volume. Working with 

such low concentration results in poor signal to noise ratio origin of which can be explained as: 

The absorption cross-section (σ) of an organic fluorophore is on the order of 5×10-16 cm2 and 

the area of light focused by high numerical aperture microscope objective (A) is 5×10-10 cm2. As 
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a result, σ/A = 1×10-6, which can be translated as, out of 106 incident photons only one gets 

absorbed by the molecule of interest. With such poor absorption single molecule signals are 

usually hampered with background signals which lower the probability of detection and make 

the analysis difficult. Background signals may accrue for a variety of reasons, such as impurities 

within the sample, noise from the instrument, Raman scattering due to solvent molecules, 

scattering of light and dark counts from the detector. 

Intrinsic Raman scattering. Raman scattering is a very strong source of background signals. 

Figure 1.2 shows the emission spectra of Rhodamine 6G dye along with the Raman spectrum of 

ethylene glycol. The absorption cross-section of a single molecule of Rhodamine 6G and  

 

Figure 1.2. Emission spectrum of Rhodamine 6G and Raman spectrum of ethylene glycol. 

(Reprinted with permission from ref.30, 2006 Springer Science Business Media, LLC) 

Raman cross-section of ethylene glycol are 4 × 10–16 cm2 and 3 × 10–28 cm2 respectively. 30 So, 

the intensity of fluorescence emission from one Rhodamine 6G molecule will be equal to 

Raman scattering intensity of 1.3 × 1012 molecules of ethylene glycol (volume 120 µm3). The 

emission spectrum of Rhodamine 6G and the Raman signals of ethylene glycol occupies almost 

similar wavelength range so despite using emission filters the Raman scattering cannot be 

completely eliminated. Therefore, in order to suppress the background signals arising from 

Raman scattering from billions of solvent molecules, the observing volume surrounding a single 

fluorophore should be 1 fL.  

Concentration barrier. Figure 1.3 shows the different required working concentration range 

for carrying out single molecule sensing experiments and studying single molecule bio-

interactions. A majority of biomolecular interactions such as protein-protein, protein-enzyme, 
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and protein-ligand takes place at higher concentrations often in micro to millimolar range. So to 

overcome the concentration limit it becomes imperative to reduce the observation volume to 

zepto (10-21) or atto (10-18) liter range, three times less than that of confocal microscopes (⁓10-

15).31, 32 Further, investigating biomolecular interactions at single molecule level requires 

maintaining concentration in nano to millimolar range. This huge difference in the required 

working concentration for biological systems and single molecule detection has gravely 

obstructed the utility of single molecule techniques for commercial applications. 

 

Figure 1.3. Dynamic concentration range required for optical single-molecule detection. 

(Reprinted with permission from ref.332014 Royal Society of Chemistry) 

1.1.2.2. Single molecule detection techniques 

Commonly, two different methods confocal 34 and total internal reflection (TIR) 35 are used for 

reducing the observing volume to 1 fL for carrying out single molecule measurements. 

Confocal detection optics. In a confocal microscope (schematic shown in Figure 1.4), the 

incident laser beam is allowed to pass through an objective having high NA and focused to a 

diffraction-limited volume. In confocal optics, illumination and emission from the sample are 

collected through the same objective and is called an epifluorescence configuration. The emitted 

light is then passed through a dichroic mirror which allows only emitted light to reach the 

detectors and transmits the excitation light reflected from the sample. To exclude background 

signals from impurities and Raman scattering from solvent molecules a small microsized 

pinhole is inserted in the path of confocal optics. A pinhole blocks the light coming from below 

and above of the focal plane allowing only focused light from the sample to reach the detector. 

This leads to significant improvement in the signal to noise ratio. The size of the pinhole 

determines the quality of the image therefore, selecting a proper pinhole is very important for 

getting a superior axial resolution. In confocal microscopy, a sample is illuminated with a 
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smallest possible spot size so, an image is created by raster scanning the sample stage in x,y-

direction. There are numerous reports where confocal microscopy alone or in combination with 

some other technique has been used for single molecule detection.36, 37  

 

 

 

 

 

 

 

Figure 1.4. Schematic of optics of a confocal microscope. (Reprinted with permission from 

ref.30, 2006 Springer Science Business Media, LLC) 

Total internal reflection optics. This method utilizes the phenomenon of total internal 

reflection (TIR) for inducing an evanescent wave or field in a nanometer regime of the sample 

near to the interface. An incoming light gets totally reflected from an interface when it enters a 

medium having less refractive index at an incident angle greater than the critical angle. In TIR 

based microscopy, molecules present close to the glass-slide/sample interface are excited, 

minimizing the background signal generated through the bulk of the sample. Another advantage  

 

Figure 1.5. Schematic of a TIR based microscope optics. (Reprinted with permission from ref.30, 

2006 Springer Science Business Media, LLC) 
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of TIR microscopy is at a given time many individual fluorophores are observed whose motion 

can be monitored using video imaging. This helps in studying the translation of 

molecules/biomolecules in real-time. A TIR microscope can be used in two different 

configurations prism-TIR and objective–TIR (as shown in Figure 1.5). In a prism based TIR 

microscope, the incident laser beam is coupled with a prism for achieving TIR. A sample 

thickness of around 200 nm above the interface is illuminated by the generated evanescent field. 

It is important to focus the incident laser beam at the focal point of the objective with this 

approach. In objective-based TIR microscope, the incident laser beam is made to pass through 

the extreme edge of an objective with high NA. The generated evanescent field excites a thin 

plane of the sample near the glass/sample interface. TIR based microscopes have been widely 

used for single molecule studies.8, 38  

1.2. Optical plasmonic nanoantennas  

The limitations associated with single molecule measurements have sparked the efforts to 

develop a new class of techniques collectively called “Plasmon enhanced spectroscopy” that can 

provide single molecule sensitivity for the detection of both fluorescent and non-fluorescent 

molecules.39 These techniques exploit the unique optical properties of metallic nanostructures to 

route and manipulate light at nanometer length scales. Dislocation of electrons on the surface of 

metal nanoparticle during the irradiation leads to creation of the electric dipole, as a result, a highly 

intense electromagnetic field is generated in the near proximity of the metal surface.40, 41 The 

enhanced local electric field can remarkably enhance the interaction between photons and 

materials, leading to significant enhancements in the molecular absorption, scattering, and 

emission processes. 

1.2.1. Metal nanoparticles 

Metallic nanoparticles are, as the name suggests, nanosized metals with at least one of the 

dimensions within 1 to 100 nm.  Metallic nanoparticles display fascinating properties that are 

quite different from those of individual atoms, surfaces or bulk materials. Due to their specific 

properties, they are the subject of intense research effort in the field of biology, chemistry, 

biotechnology, electronics, catalysis, biomedical application, diagnostics, molecular imaging 

and many more. 42-45 In 1857, Michael Faraday described the first scientific method for the 

synthesis of colloidal gold nanoparticles by the aqueous reduction of a gold salt by white 

phosphorous and stabilization with carbon disulfide.46 He pointed out that intense color 

produced after the reduction of gold metal salts is due to the formation of small metallic 
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Figure 1.6. The Lycurgus cup in the British museum.47 

nanoparticles. Although associated with modern science, the usage of nanoparticle dates back to 

the fourth century in the famous Lycurgus cup, known for changing color depending upon the 

light in which it is viewed (Figure 1.6).47 The dichroic glass used for making the Lycurgus cup 

was made with small proportions of gold and silver colloidal particles (⁓ 70 nm) in an 

approximate molar ratio of 1:14 which resulted in the colored surface of the cup. Andreas 

Cassius a German physician and alchemist, in 1666 prepared a purple pigment called Purple of 

Cassius which was popular in the 17th century for staining glasses. The pigment was colloidal 

solution of gold nanoparticles formed by the reaction of gold salts with tin (II) chloride. Johann 

Kunckel a German chemist later modified the technique for making ruby-colored stained glass. 

He predicted the existence of gold nanoparticles well before Michael Faraday by writing in his 

book published in 1676 that “gold must be present in such a degree of communition that it is not 

visible to the human eye”.48 The first observation and size measurement of nanoparticles was 

done by Richard Adolf Zsigmondy using an ultramicroscope built by him. He was awarded the 

1925 Nobel Prize in chemistry for studying the properties of gold sols and the methods used by 

him. Different types of metallic nanoparticles have different optical and electronic properties 

that enable their candidature for applications in different types of fields. For example, the 

propensity of palladium to adsorb hydrogen has also led to palladium nanoparticles being 

utilized in hydrogen storage and catalytic applications.49, 50 Magnetic properties of iron oxide 

nanoparticles have been used in magnetic and biomedical applications as a contrast agent, drug 

delivery vehicle, and for magnetic resonance imaging.51, 52 Due to a wide range of accessible 

oxidation states (Cu0, CuI, CuII, and CuIII), Cu-based nanocatalysts have been used in different 

types of catalytic reactions like organic transformations, electrocatalysis, and photocatalysis.53 

Among all types of metal-based nanoparticles (NPs), the stability and fascinating optical-

electronic properties of Au NPs have led them to be used in diverse and interdisciplinary 
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applications such as sensory probes, electronic conductors, therapeutic agents, organic 

photovoltaics, drug delivery vehicle in biological and medical applications, and catalysis.54-57   

1.2.2. Optical properties of metal nanoparticles 

Bulk Au and Ag metal are yellow and silver in color. Whereas, Au NPs and Ag NPs solution 

can be of any color of the rainbow from red through green to violet.58  The solution of 50 nm and 20 

nm Au NPs look blue and brilliant red in color, respectively, and it steadily changes to brownish 

orange, through several tones of purple and red, as the particle size is reduced down to ∼3 nm 

(Figure 1.7).58 In 1908, Mie explained the origin of the red color of gold nanoparticles (Au NPs) 

solution by solving Maxwell’s equations for the absorption and scattering of electromagnetic 

radiation by spherical metallic particles.59 Later, Gans extended this theory to ellipsoidal 

geometries.60 Since Mie’s work, extensive investigation has been done to study the optical 

properties of metal nanoparticles whose metallic dielectric function is known and which  

 

Figure 1.7. Colors of different sized Au nanoparticles. (Taken from Wikipedia) 

are embedded in an environment of known dielectric constant.61 The effect of the size and shape 

of the nanoparticles on their color is due to changes in the so-called surface plasmon resonance 

band.62  Surface plasmon resonance (SPR) is the resonant collective oscillation of the 

conduction electrons near nanoparticle's surface when metallic nanoparticle is irradiated by light. 

In 1957, R.H. Ritchie was the first to predict the existence of the surface plasmon.63 

1.2.3. Origin of surface plasmon resonance 

The surface plasmon resonance is not excited in a smooth surface but in subwavelength surface 

structures and nanoparticles.64 In noble metals, when the size of the particles becomes smaller 

than the wavelength of the incident light, λ (d ≪ λ), the continuous band of electronic structure 



Introduction 
 

12 
 

is changed to a discrete electronic level and a large amount of the atoms appear on the surface. 

When a small metal nanoparticle is irradiated by light, the oscillating electric field causes the 

negatively charged conduction electrons to oscillate coherently (as shown in Figure 1.8). The 

electron cloud is displaced relative to the positively charged nuclei, a restoring force arises from 

coulomb attraction between electrons and nuclei that result in oscillation of the electron cloud 

relative to the nuclear framework. The frequency at which conduction electrons oscillate in  

 

 
Figure 1.8. Schematic depiction of a localized surface plasmon of a spherical metal 

nanoparticle showing the displacement of the electron charge cloud relative to the nuclei. 

(Adapted from ref.652003 American Chemical Society) 

response to the alternating electric field of incident electromagnetic radiation is called 

(localized) SPR, which gives rise to intense absorption in the visible-near-UV region.62, 65, 66 

Materials that possess a negative real and small positive imaginary dielectric constants in a given 

wavelength range,  such as quasi-free electron metals, Ag, Au, Cu, and Al, are capable of supporting 

an SPR.58, 67 The SPR is determined from absorption and scattering spectroscopy, and depends 

on several factors such as the density of electrons, shape, size, and dielectric properties of the 

metal from which the nanoparticle is created, and the dielectric permittivity of the environment.67, 68 

The total extinction coefficient of small spherical metallic particles is given in Mie's theory as 

the summation of overall electric and magnetic multipole oscillations contributing to the 

absorption and scattering of the interacting electromagnetic field. For small spherical 

nanoparticles coefficient κ (sum of absorption and scattering) is given by the following equation 

1.2.69, 70  

𝑘 = 18𝜋𝑁𝑉𝜀𝑚
3/2

𝜆
𝜀"

(𝜀′+𝜒𝜀𝑚)2 +𝜀"2
                                                                                     Equation 1.2  

 

Metal sphere

E-field Electron
cloud
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Where, λ is the wavelength of the incident radiation, N is the density of nanoparticles, V is the 

volume of a metallic sphere, 𝜀′ and 𝜀" are the real and imaginary parts of the metal dielectric 

function [ε(ω) = ε'(ω) + iε"(ω), where ω is the angular frequency of the light], εm is the 

dielectric function of the medium, and χ is a parameter called form factor that depends on the 

shape of the spheroid, increasing from 2 for a sphere to 17 for a spheroid with an aspect ratio of 

5:1.71  

For a spherical metal nanoparticle, this formula predicts a resonant peak when 𝜀′≈ -2εm, which 

for Ag and Au occurs in the visible region of the electromagnetic spectrum.71  

1.2.4. Size and shape dependence of optical properties 

The SPR is highly sensitive to changes in the shape or size of the nanoparticle. The induced surface 

geometry changes cause a shift in the electric field density on the surface, generating different cross-

sections for the optical properties including absorption and scattering. According to equation 1.2, 

the SPR position is independent of changes in the size of metal nanoparticle. However, it has 

been experimentally proved that a change in the size affects the SPR band position as well as 

the bandwidth. The bandwidth is inversely proportional to the radius r of the particle for sizes 

smaller than about 20 nm. For larger nanoparticles (>25 nm for Au NPs) the extinction 

coefficient explicitly depends on the nanoparticle size as the wavelength of the incident light  

 
Figure 1.9. Effect of size on the surface plasmon absorption of spherical Au NPs. (Reprinted 

with permission from ref.72, 1999 American Chemical Society) 

becomes comparable to the dimension of the nanoparticle. The plasmon bandwidth increases 

with the increasing size of nanoparticles.72 Figure 1.9 shows the effect of size on the SPR 

bandwidth and position of the spherical Au NPs. The SPR band of metal nanoparticles 

drastically changes with the change in the shape of metal nanoparticles. In case of anisotropic 

shaped nanoparticles such as nanorods, the plasmon absorption band splits into two distinct 
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bands corresponding to free oscillation of electrons in different directions (Figure 1.10).58, 72 In 

case of Au nanorods, the transverse SPR band comes at around 520 nm, which is coincident 

with the plasmon band of spherical particles. Whereas longitudinal oscillations of electrons 

result in a red-shifted SPR absorption band whose position is very sensitive to the aspect ratio of 

Au nanorods. 73 The aspect ratio is defined as the length of the rod divided by the width of the 

rod. By changing the aspect ratio of nanorods the LSPR band position can be tuned from 550  

 

 
Figure 1.10. (a) Schematic depiction of LSPR excitation (Adapted from ref.74 2014 Elsevier 

B.V.), and (b) UV-Vis-NIR spectrum of Au nanorods.  

nm to over 2000 nm, while the transverse SPR band remains relatively constant at 510-520 nm. 

El-Sayed and coworkers,75 derived an empirical relationship between the aspect ratio and the 

LSPR of Au nanorods (Equation 1.3) using Gans theory60 together with the known dielectric 

function for Au.  

𝜆𝑚𝑎𝑥 = 33.34𝜀𝑚𝑅 − 46.31𝜀𝑚 + 472.31                                                                  Equation 1.3 

  

Where λmax is the LSPR band position, εm is dielectric constant of medium and R is the aspect 

ratio of Au nanorods.  

The plasmonic responses of complex metal nanostructures such as nanoshells and nanostars can 

be understood as the interaction or “hybridization” of plasmons supported by metallic 

nanostructures. For example, in case of Au nanostars, the two distinct plasmon resonances are 

the result of hybridization of plasmons associated with the core and the individual tips of the 

particle (Figure 1.11).76, 77 This plasmonic hybridization results in the splitting of the plasmon 

resonance into “bonding” and “antibonding” plasmons. The bonding plasmons are symmetric 

and are primarily composed of tip plasmons but with a finite contribution of the core plasmons. 

The mixing in of the core plasmon mode results in significantly enhanced excitation cross-

400 600 800 1000 1200
0.0

0.5

1.0

1.5

2.0

Ab
so

rb
an

ce
Wavelength (nm)

  Au nanorods

Transverse surface plasmon
resonance (TSPR)

Longitudinal surface plasmon
resonance (LSPR)

Au nanorod Electron cloud
a b

LSPR

TSPR



Introduction 
 

15 
 

section of the bonding plasmons which leads to highly intensified local electric field 

enhancements around the tips, edges, corners, and gaps. The plasmonic resonances of the Au 

nanostars are highly tunable and can be red shifted with increasing tip length.78 

 

Figure 1.11. (a)  Schematic illustration of the concept of plasmon hybridization in the nanostar, 

(Reprinted with permission from ref.602007, American Chemical Society) and (b) UV-Vis 

absorption spectrum of Au nanostars. 

1.2.5. Optical properties of core-shell nanostructures 

Apart from the shape and size, optical properties of metal nanostructures are highly sensitive to 

their dielectric environment.79 By coating a metal nanoparticle with different material its 

surrounding medium is modified and as a result, new optical properties emerge due to 

hybridization of the plasmons of core and shell. Core-shell metal nanostructures can have a 

range of combinations such as dielectric core and a metallic shell or metallic core and metallic 

shell. The choice of shell material of the core/shell nanoparticle is strongly dependent on the 

end application and use. In core-shell structures, the electromagnetically excited plasmons of 

the sphere and the cavity interact with each other and a surface charge is induced at the inner 

and outer surface of the metallic shell (Figure 1.12). 

400 600 800 1000 1200

0.2

0.4

0.6

0.8

Ab
so

rb
an

ce

Wavelength (nm)

  Au nanostars

a

b



Introduction 
 

16 
 

 

Figure 1.12. Schematic illustration of the hybridization of plasmons in core-shell metal 

nanostructures. (Reprinted with permission from ref. 79, 2005 Materials Research Society) 

This interaction results in the splitting of the plasmon resonances into two new resonances: the 

lower energy symmetric or “bonding” plasmon and the higher energy antisymmetric or 

“antibonding” plasmon. The strength of the interaction between the sphere and cavity plasmons 

can be tuned by changing the ratio of core-shell thickness. In case of pure metal nanostructures 

the SPR band can be tuned to a limited extent by changing the size but in case of core-shell 

structures the SPR band can be very easily tuned to desired wavelength range by changing the 

core to shell ratio (as demonstrated in Figure 1.13).  

 

Figure 1.13. Plasmonic tunability demonstrated for Au nanoshells with core (silica) and Au 

shell thickness. (Reprinted with permission from ref.80, 2004 SAGE publishing) 

Bimetallic metal nanostructures are a type of core-shell structures that potentially outperform 

their pure metal counterparts because of improved optical properties arising due to integration 
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of properties of both the metals.81, 82 Among all, Au/Ag bimetallic systems have been widely 

explored for a diversified range of applications because of high stability of Au and superior 

plasmonic properties of Ag.83, 84 After Ag coating the SPR band can be very easily tuned to the 

desired region, which is useful for plasmon enhanced spectroscopy.85, 86 

1.3. Plasmonic nanoparticles for surface enhanced optical spectroscopy 

Plasmon-enhanced spectroscopy comprises a large family of techniques including plasmon-

enhanced infrared spectroscopy,87 surface enhanced Raman spectroscopy,88, 89 and plasmon-

enhanced fluorescence spectroscopy.90 These techniques exploit the unique optical properties of 

metallic nanostructures to route and manipulate light at nanometer length scales. This nanoscale 

confinement of light generates a highly intense electromagnetic field in the near proximity of 

the metal surface (Scheme 1.1).40, 91, 92  Benefited from the greatly enhanced local electric field, 

surface plasmons can dramatically enhance the processes that involve light matter interactions 

such as fluorescence, Raman scattering, heat generation, photoacoustic effects, photocatalysis, 

nonlinear optical conversion, solar energy conversion and so on.93, 94 The distribution of the 

generated electromagnetic field is uniform for a spherical nanoparticle whereas for anisotropic shaped 

metal nanoparticles the intensity of the electromagnetic field at some places may be significantly 

larger than the intensity of the incident radiation. The strongest field enhancement is usually observed 

at the sharp edges and corners.95 In the case of dimers and other agglomerates very large enhancement 

is observed when nanoparticles are very close to each other. Places with high intensity of 

electromagnetic fields are called “hot-spots”. 

 

Scheme 1.1. Plasmonically coupled metal nanostructures showing high-intensity 

electromagnetic field generated in the ultrasmall nanogaps. 
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1.3.1. Surface enhanced Raman scattering  

Raman spectroscopy named after Indian physicist C.V. Raman is a spectroscopic technique 

based on inelastic scattering of monochromatic light usually from a laser source. The 

phenomenon of inelastic scattering of light was first observed experimentally in 1928 by Raman 

and Krishnan.96 C.V. Raman won the Nobel prize in physics in 1930 for this discovery. It is 

a non-invasive spectroscopic technique that provides molecule-specific spectroscopic 

characteristics enabling quick identification of analytes.96 However, due to poor Raman scattering 

cross-section of molecules, the intensity of Raman signals of most molecules is inherently weak.97 

Surface enhanced Raman scattering (SERS) phenomenon, first observed by Fleischmann and 

co-workers98 amplifies Raman signals of analytes by several orders of magnitude, enough for 

identification and quantification of analytes down to ultra-trace levels.99  In comparison to normal 

Raman spectroscopy, SERS requires placing of the analytes in close proximity of metal 

nanostructures, whereby a huge enhancement in Raman signals is observed owing to plasmon 

assisted scattering of molecules.97 The ability of SERS to identify a particular analyte within 

complex mixtures with high sensitivity has gained immense attention and has been applied in a 

myriad of fields including biology, medicine, forensic science, material science, 

electrochemistry and many more.100-102   

1.3.1.1.  Mechanism of SERS  

Since its inception, a number of theories have been proposed to explain the mechanism 

contributing to the SERS phenomenon. Nowadays it is generally believed that the amplification 

of Raman signals is due to primary contribution coming from electromagnetic enhancement89 

and a minor enhancement due to charge transfer interactions between the metal nanoparticle and 

the adsorbate.103 

Electromagnetic field enhancement in SERS. When plasmonic metal nanoparticles are 

irradiated with electromagnetic radiation, the LSPs get excited resulting in concentration of far-

field incident light to nanoscale regime at sharp edges, tips or curvatures, thereby enhancing 

local electromagnetic field intensity. The enhancement of the electromagnetic field takes place 

in two steps (Figure 1.14).104 At first step, the plasmonic nanoparticle serves as an optical 

nanoantenna and transforms the far-field incident light (frequency: ω0) to near field which 

creates high-intensity electromagnetic field around the nanoparticle. Second, the enhancement 

arises due to mutual excitation of induced dipole of analyte and the dipole of nanoparticle. In 

second step the plasmonic nanoparticle act as transmitting optical antennae, which transfers the 
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near field to the far-field at the Raman scattered frequency (ωR). The total enhancement factor 

(EF) is governed by both EF of first G1(ω0) and second step G2(ωR) and is given by equation 

1.4.  

G = 𝐺1(𝜔0) 𝐺2(𝜔𝑅) = |𝐸𝑙𝑜𝑐(𝜔0)|2 |𝐸𝑙𝑜𝑐(𝜔𝑅)|2

  |𝐸0(𝜔0)|2|𝐸0(𝜔𝑅)|2
 ≈  |𝐸𝑙𝑜𝑐(𝜔𝑅)|4

|𝐸0(𝜔0)|4
 

Where Eloc and E0 are the local electric fields generated in the presence and absence of 

plasmonic nanoparticles respectively. From equation 1.4 it is evident that the SERS 

enhancement factor (EF) is proportional to the fourth power of the enhancement of the local 

electric field.105, 106 So, higher the intensity of the generated electric field better will the SERS 

EF. The magnitude of the electromagnetic field intensity depends on several factors like the 

interparticle gap, distance between the analyte and the metal nanoparticle, shape and size of 

metal nanoparticle, and orientation of the analyte with respect to the plasmonic surface. The 

local electromagnetic field is extremely intense between the dimer structures having  

 

Figure 1.14. Mechanism of electromagnetic field enhancement in SERS. (Reprinted with 

permission from ref.107, 2016 Springer Nature) 

interparticle gaps of few nanometers due to strong electromagnetic coupling.105 The small 

region where the intensity of the electromagnetic field is highest is generally termed as 

“plasmonic hotspots”. It has been demonstrated that upon reducing the interparticle gap of Au 

nanosphere dimers from 10 to 2 nm the SERS EF increases from to 105 from 109.105 But for 

subnanometre gaps (d ≤ 0.3−0.4 nm), the plasmon modes of the dimers progressively diminish 

and the charge transfer plasmon modes gradually emerge. At this point, the two particles get 

conductively connected through electron tunneling which leads to quenching of the electric near 

field enhancement.108 109 The shape of metal nanoparticles has a strong influence on the SERS 

EF. Anisotropic nanostructures such as cubes, rods, triangles, and stars can sustain high 

 Equation 1.4 
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intensity electromagnetic fields around their sharp edges which results in higher SERS EFs as 

compared to their spherical counterparts.95 Plasmonic mapping of Ag triangular plates110 and Au 

nanostars111 using energy loss spectroscopy (EELS) has shown high localization of localized SPR at 

the sharp-edged regions (Figure 1.15), thereby resulting in higher SERS EFs.  Among all the different 

anisotropic shapes, Au nanostars have gathered immense research interest due to its intriguing 

structure–optical property relationship. An Au nanostar consists of a central core with several 

protruding tips. The LSPR of the nanostars can be very easily tuned to the desired visible or 

near-infrared region by changing the size, sharpness, and number of tips.112 The intensity of 

electromagnetic field generated at the sharp tips of Au nanostars is very high and is reported to 

yield EFs to the order of 1010.111 Due to these key properties, Au nanostars have been used in a 

variety of SERS and non-SERS based applications.113, 114   

 

Figure 1.15. Dark field STEM image and EELS intensity mapping map of a single (a) Ag 

triangular plate and (b) Au nanostars. (Reprinted with permission from ref. 110, 2007 Springer 

Nature and ref. 111, 2009 American Chemical Society) 

Chemical enhancement in SERS. A difference of around 200 in the SERS EF of N2 and CO 

molecules on same substrate and under similar experimental conditions instigated the thought 

that apart from electromagnetic mechanisms there is a second mechanism that contributes to 

SERS EF.115  This second effect is commonly addressed as the chemical effect. The most 

widely accepted mechanism for explaining this effect is the charge transfer mechanism.105, 116 

a

b
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The charge transfer can occur from the highest occupied molecular orbital (HOMO) of adsorbed 

molecules to the lowest unoccupied molecular orbital (LUMO) level of the metal clusters117 or  

 

Figure 1.16. Schematic depiction of a charge-transfer mechanism in the SERS. (Reprinted with 

permission from ref.105, 2009 Elsevier B.V) 

from the metal state near the Fermi level to the LUMO of the adsorbed molecules resulting in 

the formation of metal-molecule charge-transfer complex.118 The incident laser frequency can 

be in close resonance with the electronic transition of newly formed metal-molecule charge 

transfer complex (case (a) in Figure 1.16) or can profit from an indirect coupling through the 

metal (case (b+c) shown in Figure 1.16).105 There are several examples in literature that 

demonstrated the existence of chemical enhancement mechanism. For example, Creighton in 

1986 observed that the SERS spectrum of pyridine absorbed on the surface of copper and silver 

substrates exhibits four intense peaks at 1590, 1210, 1005, and 629 cm-1 unlike normal Raman 

spectrum of pyridine having very weak peaks at 1590, 1210, and 629 cm-1 and a strong peak at 

1005 cm-1. The enhancement in the four a1 modes of pyridine (1590, 1210, 1005, and 629 cm-1) 

was attributed to charge transfer from metal to lowest unoccupied π* orbital of pyridine.119   

Campion et al. observed 1000 fold enhancement in the SERS spectrum of Pyromellitic 

dianhydride adsorbed on the surface of Cu substrate when excited at 647 nm with respect to 725 

nm excitation. On analyzing the electron energy loss spectrum of pyromellitic dianhydride-Cu 

complex they observed presence of additional peak at 1.9 eV. Upon adsorption on the surface of 

Cu, new low-energy states were created that showed enhanced Raman scattering at 647 nm 

excitation due to close resonance with the energy of the newly formed state.115 It is generally 

believed that the contribution of the chemical enhancement effect to total EF is very less (⁓100-

102) than electromagnetic enhancement.103 Park et al. carried out a systematic study to 
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investigate the contribution of charge transfer mechanism in total SERS EF of individual Au 

nanoparticle-4-aminobenzenethiol-Au film junctions. They found that only a small fraction of 

molecules contribute to charge transfer EF of 101-103.120 The chemical enhancement 

mechanisms takes place due to transitions in the formed charge transfer complexes, so the 

primary requisite for chemical enhancement to occur is the analyte molecule should be directly 

or indirectly adsorbed on the surface of the metal nanoparticle.105 

1.3.1.2. Surface enhanced resonance Raman scattering   

Surface enhanced resonance Raman scattering (SERRS) arises when the wavelength of the 

exciting laser is simultaneously in close resonance with the SPR of the metal nanoparticle and 

electronic transition frequency of the analyte.121, 122 Figure 1.17 illustrates the SERRS condition, 

where SERRS happens when SPR of Ag NPs is coincident with molecular absorption of dye 

which is dye 1 in this case and the excitation frequency.  

 

Figure 1.17. Schematic depiction of SERRS condition. (Adapted from ref.121, 2005 Royal Society 

of Chemistry) 

Excitation frequency (a) represents ideal excitation, (b), (c) and (d) represent non-ideal scenarios. 

Murgida et al. successfully investigated the structural changes occurring in Cyt-c protein 

adsorbed on carboxyl-terminated alkanethiols coated Ag electrodes using laser excitation of 413 

nm. By setting up a close resonance between the SPR of the substrate, laser excitation, and 

vibrational frequencies of heme group of Cyt-c protein, they were able to selectively record 

Soret band of heme among several non-heme bonds.123, 124 In another example demonstrated by 

Ros et al. Raman spectra of a heteroaromatic dye was recorded using three different laser 

excitation sources of 488, 514, and 785 nm on Au nanorods. It was found that the SERS signal 
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was highest at laser excitation wavelength resonant with the longitudinal plasmon mode of the 

Au nanorods.125 Another advantage of SERRS over SERS is a huge difference in the obtained 

EFs. SERRS is known to yield EFs up to 1014, strong enough for detecting analyte down to 

single molecule levels.26 Till now it has been practically demonstrated by several groups that 

SERRS is a simple, sensitive, fast and reliable spectroscopic technique that yields very good 

detection limit.126, 127 

1.3.1.3.  Single molecule surface enhanced Raman scattering   

Two independent reports by Nie and Emory26 and Kneipp et al.25 in 1997 demonstrated that it is 

possible to achieve single-molecule detection using SERS/SERRS. Single molecule 

measurements yield information that is washed out by ensemble methods, the appeal of 

achieving single molecule detection using SERS triggered enormous interest in the scientific 

community. Till now several approaches have been proposed for designing a SERS substrate 

that can detect a single molecule. 

1.3.1.3.1. Ultra-low concentrations method 

The pioneering studies on single molecule SERS detection25, 26 relied on “ultralow 

concentration” approach for designing the SERS substrate. The simple idea behind this 

approach is to use the analyte in very low concentration, to the order of pM, such that the 

probability of finding more than one molecule in the scattering volume is negligible. While this 

approach gives an idea that a particular substrate can be used for single molecule detection. 

Since only a small proportion of the substrate contributes to the SERS signal doubts arise on its 

scalability as well as statistical reliability. Also, the strong fluctuations and shift in spectral 

position during the measurements hinder observation of one-step photobleaching, which is the 

direct proof of single molecule evidence as in the case of fluorescence measurements.128 

Furthermore, since it is difficult to find out the exact number of metal particles contributing to 

the highest intensity hotspot, determination of exact analyte concentration for single molecule 

measurements is very ambiguous. 

1.3.1.3.2. Bi-analyte method 

To overcome the problems associated with low concentration method Etchegoin group proposed 

the bi-analyte method.129, 130 In this method, a mixture of two distinguishable Raman active analytes 

having similar Raman cross-sections is used for the SERS measurements. Three different types of 

Raman spectra can be obtained from the bi-analyte mixture, each of which corresponds to either pure 
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analytes or to a mixture. The observation of SERS signals of purely one analyte indicates that the 

signal is coming from a single molecule. This technique has been implemented in different 

variations, notably the isotopologue approach.130 In this method, an isotopically labeled version 

of the analyte is used as the second SERS probe. The key advantage of isotopologues is that the 

two analytes will have identical surface binding chemistries and Raman cross-sections with 

distinguishable Raman signals.  

The bi-analyte method although addresses the problem of uncertainty in quantifying the number 

of molecules contributing to SERS signal, works on the assumption that each hotspot yields an 

equivalent enhancement factor, which is practically not possible. Also, it does not provide control 

over placing the molecules exactly in the plasmonic hotspot. 

1.3.1.3.3. Langmuir–Blodgett films 

The Langmuir–Blodgett technique utilizes amphiphilic molecules with hydrophilic ‘‘heads’’ 

and hydrophobic tails such as fatty acids which can form a monolayer on subphase.131, 132 The 

analyte molecules are first entrapped in this monolayer with a great deal of control over the 

dispersion. If a very low concentration of the analyte is used then the molecules get individually 

trapped in the layer. Further, the analyte containing layer is transferred to a substrate for SERS 

measurements. This method also does not provide control over placing the molecules exactly in the 

plasmonic hotspot and because of the low concentration of analyte, it is susceptible to poor statistics. 

1.3.1.3.4. Nanogap enhanced Raman scattering 

Plasmonic nanogap enhanced Raman scattering can be defined as Raman signal enhancement 

from plasmonic metallic nanoparticles arranged with an interparticle gap of few nanometers.133 

When nanoparticles are closely packed with interparticle gap of few nanometers, very intense 

electromagnetic field is generated in the conjunction region, commonly termed as “hotspots”.134 

These high intensity electromagnetic fields can generate strong enhancement in Raman signals 

of analyte placed in the nanogap.135 The extent of enhancement in Raman signals is largely 

affected by the structural and compositional factors such as stoichiometry, interparticle gaps, 

type of metal nanostructure, and positioning of the probe molecule in the hotspot. Lee et al. 

investigated the effect of interparticle gap and size of metal nanoparticle on the SERS EFs using 

single DNA tethered Au-Ag core shell nanodumbbell designs.136  They found that SERS EFs 

increased with decreasing interparticle gaps and were highest when the nanogap was > 1 nm. 

And the nanodumbbells generated the highest Raman signals with a combination of 50 nm Au 
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core and 514 nm laser excitation that is in close resonance with the Ag shell. Till now, there are 

several reports where plasmonic nanogap based SERS substrates have been used for 

multiplexed applications including biological and chemical sensing, bioimaging and 

theranostics 28, 137, 138 but are not employed for practical utility due to lack of reproducibility in 

Raman signals. It has been demonstrated by Fang et al. that out of 106 SERS active sites only 63 

yields high enhancements accounting to 24% of the overall SERS intensity139, so there is a 

pressing need for designing new SERS active substrates that can yield high enhancement factors 

(EFs), good reproducibility, and uniform response. 

1.3.2. Plasmon enhanced fluorescence spectroscopy 

Fluorescence is the emission of light from a substance that occurs after the absorption of 

electromagnetic radiation. The phenomenon of fluorescence was first observed by Sir John 

Frederick William Herschel from a quinine solution which on absorbing UV light from sunlight 

emits blue light.140 The processes that occur between absorption and emission of light were later 

described by Professor Alexander Jablonski,141 who is now regarded as the father of 

fluorescence spectroscopy. Fluorescence based spectroscopy and imaging techniques are 

powerful optical tools that have revolutionized the field of science and technology. The high 

sensitivity of this technique paved the way for choosing fluorescence as a means for carrying 

out single-molecule measurements. However, from the very first report on single molecule 

detection using a single fluorophore,142 it was evident that technically it is a difficult task. 

Because despite using optical filters, purified solvents, and pulsed laser excitation the detected 

signal was 50 photons per molecule with up to 20 background counts. The initial publications 

on fluorescence based single molecule spectroscopy demonstrated the feasibility of detecting 

single molecules using basic techniques. Now single-molecule spectroscopy is a mature field, 

with highly established technology and methodology. 

1.3.2.1. Fluorescent probes for single molecule studies 

A good signal-to-noise ratio is very crucial for the success of any single-molecule detection 

technique. Most of the biomolecules, for instance, have very low intrinsic fluorescence that 

makes their intrinsic fluorescence-based single molecule detection difficult.143 That’s why most 

of the fluorescence based single molecule detection techniques rely on external labeling of non-

fluorescent and weakly fluorescent species with a fluorescent probe. A fluorescence probe act as 

a reporter that reveals the information about the molecular state of the molecule. For getting a 

very high signal to noise ratio it is important that the fluorescent probes should be highly 
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photostable, have high quantum yield, non-invasive, and have a small size so that it doesn’t 

affect the molecular functions. Generally, organic fluorophores or quantum dots are used as 

fluorescence probes for labeling the molecule of interest. 

1.3.2.1.1. Organic fluorophores 

Organic fluorophores are small fluorescent organic molecules that have a chromophoric group, 

a conjugated π- electron system that provides a stabilizing force and they absorb and emit light 

in the visible region ( 400-700 nm).144 For example, the chromophoric unit of Rhodamine,  

 

Figure 1.18. (a) Xanthene, (b) Polymethine, (c) Anthraquinone, (d) Phthalocyanine, and (e) Azo 

chromophoric groups. 

Texas red, and Fluorescein dyes is xanthene group145 and that of Cyanine dyes is polymethine 

group.146 Chromophores of some of the commonly used dyes are given in figure 1.18. In 

addition to chromophores, organic dyes also have other groups, for example, hydroxyl, amino,  

Table 1.1. List of organic fluorophores used for single molecule experiments 

 

a b

c d e

Dye Excitation ( nm) Emission (nm)
Cy2 489 506

Atto 488 498 520
Alexa 488 495 519

Cy3 550 565
Atto550 554 577

Alexa555 555 567
Alexa647 650 667

ATTO647N 644 664
Cy5 655 667
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sulfonic and carboxylic acid generally termed as auxochromes. Individually auxochromes are 

non-fluorescent, but when present in conjugation with a chromophore, they contribute to both 

the wavelength and intensity of its absorption. Auxochromes also assist in conjugating the 

organic fluorophores with the molecule of interest. For fluorescence based single molecule 

measurements, the first critical step is selection of the organic dye. An appropriate organic dye 

should have high quantum yield so that the desired signal to noise ratio can be achieved and 

highly photostable that allows the study of molecular dynamics for a long duration of time. 

Some of the commercially available fluorophores that are used for single molecule experiments 

are given in table 1.1.  

Origin of blinking and photobleaching in organic fluorophores. A fluorophore upon 

absorbing light of appropriate wavelength gets excited and jumps from its ground state (S0) to 

an excited state (S1) as shown in figure 1.19. This transition is generally termed as HOMO to 

LUMO transition. An excited fluorophore can return to its ground state through radiative  

 

Figure 1.19. Jablonski diagram showing the origin of single-molecule blinking. (Reprinted with 

permission from ref.30, 2006 Springer Science Business Media, LLC) 

pathways or can enter non-fluorescent triplet excited state (T1) via intersystem crossing which is 

the origin of fluorophore blinking. Blinking is defined as random switching of a fluorophore 

from ON (fluorescent) and OFF (non-fluorescent) states when illuminated continuously. It is 

believed that excursions to the triplet excited state reduce the rate of emission and opens the 

pathway to chemical degradation of dye commonly termed as photobleaching.147 A organic 

fluorophore undergoes several ON-OFF cycles before undergoing irreversible photobleaching. 

The number of ON-OFF cycles is different for different fluorophores and is determined by the 

inverse of its photobleaching quantum yield.30 Figure 1.20 shows fluorescence transients of 

single Cy3 dye showing blinking and photobleaching. A single step photobleaching as shown in 
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figure 1.20b is considered as a hallmark of an individual fluorophore. For single molecule 

experiments, the intensity of the laser is kept high to obtain a high photon emission rate. This 

results in the photodegradation of fluorophores limiting their utility for measurements that 

requires a longer observation time such as studying enzymatic kinetics and dynamics. The 

single photobleaching step of the fluorescent signal is a hallmark of an individual fluorophore. 

 

Figure 1.20. Fluorescence transients of single Cy3 dye showing (a) blinking (Reprinted with 

permission from ref.148 2001 Nature Publishing Group) and (b) photobleaching. 

1.3.2.1.2. Quantum dots 

Quantum dots (QDs) are small fluorescent particles or nanocrystals of a semiconducting 

material with diameters in the range of 2-10 nanometers, smaller than the Bohr exciton radius of 

the same bulk material. They were first discovered by Russian physicist Alexei Ekimov in 1980. 

QDs can be made from single-element materials, such as silicon or germanium, or from 

compound semiconductors, composed of elements from the periodic groups of II–VI (e.g., CdTe 

and CdSe) and III–V (e.g., InP).149, 150 They display unusual optical properties such as broad 

excitation and tunable narrow emission spectra, broad absorption cross-sections, slow excited-state 

decay rates, and high photostability.151, 152 These interesting optical properties are due to 

quantum confinement effects which occur when the size of the particle is too small to be 

comparable to the wavelength of the electron.153  

In a bulk semiconductor crystal, the electrons exist in a range of energy levels termed as bands. 

The valance band is filled and the conduction band is completely empty at 0 K. The valence and 

conduction bands are separated by some finite energy gap characteristic of the material called 
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the “bandgap” (Figure 1.21).154 With the absorption of a photon, if an electron attains sufficient 

energy, it jumps from the valence band to the conduction band across the bandgap, leaving 

behind a positively charged hole. The excited electron after a finite time comes back to the 

valence band and recombines with the hole. This process is often accompanied by the emission 

 

Figure 1.21. Energy band variation in quantum dots as the size is varied. (Reprinted with 
permission from ref.155, 2018 Elsevier Ltd.) 

of energy called radiative recombination. The distance between the electron-hole pair is called 

the Bohr exciton radius, which can vary depending on the material. As the particle size becomes 

of the order of the exciton Bohr radius or smaller, quantum confinement leads to a collapse of 

the continuous energy bands of bulk material into discrete, atomic like energy levels (Figure 

1.21). The discrete structure of energy states causes the observed shift of the absorption edge to 

higher energies as the particle size decreases. With decreasing size, the energy difference 

between the filled states and the empty states increases or widen the bandgap of the 

semiconductor. As a result, the optical and electronic properties of semiconductors change 

drastically.154  

Owing to these interesting optical properties, in recent years, semiconductor QDs have come up 

as a promising alternative to organic fluorophores.156-158 The broad emission spectra of organic 

dyes limit their applicability for multicolor imaging purposes because of the simultaneous 

excitement of different fluorophores. QDs have a broad excitation and tunable narrow emission 

spectra, and thus emissions from many QDs can be resolved upon excitation with a single light 

source.157, 159 Organic fluorophores usually require customized chemistry for conjugating them to 

biomolecules, however, a universal approach can be used for conjugating biomolecules to all 



Introduction 
 

30 
 

QDs. Most importantly, unlike organic fluorophores QDs have good stability toward 

photobleaching and chemical degradation, making them an ideal probe for fluorescence based 

measurements.  

1.3.2.2. Plasmonic enhancement of single molecule fluorescence signals 

In fluorescence based methods usually highly photostable fluorophore or quantum dot having 

high quantum-yield (> 0.1) are used for getting a high signal to noise ratio. Weakly emitting or 

non-emitting species requires labeling with highly emissive fluorophores which is not feasible 

for certain applications like sensing where analysis has to be done directly in the clinical 

samples.  

Plasmonic nanoparticles can confine the propagating radiation into the nanoscale regime, 

thereby intensification and localization of electromagnetic fields in the near vicinity.40 When a 

fluorophore/QD is placed in the near vicinity of a plasmonic metal nanoparticle its fluorescence 

emission get drastically enhanced, the phenomenon is generally termed as plasmon enhanced 

fluorescence.160 Over thousand fold enhancement in fluorescence brightness of single molecule 

has been reported using nanoantennas fabricated by lithography161, 162 or solution based 

techniques.128, 163-165 Although the exact mechanism of metal enhanced fluorescence is not yet 

completely understood, but it is generally believed that enhancement in fluorescence signals 

could be because of increased rate of excitation and increased intrinsic radiative decay rates of 

the fluorophores.166  

 

Figure 1.22. Jablonski diagram without and with the effects of near metal surfaces. (Reprinted 

with permission from ref.167,2006 Springer Science Business Media, LLC) 
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Figure 1.22 shows Jablonski’s diagram that includes the effect of metal on the fluorescence 

emission. Where Г and knr denotes the radiative and non-radiative decay rates respectively. Гm 

stands for new rate that arises in presence of metal surface and increases the total radiative rate. 

The modified quantum yield and lifetime of fluorophore in presence of a metal nanoparticle are 

given by equation 1.5 and equation 1.6. 

𝑄𝑚 = Г+ Гm
Г+ Гm+𝑘𝑛𝑟

                                                                                                          Equation 1.5 

𝜏𝑚 = (Г+ Г𝑚 + 𝑘𝑛𝑟)−1                                                                                          Equation 1.6                                                                                                

With increasing value of Гm the quantum yield of the fluorophore increases while the lifetime 

decreases. Generally, a decrease in lifetime is accompanied by a decrease in the quantum yield. 

But in case of metal enhanced fluorescence the increase occurs because the fluorophores emit 

before they slip to non-radiative decay pathways thereby increasing the total decay rate. 

Metal fluorophore interactions are highly dependent on certain factors such as distance between 

the metal surface and nanoparticle, nanoparticle size, geometry, and excitation wavelength. It 

has been found that the fluorescence emission of a molecule starts quenching when the metal 

fluorophore distance is reduced to < 2 nm and was maximum when the distance was ⁓ 5 nm.168 

It is important to note that the enhancement effects are confined only to about 10 nm of metal 

fluorophore distance. Further increasing the distance does not show any enhancement in the 

fluorescence emission. The SPR of the metal nanoparticle plays a crucial role in enhancing 

single-molecule fluorescence signals. As demonstrated by Khatua et al. fluorescence 

enhancement is maximum when there is a close overlap between the SPR wavelength, laser 

excitation, and the emission wavelength of the fluorophore.165 Fluorescence enhancement also 

depends on the shape and size of nanoparticles. Due to increased scattering efficiency of large 

nanoparticles better enhancements are reported.169 The enhancement of single molecule 

fluorescence signals is of great interest not only because it offers enhanced emissions but it 

allows an expansion of the field of fluorescence by incorporating weak quantum emitters which 

will ultimately result in imaging with resolutions significantly better than the diffraction limit. 

The sensitivity of fluorescence based spectroscopic techniques can be significantly improved by 

the excitation enhancement of a QD coupled to a plasmonic antenna. The interaction between 

QDs and plasmonic nanoparticles has been investigated extensively over the past several years. 

It has been shown in several reports that the emission of QDs can be amplified in the proximity 

of metal nanoparticles.170-172 Despite the advanced capabilities to produce the nanoantennas and 
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the QDs separately, merging a single QD with a single plasmonic nanoantenna is an ongoing 

challenge. In this regard, attempts were made to build the optical nanoantenna directly around 

the QD using lithography and chemical etching methods.173, 174 Modest enhancements were 

achieved due to the degradation of QDs during harsh processing steps. In an alternative 

approach, single QD was directly targeted to the plasmonic hotspot using AFM probe.175, 176 

This method does not guarantee the exact positioning of the QD into the plasmonic hotspot. A 

slight shift of few nanometers of the delivery site from the targeted site can lead to quenching of 

photoluminescence. Zhang et al. investigated the enhancement in two-photon-excited 

luminescence of single CdSe/ZnS core–shell QD in the proximity of Au nanorods. They 

exploited the random diffusion of single QD around the Au nanorod for carrying out the 

enhancement studies.177 Although the obtained EFs were high, this system cannot be used for 

applications where an intact QD-metal hybrid nanostructure is required for further analysis. 

Very recently, Nicoli et al. coupled single CdSeS/ZnS QD in between metal nanoparticle dimer 

structure using DNA origami technique. They further tested the functionality of the designed 

nanoantennas by measuring fluorescence enhancement of the QDs up to ⁓ 30 fold.  

1.4. Fabrication of plasmonic nanoantennas 

For designing a highly efficient plasmonic nanoantenna there are primarily two important 

challenges, first, the two nanoparticles have to be placed close to each other with a controlled 

nanogap. Second, the probe molecule has to be precisely placed in the conjunction region 

between the nanoparticles such that it experiences the highest electromagnetic field. 

Additionally, the fabrication technique should be generating nanoantennas with good 

reproducibility, scalability, and at a low cost. Fabrication of plasmonic nanoantennas follows 

one of two approaches, commonly termed as “top-down” and “bottom-up.” 

1.4.1. Top-down approach 

Top-down approach is a subtractive method in which bulk material is cut to yield nanostructures 

of controlled shape and size. The most frequently used top-down approach is electron-beam 

lithography (EBL)178 and focused ion beam (FIB) etching.179 In EBL, at first, an electron-beam 

resist is deposited on a substrate, and then a focused electron beam is made to scan over the 

surface. Exposure to an electron beam results in the development of the resist which results in 

its removal from the exposed portions. Further, a metal layer is deposited to generate patterned 

structures. FIB involves exposing a thin layer of metal to a focused ion beam that sputters off 

the metal locally. These techniques have been used for fabricating a variety of structures for 
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example bowtie antennas,180 nanorings,181 nanoprism array,182 and dimer of pillars183 with 

different interparticle gaps. Despite the sophistication and flexibility of lithographic techniques, 

there are significant number of associated limitations such as inability to produce structures 

having 3D shape and size below 5-10 nm, high cost of production and time consuming 

multistep synthesis procedure. Additionally, it is highly challenging to place the probe molecule 

exactly in the plasmonic hotspot using EBL. 

1.4.2. Bottom-up approach 

The bottom-up fabrications are solution based approaches that start with the colloidal synthesis 

of plasmonic nanoparticles and further self-assembling them using different techniques such as 

controlled evaporation of solvent,184 or transferring nanoparticles dispersed in organic solvents 

to water which results in monolayer of nanoparticles after evaporation.185 Solution based 

approaches for the fabrication of nanoantennas are highly desirable because they allow 

production of the targeted nanostructures in high yield. Further, it allows utilization of the 

synthesized nanoantennas for a variety of applications such as sensing, imaging, and 

therapeutics. Although a number of solution based approaches have been proposed for 

designing plasmonic nanoantennas, synthesis of nanoantennas with ultrasmall nanogaps and 

precise localization of probe in the hotspot remains challenging.186, 187 

1.4.2.1.  DNA origami for fabrication of plasmonic nanoantennas 

DNA origami technique is a simple solution based bottom-up approach for fabrication of 

plasmonic nanoantennas that has stimulated enormous research interest owing to its ability to 

co-assemble different types of particles in complex geometries with precise control over 

interparticle gap, orientation, and stoichiometry.128, 188, 189  

1.4.2.1.1. Structural DNA nanotechnology 
 

“As with any craft material, the structural applications of DNA are limited only by 
the imagination” – Nadrian C. Seeman 
 
The idea of using DNA as a construction material is a field that is commonly termed as 

structural DNA nanotechnology, was first demonstrated by Ned Seeman in the early 1980s. 190 

It is a bottom-up fabrication technique that uses Deoxyribonucleic acid (DNA) as a structural 

component to assemble 1D, 2D, and 3D nanostructures. DNA is a biomolecule that carries 

genetic information necessary for the growth, development, and functioning of all living 

organisms. It is a long polymer that consists of repeating units called nucleotides.191 Each DNA 
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nucleotide is composed of a 2-deoxyribose sugar, a phosphate group and one of the four types 

of nitrogen bases adenine (A), cytosine (C), guanine (G), and thymine (T). X-ray diffraction 

pattern of DNA obtained by Rosalind Franklin and her student R.G.Gosling (Figure 1.23a) 

indicated that DNA has a double helix structure.192 Later Watson and Crick193, 194 proposed that 

in all species the two polar polynucleotide chains hybridize to each other by hydrogen bond to 

form a double helix structure (Figure 1.23b) such that the distance between two consecutive 

nucleotides is 0.34 nm and a single helical pitch is composed of 10.5 nucleotides. The two polar 

polynucleotide chains in the double helix structure are bonded to each other with a double 

hydrogen bond between purine A and pyrimidine T and triple hydrogen bond between the 

purine G and pyrimidine C (Figure 1.23c). Each nucleobase binds covalently to its neighbor 

from the 5’-phosphate of its adjoining pentose sugar, to the 3’-hydroxyl group of the  

 

Figure 1.23. Structure of DNA.(a) X-ray fiber diffraction pattern of B-form DNA (Reprinted 

with permission from ref.192, 1953 Springer Nature), (b) schematic depiction of double helix 

structure of B-form DNA with major and minor grooves (Reprinted with permission from ref.194, 

1953 Springer Nature). The ribbons represent the two phosphate-sugar chains while the 

horizontal rods illustrate the base pair, and (c) Watson-Crick base pairs showing hydrogen 

bonding between nitrogen bases. 

neighboring ribose via a phosphodiester bond. Naturally occurring DNA is a linear molecule but 

it can form a range of branched structures by crossing DNA strands from one helix to another. 

A single crossover, called a Holliday junction, first proposed by British geneticist Robin 

Holliday,195 is a cross-shaped structure that occurs in the process of genetic recombination. In a 

single holliday junction the four DNA strands are paired to form four double stranded DNA 

arms attached at a common branching point (Figure 1.24a).  Multiple holliday junctions can be 

connected to each other via single-stranded overhangs at the end of a double helix, called 
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“sticky ends” (Figure 1.24b). This enables the formation of both 2D and 3D lattices (Figure 

1.24c). 190, 196 The key features of DNA including nanometer dimensions, predictable base-

pairing allowing numerous sequence possibilities, robustness, stiffness, convenient synthetic 

producibility, programmability to form branched structures and biocompatibility instigated the 

advent and fast-expanding of the field of structural DNA nanotechnology.190, 197 Since Seeman 

and coworkers developed the background and basics of using DNA strands to build DNA 

nanostructures a series of advanced nanostructures have been constructed including tetrahedron, 198, 

199 octahedron, 200 icosahedra,201 3D prisms,202 complex wireframe networks,203 and 

nanotubes.204, 205   

 

Figure 1.24. (a) Single Holliday junction with sticky-ends, (b) connected Holliday junction, and 

(c) 3D cube. 

Developed DNA nanostructures laid the foundation of dynamic DNA nanotechnology which aims at 

creating smart nanomachines for various applications using dynamic DNA base pairing. DNA 

nanostructures have been used for creating stimuli responsive DNA devices,206 DNA motors, 207-

209, biosensors,210-212 and drug delivery vehicles.213, 214 

1.4.2.1.2. The DNA origami method 

The synthetic strategy proposed by Ned Seeman190 involves assembling of DNA nanostructures 

using short-staple DNA sequences combined in careful stoichiometry’s. The assembly process 

requires a large number of reaction and purification steps which results in low yield of correctly 

assembled structures. In 2003, Yan et al. constructed a DNA barcode lattice by a self-assembly 

process of directed nucleation of DNA tiles around a scaffold DNA strand constructed by 

ligation.215 Later, Shih et al. reported the synthesis of octahedron by controlled folding of a 1.7 

kb long single DNA strand using five 40-mer synthetic oligonucleotides.200 Inspired from a 

similar idea, Paul Rothemund in 2006, proposed a versatile ‘one-pot’ method for the synthesis 

of self-assembled DNA structures which he termed as ‘scaffolded DNA origami’.188 Origami is 

a b c



Introduction 
 

36 
 

a Japanese word in which “ori” means folding and “kami” stands for paper and describes the 

traditional Japanese art of folding into different shapes. Similarly, in DNA origami method 

7249 nt long single-stranded genomic DNA of M13 bacteriophage is used as a scaffold and it is 

folded into arbitrary shapes by hundreds of short synthetic oligonucleotides complementary to  

 

Figure 1.25. (a) Design of DNA origami, and (b) 2D DNA origami shapes developed by 

Rothemund (Reprinted with permission from ref.188, 2006 Nature publishing group). (c) Two-

dimensional structures developed by Yan and co-workers (Reprinted with permission from ref. 
216, 2011 American Chemical Society). (d) DNA origami jigsaw pieces developed by Sugiyama 

and co-workers (Reprinted with permission from ref.217, 2011 American Chemical Society). 

the scaffold, usually called “staple strands”. In designing a DNA origami, at first, the folding 

pattern of the scaffold is chosen such that the long scaffold DNA raster throughout the whole 

area of the structure. The adjacent portions of the scaffold are held together by a periodic array 

of scaffold crossovers (Figure 1.25a). These crossovers also help in the progression of the 

scaffold DNA from one helix to the adjacent helix and continue there. The position of scaffold 

crossovers can only be designated to places where the scaffold is placed at a tangent point 

between helices. So a periodic array of crossovers are arranged at every (n + 0.5) helical turn of 

the DNA (Figure 1.25a). The folding is assisted by staple strands running through adjacent 

helices either in an S-shaped or Z-shaped geometry. After successful hybridization of all staple 

strands to the scaffold, helices are bundled together by crossovers located after every 32 nt.  In 

his publication, Paul Rothemund used genomic DNA of M13mp18 bacteriophage as the 
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scaffold ( 7249 nt) and folded it into different 2D shapes such as stars, squares, rectangle and 

disks using 200-250 staple sequences (Figure 1.25b). Later the idea of DNA origami was used 

for creating various 2D shapes such as a dolphin,218 map of China,219 and branched 

assemblies.220 Further, 2D arrays of different length were constructed by joining individual 

origami structures using linking staple strands.221-224 The size of designed DNA origami 

structures was small and was not sufficient for accommodating large molecules required for the 

preparation of DNA origami based devices. Keeping this in mind, several new routes were 

developed for constructing origami’s with a size of few micrometers such as synthesis of large 

DNA origami tiles by linking preformed scaffold frames (Figure 1.25c),216 supersized sheets by 

using long scaffold DNA, 225 DNA jigsaw puzzle (Figure 1.25d), 217, 224 2D arrays, 221 and 

crystallization in two dimension by introducing loops on the surface. 

Douglas et al. in 2009 reported synthesis of various 3D DNA origami designs such as 3D 

rectangular blocks, stacked cross, railed bridge, and genie bottle of varying cross-section  

 

Figure 1.26. DNA origami designs. (a) 3D DNA origami shapes developed by Shih and co-

workers (Reprinted with permission from ref.226, 2009 Springer Nature).(b) 3D DNA origami 

box developed by Andersen et al. (Reprinted with permission from ref.227, 2009 Springer 

Nature).(c) 3D wireframe Archimedean snub cube developed by Yan and co-workers (Reprinted 

with permission from ref.228, 2015 Springer Nature). (d) 3D tensegrity prism designed by Liedl 

et al. (Reprinted with permission from ref.229, 2010 Springer Nature). (e) A wireframe rabbit 

(Reprinted with permission from ref.230, 2015 Springer Nature). (f) A robot (Reprinted with 

permission from ref.231, 2015 American Association for the Advancement of Science).  
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dimensions by stacking sheets of parallel helices and honeycomb-pleat-based strategy (Figure 

1.26a).226, 232 The DNA origami designs were created using caDNAno open-source graphical 

interface designing program that allows designing new 2D and 3D DNA origami shapes in a 

user-friendly way. The first version of caDNAno software was developed in William 

Shih's laboratory. Several different strategies have been developed to construct 3D DNA 

origami structures. For example, Andersen et al. reported synthesis of nanoscale DNA box with 

a lid by connecting flat DNA origami sheets at their edges (Figure 1.26b).227 Yan et al created 

complex 2D and 3D wireframe DNA origami networks with different types of multiarm 

junctions (Figure 1.26c).228 Liedl et al. designed 3D ‘tensegrity prism’  using single stranded 

DNA segments of the scaffold as entropic springs, which helped in connecting rigid DNA 

origami beams under tension (Figure 1.26d).229 Other 3D shapes developed so far includes 

nanoflask,233 3D gridiron,234 wireframe rabbit (Figure 1.26e),230 and a robot (Figure 1.26f).231 

1.4.2.1.3. Applications of DNA origami 

In DNA origami, the nucleic acids act as engineering material and building blocks. Each staple 

strand possesses a unique sequence and hence occupies a specific position in the folded origami 

nanostructure. This unique positioning and specificity of Watson–Crick base pairing allow site-

specific positioning of organic and inorganic nanoparticles such as fluorophores,235 quantum 

dots,236 nanodiamonds,237 metal nanoparticles,238 and proteins239, 240 in predefined geometries 

with nanometer precision. Composites assembled using DNA origami have been utilized for 

applications in diversified fields of research including structural biology, photonics, plasmonics, 

biosensing, and drug delivery.241, 242 

1.4.2.1.4. DNA origami for assembling plasmonic nanostructures 

A prerequisite for achieving efficient plasmonic coupling is that the nanoparticles have to be 

arranged with precisely controlled interparticle distances and relative orientation of the 

individual nanoparticles in space. 40 This can be achieved using DNA origami technique which 

offers binding sites at a resolution of ⁓ 6 nm, difficult to achieve using high-end methods such 

as electron-beam lithography.243 In recent years, DNA origami technique has emerged as a 

powerful tool for the assembly of nanoparticles into different patterns with increasing 

complexities.244-246 The ability to arrange nanoparticles on DNA origami templates with high 

accuracy and yield has opened new pathways to construct plasmonic structures with novel 

optical properties. Among all the metal nanoparticles, so far Au NPs have been the material of 

choice for self-assembly due to its facile conjugation with DNA oligonucleotides using Au-thiol 
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bond. 247, 248 Functional groups or labels are often incorporated into the DNA origami structures 

by modifying one of the staple strands.249 In 2012, Liedl and Ding demonstrated the potential of 

DNA origami for construction of 3D plasmonic chiral nanostructures, exhibiting strong plasmon 

induced circular dichroism (CD) response.243, 250 Since then, a vast number of examples are 

reported where DNA origami has been used as a template for assembling spherical189, 251, 252  and 

anisotropic253-255 nanoparticles in predefined patterns. The primary rationale behind using DNA 

origami as a template for fabrication of metal nanoparticles was concentration and manipulation  

 

Figure 1.27. DNA origami based static and dynamic plasmonic assemblies. (a and b ) DNA 

origami assembled Au NP dimers for fluorescence and Raman enhancement studies (Reprinted 

with permission from ref.128 , 2012  American Association for the Advancement of Science and 

ref.256, 2014 American Chemical Society) . (c) Bowtie nanoantenna on DNA origami (Reprinted 

with permission from ref.257, 2018 Wiley‐VCH Verlag GmbH & Co. KGaA).(d) DNA origami 

based spectroscopic ruler (Reprinted with permission from ref. 258, 2014 American Chemical 

Society). (e) Optically responsive plasmonic assembly (Reprinted with permission from ref.259, 

2016  Springer Nature).(f) Plasmonic walker on DNA origami (Reprinted with permission from 

ref.260, 2015 Springer Nature).(g) Single fluorophore walking in plasmonic hotspot (Reprinted 

with permission from ref.261, 2019 American Chemical Society). 

e f g

a b c d



Introduction 
 

40 
 

of light into deep-subwavelength volumes. This was elegantly demonstrated by Tinnefeld and 

co-workers, who used DNA origami nanopillars to construct Au NP dimers which were further 

used for single molecule fluorescence enhancement studies (Figure 1.27a).128, 163 Kuhler et al. 

and Zhan et al. demonstrated the utility of DNA origami assembled Au NP dimers (Figure 

1.27b) and bowtie nanoantennas (Figure 1.27c) for SERS application.256, 257 In other example, 

Liedl and co-workers, created right handed and left handed helical patterns of Au NPs using 24-

helix bundle DNA origami found to be showing pronounced circular dichroism effects.250 

Samanta et al. investigated distance dependent quenching of CdTe/CdS quantum dot 

fluorescence emission by Au NPs using Au NP-QD hybrid constructed using triangular DNA 

origami (Figure 1.27d).258 In a similar work Ko et al. investigated the effect of geometrical 

configuration of QD-Au NP conjugates on the lifetime and average photon count rate of QD.262 

Hemmig et al. demonstrated DNA origami can be used a platform for artificial light harvesting 

applications.263 Several other examples are reported that highlights the utility of DNA origami 

plasmonic nanoparticle hybrid structures containing single emitters for enhanced fluorescence 

emission, Raman scattering, and increased Förster resonance energy transfer (FRET) rate 

studies.256, 257, 264-266 Apart from static plasmonic assemblies, DNA origami technique has been 

used for the construction of dynamic plasmonic systems exhibiting optically controlled 

responses.267 The Liedl group created a dynamic origami-templated chiral plasmonic assembly 

showing orientation dependent reversible CD spectra.268 Kuzyk et al. designed reconfigurable 

chiral plasmonic nanostructures, exhibiting DNA regulated, 267 light induced (Figure 1.27e),259 

and pH responsive269 reversible plasmonic chiroptical responses. Kuzyk et al.260 (Figure 1.27f) 

and Urban et al.270 demonstrated Au nanorod (Au NR)-DNA origami hybrid plasmonic walker 

system in which Au NR could perform directional walking on DNA origami. Very recently 

Zhan et al.271 and Wang et al.272 reported design of dynamic DNA assisted plasmonic 

assemblies showing reversible sliding motion powered by DNA fuels and optically responsive 

reconfigurable structural changes respectively. In another very recent report by Xin et al. a 

single fluorophore carried by a DNAzyme strand was guided to walk into the plasmonic hotspot 

(Figure 1.27g).261 DNA origami assembled single fluorophore/QD-metal hybrid nanostructures 

will open the window to a new class of photostable probes for single-molecule spectroscopic 

applications. 

1.4.2.1.5. DNA origami for single molecule detection 

In DNA origami, the position of each folding staple is different, if extended with a single-

stranded DNA sequence each staple acts as an individual capture site where any molecule or 
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particle that can be conjugated with DNA can be precisely placed. Immobilized single 

molecules can further be analyzed using a suitable single-molecule technique. For example, Sun 

et al. used DNA origami as a template for creating an enzyme cascade of single catalase and 

glucose oxidase and further monitored the moving trajectory of the proteins in real-time using 

total internal reflection fluorescence microscopy (TIRFM).273 A spatial resolution of ⁓ 6 nm 

allows studying distance dependent properties of two or more different components localized at 

different positions. Rinker et al. captured single thrombin protein molecule on DNA origami 

using two thrombin specific aptamer DNA sequences. 274 They investigated the effect of 

distance between the aptamer sequences on thrombin binding. Acuna et al. used DNA origami 

for studying distance-dependent single-molecule photoluminescence quenching of an organic 

fluorophore by Au nanoparticle.275 A major breakthrough was achieved when Voigt et al. 

demonstrated the applicability of DNA origami for analysis of single-molecule chemical 

coupling and cleavage reactions.276 Later, Helmig et al. carried out distance-dependent oxidation 

of organic molecules using singlet oxygen generated from a single photosensitizer. The organic 

molecules and the photosensitizer were placed on the origami template.277 The programmable 

nature of DNA origami not only allowed studying events at single molecule level but also acted 

as a lab bench for studying energy transfer processes. Stein et al. visualized energy transfer 

paths between an input dye (ATTO488) and two output dyes (ATTO647N and Alexa 750) using 

single molecule four color Foster resonance energy transfer (FRET) studies.278 The energy 

transfer was directed with the help of a jumper dye (ATTO565) located in between the input 

and output dyes. This study demonstrated that DNA origami has the potential to be used as a 

circuit board for designing photonic devices. Strenuous efforts have been taken by the scientific 

community to create fully controlled artificial molecular systems such as cargo transporter,279  

bipedal motor,280 and a molecular robot281 using DNA origami as a building block.  

The characteristics of DNA origami such as nanometer addressability, scalability, bio-

compatibility, and easy synthesis makes it a promising technology for sensing applications 

especially single-molecule sensing that reflects in the several reported examples. Ke et al. 

created nucleic acid probe tiles using DNA origami and used them for label-free detection of 

RNA.282 Koirala et al. demonstrated mechanochemical sensing of platelet-derived growth factor 

(PDGF) at the single-molecule level using designed 7-tile DNA origami nanostructure.283 

Kuzuya et al.284 and Ke et al.285 designed 3D dynamic DNA origami nanostructures that 

undergo considerable conformational changes upon binding of single target molecule. The 

designed structures were used for nucleic acid sensing. Recently, DNA origami has been 



Introduction 
 

42 
 

explored for creating nanopores as it provide control over the size of nanopore and localization 

of the analyte, difficult to achieve using high end techniques used for creating nanopores.286, 287 

Ainsa et al.288 have shown that it is possible to do selective detection of ssDNA sequences using 

DNA nanopores, increasing the hope that DNA origami nanopores can be designed as a 

versatile chemical/biological sensors.  

The ability of DNA origami to position functional biomolecules such as proteins and ligands 

along with nanoparticles makes it a promising candidate for designing plasmonic sensing 

devices.289 Although there are considerable number of reports on DNA origami based single 

molecule sensing,290, 291 only a handful of reports describe plasmonic sensing on DNA origami 

template. Tinnefeld and co-workers reported detection of Zika virus nucleic acid without prior 

amplification in the plasmonic hotspot of silver nanoparticles coupled to pillar DNA origami.292 

Heck et al. recently demonstrated SERS based detection of single streptavidin protein molecule 

labeled with alkyne groups positioned in the plasmonic hotspot.293 Huang et al.294 and Funck et 

al.294 individually reported applicability of DNA origami based chiral plasmonic sensing devices 

for sensing of nucleoside bases and RNA with limit of detection of 20 µM and 100 pM 

respectively. Very recently, Masciotti et al. reported detection of specific DNA probe using 

designed DNA origami-Au NP hybrid plasmonic nanosensor.295 

Although in recent years DNA origami has matured from the production of complex 

nanostructures to functional and sensing devices, the remarkable capability of the DNA origami 

technique has not been fully utilized to take the designed devices from research articles to 

commercial applications. There is still plenty of room for improvement. 

1.5. Outline of the thesis 

The research on the fabrication of novel self-assembled hybrid nanoantennas for enhancing 

single molecule signals has evolved manifold in recent times, because of the wide variety of 

advantages associated with single molecule detection. Development of highly sensitive and 

efficient single molecule detection techniques will not only benefit academic research in 

understanding fundamental biomolecular mechanisms but will also allow expansion of 

analytical technologies for medical diagnostics. The aim of the works included in this thesis was 

to develop novel self-assembled plasmonic nanoantenna materials and further explore their 

applicability for single molecule spectroscopic and sensing applications. DNA origami has been 

used as a template for assembling anisotropic metal nanoparticles with tunable nanogap and 

stoichiometry. A systematic approach has been presented to study the effect of interparticle 
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gaps, stoichiometry, and negative curvature of Au nanostars and Au@Ag nanostars on the 

single molecule SERS EFs. Various characterization techniques have been used for the 

structural and optical characterization of all the nanostructures used for assembling the 

plasmonic nanoantennas. AFM correlated Raman measurements were done for recording single 

molecule SERS signals. The thesis is divided into seven chapters including this one.  

Chapter 2 is the description of the synthesis methods and characterization techniques used for 

carrying out the work included in this thesis. Synthesis of Au nanostars, Au@Ag nanostars, Au 

nanoclusters, quantum dots, DNA origami, and self-assembly of plasmonic nanoantennas (with 

tunable interparticle gaps and stoichiometry) on DNA origami is discussed in detail. The basic 

principle and instrumentation of different characterization techniques such as different 

microscopy (Transmission electron microscopy (TEM), Atomic force microscopy (AFM)), 

single molecule AFM correlated Raman measurements, X-ray diffraction (XRD), UV-Visible 

spectroscopy, Time correlated single photon counting (TCSPC), Fourier transform infrared 

spectroscopy (FTIR), Dynamic light scattering (DLS) study and Photoluminescence 

spectroscopy has been discussed in this chapter. 

Chapter 3 discusses the design of Au nanostar (Au NS) dimer structures with tunable 

interparticle gap and stoichiometry using the DNA origami technique. The effect of the 

interparticle gap, stoichiometry and negative curvature site of Au NSs on the Raman 

enhancement of single Texas red (TR) dye molecule has been investigated. Single TR dye 

molecule which acts as a Raman reporter molecule was precisely positioned in the junction of 

the dimerized DNA origami by modifying one of the branching staples of the DNA origami 

template with the dye molecule. AFM correlated Raman measurements were used for recording 

single-molecule SERS spectra. 

Chapter 4 reports the synthesis and strong broadband field enhancement effects of 

nanoantennas designed using Au@Ag bimetallic nanostars. The effect of Au@Ag bimetallic 

nanostars on the SERS signals of single FAM, Cy3, and TR dye molecules corresponding to 

different regions of the visible spectrum has been investigated. Au@Ag NSs were synthesized 

by coating a thin layer of Ag on the surface of Au NSs, without compromising on the sharpness 

of the tips. Au@Ag NS dimers with different interparticle gaps (5 and 10 nm) and monomer 

were assembled on dimerized rectangular DNA origami. Further, the applicability of designed 

Au@Ag NS dimer nanoantennas for single molecule fluorescence enhancement and label-free 

detection of bacterial biomarker pyocyanin has been discussed.  
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Chapter 5 discusses the synthesis and immobilization of Silicon quantum dots (Si QDs) on 

DNA origami. A simple one-pot, green, cost-effective and energy efficient approach for the 

synthesis of blue emitting Si QDs has been proposed. Si QDs were synthesized at room 

temperature using 3-aminopropyltriethoxysilane (APTES) as the silicon source and a commonly 

available sugar, glucose, as a reducing and stabilizing agent. The as synthesized hydrophilic Si 

QDs have been exploited as a reducing agent for the reduction of Au3+ ions to Au NPs leading 

to the formation of Au NP-Si QD nanocomposite. Also, the catalytic abilities of the Au NP-Si 

QD nanocomposite have been exploited for the reduction of nitroarenes. 

This chapter also demonstrates the generation of white light emitting mixture (WLEM) by 

controlled mixing of as synthesized blue emitting Si QDs with orange red emitting Au 

nanoclusters (Au NCs). Further, the generated WLEM was utilized for fast, sensitive, and 

selective reversible sensing of Hg+2 ions and thiol containing amino acid Cysteine with a limit 

of detection  of 10 nM. 

The last part of this chapter discusses the immobilization of single Si QD on the DNA origami 

and their use in single molecule fluorescence enhancement studies. 

Chapter 6 explores the applicability of the designed Au@Ag NS dimer nanoantennas for the 

sensing of single thrombin protein molecule. Specific binding of single thrombin protein in the 

conjunction region between the Au@Ag NSs was achieved by incorporating thrombin binding 

aptamers on the DNA origami template. After binding of thrombin protein molecule in the 

plasmonic hotspot we were able to record Raman vibrational bands at 1140, 1540, and 1635 

cm−1 which are characteristic bands of the protein. The designed plasmonic nanoantenna has the 

potential to be used as label free sensor for detection of single protein molecules. 

Chapter 7 discusses the relevance of the works done by us as well as their scope for future 

applications. 
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This chapter describes the synthesis of anisotropic shaped metal nanoparticles, DNA origami, 

fluorescent gold nanoclusters, and quantum dots. Further, a brief overview of the basic 

principles and theories of the characterization tools and the spectroscopic techniques used for 

carrying out the work included in this thesis has been given. 

2.1. Synthesis of Au nanoparticles 

In 1857 Michael Faraday described the synthetic protocol for the production of colloidal Au 

nanoparticles. He used white phosphorus for the reduction of gold salt and carbon disulfide was 

used as a stabilizing agent.1 In 1951, Turkevich et al. proposed a method for the synthesis of 

spherical Au nanoparticles using citrate as reducing agent 2-4 which was further refined by 

Frens.5 It is now a widespread method is most commonly called citrate reduction method. Since 

then a number of synthetic methods have been proposed for the synthesis of spherical and 

anisotropic shaped gold nanoparticles. 

2.1.1. Synthesis of anisotropic shaped metal nanoparticles 

The synthetic strategies adopted for the synthesis of anisotropic shaped nanoparticles can be 

classified into two main groups: 1) top-down, and 2) bottom-up.6 The top-down approach 

involves carving of nanoscale structures from larger or bulk materials by controlled removal which is 

achieved through lithographic techniques7, 8 or chemical based routes.9, 10 Although this strategy has 

contributed to the growth of the field, its success is limited by associated key issues such as high cost 

of fabrication, varied particle shape and geometry, and broad size distribution.11  Wet chemical 

synthesis is potential bottom-up method for the synthesis of anisotropic shaped nanoparticles 

which provides control over the morphology and polydispersity. In bottom-up method, at first, 

nucleation takes place which is followed by thermodynamically or kinetically controlled growth 

mechanisms. Simple reduction of metal salts tends to nucleate and grow into 

thermodynamically stable nanoparticles which results in the formation of minimum energy 

spherical or near-spherical structures. In the case of kinetically controlled growth, directional 

growth over low energy crystallographic facets results in the anisotropic growth. This is 

achieved by selective adsorption of polymers, ligands, surfactants or ions on selective facets.12 

Lofton and Sigmund proposed that the presence of twin planes in the metal seeds results in 

anisotropic growth of nanoparticles.13  

Till now different chemical synthetic approach has been used for the synthesis of anisotropic 

shaped metal nanoparticles such as seed-mediated synthesis,14, 15 polyol synthesis,16 template 



Methodology 
 

58 
 

mediated synthesis,17 electrochemical,18 and photoinduced synthesis.19 Among all, seed-

mediated approach is the most widely used method that resulted in metal nanostructures of 

different shapes such as rods, wires, triangles, stars, and flowers. 

2.1.1.1. Seed mediated synthesis 

Seed mediated synthesis was first demonstrated by Jana et al for the synthesis of Au nanorods 

(Au NRs).20, 21 Since then it has been used for the synthesis of metal nanoparticles of different 

shapes such as nanorods, nanostars, nanocube and so on. A typical seed mediated method 

generally involves two steps, at first, small spherical nanoparticles (seeds) are synthesized by 

reduction of metal salts using a strong reducing agent. This is followed by the second step 

which involves the growth of seed nanoparticles into the desired shape in the presence of a 

surfactant or shape directing agent and a mild reducing agent such as ascorbic acid. The role of 

surfactant in the growth solution is to go and preferentially bind to certain crystal faces of the 

seed, thus inhibiting growth at those facets. Poly(vinylpyrrolidone) (PVP) and 

hexadecylcetyltrimethylammonium bromide (CTAB) are the most widely used surfactants for 

the synthesis anisotropic shaped nanoparticles. 22-25 Among all the anisotropic shapes synthesis 

of Au nanostars has been driven by the interest on their structural and optical properties.26 Thus, 

in last few years a number of wet chemical synthesis methods for the synthesis of Au nanostars 

have been proposed. 27 Some of the proposed methods are inspired by the well-known seeded 

growth process employed for the synthesis of Au NRs. For example, Kumar et al. used 

poly(vinylpyrrolidone) (PVP) in combination with N,N-dimethylformamide (DMF) for the 

seeded growth of Au nanostars.22 Here, preformed PVP capped Au seeds restricted the growth 

along the (110) direction that resulted in flower like morphology. With decreasing concentration 

of Au seeds in the growth solution the nanostars were getting smaller with a lower number of 

spikes. Wu et al. reported a seed mediated synthesis of Au nanostars having five symmetrical 

branches using cetyltrimethylammonium chloride surfactant as a shape directing agent.28 Use of 

surfactant limits the application of Au nanostars due to associated toxicity, aggregation after 

washing, and difficult bioconjugation. Therefore, Au nanostars synthesized using surfactant-free 

methods are of particular interest for the development of further applications. Yuan et al.29 

proposed a simple surfactant free seed mediated wet chemistry method for the synthesis of 

highly monodisperse Au nanostars (Shown in scheme 2.1). HAuCl4 is reduced using ascorbic 

acid in the presence of AgNO3 and Au seeds under acidic conditions. In the growth solution 

presence of silver nitrate (AgNO3) and chloride ions due to hydrochloric acid assisted in the 

formation of Au nanostars.30, 31 The size of the nanostars was found to be tunable by varying the  
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Scheme 2.1. Schematic depiction of surfactant-free seed mediated synthesis of Au nanostars. 

concentration of seeds in the growth solution. 

For carrying out the work included in this thesis, surfactant free seed mediated synthesis has 

been used for the synthesis of Au nanostars and Au@Ag nanostars. 

2.1.2. Synthesis of Au nanoclusters  

Owing to their strong luminescence, low toxicity, good biocompatibility, ultrasmall size and 

increased lifetime of Au NCs, till now several synthetic routes have been developed for their 

synthesis.32, 33 Synthetic strategies used for the synthesis of  Au−thiolate NCs are generally 

grouped into two routes: “Atoms to Clusters” and “Nanoparticles to Clusters”. The 

nanoparticles to clusters route is basically a top to bottom strategy that involves etching of 

larger Au NPs to small nanoclusters using ligands such as phosphines, thiols, amines, and 

polymers.33-35  This method resulted in Au NCs with high quantum yield but due to slow 

decomposition kinetics, the reaction generally requires a longer time for completion. The other 

route termed as “atoms to clusters” involves direct reduction of gold precursor using a strong 

reducing agent such as NaBH4,36, 37  and a series of templates such as dendrimers,38 proteins,39, 40 

polymers,41, 42 and DNA.43, 44  

Glutathione (GSH), is a tripeptide (N-γ-glutamyl-cysteinyl-glycine) that has been used for 

preparing water soluble, highly stable and luminescent Au NCs.37, 45 Luo et al. reported the 

synthesis of luminescent Au NCs using GSH as reducing-cum-protecting agent.46 The reaction 

mechanism can be divided into three stages (Scheme 2.2). During the first stage of reaction, 

Au(III) is reduced to Au(I) by the thiol group of GSH 47, 48 followed by coordination of Au(I) to 

thiol group of GSH to form Au(I)-thiolate complex and Au(I)-X complexes where X stands for 

carbonyl group of GSH or small anions such as chloride present in the solution. In the second 

stage Au(I)-X complex reduces to Au(0) atoms followed by formation of Au(0)-on-

Au(I)−thiolate intermediates due to high affinity between Au(0) atoms and Au(I).46 In the last 

stage, Au(0)-on-Au(I)-thiolate intermediates by collision and fusion leads to the formation of 

highly luminescent Au(0) core and Au(I) −thiolate nanoclusters. 
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Scheme 2.2. Schematic of synthesis of highly luminescent Au(0)@Au(I)−thiolate nanoclusters. 

(Adapted with permission from ref.46 2012, American Chemical Society) 

Similar protocol has been followed for the synthesis of GSH capped Au NCs and is reported in 

chapter 5 of this thesis.  

2.2. Synthesis of quantum dots (QDs) 

The synthetic routes used for the synthesis of QDs can be broadly classified into two categories 

“Top – Down” and “Bottom-Up” approach. Top-down approaches involves thinning down a 

bulk semiconductor to nanoscale size using high end techniques like electron beam lithography, 

reactive ion etching or wet chemical etching. 49 High cost of the synthesis and inability to 

introduce structural imperfections are some of the major drawbacks of these techniques.49 

Bottom-up approaches for the QD synthesis are further divided into two sub-categories wet 

chemical synthesis and vapor phase methods. In wet chemical methods two or more solutions 

are mixed together followed by nucleation and limited growth of the nanocrystals. Size, shape, 

composition, and emission properties of the QDs can be varied by changing several parameters 

such as temperature, precursor concentration, stabilizers and solvent system. The processes 

commonly included in this category are microemulsion based synthesis, sol-gel synthesis, and 

heat up decomposition. 49, 50 Heating-up methods, first described by Murray et al.,51 are now 

widely used for the synthesis of monodisperse QDs. In this method reaction mixtures are 

prepared at room temperatures and further heated to high temperatures which result in highly 

monodisperse QDs. Scheme 2.3. illustrates the formation mechanism of QDs using heating-up 

methods. At first, with thermal decomposition of the reactants, small crystal nuclei’s are formed 

a process generally termed as nucleation. As the reaction progresses, small sized nanocrystals 

are formed followed by their further growth and finally stopping when the maximum level is 

attained. 
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Scheme 2.3. Scheme depicting the formation mechanism of QDs using heating-up methods. 

(Adapted from ref.52, 2007 American Chemical Society) 

Among all the developed methods aqueous phase synthesis is important for biological 

applications where the synthesized QDs are required to be further modified. Due to toxicity 

associated with heavy metal chalcogenides based QDs,53 methods are being developed to 

synthesize biocompatible and non-toxic quantum dots such as carbon and silicon QDs. In this 

thesis, Silicon QDs were synthesized by heating up the reaction mixture hydrothermally and is 

reported in chapter 5. 

2.3. Synthesis of rectangular DNA origami 

To assemble rectangular DNA origami, M13mp18 single stranded bacteriophage genomic DNA 

having 7249 nucleotides was used as a scaffold DNA and 213 short staple DNA sequences were 

used to direct the folding of the scaffold DNA (Scheme 2.4). The design was the same as the 

one outlined by Paul Rothemund in his first paper on DNA origami. 54   

 

Scheme 2.4. Schematic depiction of the synthesis of rectangular DNA origami. 
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Self-assembly of DNA origami structures was done using thermal annealing method. The 

reaction was a one-pot reaction in which scaffold DNA along with folding staple strands was at 

first heated to 90 ºC followed by cooling down to 20 ºC. A single-stranded scaffold DNA has 

numerous internal secondary and tertiary structures owing to existence of random 

complementary bases.55 These structures hinder the binding of the staple strands at their 

predesigned positions at room temperature. Heating the reaction mixture at 90 ºC removes all 

the internal structures leaving the scaffold DNA stretched.56 On slow cooling, all the staples go 

and bind to scaffold DNA to reach the designed structure with the minimum energy 

configuration. Folding of the DNA origami structures was carried out in a Bio-Rad PCR 

thermocycler (Model no.C1000 Touch) with a 1.5-hour folding program. The volume of folding 

reaction mixture was 50 µl in which the final concentration of scaffold DNA, modified and 

unmodified staple strands were 2, 10, and 20 nM respectively in 1xTAE-Mg2+ buffer (40 mM 

Tris, 20 mM Acetic acid, 2 mM EDTA and 12.5 mM Magnesium chloride, pH 8.0). The 

concentration of folding staples was taken in excess with respect to the scaffold concentration 

so that all the scaffold strands have access to all required staple strands, resulting in the high 

throughput of correctly folded structures. The presence of divalent cations such as Mg+2 in 10–

20 mM range helps in the folding of origami structures by counteracting the negative charges of 

the phosphates in the DNA backbone thereby reducing the repulsion between scaffold and 

staple strands.56 For rectangular DNA origami 12.5 mM of Mg+2 concentration is generally 

considered suitable for folding. 

Rectangle DNA origami has many parallel blunt-ends along their left and right edges. Due to 

strong stacking interactions on blunt-ended helices, DNA origami structures get aggregated.54 

To avoid unwanted stacking the edge staples (12 each side) can be omitted out, this leaves the 

scaffold DNA unfolded along the edges but prevents aggregation.57 Another possible solution is 

to add poly Thymine hairpin loops to edge staples. The incorporation of poly T sequences in 

edge staples disaggregates DNA nanostructures by reducing interorigami π-stacking 

interactions.58 In our case, we wanted to dimerize rectangular DNA origami, so to block one 

side of monomer leaving the other end free we have used poly T modified edge staples. The 

details of edge sequences are given in tables 2 and 3 of appendix A. 

2.3.1. Dimerization of rectangular DNA origami 

The size of individual DNA origami structures is determined by the size of scaffold DNA. For 

assembling large nanoparticles with different stoichiometry and interparticle gaps 
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polymerization of DNA origami is required. Among all the different strategies adopted 57, 59 one 

demonstrated by Rajendran et al.58 appeared to be the most efficient approach because it 

enabled assembly without an intertile gap and in high yield.  The scheme of dimerization is 

illustrated in scheme 2.5. The two origami monomers A and B are connected by introducing 24 

bridging staples. A part of each bridging strand was complementary to the scaffold sequence on 

one edge of the origami rectangle and another part to the opposing edge, which enables the 

seaming of two origami units without any gap. To avoid uncontrolled polymerization, the edges 

of the origami unit opposite the junction side were blocked using poly T modified edge staples. 

We have used the same strategy previously reported by Liber et al.60 for the dimerization of 

rectangular DNA origami for carrying out the work included in this thesis.  

 

Scheme 2.5. Schematic depiction of the dimerization of rectangular DNA origami. 

2.4. Fabrication of plasmonic nanoantennas 

Till now several top-down to bottom-up fabrication techniques have been used for the 

fabrication of plasmonic nanoantennas. 6, 61-63 Since its inception, DNA origami has emerged as 

a powerful technique to self- assemble plasmonic nanoparticles in a programmable fashion.64 In 

DNA origami, the sequence of each folding staple is different and its position is designed to 

bind to a specific location along the scaffold.65 Each folding staple sequence can be modified and 

extended to produce an independent binding site on the template.66 Nanoparticles functionalized with  

60 nm

Monomer A Monomer B

Dimerized rectangular DNA origami
180 nm

60 nm

Branching staples

60 nm

90 nm

60 nm

Bridging staple

90 nm



Methodology 
 

64 
 

 

Scheme 2.6. Schematic depiction of immobilization of Au nanoparticles on DNA origami with 

different interparticle gaps and stoichiometry. 

complementary sequence to the linker DNA go and bind to the specific position on pre-assembled 

DNA origami template. By changing the position of capture sequences, interparticle gap sizes and 

stoichiometry can be very easily tuned (as shown in scheme 2.6). Because of this versatility,  DNA 

origami has been used as a pegboard to assemble metallic nanoparticles,67-69  quantum dots 70, 71  and 

biomacromolecules72, 73 in predefined geometries.  

In this thesis, dimerized rectangular DNA origami was used for designing Au nanostar and Au@Ag 

nanostar dimer nanostructures which were further used for single molecule spectroscopic 

applications. Single dye molecule was incorporated in the conjunction region between the nanostars 

by modifying one the branching staples as described in chapter 3 and chapter 4. Single thrombin 

protein was immobilized on the origami template by introducing thrombin binding aptamers on the 

origami template by modifying the branching staples in chapter 6. 

 

2.5. Characterization techniques 

2.5.1. UV-Vis spectroscopy 

UV-Vis spectroscopy is a quantitative analytical characterization technique concerned with a 

sample containing species that absorb light in the near-ultraviolet (180–390 nm) or visible 

(390–780 nm). The wavelength of absorption depends on the energy required for exciting the 
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molecules from the ground state to the excited state. When less energy is required, the 

wavelength of absorption is higher and the wavelength is lower if more energy is needed for the 

excitation. UV-Vis spectrophotometer principle follows the Beer-Lambert law. This law states 

that whenever a beam of monochromatic light is passed through a solution with an absorbing 

substance, the decreasing rate of the radiation intensity along with the thickness of the absorbing 

solution is actually proportional to the concentration of the solution and the incident radiation. 

Beer-Lambert law is expressed through equation 2.1. 

𝐴 = 𝑙𝑜𝑔10 �
𝐼0
𝐼
� = 𝜀𝑐l                                                                                                Equation 2.1                                                                                 

Where A is the measured absorbance, Io is the intensity of the incident light upon a sample 

cell,  I is the transmitted intensity, l is the path length through the sample, c the concentration of 

the absorbing species and ε is a constant known as molar absorptivity or extinction coefficient. 

This constant is a fundamental molecular property in a given solvent, at a particular temperature 

and pressure, and has units of M-1cm-1. 

The electrons in a molecule can be of one of three types: namely σ (single bond), π (multiple-

bond), or non-bonding (n-caused by lone pairs). Upon shining with ultraviolet or visible light  

 

Figure 2.1. Electronic transitions between the bonding and anti-bonding electronic states. 

these molecules can absorb energy and excite these electrons from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). There are four 

possible types of transitions (π–π*, n–π*, σ–σ*, and n–σ*) that take place when light energy is 
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absorbed in UV-Visible range (Figure 2.1). A UV-Vis spectrophotometer records the degree of 

absorption by a sample at different wavelengths and the resulting plot of absorbance (A) versus 

wavelength (λ) is known as a spectrum. The wavelength at which the sample absorbs the 

maximum amount of light is known as λmax. 

In this thesis, UV-visible spectroscopy was used for recording UV-visible absorption spectra of 

spherical Au nanoparticles, Au nanostars, Au@Ag bimetallic nanostars, and Au nanoclusters. It 

was also used for determining time-dependent absorption spectra for the conversion of p-

nitrophenol to p-aminophenol. All the UV−Vis spectra were recorded using a Shimadzu UV-

2600 spectrophotometer. 

2.5.2. Dynamic light scattering (DLS) study 

Dynamic light scattering also referred to as photon correlation spectroscopy or quasi-elastic 

light scattering technique is used for measuring the size and size distribution of molecules and 

particles typically in the submicron region. Dynamic light scattering (DLS) measures the 

Brownian motion of dispersed particles and relates this to the size of the particles. Brownian 

motion is the random movement of particles which can be described as: when particles are 

dispersed in a liquid they move randomly in all directions and are constantly colliding with 

solvent molecules. These collisions result in transferring of energy among the particles, which 

induces particle movement. This energy transfer has a greater effect on smaller particles as a 

result, smaller particles move at higher speeds than larger particles. The velocity of the 

Brownian motion is defined by a property known as the translational diffusion coefficient 

(usually given the symbol, D). The relation between the speed of the particles and the particle 

size is given by the Stokes-Einstein equation (Equation 2.2).  

𝑑(𝐻) = 𝑘𝑇
3𝜋𝜂𝐷                                                                                                               Equation 2.2  

Where d(H) is the hydrodynamic diameter, k is Boltzmann’s constant, D is translational 

diffusion coefficient, η is the viscosity of sample medium, and T stands for temperature of the 

system. A typical DLS instrument (Figure 2.2) consists of a single frequency laser which is 

directed to the sample contained in a cuvette. The incident laser gets scattered in all directions 

and is detected at a certain angle over time. The scattered light is used for determining the 

diffusion coefficient and the particle size by the Stokes-Einstein equation (Equation 2.2). 

 In the present thesis, dynamic light scattering (DLS) measurements were performed to 

determine the hydrodynamic diameter and size distribution of Au nanoparticles and Si QDs. 
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Dynamic light scattering (DLS) measurements were performed on a Malvern zetasizer nano 

ZSP instrument with a HeNe laser. 

 

Figure 2.2. Setup of a DLS measurement system.74 

2.5.3. Photoluminiscence (PL) spectroscopy 

Photoluminescence spectroscopy, often referred to as PL, is emission of light or luminescence 

from any form of matter after the absorption of photons. The transition of electrons between 

electronic states that occur between the absorption and emission of light is usually explained by 

the Jablonski diagram (Figure 2.3).75 In figure 2.3 S0, S1, S2, and T1 denote the singlet ground, 

first, and second and first triplet electronic states respectively. After absorption of light, a 

fluorophore is excited from the ground state to higher vibrational levels of the first S1 or second 

S2 singlet energy state in about 10-15 s. Following light absorption, several processes usually 

occur with varying probabilities. 

 

Figure 2.3. Jablonski diagram showing possible electronic transitions. (Reprinted with 

permission from Ref.75, 2006, Springer Science Business Media, LLC) 

Fluorescence emission occurs predominantly from the lowest singlet state (S1), so electrons 

excited to higher singlet states will be relaxed to lowest vibrational energy level of the first 
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excited state i.e. S1. This process is known as internal conversion or vibrational relaxation and 

generally occurs in a 10-12 s or less. After coming down to lowest excited singlet state a 

molecule finally relaxes to ground state, if the relaxation process is accompanied by emission of 

a photon, the process is formally described as fluorescence. Fluorescence lifetimes are typically 

near 10–8 s. Fluorescence typically occurs at lower energies or longer wavelengths. This 

phenomenon was first observed by Sir. G. G. Stokes in 1852 at the University of Cambridge 

and is called as Stokes shift.76 Several other relaxation pathways compete with the fluorescence 

emission process, the excited fluorophore can collide with another molecule undergo a spin 

conversion to the first triplet state T1 by phenomenon known as intersystem crossing. 

Transitions from the triplet excited state to the singlet ground state results in emission of a 

photon through process called phosphorescence. The average lifetime for phosphorescence 

ranges from 10–4–104 s. Phosphorescence is generally shifted to longer wavelengths relative to 

the fluorescence. The emission spectrum of a fluorophore is usually a mirror image of its 

absorption spectrum. This is due to the fact that the spacing between the vibrational levels of 

excited state and ground state are similar and electronic transition from the ground state to 

excited state does not alter the geometry of the nucleus. The end result is that PL emission 

spectra display similar, but reversed, vibrational structures to those observed in the absorption 

spectra. 

In this thesis, emission spectra of Texas red (TR), Fluorescein (FAM), Cyanine 3 (Cy3) dye, Au 

NCs, and Si QDs were recorded using an FS5 steady state fluorescence spectrometer from 

Edinburg Instruments. 

2.5.4. Total internal reflection fluorescence microscopy (TIRFM) 

TIRFM is a well-established single molecule detection technique that utilizes the phenomenon 

of total internal reflection for inducing an evanescent wave or field in a nanometer regime of the 

sample near to the interface. An incoming light gets totally reflected from an interface when it 

enters a medium having a less refractive index at an incident angle greater than the critical 

angle. The physics behind total internal reflection can be explained using figure 2.4a. The angle 

of incidence of the incident light is ϴI, n2 and n1 are the refractive indexes of the glass slide and 

water respectively. 

The critical angle (ϴc) is given by equation 2.3.  

ϴc =  𝑠𝑖𝑛−1(𝑛1
𝑛2

)                                                                                                         Equation 2.3 
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Figure 2.4. (a) Optical geometry for total internal reflection and (b) calculated reflectance and 

transmittance for n2 = 1.5 and n1 = 1.3. (Reprinted with permission from ref. 772006 Springer 

Science Business Media, LLC) 

When ϴI < ϴc most of the incident light gets transmitted. Total internal reflection occurs when 

ϴI > ϴc. Despite getting totally reflected the incident beam penetrates a short distance into the 

sample at the glass water interface. This restricted illumination of the sample along the z -axis 

reduces the observing volume making single molecule detection feasible. The intensity of the 

penetrating light is given by equation 2.4.  

 

Figure 2.5. Optical setup of a TIRFM. (Reprinted with permission from ref.78, 2016 Morgan & 

Claypool Publishers ) 

𝐼(𝑧) = 𝐼(0)exp (− 𝑧
𝑑

)                                                                                               Equation 2.4 

The decay constant is given by equation 2.5. 

a b
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𝑑 =  𝜆0
4𝜋

(𝑛22𝑠𝑖𝑛𝛳2 −  𝑛12)−
1
2                                                                                     Equation 2.5 

Figure 2.4b shows the calculated reflectance and transmittance as a function of the incident 

angle of light of wavelength 600 nm. For an incident angle of 70º d can be calculated as 73.3 

nm. Figure 2.5 shows the schematic of a typical TIRF microscope. The sample is excited using 

laser through a prism such that it undergoes total internal reflection illuminating a small region 

of the sample. The emitted light is collected by an objective and an image is created using a 

CCD camera. 

In this thesis, TIRF microscope was used for carrying out single molecule fluorescence 

enhancement studies as described in chapter 4. Single molecule measurements were done using 

oil immersion Nikon TIRF objective (100× magnification) mounted on a custom built inverted 

optical microscope using 532 nm laser excitation. For separating the excitation and emission 

light a 532 nm high pass dichroic (AHF Analysentechnik) was used. Single molecule photon 

events were recorded using Andor EMCCD iXon Ultra at the frame rate of 17 MHz and 

exposure time of 50 ms. The time trajectories were recorded and analyzed using the Andor Solis 

Software. The image area of only 128 × 128 pixels was taken from the total 512 × 512 pixels of 

the whole sensor of EMCCD.  

2.5.5. Raman spectroscopy 

Raman spectroscopy  named after Indian physicist  C.V.Raman is a spectroscopic technique 

based on inelastic scattering of monochromatic light usually from a laser source. When light 

interacts with matter, the incoming photons may get absorbed, scattered or may not interact with  

 

Figure 2.6. Schematic depiction of absorption, Rayleigh, and Raman scattering phenomenon.  
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the material (Figure 2.6). If the scattered photons have almost the same energy as that of 

incident photons, this scattering process is regarded as elastic scattering and is termed as 

Rayleigh scattering. If during the scattering process nuclear motion is induced, energy is 

transferred from the incident photon to the molecule or from the molecule to the scattered  

 

Figure 2.7. Energy level diagram showing the states involved in Raman spectra. (Image taken 

from Wikipedia).  

photon. As a result the photons scatter inelastically i.e the energy of the scattered photon is less 

or more than that of the incident photons. This scattering process is termed as Raman scattering 

(Figure 2.7). If the resulting frequency of the scattered photon is reduced it is called stokes 

frequency and if it goes up it is called antistokes frequency. Raman scattering is an inherently 

weak process in that only one in every 106 –108 photons which scatter is Raman scattered. Not 

every molecule or vibrations are Raman active, vibrations that result in a change in the 

polarizability ellipsoid show intense Raman scattering. Usually, symmetric vibrations cause the 

largest changes and give the greatest scattering. 

 

Figure 2.8. Components of a Raman microscope.79 
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A Raman system typically consists of four major components (Figure 2.8) namely, a laser 

excitation source, sample illumination system and light collection optics, wavelength selector 

(filter or spectrophotometer), and detector (photodiode array, CCD or PMT). A sample is 

normally illuminated with a laser beam in the ultraviolet (UV), visible (Vis) or near infrared 

(NIR) range. Scattered light is collected with a lens and is sent through interference filter or 

spectrophotometer to obtain Raman spectrum of a sample. 

In this thesis, confocal Raman microscope was used for carrying out all the single molecule 

surface enhanced Raman spectroscopic measurements. Confocal Raman microscope (Witec 

alpha 300 R) equipped with an upright optical microscope (Zeiss) was used throughout this 

study. The measurements were performed in air using lasers having wavelength of 532 and 633 

nm using 100 × objective (NA = 0.9). 

2.5.6. Time correlated single photon counting (TCSPC) 

Time-correlated single photon counting (TCSPC) is a well-established technique to measure 

fluorescence lifetime. In TCSPC measurements, a single photon coming from the sample is 

detected and its time of arrival is correlated to the pulsed laser used for excitation. By using a 

pulsed laser with a high repetition rate, this process can be repeated many times so that a photon 

distribution and the spatial coordinates are built up over time. Figure 2.9 describes the principle  

 

Figure 2.9. Principle of TCSPC. (Reprinted with permission from Ref.75,2006 Springer Science 

Business Media, LLC) 
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of TCSPC. The sample is excited with a pulse of light, resulting in the waveform shown at the 

top of the figure 2.9. This waveform is due to simultaneous excitation of many fluorophores and 

detection of numerous photons. However, for TCSPC measurements the conditions are adjusted 

such that only one photon or less than one photon is detected per pulse of the laser. In fact, the 

detection rate is typically 1 photon per 100 excitation pulses. The time is measured between the 

excitation pulse and the observed photon and stored in a histogram. Time resolved fluorescence 

measurements were performed using a picosecond time correlated single photon counting 

(TCSPC) system from Edinburgh instruments (Model: FL920). A picosecond diode laser 

(Model: EPL375) with an excitation wavelength of 375 nm was used to excite the sample. The 

repetition rate was 5 MHz. The signals were collected using a PMT detector. The system has a 

pulse width of 60.4 ps. The fluorescence decay was described as a sum of exponential functions 

(Equation 2.6): 
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Where )(tD  is the normalized fluorescence decay, iτ are the fluorescence lifetimes of various 

fluorescent components and ia  are the normalized pre-exponential factors. The amplitude 

weighted lifetime is given by equation 2.7.
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ττ                                                                                                            Equation 2.7 

The quality of the fit was judged by reduced Chi square (χ2) values and the corresponding 

residual distribution. To obtain the best fitting in all of the cases, χ2 was kept near to unity. 

Temperature dependent lifetime measurements of Si QDs were done using Horiba Scientific, 

U.K. (model, FluoroHub)with TBX PMT detection system. The laser used was 375 nm diode 

laser with 1 MHz rep rate. Low temperature TCSPC measurements were done using Horiba 

Scientific, U.K. (model, FluoroHub) with TBX PMT detection system. 

2.5.7. Powder X-ray diffraction (XRD) 

X-ray powder diffraction (XRD) is a rapid analytical technique primarily used for determining 

the atomic and molecular structure of a crystal. When an X-ray beam is incident on a crystalline 

sample, the crystalline structure causes the incident X-rays to diffract into many specific 

directions. By measuring the angles and intensities of these diffracted beams, 

Equation 2.6 
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a crystallographer can produce a three-dimensional picture of the density of electrons within the 

crystal. From this electron density, the mean positions of the atoms in the crystal, their chemical 

bonds, crystallographic disorder, and various other information are determined. 

Bragg’s law 

Lawrence Bragg explained the diffraction of X-rays by a crystal by modeling the crystal as a set 

of discrete parallel planes separated by a constant parameter d.  He proposed that when a X-ray 

radiation of wavelength comparable to the atomic spacings ∼2–3 A˚ is incident on a crystalline 

system, it gets scattered from the lattice planes separated by the interplanar distance d. When 

the scattered waves undergo constructive interference a Bragg’s peak is observed. Constructive 

interference means the path lengths of the two waves is equal to an integer multiple of the 

wavelength of incident X-rays. The path difference between the two waves undergoing 

interference is given by 2dsin θ, where θ is the glancing angle (Figure 2.10). Bragg's law 

(Equation 2.8) describes the condition on θ for the constructive interference to be at its 

strongest. 

2𝑑𝑠𝑖𝑛𝛳 = 𝑛𝜆                                                                                                             Equation 2.8 

Where n is a positive integer and λ is the wavelength of the incident wave. The X-ray 

wavelength commonly employed is the characteristic Kα radiation, λ = 1.5418 A, emitted by 

Cu. In this thesis, powder XRD was used for recording X-ray diffraction pattern of Si QDs and 

Au NPs synthesized using Si QDs as a reducing agent. X-ray diffraction (XRD) patterns were 

recorded using a Bruker Eco D8 setup using Cu Kα radiation (λ = 0.154056 nm). 

 

Figure 2.10. Bragg’s law of diffraction. (Taken from Wikipedia) 
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2.5.8. Fourier transform infrared (FTIR) spectroscopy 

Infrared spectroscopy (IR) is a well-established technique for the identification and structural 

analysis of chemical compounds. Infrared radiation is electromagnetic radiation that extends 

from 700 nm to 1 mm wavelength of the electromagnetic spectrum. Infrared region is divided 

into three regions; near IR 12500-4000 cm-1 (0.8–2.5 μm), mid IR 4000-400 cm-1 (2.5–25 μm) 

and far IR 400-10 cm-1 (25–1000 μm). An IR spectrum is a molecular vibrational spectrum. 

When molecules are exposed to infrared radiation, radiation of specific wavelength is absorbed, 

which results in a change of the dipole moment of the molecules. When the frequency of the 

absorbed radiation matches with the vibrational frequencies a peak comes in the IR spectrum. 

The frequency of vibration is given by equation 2.9. 

𝛾 = 1
2𝜋 �

𝑘
µ
                                                                                                                   Equation 2.9 

Where k is the force constant and µ is the reduced mass. The peaks in the IR spectrum of a 

sample represent the excitation of vibrational modes of the chemical bonds and functional 

groups present in the molecules. Thus, the IR spectrum of a compound is characteristic of its 

structure and is often regarded as its "fingerprint". Normally an IR spectrum is recorded from 

4000-400 cm-1 because most of the inorganic and organic compounds show absorption in this 

region. Most molecules are infrared active except for several homonuclear diatomic molecules 

such as O2, N2 and Cl2 due to the net-zero dipole moment. 

FTIR spectrometers are the third generation IR spectrometer that collects high-spectral-

resolution data over a wide spectral range. Some of the advantages of FTIR spectrometers are 

high signal to noise ratio, high accuracy of wavenumber with an error in the range of ± 0.01 cm-

1, lower scan time, and wide scan range. 

In this thesis, FTIR was used for determining the surface functionalities of the synthesized Si 

QDs. FTIR measurements were performed using a Cary 600 series spectrometer from Agilent 

technologies. 

2.5.9. X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface characterization spectroscopic technique 

that reveals which chemical elements are present at the surface and the nature of the chemical 

bond that exists between these elements. XPS works on the principles of the photoelectric 
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effect.  When x-rays beam bombards a sample, if the photon energy is more than the binding 

energy of the core electron, the core electrons become excited and escape from the atom and 

emit out of the surface. The binding energy of solids is determined by equation 2.10. 

𝐵𝐸 = ℎ𝜐 − 𝐾𝐸 − (𝜙)                                                                                               Equation 2.10  

Where, BE is the binding energy of atom from where the electron has ejected, KE is the kinetic 

energy of the electron and Φ is the work function. An XPS spectrum is obtained by plotting the 

number of electrons ejected with respect to their binding energy. A set of peaks emerge in an 

XPS spectrum that further helps in determining the chemical state and electronic state of the 

material under observation. A commercially made XPS system (Figure 2.11) comprises of a 

source of X-rays, an ultra-high vacuum (UHV) stainless steel chamber with UHV pumps, an 

electron collection lens, an electron energy analyzer, Mu-metal magnetic field shielding, an 

electron detector system, a moderate vacuum sample introduction chamber, sample mounts, a 

sample stage, and a set of stage manipulators. 

 

Figure 2.11. Schematic showing components of an XPS spectrometer. (Taken from Wikipedia) 

XPS spectrum of Si QDs was recorded using a PHI 5000 Versaprobe-II system of ULVAC-

PHI, Inc.  

2.5.10. Transmission electron microscopy (TEM) 

Transmission electron microscopy is a structural characterization technique in which a high 

energy beam of electrons is bombarded on a sample and the transmitted electrons are used for 

forming an image. Due to the resolution limit proposed by Ernst Abbe (Equation 2.11), visible 
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light can result in an approximated resolution limit of about 200 nm. In equation 2.11, λ and NA 

correspond to the wavelength of light and numerical aperture respectively. 

𝑑 = 1.22𝜆
2𝑁𝐴

                                                                                                                   Equation 2.11 

So for getting a resolution in nm, electrons represent an appropriate source. According to Louis 

de Broglie, the wavelength of electrons (λe) is related to their kinetic energy E (Equation 2.12). 

𝜆𝑒 = h

�2𝑚𝑜𝐸(1+ 𝐸
2𝑚𝑜𝑐2

)
                                                                                               Equation 2.12 

 Where, h = Planck constant, m0 = electron rest mass, c = speed of light. By using different 

accelerating voltages, electrons of different wavelengths and hence different resolutions are 

obtained. For biological samples accelerating voltages in the range of 80-120 kV are used. For 

less sensitive samples higher voltages can be used.  

TEMs are the most efficient structural characterization tools for analyzing materials spanning 

from atomic scale to the nanometer regime up to the micrometer level and beyond. It utilizes 

energetic transmitted electrons (electrons which are passing through the sample) to create an 

image. As the electron beam passes through the sample, along with the morphology it provides 

compositional and crystallographic information on samples. 

 

Figure 2.12. Design of a basic TEM showing the optical components. (Image taken from 

Wikipedia). 

A TEM consists of three essential systems (shown in Figure 2.12):  



Methodology 
 

78 
 

(1) Illumination system- It consists of an electron gun and the condenser system.  The 

electron gun generates an electron beam which falls on the sample. In all the modern 

days TEM lanthanum hexaboride (LaB6) crystal is used as the electron source. The 

condenser system focuses the generated electron beam onto the sample. 

(2) Image producing system- It consists of objective, condenser, intermediate, and 

projector lenses and movable specimen stage. A condenser lens is responsible for 

primary beam formation, while the objective lens is used for initial magnification of 

the image, intermediate lenses magnify the image coming from the objective lens. At 

last, projector lens expands the beam onto a phosphor screen. 

(3) Image recording system- The image recording system of a TEM comprises of 

a fluorescent screen on which the sample is viewed and a CCD camera that converts 

the electron image into a digital image. 

To prevent uncontrolled deflection of electrons a vacuum system consisting of pumps and their 

associated gauges and valves, and power supplies are required. A TEM can record high-

resolution transmission electron microscopy (HRTEM) images of a sample which help in 

studying properties of materials on the atomic scale. A scanning transmission electron 

microscope (STEM) is a type TEM equipped with additional scanning coils and detectors. It 

helps in determining the surface properties. First Fourier Transformation pattern (FFT) or 

selected area electron diffraction patterns (SAED) provide information about the crystalline 

phases of the nanocrystals.  

In the present thesis, TEM has been used for determining the morphology and size of 

synthesized Au nanoparticles, DNA origami, Si quantum dots, and Si QD-Au NP hybrid 

nanoparticles. Since the scattering effect is proportional to the square of the atomic number it is 

difficult to image biological samples without staining. So for imaging DNA origami negative 

staining with uranyl acetate was done. The TEM, HRTEM, EDX, STEM-EDX, and SAED 

measurements were carried out with a JEOL model 2100 instrument operated at an accelerating 

voltage of 200 kV for nanoparticles and 120 kV for DNA origami. STEM-EDS mapping images 

were obtained using a JEOL JEM 2100F system at an accelerating voltage of 200 kV. 

2.5.11. Atomic force microscopy (AFM) 

Atomic force microscope is one kind of scanning probe microscopes (SPM) used for analyzing 

surface properties of materials such as height, friction, morphology with a probe. The basic  
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Figure 2.13. Schematic of an atomic force microscope. 

working principle of an AFM is to scan the surface of the sample by a tip that has a curvature 

radius in the nanometer range. As the tip approaches the surface, the close-range, attractive 

forces bring the cantilever towards the surface and when the distance between the two further 

reduces repulsive forces take over and the cantilever is deflected away from the sample surface. 

A laser beam is used to detect cantilever deflections towards or away from the surface. The 

position of the reflected laser beam is detected on two or four closely spaced photodiodes and 

then translated into an image. A schematic of the components of an AFM is given in figure 

2.13. An AFM is usually operated in three different modes contact, non-contact, and tapping 

mode. The main difference between these three types of modes can be explained using Lennard-

Jones potential (shown in Figure 2.14). The force associated with AFM is an interatomic force  

 

Figure 2.14. A Lennard-Jones-type potential. Van der Waals force versus distance. 

called the Van der Waals force. In the contact mode, the cantilever is held very close to the 

sample (⁓ 10-10 m from the sample) as a result the interatomic force between the sample and the 
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cantilever is repulsive. In non-contact mode, the distance between the cantilever and the sample 

surface is on the order of tens to hundreds of Å, the interatomic forces are attractive. Tapping 

mode is an intermittent mode that fluctuates between the contact and non-contact regions. 

In this thesis, AFM imaging of all the samples was done in tapping mode. AFM samples were 

prepared on mica disk (V1 quality) and Si wafer. Bruker Multimode 8 scanning probe 

microscope with silicon cantilever from Bruker and Budget sensors (Tap150Al-G) with a force 

constant of 5 N m−1 have been used for imaging DNA origami and the designed plasmonic 

nanoantennas. 

2.5.12. Agarose gel electrophoresis 

Electrophoresis is a simple technique in which negatively charged molecules move towards 

positively charged cathode under the influence of an electric field. Depending on the size and 

charge the running speed of macromolecules differs, as a result, they get separated. A matrix 

(such as agarose or polyacrylamide) must be used to conduct heat evenly and provide an extra 

sieving effect. In case of agarose gel electrophoresis, agarose is used as a matrix. It is usually 

used for separation of DNA (single-stranded, double-stranded, and supercoiled) and RNA. 

Figure 2.15 shows a schematic depiction of a typical gel electrophoresis system. Depending on  

 

2.15. Agarose gel electrophoresis system.80 

the size of the molecule to be separated the percentage of agarose gel is determined for 

example, a gel of 0.7 % is sufficient for good resolution of 5-10 kb DNA fragments and 2% for 

0.2-1kb fragments. The mobility of DNA strands in the gel depends on a number of factors such 

as the pore size of the gel, molecular weight/size of the DNA strands, running voltage and 

concentration of running buffer. Small DNA strands travel faster than large DNA strands due to 
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differences in their molecular weights. Further, folded structures tend to move faster due to their 

compact size as compared to relaxed DNA. DNA and RNA are optically transparent molecules 

so for their visualization ethidium bromide is used as a staining agent. Ethidium bromide is an 

intercalating DNA that binds to the major grooves of DNA and fluoresces under UV light 

illumination. Other commonly used staining dyes are SYBR green, Nile blue, methylene blue, 

and crystal violet. The separated DNA/RNA strands can be extracted from the agarose gel 

matrix for further use. 

In this thesis, agarose gel electrophoresis was used for the purification of rectangular DNA 

origami monomer and dimer. Ethidium bromide dye was used for the visualization of bands 

corresponding to DNA origami structures. After running the gel in Bio-Rad horizontal 

electrophoresis system, the bands were visualized and imaged using ChemiDoc XRS+ 

molecular imager with image lab software. 
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3.1. Introduction 

Developing single molecule detection platforms with high sensitivity and specificity is the 

seminal goal of the scientific community because of their ability to transform the fields of 

imaging, biophysics, and optical sensing.1, 2 In the past few decades, Surface enhanced Raman 

spectroscopy (SERS) has emerged as a highly sensitive and non-invasive spectroscopic 

technique capable of detecting molecules with single-molecule sensitivity.3-5 Till now, 

numerous reports have been published showing applicability of SERS for detecting physical, 

chemical, and biological entities at the micro/nanoscale.6-11 In SERS, enhancement factor (EF) is 

directly proportional to the fourth power of the intensity of the EM field,7 therefore, in order to 

efficiently harness the strong EM field, considerable interest has been shifted towards coupled 

plasmonic systems such as dimers and trimers with ultrasmall nanojunctions,6, 12 commonly 

addressed as plasmonic nanoantennas. Plasmonic nanoantennas act as a miniaturized optical 

device that can confine the propagating optical radiation into nanometer regime,13 where due to 

strong plasmonic coupling the generated extrinsic hotspots can result in EFs as high as 1010. 18, 19  
The field enhancement effects are more pronounced in case of anisotropic metal nanostructures 

bearing sharp corners14, 15 or tips16, 17 due to lightning rod effect, which results in accumulation 

of high intensity electromagnetic fields at their sharp edges.18 Among all the anisotropic shapes, 

Au nanostars are especially attractive due to their particular structural and optical properties, 

including strong localized plasmonic fields at their sharp edged tips, and tunable NIR 

resonances for their use in sensing, SERS, biological imaging, and biomedical applications.19, 20 

The strong electromagnetic field generated at the sharp tips of Au nanostars can lead to an 

extraordinary field enhancement21 and also the plasmons focused at the core couples with the 

tips in Au nanostar structures,17 making it an outstanding candidate for numerous spectroscopic 

applications. For achieving single molecule sensitivity, the plasmonic nanoantennas should be 

capable of enhancing Raman signals with minimum EFs to the order of 106−108.22 It has been 

shown both experimentally and theoretically that apart from the shape and size of nanoparticles, 

EFs strongly depends on the interparticle gaps.23 The excited surface plasmons decay rapidly as 

1/d12,24, 25 as a result, the enhancement effects are highest near to the metal surface where the 

maximum EM field is experienced. Therefore, the primary prerequisite conditions for designing  

SM-SERS active substrates are, maintaining the interparticle gap in the range of 2-10 nm, 

precise positioning of a single Raman active probe in the plasmonic hotspot and close resonance 

between the LSPR and absorption maxima of the Raman reporter molecule a condition called 

surface enhanced resonant Raman scattering (SERRS).26 Till now several strategies have been 

adopted for producing high intensity hotspots and positioning of a single analyte predominantly 
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at SERS hot spots. Nie and Emory4 used ultra-low concentrations of R6G dye such that single 

colloidal Ag nanoparticle was expected to contain either one or zero dye molecule contributing 

to SERS signal. Although the obtained EFs were in the order of 1014 to 1015, only a small 

proportion of the SERS substrate contributed to detectable Raman signals which raise questions 

on its scalability. Aroca et al. used fatty acid Langmuir-Blodgett films for trapping the 

bis(benzimidazo)perylene (AzoPTCD) dye molecules, which were further transferred to Ag 

island films.27, 28 This approach also provided poor statistics which made interpretation of results 

difficult. Tip-enhanced Raman spectroscopy is another approach where the Raman probe 

resides on a substrate and a metallic tip placed above the substrate amplifies the Raman 

signal.29, 30 The drawback of placing a single molecule precisely at the hotspot remained the 

same. Despite so many advances and efforts being made to improve the sensitivity of SERS 

substrates down to single molecule level significant improvements are required for the utility of 

SERS substrates for commercial applications.  

Owing to its programmability and structural plasticity, DNA origami has emerged as a 

promising and versatile platform for designing complex 2 and 3-dimensional 31, 32 assemblies for 

carrying out single molecule analysis. Since the first report of the DNA origami method by Paul 

Rothemund, this versatile technique has been utilized extensively for precise arrangement of 

nanoparticles of arbitrary size at a predefined interparticle distance with sub-nm accuracy, 

controlled spatial orientation, and tunable stoichiometry.31, 33, 34 In light of these fascinating 

properties of DNA origami, many examples have been shown in past that used DNA origami as 

a template for fabricating novel plasmonic nanoantennas.35-37 Kühler et al. reported the synthesis 

of Au nanoparticle dimers prepared by DNA origami and their use as efficient SERS substrate.38 

Zhan et al. assembled Au bowtie structures with nanoscale precision on DNA origami template 

to study the effect of localized EM fields on enhancement of single molecule Raman signals.39 

Heck et al. synthesized Au-Ag core shell nanoparticle dimers using DNA origami as a template 

and further showed its applicability for SM-SERS. 40 Prinz et al. demonstrated SERS from Au 

NP dimer on DNA origami substrates for the identification of specific Raman bands of single 

TAMRA molecules attached to the DNA origami. 41 DNA origami technique provides sequence 

defined binding sites to place analyte molecules of interest specifically in the hotspot region, 

and this unique feature marks a clear advantage compared to other methods that rely on random 

adsorption of molecules to the nanoantenna gap. 

This chapter demonstrates the design of Au nanostar dimer plasmonic nanoantennas with 

tunable interparticle gaps and stoichiometry assembled on dimerized rectangular DNA origami. 
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Further, the designed nanoantennas have been employed for SM SERS measurements. Single 

Texas red (TR) dye molecule was precisely positioned in the conjunction region between the 

nanostars by modifying one of the branching staples of the DNA origami template with the dye 

molecule. The effect of the interparticle gap, stoichiometry, and negative curvature of nanostars 

on the Raman EF of single TR dye has been investigated. To detect the Raman signal from each 

dye molecule, AFM correlated Raman spectroscopy was used. 

3.2. Experimental section 

3.2.1. Materials  

Gold chloride trihydrate ( HAuCl4. 3H2O), trisodium citrate, L-ascorbic acid, silver nitrate (Ag 

NO3), ethylenediaminetetraacetic acid disodium salt (EDTA), trizma base, tris-

(carboxyethyl)phosphine hydrochloride (TCEP), and sodium chloride (NaCl) were purchased 

from Sigma-Aldrich and MgCl2.6H2O from SRL. M13mp18 single stranded DNA was procured 

from New England Biolabs and was used without further treatment. All unmodified staple 

strands were purchased from Integrated DNA Technologies, Inc. (IDT) in unpurified form 

(standard desalting). 5′-thiol modified single stranded DNA was purchased from IDT after 

HPLC purification. Sephacryl S-300 HR resin was purchased from GE Healthcare. All of these 

reagents were used without further purification. Amicon filters with 0.5 ml centrifugal volume, 

100 KDa molecular weight were purchased from Sigma-Aldrich. Freeze N Squeeze spin 

columns were purchased from Bio-Rad. Milli-Q (MQ) water was used for all the experiments. 

3.2.2. Buffers 

DNA origami samples were annealed in 1× TAE buffer (40 mM Tris a, 20 mM Acetic acid, 1 

mM EDTA) containing 12.5 mM magnesium chloride, pH 8.0. 

3.2.3. Experimental procedures 

3.2.3.1. Synthesis of Au nanostars 

To facilitate the assembling of Au nanostars on DNA origami for SM SERS measurements, a 

surfactant free synthesis in aqueous media that produces high yield monodisperse Au nanostars 

with sharp edges was of particular interest. In literature different synthesis protocols using 

poly(N-vinylpyrrolidone) (PVP)42 or cetyltrimethylammonium bromide (CTAB)43 have been 

proposed for the synthesis of Au nanostars. Unfortunately, the use of these nanostars for 

bioapplications has been limited due to difficulty in removal of excess of surfactant prior to bio-
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conjugation and cytotoxicity associated with surfactants.44, 45 Keeping all these factors in mind, 

Au nanostars were synthesized using seed mediated method (as shown in Scheme 3.1) in 

aqueous medium without any surfactant.46  Au nanostars were synthesized using previously  

 

Scheme 3.1. Schematic depiction of the synthesis of Au nanostars. 

reported method after slight modifications.46Au nanostars were prepared based on a seed-

mediated growth method. At first, citrate stabilized Au nanoparticles seed solution was 

synthesized by following a well-known citrate reduction method.47 Briefly, to a 12.5 mL boiling 

solution of 1 mM HAuCl4, 2 mL of 1.5% trisodium citrate was added under vigorous stirring. 

The color of the solution changes from light yellow to red due to the formation of Au 

nanoparticles (Au NPs) within 5−10 min. The solution was stirred continuously with heating for 

another 20 min. Finally, the solution was cooled to room temperature under stirring. 

Au nanostars were prepared by adding 150 μL of the above synthesized seed solution to growth 

solution containing 10 mL of 0.15 mM HAuCl4 with 10 μL of 1 M HCl under mild stirring. It 

was followed by simultaneous addition of 40 μL of 0.01 M AgNO3, 50 μL of 0.01 M ascorbic 

acid, and 20 μL of 0.01 M SDS solution, respectively. To halt the process of nucleation, the Au 

nanostar solution was immediately given one centrifugal wash at 4000g for 15 min, followed by 

resuspension in water (MQ). Seed solutions were ultrasonicated for 10 min before addition to 

growth solution at a frequency of 53 kHz. 

3.2.3.2. Functionalization of Au nanostars with DNA oligonucleotides  

The thiolated DNA oligonucleotides were reduced by incubating them with 0.2 M TCEP (1:200 

molar ratio of DNA: TCEP) in water (MQ) for 3 h. The DNA functionalization of Au nanostars 

was performed by following the method reported by Mirkin et al.48 with the following DNA 

sequence containing a thiol modification at the 5′end: 5 ′-thiol 

CGTCGTATTCGATAGCTTAG-3′. The DNA functionalized Au nanostars were washed using 

100 kDa amicon filter to remove excess unbound oligonucleotides and were finally resuspended 

in 0.5× TAE-Mg2+ buffer. 
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3.2.3.3. Synthesis of rectangular DNA origami 

The rectangular DNA origami structure was synthesized by following the method described by 

Rothemund.31 M13mp18 single-stranded DNA was used as the scaffold. Briefly, the rectangular 

DNA origami was self-assembled using a long single-stranded M13mp18 viral genomic DNA 

folded by a set of ∼200 short staple strands using a 1.5 h annealing program. Annealing was 

performed in 1× TAE buffer with scaffold concentration of 2 nM, 10-fold excess of regular 

staples, and 20-fold excess of modified staples. Sequence of all the short staple sequences and 

edge staples are given in table 1, 2, and table 3 of the appendix A respectively. 

3.2.3.4. Purification of rectangular DNA origami monomer 

Annealed DNA origami monomer was purified using amicon filter (100 kDa) that was filled 

with 50 μL of PCR mixture and 450 μL of 1×TAE buffer (pH 8) with 12.5 mM MgCl2 and spun 

at 14000g for 5 min at 4° C. This was followed by three times washing with 500 μL of 1× TAE, 

12.5 mM MgCl2 buffer. Finally, an amicon filter was inverted in a fresh micro centrifuge tube 

and spun at 5000g for 10 min to collect purified origami. 

3.2.3.5. Dimerization of rectangular DNA origami 

Dimerization of rectangular DNA origami was done according to previously reported 

protocol.49 To an equimolar mixture of unpurified origami A and origami B solution, 24 

branching staples were added in 40-fold excess and the mixture was incubated at room 

temperature for 24 h in 50× TAE with 12.5 mM MgCl2. The edges of each origami monomer 

were extended with 24 T-loop edge staples of various lengths in the opposite side of the 

junction to restrict the uncontrolled polymerization into ribbons of nonuniform lengths (shown 

in Scheme 3.2).50 Details of branching staples are given in table 4 and 5 of the appendix A. 

3.2.3.6. Purification of rectangular DNA origami dimer 

Dimerized rectangular DNA origami was purified using Sephacryl S-300 HR resin. 

Polypropylene columns were hand packed with 750 μL of liquid resin and then spun at 1400 g 

at 10 °C for 2 min. The column was further washed with 500 μL of 1× TAE buffer (pH 8) with 

11 mM MgCl2 and spun at 1400g for 2 min. This procedure was repeated thrice to completely 

equilibrate the column. After addition of dimerized rectangular DNA origami solution, column 

was spun at 1400g for 5 min at 10°C. Collected purified origami was used for atomic force 

microscopy (AFM) and transmission electron microscopy (TEM) imaging and also for 

immobilization of DNA functionalized Au nanostars. The monomer and dimerized rectangular 
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Scheme 3.2. Schematic design of Au nanostar dimers on dimerized rectangular DNA origami 

structures. 

DNA origami structures were also purified using gel electrophoresis. For gel electrophoresis, 

1% agarose in 1× TAE buffer was heated to boiling and cooled to 50°C followed by addition of 

1 M MgCl2 (final concentration of 12.5 mM MgCl2) to provide stability to DNA origami 

nanostructures during the run. Staining was done using ethidium bromide. Gel lanes were filled 

with 25 μL of unpurified dimerized DNA origami and 5 μL of loading buffer. For running the 

gel, a voltage of 70 V was applied for 2 h. Gel assembly was kept in an ice bath during 2 h of 

run time to prevent denaturation of DNA origami because of heat. After running the gel, the 

bands were visualized and imaged using ChemiDoc XRS+ molecular imager with image lab 

software and extracted using Freeze N Squeeze spin columns. 

3.2.3.7. Incorporation of single Texas red dye in DNA origami 

Texas red (TR) is a red fluorescent dye that is extensively used for staining cell specimens in 

biology and also in single-molecule fluorescence resonance energy transfer studies.51, 52 For the 

incorporation of single TR dye molecule in the center of the dimerized rectangular DNA 
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origami, we have modified one branching staple by attaching with a TR moiety at the 3 ′ end. 

Usual unmodified branching staple was replaced by the dye modified staple during dimerization 

step. The rest of the dimerization conditions and concentrations were similar to those mentioned 

in section 3.2.3.5. Sequence of dye labeled staple is given in table 6 of the appendix A. 

3.2.3.8. Hybridization between Au nanostars and DNA origami 

The dimerized DNA origami was mixed with DNA-functionalized Au nanostars at a molar ratio 

of 1:2 in 0.5× TAE Mg2+ with 0.3 M NaCl. The mixture was heated repeatedly between 40 and 

20°C for 12 h, being kept in a PCR thermocycler (Bio-rad C1000). This thermocycling resulted 

in immobilization of Au nanostars on DNA origami (as shown in Scheme 3.2). The final 

product was used for TEM imaging and Raman measurements. 

3.2.3.9. Transmission Electron Microscopy (TEM) imaging 

For recording TEM images of DNA origami and Au nanostars-DNA origami hybrid 

nanostructures, at first, the carbon coated grids were activated using 1 M MgCl2 solution. After 

that purified DNA origami (6 μL) solution was dropped onto the grid for 3 min followed by 

negative staining using (2% w/v) uranyl acetate for 2 min. For Au nanostars, TEM grid was 

prepared by the drop-casting method. 

3.2.3.10. Atomic Force Microscopy (AFM) imaging 

AFM imaging of DNA origami samples was done on mica sheets of V1 quality with silicon 

cantilever (Bruker) in tapping mode analysis. At first, mica sheet was fixed on round metal plate 

(Dia-1.5 mm) using transparent nail polish and freshly cleaved 5−6 times. It was then incubated 

with 50 μM MgCl2 solution for 5 min followed by washing 3−4 times with H2O. After drying 

the substrate in air, 10 μL of purified origami was placed on mica substrate for 10 min, followed 

by washing with water and drying using a gentle breeze of N2. 

Immobilization of Au nanostars on Si wafer for AFM correlated Raman measurements. Si 

wafer pieces (1 × 1 cm2 size) were oxygen plasma cleaned (using Plasma bonder from Omicron 

scientific equipment Co.) for 5 min to ensure hydrophilicity of the wafer surface. The wafers 

were then washed twice with 1:1 solution of ethanol and distilled water followed by incubation 

with dilute solution of Au nanostars−DNA origami structure in 10× TAE with 200 mM MgCl2 

for 20 min. This was followed by washing with MQ and drying with gentle breeze of N2 to 

ensure uniform and complete coverage of surface. 
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3.2.3.11. Raman measurements and calculation of the enhancement factor (EF) 

Raman measurements were performed in air using laser light at 532 and 633 nm lasers using 

100 × objective (NA = 0.9) to a diffraction-limited spot of about 1 μm2 on Si wafer. The laser 

power was set to 1 mW with integration time 4 s (for TR dye bound to Au nanostar-DNA 

origami structures) or 10 s for TR bound to DNA origami structures and bulk dye. Reference 

Raman measurements of the TR were performed with a bulk solution at 1.5 mM concentration. 

AFM correlated Raman measurements were performed by introducing a prominent feature (a 

scratch in Si wafer samples) and scanning almost the same area by AFM imaging and confocal 

Raman microscopy and then overlapping the images by manually relocating the pronounced 

feature in both images. The SERS enhancement factor was calculated using equation 3.1.53-56 

                                        Equation 3.1 

Optical characterization of as synthesized Au nanoparticles, Au nanostars, DNA origami, Au 

nanostar-DNA origami hybrid structures were performed by dynamic light scattering (DLS) 

study, UV-Vis spectrophotometer, photoluminescence spectrophotometer, TEM, AFM, and 

confocal Raman microscope as described in chapter 2 of this thesis. 

3.3. Results and discussion 

3.3.1. Characterization of Au nanostars 

Optical characterization of as synthesized Au NPs using UV-Vis spectroscopy showed an SPR 

band around 518 nm corresponding to Au NPs (Figure 3.1a).  Structural characterization using 

TEM microscopy revealed formation of spherical Au NPs with an average size of 15±2 nm 

(Figure 3.1b and 3.1c). As synthesized Au NPs were then added to growth solution having 

hydrochloric acid, ascorbic acid, and AgNO3. Where ascorbic acid act as a reducing agent and 

AgNO3 assisted in directed growth that led to the formation of sharp tips. Initially, Au nanostars 

were synthesized using 100 µL of the Au seeds solution, the UV-Vis spectrum (Figure 3.1d) 

showed presence of longitudinal surface plasmon resonance (LSPR) band at 742  nm along with 

a very weak hump at 522 nm. The UV-Vis spectrum indicated formation of anisotropic shaped 

Au nanostructures. Further identification of these structures with TEM imaging confirmed 

formation of Au nanostars with sharp tips with an average size of 100 ± 10 nm (TEM images 

shown in Figure 3.1e and 3.1f). To achieve strong plasmonic coupling with a red emitting dye 

like TR, it was required to blue shift the LSPR of synthesized nanostars to the red region. The 
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plasmon band and the size of the nanostars were further tuned by varying the concentration of 

Ag+ ions and seeds concentration in the growth solution. Figure 3.1g shows the UV-visible  

 

Figure 3.1. (a) UV-Vis spectrum and (b and c) TEM images of the as synthesized Au NPs. (d) 

UV-Vis spectrum and (e and f) TEM images of Au nanostar synthesized using 100 µL of the 

seeds solution. (g) UV-Vis spectrum and (h and i) TEM images of the Au nanostars synthesized 

using 150 µL of the seeds solution (Insets show the digital images of the Au NPs and Au 

nanostars solution). 

spectrum of the nanostars used throughout this study. The LSPR of the nanostars was centered 

at 680 nm and the average size was found to be 70 ± 5 nm (TEM images shown in Figure 3.1h 

and 3.1i). Such Au nanostars with sharp and uniform tips giving LSPR centered at 680 nm can 

strongly couple with a red-emitting dye like TR and were expected to give highly enhanced 

SERS signal. 

3.3.2. DNA functionalization of the Au nanostars 

After successful aqueous medium synthesis of the nanostars, next step was to conjugate these 

nanostars with DNA oligonucleotides.  DNA functionalization of as synthesized Au nanostars 

was carried out using a well-established protocol of salt aging.48 The density of DNA 
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oligonucleotides on surface of Au nanoparticles depends on the final concentration of NaCl that 

can reduce the phosphate backbone repulsion between oligonucleotides. Thus, to achieve 

uniform and dense DNA coating on Au nanostar surface, the concentration of NaCl was 

increased slowly from 0 to 750 mM during the functionalization step (Figure 3.2a). UV−Vis 

absorption spectra showed no significant change in the position of LSPR band of Au nanostars 

after DNA functionalization (Figure 3.2b), suggesting no morphological changes after DNA 

modification. These DNA-functionalized Au nanostars were also found to be stable in high salt 

concentration of 500 mM NaCl (shown in Figure 3.2c), which reveals their stability in high salt 

concentration that is required for the immobilization of Au nanostars on DNA origami. 

 

Figure 3.2. (a) Schematic representation of DNA functionalization of Au nanostars. (b) 

UV−visible spectra of Au nanostars before (curve (i)) and after DNA functionalization (curve 

(ii)). (c) Photographs of Au nanostars solution without salt (i), Au nanostars solution without 

DNA functionalization with PBS −500 mM NaCl buffer (ii), and DNA-functionalized Au 

nanostars solution with PBS −500 mM NaCl (iii). 

3.3.3. Characterization of DNA origami 

The folded rectangular DNA origami monomers were run on an agarose gel electrophoresis 

setup along with scaffold DNA and 1 Kb DNA ladder (Figure 3.3a). The applied voltage 

resulted in the migration of DNA origami structures and excess staple strands with different 
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speeds because of different length and size.  There were only two bands in the lane having DNA 

origami, the fast and the slow band corresponded to excess staples and DNA origami structures 

respectively. Absence of any other slow band which could be because of aggregates as well as 

defective structures indicated that the DNA origami structures are assembling in high yield. 

AFM and TEM studies further revealed the formation of high yield of DNA origami monomer 

(>95%). Figure 3.3b shows the AFM images of rectangular DNA origami monomer of 

dimension of ∼90 × 60 nm, with a height of ⁓ 2 nm (Figure 3.3c). TEM images further 

confirmed the formation of rectangular DNA origami of dimension of ∼90 × 60 nm, which can 

hold only a large Au nanostar (Figure 3.3d and 3.3e). The size of individual DNA origami 

structures is limited by the size of the scaffold so, for the synthesis of Au nanostar dimer, two 

rectangular DNA origami monomers were linked together to form dimerized rectangular DNA 

origami (presented in Scheme 3.2). For the dimerization, rectangular DNA origami monomer A 

and monomer B were mixed together with 24 branching staples which weaved the two origami  

 

Figure 3.3. (a) Gel electrophoresis image, (b and c) AFM images and corresponding height 

profile, and (d and e) TEM images of rectangular DNA origami monomer. 

units through their edges. The branching staples were designed in such a way that three fourth 

of each sequence was complementary to the scaffold of one origami monomer and remaining 

one-fourth of the sequence to the scaffold of the second monomer, as described by Liber et al.49 

Gel electrophoresis image (Figure 3.4a) indicated the formation of dimers. AFM and TEM 

studies (Figure 3.4b,c,d,e) further revealed the formation of dimerized rectangular DNA origami 
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with a dimension of ∼ 180 × 60 nm that is capable of holding two Au nanostars. Single TR dye 

was incorporated into the dimerized rectangular DNA origami template by replacing one of 

 

Figure 3.4. (a) Gel electrophoresis image, (b and c) AFM images and corresponding height 

profile, and (d and e) TEM images of rectangular DNA origami dimer.  

the branchings staples with dye modified staple. To ensure the successful incorporation of a 

single TR dye molecule in the center of the DNA origami dimer (shown in Scheme 3.2), 

fluorescence spectra of the dye-bound DNA origami dimer was recorded. Before recording the 

fluorescence spectra, the DNA origami structures were purified using Sephacryl S-300 resin to 

remove excess unbound dye-labeled staple strands. The emission spectrum of the dye centered 

at 614 nm upon excitation with 594 nm (shown in Figure 3.5) suggested successful 

incorporation of dye inside the origami structure. 

 

Figure 3.5. Fluorescence spectra of Texas red dye incorporated in DNA origami. 
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3.3.4. Assembly of Au nanostars on dimerized origami with tunable nanogap and 

stoichiometry 

The procedure of coupling two Au nanostars on dimerized rectangular origami is schematically 

shown in scheme 3.2. A set of five staples of each origami monomer unit were extended at the 

3′ end in order to bind complimentarily to the thiolated oligonucleotides that were conjugated 

on the surface of Au nanostars using Au-thiol chemistry. In this way, after annealing together 

each monomer origami can bind to a single Au nanostar specifically through the hybridization 

interactions between complementary oligonucleotides, overall resulting in dimer of Au 

nanostars on dimeric origami (presented in Scheme 3.2). In order to study the effect of 

interparticle gap on SERS efficiency, Au nanostar dimer structures with two different average 

gaps were synthesized. The interparticle gap was varied by changing the position of the 5 

capture staple sequences on each monomeric unit. A schematic sketch of rectangular DNA 

origami design showing positions of capturing staples and dye labeled staple is presented in 

scheme 3.3. 

 

Scheme 3.3. Dimerized rectangular DNA origami design for synthesis of Au nanostar dimer 

with interparticle gap of (a) 7 nm and (b) 13 nm. Staple modifications for capturing Au 

nanostars are indicated by red colored circles. Position of Texas red dye is represented by 

black colored star.  

For getting less interparticle gap, capturing staple strands were taken at the position of 

82,83,111,85,86 of monomer A and 81,82,83,111,85 of monomer B. Similarly, for larger gap, 

capturing staples used were  81,82,83,111,85 and 82,83,111,85,86 for monomers A and B, 

respectively. To study the effect of stoichiometry on the electromagnetic field enhancement in  
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Figure 3.6. AFM images of (a) Au nanostar monomer on DNA origami and (b) Au nanostar 

dimer on DNA origami.  

the hotspot, Au nanostar monomers were prepared by removing capture strands from one 

monomer unit. AFM imaging (shown in Figure 3.6a,b) confirmed the formation of Au nanostar 

monomer and dimer structures on DNA origami. In case of Au nanostar monomer (Figure 3.6a), 

 

Figure 3.7. (a−d) TEM images of Au nanostar dimers on DNA origami with different 

interparticle gaps: (a,b) average interparticle gap of 13 nm and (c,d) gap of 7 nm. (e,f) TEM 

images of Au nanostar monomer on DNA origami.  
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DNA origami template was clearly visible. However, in case of Au nanostar dimer (Figure 

3.6b) DNA origami template probably got hidden behind the Au nanostar dimer. The 

interparticle gap of the Au nanostar dimer could not be resolved with AFM so to determine the 

exact interparticle gaps TEM imaging was done. From TEM measurements of the dimer 

samples (shown in Figure 3.7a,b,c,d), average gaps of 13 ±1 and 7 ± 1 nm (Au nanostar core to 

core) were obtained. In the TEM images of Au nanostar monomer (shown in Figure 3.7e,f) the 

origami template is clearly visible, which further confirms successful immobilization of 

nanostars on origami template. We have also calculated the tip-to tip distances (d) in the 

conjunction region that is present between tips and cores of two nanostars after considering 

several TEM images of nanostar dimer structures. The tip-to tip distances were found to lie in 

the ranges of ∼1 nm ≤ d ≤ 4 nm and ∼2 nm ≤ d ≤ 4.8 nm for 7 and 13 nm nanogap dimer 

structures, respectively.  

3.3.5. AFM correlated single-molecule Raman measurements 

After the synthesis and careful characterization of our Au nanostar dimer and monomer 

structures, we investigated for their potential to be used in single-molecule SERS 

measurements. In this study, we have used two different laser sources of 532 and 633 nm 

wavelength for studying the dependence of SERS EFs on laser excitation wavelength. Before 

starting single molecule SERS measurements we recorded the reference Raman spectrum of TR 

 

Figure 3.8. (a) Structure of Texas red dye (b and c) reference Raman spectrum of TR dye 

measured on the surface of 50 nm Au NPs using 532 nm and 633 nm laser excitation source 

respectively. 
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dye to determine its Raman signatures which helped us in concluding that the recorded signals 

are characteristic of the dye molecule. Reference Raman spectrum was (shown in Figure 3.8) 

was obtained by casting the TR solution (0.5 μM) on the surface of 50 nm spherical Au 

nanoparticles uniformly distributed over Si substrate with 532 and 632 nm laser sources. The 

obtained two peaks at 1504 and 1647 cm-1 can be assigned to aromatic ring stretching and NH 

deformation modes, respectively.57 The change in the relative ratio of the intensity of the two 

peaks with change in the laser excitation source is also consistent with the previous reports.58 

For single molecule measurements, the nanoantennas were immobilized on Si wafer as  

 

Figure 3.9. AFM-correlated Raman measurements using 532 nm laser source. (a) Optical 

image taken using 10× objective of AFM. (b) Optical image taken using 100× objective of 

confocal Raman microscope. (c) AFM images of Au nanostar dimer with interparticle gap of 7 

nm and (d) corresponding height profile. (e) AFM image of single Au nanostar dimer 

nanostructure. (f) Average and most intense SERS spectra of TR dye bound to Au nanostar 

dimer on DNA origami. 

described in methods section followed by AFM correlated Raman measurements. In this 

spectroscopic setup, almost same area is scanned by AFM imaging and confocal Raman 

microscopy. At first, images taken by optical microscope of AFM and confocal Raman 

microscope as shown in Figures 3.9a,b and 3.10a,b were overlapped by identification of 

pronounced features in images with precise accuracy. This was followed by scanning that 

particular area by AFM (Figures 3.9c and 3.10c) and then doing Raman measurements of the 

same area. Figures 3.9d and 3.10d represent the height profile of the recorded AFM images 
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shown in Figures 3.9c and 3.10c which confirm the presence of Au nanostar dimer structures on 

origami. Figures 3.9e and 3.10e are the AFM images of single Au nanostar dimer 

nanostructures. The average and most intense AFM correlated SERS spectra of TR dye bound 

to Au nanostar dimer on DNA origami with nanogap of 7 nm using laser excitation wavelengths 

of 532 and 633 nm are shown in Figures 3.9f and 3.10f, respectively. To get fair comparison of 

the results, during all the measurements, several instrument factors like integration time,  

 

Figure 3.10. AFM-correlated Raman measurements using 633 nm laser source. (a) Optical 

image taken using 10× objective of AFM. (b) Optical image taken using 100× objective of 

confocal Raman microscope. (c) AFM images of Au nanostar dimer with interparticle gap of 7 

nm and (d) corresponding height profile. (e) AFM image of single Au nanostar dimer 

nanostructure.(f) Average and most intense SERS spectra of TR dye bound to bound to Au 

nanostar dimer on DNA origami. 

number of accumulations, spectral range, and laser power were kept same. The laser power was 

kept low to 1 mW to avoid disintegration of DNA origami structures due to heat generated at 

high laser powers. After identifying the desired area using AFM imaging the same area was 

scanned under confocal Raman microscope for recording Raman signatures of TR dye. Raman 

spectra of TR dye bound to different dimer structures immobilized at different regions of Si 

wafer were recorded. From the Raman spectra acquired at different regions of selected area, we 

found that the peak intensity does not remains same for all the structures but the difference was 

very less indicating that the gap between our structures was uniform throughout the sample 

(Figures 3.9f and 3.10f). Overlaid single-molecule Raman spectra of TR dye from 12 different 

Au nanostar dimer nanostructures (nanogap ∼7 nm with 633 nm laser excitation) showing slight 
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change in Raman intensity and corresponding AFM images are shown in figure 3.11. Mean 

enhancement factor was calculated by taking ∼25 different spectra acquired from 25 different 

structures of selected area. For calculating SERS EF, ISERS was taken from the strongest Raman 

peaks of the TR dye, which are 1647 and 1504 cm−1 for 532 and 633 nm laser excitation, 

respectively.53, 59 The EFs were calculated using equation 3.1 given in the experimental  

 
Figure 3.11. (a) AFM images of 12 different Au nanostar dimer nanostructures (7 nm 

nanogap), and (b) corresponding single molecule SERS spectra acquired using 633 nm laser 

excitation. 

procedures section of this chapter. In the equation, Ibulk was determined by recording normal 

Raman spectrum of 1.5 mM solution of TR dye keeping all the instrument parameters same as 

to the SERS measurements. NBulk was calculated to be 5.34 × 108 by determining the number of 

molecules coming in the average probed volume of focused laser beam (1 µm3).53, 55 It has been 

assumed that TR dye molecules form well defined monolayer on the silicon surface for the 

estimation of the number of molecules being probed during Raman measurement. In an attempt 

to identify the total number of TR molecules contributing in the SERS signal (ISERS), we 

considered the laser focal area of 1 μm2.40 After careful examination of the AFM images (shown 
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in 3.9c and 3.10c), we have found that only one Au nanostar dimer (assembled on DNA 

origami) structure is resided in the laser focal area. Now each origami structure (Au NS dimer) 

contains a single TR dye specifically bound in the origami, so there will be one dye present in 

the focal spot, and hence one independent single TR molecule is contributing in the Raman  

 
Figure 3.12. Raman spectra of (a) Au nanostar using 532 nm laser source 

(Au nanostar dimer on DNA origami without TR dye is shown in inset profile); (b) DNA origami 

using 532 nm laser source (TR dye on DNA origami without Au nanostar is shown in inset 

profile); (c) Au nanostar using 633 nm laser source (Au nanostar dimer on DNA origami 

without TR dye is shown in inset profile); and (d) DNA origami using 633 nm laser source (TR 

dye on DNA origami without Au nanostar is shown in inset profile). 

 

signal. The corresponding Raman spectra of a single TR dye bound to Au nanostar dimer are 

shown in figures 3.9f and 3.10f with different laser excitation. As a control experiment, Raman 

spectra of samples comprising Au nanostars, Au nanostar dimer on DNA origami, and DNA 

origami without any TR dye were recorded by using both 532 and 633 nm laser excitation 

sources. No Raman peaks were obtained for Au nanostars only (Figure 3.12a,c) and DNA 

origami without any TR dye (Figure 3.12b,d). The Raman spectrum of Au nanostar dimer on 

DNA origami without any TR dye showed no peak with both 532 and 633 nm laser source in 

almost all the Raman spectra (inset of Figure 3.12a,c). However, when measurement was done 

with much higher laser power (∼1.8 mW) two new peaks appeared as represented in figure 

1200 1400 1600 1800

0

1

2

In
te

ns
ity

/C
ou

nt
s

Raman Shift (cm-1)

Au nanostar
(532 nm Laser)

Au nanostar dimer 
 on DNA origami

1200 1400 1600 1800

0.0

0.5

1.0

1.5

2.0

In
te

ns
ity

/C
ou

nt
s

Raman Shift (cm-1)

Au nanostar 
(633 nm Laser)

Au nanostar dimer 
  on DNA origami

1200 1400 1600 1800

0

1

2

In
te

ns
ity

/C
ou

nt
s

Raman Shift (cm-1)

DNA origami
(633 nm Laser)

Texas red on 
DNA origami

1200 1400 1600 1800

0

2

4 Texas red on 
DNA origami

In
te

ns
ity

/C
ou

nt
s

Raman Shift (cm-1)

DNA origami 
(532 nm Laser)

a b

c d



         Design of Au nanostar dimers for SM SERS 
 

106 
 

3.13. The peaks observed at 1331 and 1568 cm −1 can be ascribed to DNA surrounding the Au 

nanostars41 and were originated due to the electromagnetic field enhancement generated by the 

sharp tips of Au nanostars providing SERS enhancement for the DNA located in the hotspot.41  

 
Figure 3.13. Raman spectrum of Au nanostar dimer on DNA origami (laser power used ~1.8 

mW). 

It is interesting to note that no Raman signals corresponding to TR dye were observed for TR 

dye bound to DNA origami in absence of Au nanostar even with a high laser power of 1 mW 

for both 532 and 633 nm laser excitation (inset of Figure 3.12b,d). 

 

3.3.6. Effect of interparticle gap, stoichiometry, and laser wavelength on the SERS EFs 

 

Single molecule Raman spectra of TR dye bound to Au nanostar dimers on DNA origami with 

different nanogaps and Au nanostar monomer and the corresponding EFs are shown in figure 

3.14 and table 3.1 respectively. The strongest Raman bands of TR dye, located at 1647 and 

1504 cm −1, are clearly visible in the SERS spectra of TR for both monomer and dimer 

nanostars and become even more pronounced for dimer nanostar. We found that the intensity of 

peaks corresponding to TR dye slightly decreased upon increasing the interparticle distance 

from 7 to 13 nm. The mean enhancement factors of TR dye were found to be 9 × 109 and 6 × 

109 using 532 nm laser excitation and 2 × 1010 and 8 × 109 using 633 nm laser excitation for Au 

nanostar dimers with gaps of 7 and 13 nm, respectively (shown in Table 3.1), which are 

sufficient enough for single TR molecule detection. It is clearly seen in the present study that 

the magnitude of electromagnetic field enhancement in the conjunction region decreases with 

increasing interparticle distance of nanostar dimer, revealing less SERS enhancement for both 

the lasers used. At lower interparticle gap (7 nm), the signal increases prominently due to much  

1200 1400 1600 1800
-1

0

1

2

3

4

5

In
te

ns
ity

/C
ou

nt
s

Raman Shift (cm-1)

1331 cm-1 1568 cm-1



         Design of Au nanostar dimers for SM SERS 
 

107 
 

 
Figure 3.14. (a) SERS spectra of TR dye bound to Au nanostar dimers with average gaps of 7 

nm (curve (i)) and 13 nm (curve (ii)), and TR dye bound to Au nanostar monomer on DNA 

origami (curve (iii)) and bulk TR dye (curve (iv)) recorded using 532 nm laser. (b) SERS 

spectra of TR dye bound to Au nanostar dimers with average gaps of 7 nm (curve (i)) and 13 nm 

(curve (ii)), and TR dye bound to Au nanostar monomer on DNA origami (curve (iii)) and bulk 

TR dye (curve (iv)) recorded using 633 nm laser. 

 

stronger plasmon coupling between sharp tips and cores of two Au nanostars in the wide 

conjunction region. The order of distance dependence of EF was found to be in good agreement 

with previous results.53, 59 It is very well evident from previous reports that lesser the 

interparticle gap between the plasmonic structures better the enhancements in Raman signals.60 

So, we tried to reduce the interparticle gap by choosing capture staples (83,111,85,86,87 for 

monomer A and 80,81,82,83,111 for monomer B) located towards the junction of the two 

origami units. However, it was found from TEM study of such Au nanostar dimer structures  

 

Table 3.1. Experimentally obtained data from SERS measurements 
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that the tips are touching to each other in the conjunction region between two nanostars and 

core-to-core distance between two nanostars becomes ∼4 nm (shown in Figure 3.15a). Raman 

measurement of this dimer structure showed no enhancement of Raman signal of TR dye 

molecule and even the characteristic peaks were also not visible in the SERS spectrum as 

presented in figure 3.15b. It has been described by Aizpurua et al. that when the interparticle 

gap is reduced to subnanometer (d ≤ 0.3−0.4 nm)  level the plasmon modes of the dimers 

progressively diminishes and the charge transfer plasmon modes gradually emerge. At this point  

 
Figure 3.15. (a) TEM images of Au nanostar dimers on DNA origami with touching tips, and 

(b) corresponding Raman spectrum of TR dye placed in between two nanostars on DNA origami 

by using 633 nm laser excitation. 

the two particles gets conductively connected through electron tunneling which leads to 

quenching of the electric near field enhancement.61 62  In this case, there is no gap between tips 

of two particles in the conjunction region which leads to quantum tunnelling and results in no 

enhancement of Raman signal of TR which is placed in between two nanostars in the 

conjunction region. In a recent theoretical study, Abajo et al. also mentioned that the SERS 

signal enhancement can be quenched when tips and valleys are closely intertwined.63When we 

changed the stoichiometry of the structure from Au nanostar dimer to monomer the intensities 

of various peaks were almost halved from Au nanostar dimer to monomer due to the absence of 

plasmon coupling in monomer providing less SERS enhancement of TR dye for monomer. For 

TR dye bound to Au nanostar monomer, calculated averaged EF is 2 × 109 when 532 nm laser 

used. The mean EF of TR is increased by a factor of ∼4 in case of 532 nm laser and by a factor 

of ∼5 in case of 633 nm laser from monomer nanostar to dimer nanostar (gap = 7 nm). It is well 

reported that mean EF of Raman reporters increases from monomer to dimer due to the 

presence of hotspot in the dimeric junction. Ma et al. showed the similar trend of SERS 
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intensity enhancement of 4-ATP in Au nanostar dimer structures compared to single nanostar,64 

which agrees very well with our findings. It has been very recently demonstrated by Bukasov et 

al. that the EF increases upon dimerization by 1−2 orders of magnitude relative to the mean EF 

of single NPs.65 The ratio of the mean intensity or mean EF of dimers to the mean intensity or 

mean EF of monomers ( Id/ Im or EFd/EFm) for NPs on substrates depends on the nature of NPs, 

substrates and the position of the LSPR frequencies relative to the frequency of the exciting 

laser.65 They have observed that the mean EF of 2-ATP molecule measured on Si surface was 

increased by a factor of 4.8 when placed in the hotspot of 60 nm sized Au NPs dimer to single 

Au NP whereas the mean EF ratios were 1.61 and 1.42 for Ag and Au surfaces, respectively. 

Our experimental findings yield the increase of mean EF of TR dye measured on Si surface by a 

factor of ∼5 from monomer nanostar to dimer nanostar (gap = 7 nm) which corroborates the 

results reported by Bukasov et al. Further, calculated EFs were found to be higher for 633 nm 

laser than 532 nm laser by a factor of ∼2. Higher value of EF for 633 nm laser can be attributed 

due to close resonance between wavelength of laser source and LSPR of Au nanostars. Hence, 

finding the proper excitation wavelength range to resonantly excite the plasmonic modes is 

important for obtaining the highest SERS signal. In SERS enhancement factor calculation error 

can result from different molecular orientation. We have estimated the error in mean EFs 

calculation by taking intensity of characteristic Raman peaks of different SERS spectra and was 

found to be ∼17%. 

 

3.3.7. Effect of changing the negative curvature site on SERS EF 

 

The negative curvature of the nanostars can be changed either by changing metal core size or by 

changing the number of branches of the stars (as shown in scheme 3.4). It is previously reported 

that by changing the negative curvature site of metal nanostructure ,the plasmon coupling and 

the local field enhancement can be controlled. In the present study, we have increased the 

negative curvature regions of Au nanostars by decreasing the number of branches of the 

nanostars to study its influence on the SERS responses of the nanostar dimer structures. We 

have measured the SERS activities of Au nanostar dimers (7 nm nanogap as shown in Figure 

3.16a) with nanostar having lesser number of tips (radius of curvature of tips ∼4−6 nm, number 

of branches ∼6 −7) and the corresponding SERS spectrum is shown in Figure 3.16. It was found 

that the EF decreases by a factor of ∼13 for nanostar dimer structures with higher negative 

curvature. This is due to the increase of separation distance between tips in the nanostar which 

can decrease the coupling between the tips and minimize the local field enhancement as 
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Scheme 3.4. Tuning the negative curvature of Au nanostars. 

mentioned by Odom et al.66 for Au nanocrescent type of structures. Our experimental findings 

confirm that the SERS-based detection of single TR molecule is possible after placing the dye 

in the center of the conjunction region of Au nanostar dimer bound to DNA origami structure. 

Moreover, in a remarkable observation, it was noted that the highly enhanced electromagnetic  

 
Figure 3.16. (a) TEM images of Au nanostar dimer with interparticle gap 7 nm, and (b) SERS 

spectrum of TR dye bound to origami in the hotspot of Au nanostar dimer with blunt tips. Laser 

excitation used was 633 nm. 

field generated by the coupling of sharp tips of Au nanostars exhibits excellent SERS sensitivity 

even at an interparticle separation distance of 13 nm. Thus, the Au nanostar dimeric structures 

on origami have highly SERS-active wide conjunction region that can provide enough space for 

the accommodation of large biomolecule of interest (such as protein) to enable its specific 

detection via single-molecule SERS. 
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3.4. Conclusion 

In this chapter, the synthesis of Au nanostar dimer with tunable interparticle gap and controlled 

stoichiometry has been demonstrated. Rectangular DNA origami has been used as a template 

for self-assembling the plasmonic nanoantennas. DNA origami technique provides a reliable 

fabrication method to build probes of strongly coupled nanostructure dimers with precisely 

controlled particle spacing with sub nm accuracy, spatial orientation, and well-defined geometry 

in order to create plasmonic hotspots of tunable strength. In this study, TR dye was used as a 

Raman probe which was specifically placed in the center of the conjunction region between the 

Au nanostar-DNA origami hybrid structures with different nanogaps and stoichiometry. We 

found that the most intense Raman bands of TR dye can be clearly identified in the SERS 

spectra of single TR dye molecules in both monomer and dimer nanostars on DNA origami 

substrates. The mean EFs of TR dye were obtained to be in the order of 1010, which are high 

enough for single-analyte detection. Consequently, the detection of single analyte molecules 

with much lower Raman cross sections might be feasible by using these structures. Such hybrid 

nanoantennas assembled on DNA origami with controlled interparticle distance and 

stoichiometry act as excellent SERS substrates and will have potential applications as a cost-

effective and reproducible platform for single-molecule sensing. Importantly, DNA origami 

offers several sequence-specific binding sites where a wide variety of biomolecules can be 

attached specifically at the hotspot region with great precision, and this may allow molecules to 

be targeted at a single-molecule level. 

Note: 

 The permission has been granted by authors and corresponding author of the published 

paper prior to adopting in the present thesis. The associated relevant publication is: 

Swati Tanwar, Krishna Kanta Haldar, and Tapasi Sen “DNA origami directed Au nanostar 

dimers for single-molecule surface-enhanced Raman scattering” Journal of the American 

Chemical Society, 2017, 139 (48), 17639-17648. 
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4.1. Introduction 

Surface-enhanced Raman spectroscopy (SERS), owing to its unique features such as molecular 

specificity and extremely high sensitivity,1, 2 has progressed its applications from ensemble 

systems to highly sophisticated single molecule systems.3-7 But, as demonstrated by Fang et al., 

out of 106 SERS active sites only 63 yields high enhancements accounting to 24% of the overall 

SERS intensity8, there is a pressing need for designing new SERS active substrates that can yield 

high enhancement factors (EFs), good reproducibility and uniform response. Considerable efforts 

are being put to identify new plasmonic materials and methods of fabrication to optimize SERS 

active substrate and configure them to yield highest EFs.9 Among all plasmonic metal 

nanoparticles, Au and Ag nanoparticles (NPs) occupy the center stage in SERS based research due 

to their fascinating optical and electronic properties.10, 11 In comparison with Ag, Au NPs are 

chemically stable, highly biocompatible and offer easy surface modification but yield lower EFs 

in the visible region.12, 13 On the other hand, Ag NPs have high plasmonic efficiency and are 

more effective in terms of EFs but are prone to oxidation.14-16  

To meet this end, bimetallic Au@Ag nanoparticles have come up as an alternative that 

combines the best of both metals i.e. enhanced plasmonic properties (high extinction 

coefficient) of Ag, and chemical stability of Au in one structure.17 They also provide control 

over tuning the position of surface plasmon resonance (SPR) band by simply changing the 

thickness of the Ag coating,18, 19 which makes them well suited for surface enhanced resonant 

Raman scattering studies (SERRS). It is very well known that SERRS results in better EFs than 

SERS and can detect analyte down to a single molecule level.20, 21 Fan et al.16 and Freeman et 

al.20 carried out a comparative analysis of SERS efficiency of Au@Ag bimetallic nanoparticles 

with pure Au and Ag NPs, they found bimetallic nanoparticles are resulting in a better 

enhancement in SERS signals. In addition to contribution of the properties from the individual 

components, a unique electronic transfer from the Au core to the Ag shell imparts intriguing 

properties such as biocompatibility and stability against oxidation to the Au@Ag bimetallic 

structure.22-24 It is important to note that electronic interactions between the Au core and Ag 

shell depend on the thickness of the Ag shell, the thicker the Ag shell weaker the interactions 

become.23 Very recently Feng et al.  found that an Ag shell thickness of 2.4 nm is optimum for 

getting the highest charge transfer effects and biocompatibility (both in vitro and in vivo).25 

Another important aspect of Au@Ag bimetallic system which gives them an edge over other 

bimetallic systems is similar lattice parameters (0.40786 nm for Au and 0.40862 nm for Ag) 

which leads to epitaxial growth of Ag over Au NP core providing a high degree of control over 
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shape and size of the nanoparticles.26 In view of their multifunctional properties, Au@Ag 

bimetallic systems have been widely explored for a diversified range of  SERS and non-SERS 

based applications.27-31 Recently, Lim et al. used gap tailored Au-Ag core shell nanodumbbells 

for single molecule SERS studies and obtained a EF factor to the order of 1012.32 In another 

report, Heck et al. used Au-Ag core shell nanoparticles for single molecule SERS enhancement 

of two different dye molecules  i.e. Cy3 and TAMRA and obtained EFs to the order of 108 to 

1010.33 As compared to metal nanospheres, anisotropic shaped metal nanoparticles are believed 

to yield higher enhancements due to high intensity EM field generated near the vicinity of sharp 

edges.34 Among them, multi-branched Au nanostars (Au NSs) display superior performances for 

SERS compared to other morphologies, due to the strong electromagnetic field enhancement around 

the tips and the tunable localized SPR absorption band from the visible to near infrared (NIR) 

region.35-37 Anisotropic Au@Ag bimetallic nanostructures comprise of a powerful combination 

of excellent plasmonic effects and higher EM field intensity due to the sharp edges.38, 39 There 

are numerous reports where different anisotropic shaped Au@Ag bimetallic nanoparticles have 

been used for ensemble SERS applications.  13, 18, 40 To the best of our knowledge till now there 

are no reports of Ag coated Au bimetallic nanostars (Au@Ag NSs) being used for single 

molecule SERS enhancement studies. Very recently, William et al. carried out single molecule 

SERS studies using sprouted potato-shaped Au-Ag bimetallic nanoparticles.41 Although the 

obtained limit of detection for Raman active molecules was lower than fM, the system lack 

precise localization of target analyte in the hotspot which is imperative for designing efficient 

plasmonic nanoantennas. 

An abundance of molecular biomarkers exist on diseased cells and tissues, and a number of 

them are eventually released by pathogens into their surrounding mediums thereby forming 

promising non-invasive and real-time surrogates for diagnosis. They act as representative 

readouts and offer a unique route for the assessment of associated clinical conditions, 

monitoring their prognosis, and providing effective treatment.42 One of the clinically important 

bacterial biomarkers which require immediate attention is pyocyanin. It is a toxin released from 

gram negative bacterium Pseudomonas aeruginosa, known to cause respiratory tract 

infections.43 Normally it is identified using bacteriological culture methods that require at least 

24 hours for reliable results. So, it is highly desirable to develop fast label-free detection 

methods that can detect pyocyanin directly in the biological samples with high sensitivity and 

selectivity. The unprecedented ability of SERS to identify a specific analyte from a complex 
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mixture with high sensitivity has fueled research for the development of SERS based sensors.44-

46  

The first part of this chapter demonstrates that plasmonic nanoantennas designed using Au@Ag 

bimetallic nanostars can be used for enhancing single molecule SERS signals of FAM, Cy3 and 

TR dye molecules corresponding to different regions of visible spectrum. The programmable 

nature of DNA origami has given it an edge over other solution47, 48 and lithography49 based 

methods and it has emerged as a powerful method of nanofabrication to achieve control over the 

self-assembly of nanoparticles into complex plasmonic nanoantenna designs such as Au 

nanostar dimers,50 bowtie nanoantenna,51 assembling Au nanolenses,52 and localizing the 

desired target molecule in the hot spot of plasmonic nanoantenna.53-55 DNA origami was used as 

a template for self-assembling Au@Ag NSs with different interparticle gaps and stoichiometry 
and positioning single FAM, Cy3, and TR dye molecules in the plasmonic hotspot. Further, we 

have demonstrated that the designed nanoantennas can be used as a high-performance optical 

sensor for the sensing of bacterial biomarker pyocyanin with a limit of detection (LOD) of 500 

pM.  

Fluorescence based spectroscopy and imaging techniques are powerful optical tools that have 

revolutionized the field of science and technology. The high sensitivity of this technique paved 

the way for the development of fluorescence based single molecule detection methods. Due to 

diffraction-limited resolution (approx. 250 nm), single-molecule fluorescence measurements 

can only be performed in a limited concentration range from roughly 1 pM to 1 nM.56 Due to 

which optimum signal to noise ratio required for single molecule detection is lost. To overcome 

the concentration limit, light must be confined toward the nanometer scale, far below the 

classical wavelength size set by the diffraction limit. Plasmonic nanoantennas offer extremely 

promising strategies to enhance the brightness of the fluorescent marker in single-molecule 

fluorescence measurement and breach the limitations set by diffraction.57 The extent of 

fluorescence enhancement is strongly dependent on the particle size, shape, spectral overlap, 

and separation distance between the chromophores and metal NPs.58 Several examples are 

reported that highlights the utility of DNA origami assembled plasmonic nanoantennas for 

single molecule fluorescence enhancement studies. For example, Acuna et al. used pillar DNA 

origami for designing Au nanoparticles dimer structures showing upto 5000 fold enhancement 

in single molecule fluorescence signals.59, 60 Vietz et al. demonstrated that DNA origami-Ag 

nanoparticle dimer structures can enhance fluorescence signals by more than 2 orders of 

magnitude for dyes throughout the visible spectral range.61 Zhang et al. created a series of 

plasmon coupled Au nanorod dimer structures using DNA origami and investigated the effect of 
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different gap sizes on fluorescence enhancement at single particle level. A maximum 

enhancement factor of 470-fold was achieved for the gap size of 6.1 nm. The second part of this 

chapter demonstrates the utility of designed Au@Ag NS dimer structures with interparticle gap 

of 5 nm for single molecule fluorescence enhancement studies.  

4.2. Experimental section 

4.2.1. Materials 

Magnesium chloride hexahydrate (MgCl2.6H2O), ethylenediaminetetraacetic acid disodium 

(EDTA), HEPES buffer solution (pH=5), gold chloride trihydrate ( HAuCl4.3H2O, purity ≥ 

99.9%), trisodium citrate dihydrate (Na3C6H5O7) , L-Ascorbic acid, silver nitrate (AgNO3), 

sodium dodecyl sulphate (SDS),  tris(hydroxymethyl)aminomethane (Tris base), tris-

(carboxyethyl) phosphine hydrochloride (TCEP.HCl), 1 M Potassium phosphate monobasic 

solution (KH2PO4), 1 M potassium phosphate dibasic solution (K2HPO4), pyocyanin, phosphate 

buffer saline (PBS) tablets, biotin labeled bovine albumin, and sodium chloride (NaCl) were 

purchased from Sigma-Aldrich and used without further purification. Ammonium hydroxide 

(NH4OH, 25%), hydrochloric acid (HCl), Tween 20 and acetic acid (CH3COOH) were 

purchased from Merck. Hydrofluoric acid was purchased from Central Drug House fine 

chemicals. NeutrAvidin protein and Lab-Tek chambered coverglass were purchased from 

Thermo Fisher Scientific. M13mp18 single stranded DNA was purchased from New England 

Biolabs and was used without further purification. All modified and unmodified staple strands 

were purchased from Integrated DNA Technologies (IDT). Thiol, Cy3, FAM, Texas red (TR) 

dye and biotin labeled DNA oligonucleotides were purchased from IDT with HPLC 

purification. Sephacryl S-300 high resolution resin was bought from GE Healthcare. Carbon 

coated Cu TEM grids were procured from Ted Pella. AFM mica discs of V1 quality were 

bought from Agar Scientific. Si wafer (double side polished with resistivity 1-10 ohm.cm) was 

purchased from Ekta Marketing corporation. Micro bio spin chromatography columns for 

packing of resin were purchased from Bio-Rad. All the experiments were carried out in type 1 

ultrapure water. 

4.2.2. Experimental procedures 

4.2.2.1. Synthesis of Au@Ag NSs 

Au NSs were synthesized according to previously reported protocol.50 Ag coated Au NSs were 

prepared by the subsequent addition of 1 µL of 0.1 M AgNO3, 1 µL of 0.1M ascorbic acid and 2 
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µL of NH4OH solution to 1 mL solution of Au NSs. After stirring for 2 minutes, the color of 

solution changed from blue to purple indicating the coating of Ag on Au NSs. A 40 µL aliquot 

of 0.1 M SDS solution was then added to the solution and further stirred for 5 minutes. The 

solution was then centrifuged at 4000 rcf for 10 min and redispersed in 5 mM HEPES buffer 

(pH-3). Figure 4.1 shows the schematic diagram of the synthesis of Au@Ag NSs. 

 

Figure 4.1. Schematic depiction of the synthesis of Au@Ag NSs. 

4.2.2.2. DNA functionalization of Au@Ag NSs 

The DNA conjugates of Au@Ag NSs with thiolated DNA oligonucleotides were prepared by 

pH assisted fast binding of oligonucleotides to nanoparticles followed by stepwise salt addition. 
62, 63 At first, the disulphide protected thiol group of DNA oligonucleotides was deprotected 

using TCEP.HCl. The thiol protected DNA oligonucleotides were incubated with TCEP.HCl 

with a molar ratio of 1:200 for 3 hours. Deprotected DNA oligonucleotides were then incubated 

with Au@Ag NSs suspended in HEPES buffer (pH=3) for 30 minutes. This was followed by 

addition of 10% Tween 20 solution and 4:5 mixture of KH2PO4 and K2HPO4 buffers with a time 

gap of 15 minutes. The mixture was kept for overnight stirring. Further, the salt concentration of 

solution was slowly increased to 750 mM by gradual addition of PBS, 2M NaCl, 0.1% Vol 

Tween 20 buffer solution.  After salt addition, the reaction mixture was further kept for 

overnight stirring. The Au@Ag NSs DNA conjugates were purified by 3 times centrifugation at 

a rate of 5,000 × g, 10 min for each time. The supernatant was carefully removed and the 

nanoparticles were finally resuspended in 0.5×TAE buffer.   

4.2.2.3. Assembly of DNA origami 

The rectangular DNA origami template was assembled in a PCR thermocycler by mixing 

M13mp18 scaffold DNA, staple sequences and modified sequences to a final concentration of 2 

nM, 10 nM, and 20 nM respectively in 1× TAE buffer having 12.5 mM MgCl2. The thoroughly 

1.AgNO3
2.Ascorbic acid

3.NH4OH

Au nanostar Au@Ag nanostar
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mixed reaction mixture was subjected to a folding program comprising of heating to 95 ºC 

followed by cooling down to 20 ºC in a duration of 1.5 hours. 

Dimerization of rectangular DNA origami was done according to previously reported 

protocol.50 Unpurified solutions of monomer A and monomer B were mixed with 24 branching 

staples to a final concentration of 40 nm in 50 × TAE buffer with 12.5 mM MgCl2. The reaction 

mixture was kept at room temperature for 24 hours. Dimerized rectangular DNA origami was 

purified using Sephacryl S-300 HR resin.  

The rectangular DNA origami structures used for preparing sample for single molecule 

fluorescent enhancement studies were assembled using 4 biotin labeled DNA sequences. The 

regular staples were replaced by biotinylated DNA strands in the preassembly used for 

assembling the origami structures. Biotin modifications were done at the 5' end of the DNA 

oligo’s so that the biotin group comes on the origami face opposite to the face having capture 

DNA sequences. The details of biotin labeled DNA sequences are given in table 9 of appendix 

A. Dimerization of rectangular DNA origami was done using 23 regular branching staples (table 

4 and 5 of appendix A) and 1 modified branching staple having ⁓ 100 mixed DNA sequences 

(given in table 10 of appendix A). After purification, the dimerized DNA origami structures 

were incubated with Cy3 dye labeled DNA having sequence complementary to the modified 

branching staple for 6 hours (sequence given in table 10 of appendix A). The dye modified 

origami structures were then purified and used for incubation with DNA functionalized Au@Ag 

NSs.    

 

Scheme 4.1. A scheme illustrating the synthetic strategy adopted for self-assembling Au@Ag 

NSs DNA origami hybrid nanostructures with different interparticle gaps and stoichiometry.  

Dimerized rectangular DNA origami
180 nm
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4.2.2.4. Synthesis of Au@Ag NSs-DNA origami hybrid nanostructures 

DNA conjugated Au@Ag NSs were mixed with purified dimerized rectangular DNA origami in 

a molar ratio of 2:1 in 0.5 × TAE buffer with 6.25 mM MgCl2 and 300 mM NaCl. The mixture 

was kept in PCR thermocycler and repeatedly heated from 40°C to 20°C for 12 hours with a 

ramp rate of - 0.1°C/s. Scheme 4.1 illustrates the synthetic strategy adopted for self-assembling 

the Au@Ag NSs DNA origami hybrid nanoantennas. The final product was used for TEM 

imaging and AFM correlated Raman measurements. 

4.2.2.5. Transmission electron microscopy (TEM) imaging 

(a) DNA origami and Au@Ag NSs-DNA origami hybrid nanostructures. The hydrophilicity 

of carbon coated Cu grids was increased by treating them with 1 M MgCl2 solution. This was 

followed by drop casting purified DNA origami (6µL) Au@Ag NSs DNA origami hybrid 

nanostructures onto TEM grid for 3 minutes. Uranyl acetate (2%w/v) was used for doing 

negative staining of DNA origami.   

(b) Au NSs and Au@Ag NSs. Nanostars solution was directly drop-casted onto carbon coated 

Cu grids followed by drying in a vacuum desiccator. TEM imaging was done using a JEOL 

2100 microscope at an accelerating voltage of 200 kV. Size distribution of nanoparticles was 

analyzed using Image J software. STEM EDX mapping of Au@Ag nanostar dimer 

nanostructures was done using (IACS Kolkata TEM details). 

4.2.2.6. AFM imaging 

(a) DNA origami. AFM imaging of DNA origami nanostructures was done on mica sheets of 

V1 quality. At first, mica discs were fixed on round metal plates (Diameter 1.5 cm) using 

transparent nail polish. Before putting the sample, mica discs were mechanically cleaved at least 

5 to 6 times using scotch tape for getting a clean and flat surface. To make the surface 

hydrophilic, mica discs were incubated with 50 µM MgCl2 solution for 10 minutes followed by 

washing with water. The substrate was dried with N2 gas after that 20 µL of purified origami 

was dropped on it for 10 minutes. This was followed by washing with water and drying using a 

gentle breeze of N2 to get an even distribution of origami nanostructures on the substrate. 

(b) Au@Ag NSs DNA origami hybrid nanostructures. Si wafer was cut into small pieces of 1 

× 1 cm2 size followed by oxygen plasma cleaning (using Plasma bonder from Omicron 

scientific equipment Co.) for 10 min to make the surface hydrophilic. After cleaning the wafers 
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with 1:1 solution of ethanol and distilled water, they were incubated with a dilute solution of 

Au@Ag NSs DNA origami hybrid nanostructures in 10× TAE with 200 mM MgCl2 for 2 hours. 

Wafers were washed with MQ water 3 to 4 times to remove excess salt and unbound material. 

To ensure uniform and complete coverage Si wafer surface was dried with a gentle breeze of N2 

gas. 

Silicon cantilever’s (Bruker) and TAP 150-Al-G cantilevers (Budget sensor) were used for 

imaging DNA origami and Au@Ag NSs hybrid nanostructures respectively. 

4.2.2.7. Single molecule SERS measurements 

Single molecule SERS signals were recorded using AFM correlated measurements as described 

previously.50 Briefly, at first the Si substrate with immobilized nanoantennas was scanned using 

AFM and an area having sparsely distributed nanoantennas such that in the laser confocal area 

of 1 µm2 only one nanoantenna resides was located. The area was then relocated using a 

confocal Raman optical microscope using optically visible features on the substrate and was 

scanned for Raman signals. 

4.2.2.8. Calculation of enhancement factor (EF) 

Enhancement factor was calculated using the same equation as described previously.50 

               Equation 4.1 

Where, 

Ibulk = Normal Raman scattering intensity of dye (concentration 1.5 mM), 

ISERS = SERS intensity of dye, 

Nbulk = Number of molecules contributing to normal Raman signal of dye, 

NSERS= Number of molecules contributing to SERS signal. 
 

4.2.2.9. SERS based Pyocyanin detection 

The Au@Ag NSs dimer nanoantennas were immobilized on Si wafer in a similar manner as 

described above. After successful identification of the desired area using AFM, the immobilized 

dimer structures were incubated with different concentrations of pyocyanin solution to form a 

monolayer over the dimer structures. After 30 minutes of incubation, the excess sample was 

bulk

SERS

SERS

bulk

I
I

N
NEF =
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wicked and washed followed by scanning the substrate under a confocal Raman microscope for 

scattering signals. 

4.2.2.10. Single molecule fluorescence enhancement measurements 

The Au@Ag NS dimer structures with nanogap of 5 nm assembled on biotin modified DNA 

origami template were immobilized in Lab-Tek chambers for single molecule fluorescence 

measurements. For immobilization, at first, the Lab-Tek chambers were cleaned using a 10% 

HF solution for ten minutes to remove any impurities present on the surface of Lab-Tek. After 

washing the chambers 5 to 6 times with water, the Lab-Tek were incubated with 200 µL of 0.5 

mg/mL BSA-biotin solution for overnight being kept at 4 ºC. The BSA-biotin solution was 

removed and three times washing with PBS buffer was given. Then, 200 µL of 0.5 mg/mL 

neutravidin solution was added in the BSA-biotin modified chambers for 2 hours. The chambers 

were three times washed with PBS buffer to remove unbound protein. The synthesized Au@Ag 

NS dimer antennas were then diluted in 200 µL PBS buffer having 12.5 mM of MgCl2 and 

incubated in Lab-Tek chambers. After getting an ideal concentration of the structures on the 

surface of Lab-Tek supernatant solution was slowly removed and the chamber was refilled with 

200 µL of PBS-12.5 mM MgCl2. Single molecule fluorescence measurements were done using 

532 nm laser excitation. 

As synthesized Au@Ag NSs, DNA origami, Au@Ag NSs-DNA origami hybrid structures were 

characterized by, UV-Vis spectrophotometer, photoluminescence spectrophotometer, TEM, 

AFM, total internal reflection fluorescence microscope (TIRFM) and confocal Raman 

microscope as described in chapter 2 of this thesis. 

4.3. Results and discussion 

4.3.1. Design of DNA origami-Au@Ag NS hybrid plasmonic nanoantennas 

The bimetallic Au@Ag NSs were synthesized by the epitaxial growth of Ag over premade Au 

NSs. This approach has been successfully used for synthesizing different anisotropic shaped Au 

core Ag shell nanoparticles such as nanoprisms,64 nanocubes,65 and nanorods.15, 66 During the 

synthesis of the Au@Ag NSs, the major challenge was to achieve a uniform coating of Ag over 

the previously synthesized Au NSs such that the sharpness of the tips remains unaltered. 

However, the aforementioned challenge was overcomed by very precisely controlling the 

concentration of Ag in the coating solution. The Au NSs used for the synthesis were prepared 

according to a previously published report.50 In the coating solution, Ag NO3 was the precursor 
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Figure 4.2. (a) UV-Vis spectra of Au NSs and Au@Ag NSs (inset shows digital images of 

nanostar solutions, and (b and c) TEM images of Au@Ag NSs. 

of Ag and ascorbic acid acted as a reducing agent. The reduction of Ag+ ions to Ag0 by ascorbic 

acid was commenced on adding NH4OH which increased the pH of the reaction mixture as 

evidenced by a change in color of the solution from blue to pinkish purple (inset of Figure 4.2a). 

The overlapping UV-Vis spectra of the Au NSs before and after Ag coating (Figure 4.2a) shows 

a blue shifting of surface plasmon band (SPR) of Au NSs from 718 nm to 560 nm covering 

almost the entire visible region. The blue shift with no change in the shape of the spectrum 

indicated a successful coating of Ag over the Au NSs with no change in the morphology. This 

was further confirmed using TEM, from the TEM images of NSs (Figure 4.2b and 4.2c) it was 

evident that Ag is getting deposited on the surface of Au NSs and no separate nucleation is 

taking place. Due to significant similarity in the lattice fringe width of both the metals67 Ag was 

deposited uniformly over the Au NSs leaving the sharpness of tips unaltered (as shown in 

Figure 4.2b and 4.2c). The average size of Au@Ag NSs, calculated using 20 different structures  

 

Figure 4.3. EDX spectrum of Au@Ag NSs.  
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was found to be 70 ± 6 nm. Energy dispersive X-ray (EDX) analysis of the nanostructures 

further confirmed the presence of Ag over Au NSs (Figure 4.3). A careful examination of the 

TEM images of Au@Ag NSs revealed the thickness of Ag coating around the Au core is around 

1.5 nm. As reported elsewhere, lesser the thickness of Ag coating better is the stability of 

Au@Ag bimetallic structure,23 the designed structures were expected to be stable and have 

pronounced plasmonic enhancement effects. After successful synthesis of the Au@Ag NSs, the 

 

Figure 4.4. (a) Schematic depiction of synthesis of DNA conjugated Au@Ag NSs, (b) Au@Ag 

NSs in PBS having 500 mM NaCl, and (c) UV-Vis spectra of Au@Ag NSs before and after DNA 

functionalization.  

nanostars were functionalized with thiolated ssDNA oligonucleotides. The DNA 

functionalization was carried out using the well-established method of salt aging with some 

modifications (Schematic is shown in figure 4.4a). The initial step of attachment of thiolated 

DNA to Au@Ag NSs was carried out at pH 3 to overcome the problem of low adsorption of 

DNA on the Ag surface at neutral pH.68 Charge repulsion between phosphate backbones of 

adjacent DNA oligonucleotides was further reduced by increasing the salt concentration of 

solution to 750 mM in very slow steps. Normally, during the immobilization of NPs on DNA 

origami, buffer solutions having a high salt concentration of around 500 mM NaCl is used. So it 

was necessary to check the stability of the as synthesized Au@Ag NSs in high salt 

concentration.  We found that the DNA conjugated Au@Ag NSs solutions were able to 

withstand high salt concentration conditions required for immobilization on DNA origami 

(Figure 4.4b). The UV-Vis spectra (Figure 4.4c) of Au@Ag NSs before and after DNA  
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Figure 4.5. (a and b) AFM images, and (c and d) TEM images of dimerized rectangular DNA 

origami. 

functionalization showed a slight red shift of ⁓ 8 nm, which usually happens due to a change in 

the dielectric constant of the surrounding medium after conjugation. Further, the DNA 

functionalized Au@Ag NSs were self-assembled on dimerized rectangular DNA origami with  

 

Figure 4.6. Chemical structure and fluorescence spectra of (a and b) Cy3, (c and d) TR, and (e 

and f) FAM dye molecules. 
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different interparticle gaps and stoichiometry as shown in scheme 4.1. It has been shown 

previously that dimerized rectangular DNA origami, not only provides enough space for co-

assembling large metal nanoparticles of size ⁓ 70 nm but also allows tuning of the interparticle 

gap. 50 So, for assembling the Au@Ag NSs dimer and monomer nanoantennas dimerized 

rectangular origami was used. The AFM and TEM images of dimerized rectangular DNA are 

incorporated in figure 4.5. Single dye molecule was positioned at the center of the interparticle 

gap by replacing one of the branching staples with dye modified staple. To check the 

enhancement efficiency of the designed nanoantenna across the visible region, we used three 

different dye molecules: FAM, Cy3, and TR approximately corresponding to the blue, green, 

and red regions of the visible spectrum respectively. Fluorescence spectra of the dye molecules 

recorded after incorporating them on DNA origami (Figure 4.6) confirmed their successful  

Table 4.1. Position of capture staple sequences 

Interparticle gap Monomer A Monomer B 
10 nm 81,82,83,111,85 82,83,111,85,86 

5 nm 82,83,111,85,86 81,82,83,111,85 

 

incorporation. Details of dye labeled sequences can be found in table 8 of appendix A. Two 

attachment sites were created on the dimerized DNA origami for assembling Au@Ag NSs on 

the DNA origami template. Each attachment site comprised of 5 capture sequences created by 

extending staples in 3ˈdirection with DNA sequence complementary to the DNA sequence used  

 

Figure 4.7. AFM images of Au@Ag NS (a) monomer and (b) dimer. The inset shows the height 

profile of the constructs. 
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for functionalizing Au@Ag NSs. By changing the position of capture sequences, Au@Ag NS 

dimer constructs of two different interparticle gap sizes and monomer were synthesized. The 

details of the position of the capture staples are given in table 4.1. The interparticle gap of the 

dimer construct cannot be fully resolved using AFM, but the AFM images (Figure 4.7a and  

4.7b) confirmed that the Au@Ag NSs are getting assembled on DNA origami. The height 

profile of the nanoantennas (as shown inset) matched well with the size of nanostars. In order to 

calculate the interparticle gap, TEM images of the dimer nanoantennas were recorded (Figure 

4.8) the average interparticle gap of dimers was measured to be 10 ± 1 nm and 5 ± 1 nm. As  

 

Figure 4.8. TEM images of Au@Ag NSs dimers of an average interparticle gap of (a and b) 5 

nm, and (c and d) 10 nm on DNA origami. 

mentioned in chapter 3 of this thesis, 50 when we tried to reduce the interparticle gap of Au 

nanostar dimer below 7 nm by changing the position of capture sequences, the tips of nanostars 

were found to be touching with each other resulting in no enhancement in Raman signals due to 

quantum confinement effect. With our present system by coating the particles with Ag, we were 

able to reduce the interparticle gap without changing the position of capture sequences. The  

 

Figure 4.9. (a) Dark field STEM mapping image of Au@Ag NS dimer of an average 

interparticle gap of 10 nm, and (b and c) the corresponding elemental mapping images.  
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STEM EDX mapping (Figure 4.9) of the dimer nanoantenna further confirmed the presence of 

Ag over the Au NSs, indicating that the coating of Ag is getting stabilized after DNA 

functionalization and is not getting removed during the fabrication procedure. 

4.3.2. Single molecule SERS measurements  

In order to investigate the plasmonic abilities of the designed nanoantenna, we then performed 

single molecule AFM correlated Raman measurements.50 Briefly, at first, the nanoantennas  

 

Figure 4.10. Single molecule SERS measurements of Cy3 dye in Au@Ag NS dimer nanoantenna 

of 5 nm interparticle gap. (a and b) Optical images recorded using AFM and confocal Raman 

microscopes (red and white circle shows the scanned area). (c) AFM images of the 

nanoantenna structures. (d,e and f) High resolution AFM image of single nanoantenna 

structure with their height profiles. (g,h, and i) Corresponding single molecule SERS spectra. 

were immobilized on the surface of Si wafer for AFM imaging. After identification of the 

desired area, the same area was scanned using confocal Raman microscope for collecting 

Raman signals. For each of the three dyes used in this study three different samples i.e. Au@Ag 

NS dimer gap 5 nm, Au@Ag NS dimer gap 10 nm, and Au@Ag NS monomer were prepared. 

Figure 4.10 shows the correlated AFM images and SERS spectra of Au@Ag NS dimer (gap= 5 

nm) nanoantennas having Cy3 dye molecule. From the single molecule SERS signals (figure 

4.10g, 4.10h, and 4.10i) we noted a slight shift in the spectral position of some of the peaks 

along with the intensity. The change in spectral position can be ascribed to different molecular 

orientations in the plasmonic hotspot. To account for the slight conformational variations in 

individual nanoantenna and random orientation of the dye in the hotspot, the averaged EFs were 

calculated considering SERS signals from 15 different structures. All the Raman measurements 

were carried out using laser excitation of 633 nm. The characteristic Raman fingerprints of all 
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three dyes were determined by recording the reference Raman spectrum using spherical Ag NPs 

of 50 nm size (Figure 4.11). The fingerprint peaks for the three dyes were found to be: Cy3  -

1195, 1392, 1463 and 1586 cm-1, TR - 1502 and 1647 cm-1 and FAM- 1180, 1330, 1476, 1505, 

1569, and 1636 cm-1. For FAM, Cy3, and TR highest intensity Raman peaks i.e. 1330 cm-1, 

1195 cm-1, and 1502 cm-1 were identified for calculating the EFs.  Figure 4.12 shows the 

 

Figure 4.11. Reference Raman spectra of TR, Cy3, and FAM dye molecules recorded on 50 nm 

Ag NPs. 

averaged SERS spectra of all three dyes for the three different structures. We found that the EFs 

were highest for Cy3 dye followed by that of TR and FAM respectively. It is very well known 

that SERS EFs are maximum when there is a close resonance between the electronic transition 

of probe molecule, laser excitation wavelength and the surface plasmon resonance of the metal 

nanoparticles, a condition commonly termed as SERRS.69 From practical point of view it is 

quite difficult and restricting to exactly match all the three parameters. Experimentally it has 

been found that SERRS works quite well with two possible arrangements, first, the molecular 

absorbance and SPR wavelength coincide with each other while the excitation wavelength is 

away from absorbance and plasmon maximum. Second, the molecular absorbance and the SPR 

band position do not coincide with each other but the laser excitation is at the molecular 

absorbance maximum.70 The absorption maxima of the dyes used are as follows: FAM: 493 nm, 

Cy3: 552 nm, TR: 594 nm. The SPR band position is at 560 nm and laser excitation 
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Figure 4.12. (a) Single molecule SERS spectra of FAM dye in plasmonic hotspot of  Au@Ag 

NSs dimer of interparticle gap (i) 5 nm and (ii) 10 nm, (iii) Au@Ag NSs monomer, and (iv) bulk 

FAM dye. (b) Single molecule SERS spectra of Cy3 dye in plasmonic hotspot of  Au@Ag NSs 

dimer of interparticle gap (i) 5 nm and (ii) 10 nm, (iii) Au@Ag NSs monomer, and (iv) bulk Cy3 

dye. (c) Single molecule SERS spectra of TR dye in plasmonic hotspot of  Au@Ag NSs dimer of 

interparticle gap (i) 5 nm and (ii) 10 nm, (iii) Au@Ag NSs monomer, and (iv) bulk TR dye. 

is at 633 nm. The overlapping absorption spectra of all the three dyes and SPR absorption 

spectrum of Au@Ag NSs (Figure 4.13) indicate that the absorption maximum of Cy3 dye is 

closest to the SPR of the Au@Ag NSs fulfilling the SERRS condition. Thus, the higher EFs for 

Cy3 dye can be attributed to SERRS and high Raman cross-section of Cy3 dye in the hotspot.33 

In case of TR dye, the laser excitation wavelength was close to its molecular absorbance which 

resulted in EFs higher than that of FAM dye. The non-resonant SERS experiments for FAM still 

resulted in EFs to the order of 109, which are sufficient enough for single molecule detection.32 
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Figure 4.13. Overlapped absorption spectra of Cy3, TR, and FAM dye and SPR absorption 

spectrum of Au@Ag NSs. 

We further found that for all the three dyes, the average EFs were highest for an interparticle 

gap of 5 nm followed by that of 10 nm and monomer nanoantenna (Table 4.2). The excited 

surface plasmons decay rapidly as 1/d12,71, 72 as a result, the enhancement effects are highest 

when the probe  

Table 4.2. Experimentally obtained EFs of FAM, Cy3, and TR dye molecules 

 FAM dye Cy3 dye TR dye 
System /Peaks (EF) 1330 cm

-1
 (EF) 1195 cm

-1
 (EF) 1502 cm

-1 
 

5 nm gap dimer 9.0 × 10
9
 3.3 × 10

10
 1.2 × 10

10
 

10 nm gap dimer 5.1 × 10
9
 1.7 × 10

10
 7.2 × 10

9
 

Monomer 2.5 × 10
9
 7.9 × 10

9
 3.5 × 10

9
 

 

molecule is close to the surface and almost no enhancement in Raman signals is observed at 

distances larger than 20 nm.72  The overall change in the pattern of SERS intensity with a 

decrease in the interparticle gap and change in stoichiometry is in good agreement with the 

previous works.50 The summarized results are plotted in the scattering graph (Figure 4.14). 

Variation in the intensity of SERS signal could be attributed to several factors such as slight  
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Figure 4.14.  Scattering intensity plot showing single molecule SERS signals of (a) FAM, (b) 

Cy3, and (c) TR dye molecules recorded from 15 different individual nanoantennas. 

variation in the interparticle gap, orientation of dye molecule and a slight change in the size of 

NPs. To confirm that the measured SERS signals are originating from the dye molecule placed 

in the hotspot, we recorded the Raman spectra of all the dyes incorporated on origami without 

the nanostars, DNA origami, Au@Ag NSs, and Au@AgNSs assembled on origami without the  

 

Figure 4.15. Raman spectra of DNA origami, TR dye on DNA origami, Cy3 dye on DNA 

origami, Au@Ag NSs, and Au@Ag NSs on DNA origami.  

dye (Figure 4.15). It is interesting to note that no Raman peaks were observed in all the Raman 

measurements carried out as a control experiment. 
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4.3.3. Nanoantenna based label-free bacterial biomarker detection 

After obtaining significant enhancement in Raman signals of single dye molecules, the designed 

nanoantenna structures were employed for label-free Raman enhancement-based detection of 

bacterial biomarker pyocyanin. Figure 4.16a illustrates the schematic depiction of the sensing of  

 

Figure 4.16. (a) Schematic depiction of pyocyanin sensing on the Au@Ag NSs dimer 

nanoantenna, (b) concentration-dependent SERS spectra of pyocyanin, (c) UV-Vis absorption 

spectrum of pyocyanin, and (d) reference Raman spectrum of pyocyanin recorded on 50 nm Ag 

NPs. 

pyocyanin on Au@Ag NSs dimer nanoantennas. The dimer nanoantennas immobilized on Si 

wafer were incubated with different concentrations of pyocyanin to form a monolayer on the 

dimer structures. The SERS based sensing experiments were carried out using Au@Ag NS 

dimer nanoantennas with an interparticle gap of 10 nm and laser excitation of 633 nm. We were 

able to detect pyocyanin with a LOD of 500 pM with our nanoantenna structures (Figure 4.16b) 

which is better than some of the previous reports.73, 74 Although there are several reports where 

LOD is lower than our system, they used costly fabrication techniques like lithography for 

making a micropatterned SERS active substrate. 75, 76 In our case, we were able to get a 
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sensitivity of 500 pM with a single nanoantenna structure. The UV-Vis absorption spectrum of 

pyocyanin shows a broad absorption band in the visible region (Figure 4.16c) with λmax around 

688 nm which is close to the laser excitation wavelength of 633 nm. Therefore, the Raman 

spectra recorded using the designed Au@Ag NS dimer nanoantennas were actually due to 

SERRS rather than SERS. Before carrying out the SERRS experiments the Raman fingerprints 

of pyocyanin were identified by recording the SERS spectrum of pyocyanin on 50 nm Ag NPs  

 

Figure 4.17. Normal Raman spectra of 10, 1, and 0.5 µM pyocyanin. 

(Figure 4.16d). Further, to ascertain that the recorded SERS signals were coming from the 

pyocyanin molecules present on the Au@Ag NSs dimer nanoantennas, normal Raman spectra 

of pyocyanin with different concentrations of  10 µM, 1µM, and 500 pM was recorded (Figure 

4.17). No Raman signal was detected for all the three concentrations which confirm that the 

obtained SERS signals were due to pyocyanin molecules present in the plasmonic hotspot. We 

emphasize that the LOD can further be lowered by immobilizing a target capturing probe 

molecule into the plasmonic hotspot. 

4.3.4. Single molecule fluorescence enhancement measurements  

As the designed Au@Ag dimer nanoantennas were showing significant enhancement in the 

single molecule SERS signals, fluorescence enhancement studies were also carried out using 

designed Au@Ag NS dimers having the interparticle gap of 5 nm. Fluorescence images and 

transient profiles recorded for single Cy3 dye immobilized on DNA origami and in the 

plasmonic hotspot of Au@Ag NS dimer of gap 5 nm are shown in figure 4.18. Preliminary 

results showed that the nanoantennas are showing 10-fold enhancement in the fluorescence 

signals of a single Cy3 dye molecule. For analysis, spots showing single step bleaching which is 

the characteristic feature of single molecules were considered. The results shown are for highest 
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intensity signal obtained during one measurement. More measurements are required for 

estimating the average enhancement factor by which designed nanoantennas can enhance single 

molecule fluorescence signals. 

 

Figure 4.18. Fluorescence images (frame size 20 µM by 20 µM) and transients of single Cy3 

dye on (a) DNA origami, and (b) positioned in the plasmonic hotspot of Au@Ag NS dimer 

nanoantenna (gap 5 nm).  

4.4. Conclusion 

This chapter demonstrates the strong broadband field enhancement effects of nanoantennas 

designed using Au@Ag bimetallic nanostars. Au@Ag NS dimers of different interparticle gap 

sizes and monomer structures were assembled using the DNA origami technique. The designed 

nanoantennas were found to be significantly enhancing SERS signals of single FAM, Cy3, and 

TR dye molecules, used as Raman probe in this study. The enhancement effect was highest for 

Cy3 dye because of close resonance between the SPR of Au@Ag NSs and the absorption 

maximum of Cy3 dye. The EFs for TR and FAM dye molecules were also in the order of 109-

1010, which are sufficient for single molecule detection. The obtained results show that the 

designed nanoantennas can be used as a broadband nanoantenna for enhancing Raman signals 

from all dyes corresponding to different regions of the visible spectrum. This is the first report 

where a single nanoantenna is shown as a broadband single molecule Raman signal enhancer. 

This chapter further demonstrates the applicability of the designed nanoantennas for label free 

ultrasensitive detection of bacterial biomarker pyocyanin with a LOD of 500 pM. The last part 
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of this chapter shows that the designed Au@Ag NS dimer nanoantennas (nanogap 5 nm) were 

showing a 10-fold enhancement in the fluorescence signals of single Cy3 dye molecule 

localized in the plasmonic hotspot. The results suggest that the designed Au@Ag NS dimer 

nanoantennas can be used for label-free plasmonic sensing of clinically important molecules.  
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Chapter 5 
Synthesis and immobilization of single Si QD on DNA 

origami for sensing and imaging applications 
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5.1. Introduction 

Quantum dots (QDs) have attracted a great deal of scientific research interest due to their 

promising candidature in a plethora of applications ranging from solar cells to biology.1-3 QDs 

have been utilized as ideal fluorescent probes for multicolor and multiplexing applications in 

molecular biology because of their novel optical properties such as narrow, symmetric emission 

and broad excitation spectra and stability towards photobleaching.4, 5  Conventionally used QDs 

are semiconductor nanocrystals composed of elements from the periodic groups of II–VI (e.g., CdTe 

and CdSe) and III–V (e.g., InP) 6, 7 and have been extensively investigated due to their excellent 

quantum yield, high photostability, and strong tunable emission. In particular, heavy metal 

chalcogenide-based QDs such as CdSe and CdTe have been extensively investigated due to 

their excellent quantum yield, high photostability, and strong tunable emission. However, 

despite being used in a myriad of applications ranging from solar cells to biology, 1-3, 8 heavy 

metal chalcogenide-based QDs have limited applications in biology due to the toxicity 

associated with heavy metal ions such as Cd2+ and Pb+2. 9, 10 Therefore, synthesis of 

biocompatible and non-toxic QDs has been a focal point of research. Recently, research interest 

has been shifted toward functional Si nanoparticles (NPs) owing to their magnificent optical, 

electronic, and mechanical properties, tailorable surface, and excellent biocompatibility. 11-18Si 

NPs have promised to overcome the leaching problem of highly toxic heavy metal ions in 

chalcogenide-based QDs and also provide robust surface chemistry for easy conjugation with 

biomolecules. 19 Similar to conventional QDs, Si QDs are also resistant to photobleaching and 

have a wide emission range from visible to infrared region with relatively high quantum yields. 

Zhong et al. have shown that fluorescent Si NPs are better for long term in vitro imaging due to 

their high photostability with respect to FITC fluorescent labels that completely disappear after 

short-time irradiation of 3 minutes.17 Further, it was found by Pramanik et al. that Si QDs doesn't 

have any effect on the viability of bacterial cells, whereas CdSe QDs exhibited considerable 

toxicity even at lower doses.20 Despite having potential as a sustainable alternative to transition 

metal-based QDs, studies on Si NPs are limited due to the complicated synthetic procedures, use 

of costly equipments, and harsh experimental conditions involved in the synthesis. 21-23 For 

example, Liao et al. have described a one pot synthetic strategy for water dispersible Si QDs, 

but the process involved hydrothermal etching of Si powder. 24, 25 Furthermore, the QDs 

produced are generally hydrophobic, rendering their bioconjugation difficult, and require 

surface modifications to make them hydrophilic. 26-30 Therefore, simple and green synthetic 

strategies which eliminate the use of hazardous chemicals as well as energy exhaustive 

processes that lead to hydrophilic Si QDs without any surface modification are highly desirable.  
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The first part of this chapter demonstrates a one-pot, green, cost effective, and energy-efficient 

synthetic strategy for the synthesis of blue emitting Si QDs using 3-aminopropyltriethoxysilane 

(APTES) as the silicon source and a commonly available sugar, glucose, as reducing agent at 

room temperature. Several optical and structural characterizations have been done to confirm 

that the as synthesized QDs are of Si and are crystalline in nature. Stability studies have been 

carried out by subjecting the synthesized Si QDs to different ionic strength, temperature, and pH 

conditions. The presence of oxygen containing surface functionalities such as −OH and −COOH 

on the as-synthesized Si QDs were further used for reducing Au+3 ions at room temperature 

thereby forming Au NP-Si QD nanocomposite structures. The combination of two or more NPs 

with different functionalities leads to formation of composite NP system. Such hybrid structures 

are known to have properties superior to those of the single NP system due to synergistic effect 

between the two NPs. 31-36 The formation of a hybrid NP system, especially a QD−metal NP 

hybrid system leads to enhanced optoelectronic property of the QDs because of the presence of 

localized surface plasmon resonance (LSPR) of the metal NPs. Such hybrid nanostructures are 

known to have potential applications in photocatalysis, plasmon enhanced spectroscopy, solar 

energy harvesting, and bioimaging. 37-41 Till now most of the studied hybrid systems consist of 

metal NPs and Cd or Pb chalcogenides, but for applications related to energy and optoelectronic 

devices, metal NP hybridization with Si QDs is preferred. 15, 42 There are only a handful of 

reports showing the formation of Si QD−metal NP composite. 42-45 The as-synthesized Au NP-

Si QD hybrid NPs were found to be showing excellent catalytic activity towards reduction of 

nitroarenes. Further, the catalytic activity of different sized Au NP-Si QD hybrid NPs, 

synthesized using different concentrations of Si QDs, towards reduction of p-nitrophenol to p-

aminophenol has been demonstrated. Room temperature development of a hybrid system 

comprising the optical properties of both Si QDs and Au NPs is a promising step toward the 

design of a biocompatible and multifunctional hybrid NP system.  

The second part of this chapter demonstrates a solution phase synthesis of white light emitting 

mixture (WLEM) by controlled mixing of blue emitting Si QDs and orange red emitting Au 

nanoclusters (Au NCs). The emission of white light from various organic, inorganic and hybrid 

materials is a highly desired phenomenon of immense interest due to its prospective 

applications in displays or light-emitting devices. 46 In recent years, organic light-emitting 

diodes (OLEDs) have emerged as an alternative to incandescent lamps in the development of 

solid state lighting due to their long lifetime, small size, and low energy consumption and hence 

reducing the pressure on fossil fuels for generation of energy. 47 The major drawback of 
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commercial WLEDs 48, 49 is their poor stability which leads to a change in chromaticity and 

color rendering with time.50 Therefore development of novel, energy efficient, and reliable 

white light emitting sources remains a great challenge. Till now several strategies have been 

adopted for the generation of white light emission using different materials such as  polymers, 51 

metal–organic frameworks, 52, 53 semiconducting quantum dots, 54, 55 lanthanide co-doped 

systems, 56, 57 organic molecules 58, 59 etc. The development of white light emitting mixtures in 

solution phase is important because of their possible applications due to easy device fabrication 

on different types of substrates. Several reports exist on various composites such as carbon dots, 

silica hybrids or boronate microparticles which were exploited as white light emitting materials 

owing to their easy solution phase synthesis, good stability, bio-compatibility, cost effectiveness 

and non-toxicity. 60-64 Few reports exist on fluorescent Au NCs used as light emitting sources in 

optoelectronic devices. For example, Barman et al. reported the composite of carbon dots and 

dye encapsulated BSA-protein-capped Au NCs for white light generation. 65 Goswami et al. 

demonstrated the formation of white light emission by combining the blue and green 

fluorescence of green fluorescent protein (GFP)-expressing bacteria and orange luminescence of 

Au NCs. 66 Mandani et al. demonstrated the solution based synthesis of white light emitting 

system by controlled mixing of carbon dots with rhodamine B dye. 67 In a very recent study, 

Bose et al. demonstrated the production of white light by mixing green luminescent Si NPs with 

blue emitting Si NPs and red luminescent Au NCs.23 Tu et al. 68 and Ghosh et al. 69 mixed red 

emitting Si QDs with green and blue emitting REE phosphors and poly[N,N '-bis(4-

butylphenyl)-N,N '-bis(phenyl)benzidine] film respectively for the generation of white light. In 

most of the previous studies, the generation of white light emission was performed by 

combining different types of dyes or mixing dye with fluorescent NPs or mixing different types 

of NPs/NCs, which consist of three components. Such systems can suffer from self-absorption, 

color ageing, non-radiative energy transfer and unwanted changes in the chromaticity 

coordinates. 42, 43 In the present study, we have generated WLEM in solution phase by mixing 

as-synthesized blue emitting Si QDs with orange red emitting Au NCs. The WLEM mixture 

was incorporated in a gel, thin film as well as solid forms that will have potential utilities in 

designing solid state devices. Furthermore, the as obtained WLEM was employed for the 

reversible and selective detection of analyte molecules such as mercuric (Hg2+) ions and 

cysteine amino acid (Cys). 

The third part of this chapter discusses DNA functionalization and immobilization of single Si 

QD on DNA origami for single molecule fluorescence enhancement studies. Single molecule 
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measurements have significant advantages over ensemble average methods like ultrahigh 

sensitivity, low sample consumption, rapid analysis time,  and ability to reveal hidden 

heterogeneities in a complex system.70 It is very well known that plasmonic resonances in a 

metallic nanoparticle can be used to enhance the emission of fluorophores positioned a few 

nanometers from their surface and are widely employed in several ensemble-averaged 

biosensors71, 72 and has been extended to the single-molecule regime.73 Recently, DNA origami 

technique has emerged as an extremely powerful and versatile platform for designing plasmonic 

nanoantennas owing to its control over the spacing, stoichiometry and precise localization of 

particles at a well-defined position.74 Till now most of the DNA origami assembled plasmonic 

nanoantennas have been targeted to enhance fluorescence signals of organic fluorophores,75-77 

relatively fewer nanoantennas have been proposed to enhance the fluorescence of QDs.  

Considering high quantum yield and photostability of QDs, designing plasmonic nanoantennas 

for enhancing fluorescence signals from single QD will enable the development of single QD-

based nanosensors that will have extremely high sensitivity. For this reason, development of 

plasmonic nanoantennas capable of enhancing the performance of QDs is highly desirable. 

Recently, Nicoli et al. assembled a gold NP dimer with a single CdSeS/ZnS QD positioned in 

between and achieved an enhancement in fluorescence signals of the QDs up to ⁓30-fold.78 The 

enhancement in fluorescence signals is higher in the case of anisotropic shaped nanoparticles 

due to their sharp edges.79 This study demonstrates immobilization of single Si QD on DNA 

origami. As synthesized Si QDs were conjugated with amine labeled DNA oligonucleotides 

using well-established method of EDC-NHS coupling. Further, they were captured on DNA 

origami at a predefined position using Watson and Crick complementary base pairing. 

5.2. Green synthesis of Si QDs and catalytic Au NP – Si QD nanocomposite 

5.2.1. Experimental section 

5.2.1.1. Materials 

3-aminopropyltriethoxysilane (APTES), gold(III) chloride trihydrate, and sodium borohydride 

were purchased from Sigma-Aldrich. D-glucose and quinine sulfate were purchased from 

Himedia. Sodium hydroxide, nitric acid, and sodium chloride were procured from Merck, India. 

p-nitrophenol was procured from SRL chemicals, India. Dialysis membrane with a molecular 

weight cut off of 0.5-1 kDa was purchased from Spectra labs. All the reagents were of analytical 

grade and were used as received. All the experiments were performed using Milli-Q water. 
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5.2.1.2. Experimental procedures 

5.2.1.2.1. Preparation of blue emitting Si QDs 

Si QDs were synthesized using glucose as reductant at room temperature. In a typical synthesis, 

450 mg of D-glucose was dissolved in 4 mL of water followed by slow addition of 0.5 mL of 

APTES under stirring. The stirring was continued for 48 hour at room temperature until the 

colorless solution became dark brown. The solution was dialyzed against Milli-Q water for 6 

hour and stored for further use. 

5.2.1.2.2. Preparation of Au NP − Si QD hybrid NPs 

For the preparation of Au NP-Si QD hybrid NPs, the dialyzed Si QDs solution was first diluted. 

In a typical synthesis, 0.1 mL of the dialyzed Si QDs was added to 1.9 mL of water, followed 

by the addition of HAuCl4 solution such that the final concentration of HAuCl4 was 6×10−4 M. 

Within 30 min the solution color turned into red from light yellow at room temperature. 

5.2.1.2.3. Catalytic activity of Au NP-Si QD hybrid NPs 

The catalytic activity of Au NP-Si QD hybrid nanoparticles was studied by carrying out the 

reduction of p-nitrophenol to p-aminophenol by using NaBH4 as reductant. In a quartz cuvette 

(1 cm path length), 2.5 mL of p-nitrophenol (0.12 mM) was mixed with 5 mg of NaBH4 and 

0.05 mL of as-synthesized Au NP-Si QD hybrid NPs. The mixture was characterized with a 

UV−visible spectrometer by recording the absorbance spectra every 2 min in the wavelength 

range of 200 −500 nm. 

As synthesized Si QDs and Au NP-Si QD hybrid NPs were characterized by TEM, dynamic 

light scattering (DLS) study, UV-Vis spectrophotometer, FTIR, X-ray photoelectron 

spectroscopy (XPS), X-ray powder diffraction (XRD), photoluminescence spectrophotometer, 

and TCSPC measurements as described in chapter 2 of this thesis. 

5.2.2. Results and discussion 

5.2.2.1. Optical studies of Si QDs  

Si QDs were synthesized by a facile one-pot green synthetic protocol, an aqueous solution of 

APTES and glucose was stirred at room temperature for 48 hours. Where, APTES was used as 

source of Si and glucose as reducing and stabilizing agent. The appearance of a dark brown 

color from the colorless reaction mixture (Figure 5.1a), indicated the formation of Si QDs. The  
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Figure 5.1. (a and b) Digital images of the as prepared Si QDs under daylight and under UV 

excitation (λexc = 365 nm), respectively. (c) Excitation and emission spectra of the Si QDs, (d) 

DLS size distribution histogram of the as prepared Si QDs, and (e) FTIR spectrum of the Si 

QDs. 

solution when observed under a hand-held UV lamp with an excitation wavelength of 365 nm 

showed intense blue color fluorescence (Figure 5.1b), suggesting the formation of blue emitting 

Si QDs. Excitation and emission spectra of the resultant Si QDs (Figure 5.1c) showed emission 

centered at 467 nm upon excitation at 370 nm with symmetrical excitation and emission peaks. 

The PL spectra indicated that the synthesized Si QDs possess good photoluminescence 

properties. The photoluminescence quantum yield of the as synthesized Si QDs was calculated 

to be 3.1% using quinine sulfate as a reference, which was significantly higher than those of Si 

QDs synthesized using APTES and catechol.80 The hydrodynamic size distribution obtained 

using DLS studies showed only a single peak corresponding to Si QDs with a diameter of 3.6 

nm (Figure 5.1d). Absence of any other peak above 100 nm indicated that the formed particles 

are stable and are non-aggregated. To get insights into the nature of surface functionalities 

surrounding the Si QD, FTIR measurements were performed. The FTIR spectrum of the Si QDs 

is shown in figure 5.1e in the range of 4000−500 cm−1. The FTIR spectrum showed a broad 

peak at 3410 cm−1 for Si QDs which may be attributed to O−H stretching vibration. The peaks 

at 2933 and 1445 cm−1 were assigned to the C−H stretching and bending vibrations, 

respectively. While the strong intensity peak at 1645 cm−1 could be assigned to the C=O 

stretching of the carboxylic group, the band at 1405 cm−1 was originated from C−O–H bending 
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vibrations. The peak at 1120 cm−1 was due to Si–C asymmetric deformation, and the peak at 

1043 cm−1 was attributed to Si−O−Si stretching vibrations. Additionally, a peak due to Si−O 

stretching of the Si−O−H group at 911 cm−1 was observed. These results confirm the presence 

of plenty of hydrophilic oxygenated functional groups on the surface of Si QDs, whose presence 

greatly contributed toward the excellent water dispersibility of the Si QDs. The high PL 

quantum yield and water solubility makes as synthesized Si QDs a suitable candidate for 

biological applications such as imaging and sensing.  

5.2.2.2. Structural characterization of Si QDs 

To get insights into the morphology and the structure of the as synthesized Si QDs TEM 

imaging was done. TEM images of Si QDs shown in figure 5.2a confirm the formation of 

spherical Si QDs with an average size of 2.7 ± 0.4 nm. Inset of figure 5.2a shows the particle  

 

Figure 5.2. (a) TEM images (inset shows the particle size distribution) and (b) HRTEM images 

of the Si QDs.  HRTEM images and the corresponding fast Fourier transform (FFT) images of 

the Si QDs: (c and d) particle 1; (e and f) particle 2; (g and h) particle 3; (i and j) particle 4; (k 

and l) particle 5, and (m and n) particle 6. 

size distribution histogram plotted using recorded TEM images. The size obtained from TEM 

images was pretty close to the diameter obtained using DLS. The slight variation in the size 
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from the two measurements might have resulted because of the contribution coming from the 

hydration layer surrounding the Si QDs in the DLS study.17 Si is prone to oxidation in an 

oxygenated environment and readily forms amorphous SiO2. High resolution TEM images of 

the Si QDs (Figure 5.2b and 5.2c) show a clear lattice spacing of 0.31 nm, corresponding to the 

(111) plane of Si. The fast Fourier transformation (FFT) in figure 5.2d shows the symmetries 

corresponding to the (111) plane of the particle under analysis, confirming the crystallinity of 

the sample. The FFT images of the whole region in figure 5.2b (including many particles) were 

further analyzed. The fringe widths obtained from different particles (shown in Figure 5.2c-

5.2n) were found to be 0.31 nm (Particle 1 and 5), 0.19 nm (Particle 2, 3, and 4), and 0.16 nm 

(Particle 6). The lattice fringe widths of 0.31 nm, 0.19 nm, and 0.16 nm corresponded to (111), 

(220), and (311) lattice planes of crystalline Si NPs. The crystallinity of the sample was further 

supported by the selected area electron diffraction (SAED) pattern (Figure 5.3a). Energy 

dispersive X-ray (EDX) studies (Figure 5.3b) confirm the presence of Si in the nanoparticles. 

The XRD pattern of as synthesized Si QDs exhibits three diffraction peaks at 2 Θ values of 

28.4°, 47.3°, and 56.1° (shown in Figure 5.3c) which are indexable as the (111), (220), and 

(311) lattice planes of cubic Si, respectively. The XRD results were in accordance with previous 

reports.21 The surface composition of as synthesized Si QDs was further determined by X-ray 

photoelectron spectroscopy (XPS). The full range XPS spectrum of Si QDs (Figure 5.4a) 

presents five major peaks at binding energy values of 101.5, 151.2, 283.9, 397.5, and 530.2 eV 

which correspond to Si 2p, Si 2s, C 1s, N 1s, and O 1s respectively. 

 

Figure 5.3. (a) SAED pattern, (b) EDX spectrum, and (c) powder X-ray diffraction pattern of 

the as prepared Si QDs. 

In the high resolution Si 2p XPS spectrum of Si QDs (Figure 5.4b), peaks at binding energy 

values of 99.8, 100.6, 101.3, and 102.2 eV confirm the presence of Si −Si, Si −C, Si−N, and Si–

O respectively.23, 81 However, apart from the Si(0) oxidation state, Si(I) and Si(IV) were also 
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present, due to attachment of nitrogen and oxygen containing species on the surface of Si 

QDs.23 The O 1s spectrum (Figure 5.4c) exhibits two peaks at binding energy values of 530.4 

and 531.0 eV which can be attributed to Si−O.80 The N 1s signal (Figure 5.4d) can be described 

by three fitted peaks at 397.9, 399.1, and 400 eV originating from N−Si, C−N−C, and N−(C)3.80 

The C 1s spectrum (Figure 5.4e) exhibited five peaks centered at binding energy values of 

282.2, 283.2, 284.2, 285.2, and 285.8 eV. Two peaks at 282.3 and 283.2 eV can be ascribed to 

C−Si.82 Peaks at 284.2, 285.2, and 285.8 eV are associated with C−C/C=C, C−N, and C−OH/ 

C−O−C.80 The XPS results are in accordance with FTIR results. 

The electron-hole recombination process which gives rise to emission in Si QDs has 

contributions from both the radiative (quantum confinement) as well as non-radiative (surface 

traps) recombinations.83 Recently, it has been reported that for Si QDs which have a size smaller 

than the Bohr excitonic radius of Si (≈ 4.2 nm), the nonradiative recombination process largely 

dominates over the radiative recombination process.15, 83, 84 The area density of the dangling 

bonds at the surface of the Si QDs, responsible for the nonradiative recombination increase with 

a decrease in the size of the QDs, leading to an increase in the nonradiative recombination. 

 

Figure 5.4. High resolution XPS spectra of Si QDs (a) full range, (b) Si(0), (c) O 1s, (d) N 1s , 

and (e) C 1s, respectively. 

In our present case, the average size of the Si QDs is ≈ 2.7 nm, which is very small, when 

compared to the Bohr exciton radius of Si. This indicates that there is a large area density of 
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dangling bonds at the QD surface and hence the emission observed in the present case 

originates from the defect states. Furthermore, we observed that the emission maxima of the Si 

QDs shift towards red region upon increasing the excitation wavelength. It was observed that 

the emission maxima shifted from 450 nm to 468 nm when the excitation wavelength was 

changed from 340 to 380 nm (Figure 5.5). This red shift is consistent with earlier report85 and 

suggests that the blue emission originates from the oxidation induced defects at the surface of Si 

QDs. 

 

Figure 5.5. Fluorescence spectra of Si QDs at different excitation wavelengths showing a red 

shift in emission maxima with increasing excitation wavelength. 

5.2.2.3. Stability studies of Si QDs 

To ensure that the as synthesized QDs have practical applicability it was required to check their 

photothermal and chemical stability. The as prepared Si QDs stability was tested by subjecting 

them to different ionic strength, temperature, and pH conditions. The stability of QDs in 

solutions containing high salt is still challenging as the QDs are highly prone to agglomerate in 

cellular conditions.86. It was observed that the emission wavelength, as well as the emission 

intensity, was little affected by a change in the ionic strength of the medium. The QDs 

maintained their fluorescence intensity (Figure 5.6) even at a NaCl concentration of 200 mM, 

suggesting excellent salt tolerance. The stability of Si QDs at high salt concentration enables 

their easy conjugation with biomolecules such as oligonucleotides and can significantly enhance 

their stability in a wide range of biological conditions such as a cellular matrix. After 

determining the ionic stability of QDs, the fluorescence stability was examined for a wide range 

of heating temperature (20 to 80 °C). We found that the emission intensity of Si QDs was 
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Figure 5.6. (a) Fluorescence spectra of Si QDs at different ionic strengths and (b) plot of 

variation of fluorescence intensity, with ionic strength.  

largely dependent on temperature and quenching of fluorescence was observed with increasing 

temperature. When the temperature was increased from 20 to 80 °C, a 51% decrease in emission 

intensity was observed (Figure 5.7). This could be attributed to the nonradiative relaxation 

originated from the thermal activation of nonradiative trappings.87 Interestingly, the  

 

Figure 5.7. (a) Fluorescence spectra of Si QDs with varying temperature and (b) plot of relative 

emission intensity, with varying temperature.  

fluorescence could be fully recovered upon cooling the solution (Figure 5.8a) and the reversible 

heating-cooling cycle could be repeated several times (Figure 5.8b). The reversible fluorescence 

response of Si QDs with temperature can be attributed to the synergistic effect of abundant 

oxygen-containing functional groups and hydrogen bonding with water, similar to those for 

carbon dots.88 This reversible fluorescence property of Si QDs will be helpful while conjugating 

them with biomolecules such as DNA for sensing applications where recycling between certain 

temperature ranges is required for efficient binding. Thus, the Si QDs  
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Figure 5.8. (a) Fluorescence spectra of Si QDs at 20 °C, at 80 °C, and after cooling back to 20 

°C, and (b) temperature reversibility of Si QDs, during five consecutive heating−cooling cycles. 

synthesized by the present method hold promise for applications in optical thermometry. We 

have also recorded the lifetime of Si QDs in the temperature range of −10 to 40 °C. We found 

the increment in the lifetime of Si QDs upon decreasing the temperature (Figure 5.9). A similar  

 

Figure 5.9. (a) Temperature dependent decay curve of as synthesized Si QDs and (b) 

corresponding decay time components. 

trend in lifetime with lowering of temperature has been reported for carbon dots.87 This could be 

due to lowering of photoluminescence relaxation dynamics due to a decrease in the non-

radiative decay processes with a decrease in temperature.87 Further, we studied the stability of 
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Si QDs in a pH range of 2 to 10. As indicated by figure 5.10, the emission intensity of the Si 

QDs was maximum at pH 7.0. Upon increasing or decreasing the pH, a decrease in the 

fluorescence intensity of the Si QDs was observed, although there was no shift in the emission 

maximum. This pH-dependent fluorescence property of the Si QDs may be due to the difference 

in surface charge of Si QDs from protonated to deprotonated states with changing pH. 89 

 

Figure 5.10. (a) Fluorescence spectra of Si QDs at pH 2, 4, 6, 7, 8 and 10 and (b) plot of 

normalized emission intensity against different pH. 

5.2.2.4. Mechanism of formation of Si QDs 

The mechanism of formation of Si QDs is schematically illustrated in scheme 5.1. In brief, 

APTES molecules are readily reduced by glucose molecules through oxidation reduction  

 

Scheme 5.1. Schematic depiction of the formation mechanism of Si QDs using APTES and 

glucose.  

reaction leading to at first formation of crystal nuclei. With the progress of the reaction, the 

concentration of APTES reaches a minimum and the growth of crystal nuclei finally stops. Then 
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Ostwald ripening takes place and small sized nanocrystals are first formed. Further, the initially 

grown small nanocrystals dissolve in solution and deposit onto the larger growing nanocrystals 

due to their instability because of surface-to-volume ratio, finally forming larger, stable 

nanocrystals. Similar growth of Si nanocrystals has been reported using APTES as the Si 

precursor and trisodium citrate as the reductant. 17 

5.2.2.5. Synthesis and characterization of Au NP-Si QD hybrid NPs 

In our present system, glucose was used as a reducing and stabilizing agent, which resulted in 

the presence of several oxygenated functionalities on the surface of the Si QDs as revealed from 

FTIR studies. So, it was speculated that the oxygenated groups on the surface of the Si QDs 

might be involved to reduce Au3+ ions to Au NPs, in a similar way to the reduction of metal 

salts by carbon dots and graphene oxide.90-92 So we tried synthesizing Au NPs using our Si QDs 

as reducing agent without any external surfactant. The formation of Au NPs was accomplished 

by simple incubation of HAuCl4 (final concentration of 0.6 mM) solution with the as 

synthesized Si QDs solution (0.1 mL of the dialyzed Si QDs) at room temperature. Within 30 

min, the color of the solution converted into red from light yellow without any heating or 

photoexcitation, colorimetrically revealing the generation of Au NPs (Figure 5.11a).  

 

Figure 5.11. (a) Digital images, showing the progress of formation of Au NPs using Si QDs as 

reducing agent at 0, 10, 20, and 30 min after addition of HAuCl4, (b) UV−visible spectra of the 

as prepared Au NPs showing the LSPR band at 527 nm at different times, and (c) powder X-ray 

diffraction pattern of the Au NPs synthesized using Si QDs. 

The as prepared Au NPs showed their characteristic LSPR band centered at 527 nm (Figure 

5.11b) confirming the presence of Au NPs. The peaks present in the XRD pattern of the NPs 

(Figure 5.11c) revealed the formation of face centered cubic gold nanostructures. To further get 

insights into the morphology and size of Au NPs formed we recorded the TEM images. The 

lower magnification TEM images shown in Figure 5.12a showed the presence of a mixture of  
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Figure 5.12. (a) TEM images of the Au NP-SiQD nanocomposite synthesized using Si QDs,(b) 

HRTEM images of the Au NP-Si QD composite showing the Si QD shell over the Au NP core, 

and (c) EDX spectrum of Au NP-Si QD hybrid NPs.  

spherical and hexagonal shaped Au nanoparticles. The HRTEM images showed presence of a 

thin shell of Si QDs over the Au NPs (Figure 5.12b), resulting in a core−shell like morphology. 

The structures were termed as Si QD-Au NP hybrid nanostructures. The average diameter of the 

core–shell structure with spherical Au NPs in the core was calculated to be 30.8 ± 3.4 nm, with  

 

Figure 5.13. (a) Bright field STEM images of hybrid NP system and (b,c,d) the corresponding 

elemental mapping. 

the thickness of the shell being about 5.9 nm. Further, the composition of the hybrid 

nanostructures was studied by EDX analysis. The EDX performed on the sample confirmed the 
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presence of both Au and Si (Figure 5.12c) in the hybrid NP system. To determine the elemental 

composition of the Si QD-Au NP hybrid NPs scanning TEM energy-dispersive X-ray 

spectroscopy (STEM-EDS) elemental mapping (shown in Figure 5.13) was done. The elemental 

mapping of hybrid NP system revealed that Si QDs are homogeneously distributed over Au NPs 

forming a hybrid core−shell like morphology with Au NP core and Si QD shell. To further 

confirm whether the coating over the Au core is of crystalline or amorphous Si, the lattice 

fringes in the HRTEM images of the Au NP −Si QD nanocomposite were analyzed. The top 

view of the Au NP–Si QD nanocomposite (shown in Figure 5.14a and 5.14b) shows lattice 

fringes of two different d spacings. The lines marked in the inverse FFT image (Figure 5.14d)  

of the same area as shown in figure 5.14b show the d-spacing of 0.31 nm, corresponding to the 

(111) plane of crystalline Si and a d-spacing of 0.23 nm that corresponds to the (111) plane of  

 

Figure 5.14. (a) TEM image of Au NP- Si QD nanocomposite, (b) selected area HRTEM, (c) 

FFT, and (d) inverse FFT images of selected area. 

Au. To rule out the possibility that 0.31 nm d-spacing is coming because of Au, we analyzed the 

XRD of Au NPs synthesized using Si QDs. The powder XRD pattern (Figure 5.11c) suggested 

formation of fcc gold. None of the crystal planes in fcc gold corresponds to a fringe width of 

0.31 nm, which further confirms the HRTEM pattern corresponding to the 0.31 nm d-spacing is 

because of the crystalline Si shell over Au NP. In the present system, the Si QDs act as 

reductant and also stabilized the nanocomposites because of the presence of glucose on the 
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surface of Si QDs. The concentration of reducing agents plays an important role to control the 

size and morphology of the nanoparticles.93 So the effect of Si QDs concentration on the 

structure of the Au NP−Si QDs nanocomposites was investigated keeping the concentration of 

HAuCl4 fixed. The nanocomposites were synthesized with two times (0.2 mL of Si QDs) and  

 

Figure 5.15. TEM images of Au NP- Si QD nanocomposite synthesized using (a and b) two 

times and (c and d) five times more concentration of Si QDs and TEM images of Au NP- Si QD 

nanocomposite synthesized using (e and f) two times and (g and h) five time less concentration 

of Si QDs. 

five times (0.5 mL of Si QDs) higher concentrations of Si QDs than that of the initial Si QDs 

concentration (0.1 mL of the dialyzed Si QDs) and with two times and five times less 

concentration of Si QDs to the initial concentration. To determine the size and morphology of 

the nanocomposites synthesized using different concentration of Si QDs TEM images were 

recorded. We found a reduction in the overall size of the nanocomposite on increasing the 

concentration of Si QDs and an increase in the average composite size on decreasing the 

concentration of Si QDs. The TEM images (Figure 5.15(a,b,c,d) showed when the 

concentrations of Si QDs were increased to two times and five times, the average sizes of the 

nanocomposites were obtained to be ∼24 nm and ∼6 nm respectively. And when the 

concentrations of Si QDs were lowered to two times and five times, the average sizes of the 

composites increased to ∼70 nm and ∼93 nm, respectively (Figure 5.15(e,f,g,h)). The 

UV−visible spectra of Au NP−Si QDs nanocomposite synthesized using lower and higher 

concentration of Si QDs are shown in figure 5.16. When the concentration of Si QDs was 

increased, more Si QDs were available to reduce and stabilize the nanocomposite structures, 

which resulted in reduction of the overall size of the composites. Similarly, an increase in 
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composite size could be attributed to less number of Si QDs available on decreasing the 

concentration of Si QDs. 

 

Figure 5.16. UV-Vis spectra of Au NP- Si QD nanocomposite synthesized using (a and b) two 

times and five times more concentration of Si QDs; and (c and d) two times and five time less 

concentration of Si QDs. 

5.2.2.6. Steady state and time-resolved fluorescence study 

The formation of Au NPs by Si QDs was accompanied by a partial quenching of emission of Si 

QDs (Figure 5.17a). It is well-known that in the vicinity of Au nanoparticles, the emission 

intensity of QDs undergoes quenching.94 Further, time-resolved spectroscopic study was done  

 

Figure 5.17. (a) Fluorescence emission spectra, and (b) decay curves of as synthesized Si QDs 

and Si QDs after the synthesis of Au nanoparticles.  
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for understanding the mechanism of quenching. It was found that the average decay time of Si 

QDs decreased from 9.82 to 6.8 ns after hybridization with Au nanoparticles (Figure 5.17b). 

The decrease in the average lifetime of the QDs is mainly attributed to the increase in 

nonradiative decay rates in the presence of Au NPs.94 The decay time components of the pure Si 

QDs and Au NP−Si QD nanocomposites are listed in table 5.1. The decay times of Si QDs and 

Au NP−Si QD nanocomposites were found to exhibiting triexponential decay. 

Table 5.1. Decay time components of the pure Si QD and Au NP-Si QD hybrid NPs 

 

5.2.2.7. Catalytic activity of Au NP-Si QD hybrid NPs 

Metallic NPs have shown tremendous applicability as heterogeneous catalysts for various 

organic transformations. 95-97 Colloidal hybrid NPs consisting of more than one NP system 

offers advanced properties compared to the single nanoparticle system due to a synergistic 

effect between two or more systems.31 Therefore, we intended to study the catalytic ability of 

the Au NP −Si QD hybrid NP system. The catalytic potential of the Au NP−Si QD system was  

 

Scheme 5.2. Schematic representation for the reduction of p-nitrophenol to p-aminophenol by 

NaBH4, using Au NP-Si QD hybrid NPs as a catalyst. 

System b1 τ1 b2 τ2 b3 τ3

<τ> = b1τ1 + 
b2τ2+ b3τ3 χ2

Si QD 0.22 2.65 0.71 13 0.08 0.25 9.82 1.37

Au NPs – Si QDs 
composite 0.22 2.05 0.59 10.8 0.17 0.33 6.8 1.15

OH

NO2
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RT
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studied by carrying out the conversion of p-nitrophenol to p-aminophenol in the presence of 

NaBH4 as reducing agent. The reaction is a surface catalyzed reaction and takes place on the 

surface of the nanoparticles, following a Langmuir-Hinshelwood mechanism.98-100 First, the 

borohydride ions adsorb on the surface of Au nanoparticles and transfer a surface hydrogen 

species to the surface of the nanoparticles. Concomitantly, p-nitrophenol molecules are 

adsorbed on the surface of the nanoparticles. Both these steps are reversible and can be modeled 

in terms of Langmuir isotherm. Moreover, the adsorption/desorption equilibriums and diffusion 

of reactants to the nanoparticles are considered to be fast. The reduction of p-nitrophenol, which 

is the rate-determining step, occurs due to the reaction of adsorbed p-nitrophenol with the 

nanoparticles surface-bound hydrogen atoms. Finally, the product p-aminophenol desorbs, 

leaving free metal surface such that catalytic cycle can begin again. When NaBH4 was added to 

p-nitrophenol, the solution undergoes an immediate color change from faint yellow to dark 

yellow. This can be attributed to p-nitrophenolate ions, which absorb at 400 nm. 101-103 Upon 

addition of Au NP −Si QD hybrid NPs to the p-nitrophenolate solution, the yellow color of the 

solution gradually turned colorless (Scheme 5.2). From the time dependent UV−visible studies 

(Figure 5.18a), it was found that the peak intensity at 400 nm was decreased with the 

appearance of a new peak at 300 nm due to the conversion of p-nitrophenolate ion to p-

aminophenol. The Au NP-Si QD nanocomposite showed good catalytic efficacy, as evidenced  

 

Figure 5.18. (a) Time dependent absorption spectra for the conversion of p-nitrophenol to p-

aminophenol using NaBH4 as the reducing agent and Au NP-Si QD as catalyst, and (b) natural 

log of absorbance at 400 nm versus time plot.  

by the completion of the reaction in just 4 min. It is important to mention that a clear isosbestic 

point was not observed in the UV−visible spectra shown in figure 5.18a. This might be due to 

the scattering coming from H2 gas which was produced during the reduction by NaBH4.103 Since 
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in the reduction, excess of NaBH4 was taken, it was assumed that the concentration of NaBH4 

remains constant during the entire reaction. Therefore, the kinetics of the reaction can be 

calculated based on the consumption rate of p-nitrophenol. A linear graph was obtained when 

ln(absorbance) was plotted against time (Figure 5.18b), which indicated a pseudo-first-order 

kinetics. From the ln(absorbance) versus time plot, the apparent rate constant, k, was 

determined to be 1.7 × 10−2 s−1, which is higher than previously reported rate constants of 

different types of Au nanostructures synthesized using biomolecules and carbon dots as 

reducing agents.102-105 To get better insights into which part of the nanocomposite is responsible, 

control experiments were carried out with similar reaction conditions taking the same 

concentration of NaBH4 but using either Si QDs or Au NPs (of the same concentration as in 

 

 

 

 

 

 

Figure 5.19. Control experiment showing the inability of Si QDs alone in catalyzing the 

reduction of p-nitrophenol to p-aminophenol even after 48 hours. 

nanocomposite) alone. Controlled experiments using Si QDs indicated that Si QDs alone with 

the same concentration of NaBH4 were incapable of catalyzing the reaction as there was no 

change in the color of the solution or intensity of the peak at 400 nm even after 2 days (Figure 

5.19). The control catalytic reaction was performed in the presence of Au nanoparticles only 

with the same concentration of NaBH4 by using spherical Au nanoparticles of the same size and 

same particle concentration (average size of 32 ± 2 nm with 0.66 nM Au nanoparticle 

concentration) as was used for nanocomposite structures. The Au NPs were prepared following 

a reported protocol after slight modifications.106 The UV−visible absorption spectrum and 

corresponding TEM images of the Au NPs used in the catalytic reaction are shown in figure 

5.20a and 5.20b, respectively. It was observed that with Au NPs only as catalyst the reaction is 

much slower and completed in 30 min (Figure 5.20c). The rate constant of the reaction was 1.8 

× 10−3 s−1, which is 10 times lower than the nanocomposite (Figure 5.20d). In our study, we 
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have found higher catalytic efficiency of the Au NP-Si QD hybrid nanocomposite compared to 

pure Au nanoparticles. This may be due to enhanced adsorption and electron transfer ability of 

the composite structure due to the modification of the electronic structure in the core −shell type 

nanocomposite structure because of plasmon−exciton interaction between semiconductor and 

metal.85, 107 Since, the reduction of p-nitrophenol by NaBH4 catalyzed by Au nanoparticles is a  

 

Figure 5.20. (a) UV-Vis spectrum of Au NPs alone showing SPR band at 527 nm, (b) TEM 

images of Au NPs used for carrying out catalysis reaction using only Au NPs, (c) time 

dependent UV-Vis spectra for the reduction of p-nitrophenol to p-aminophenol using NaBH4 as 

the reducing agent and Au NP alone as a catalyst, and (d) plot of natural log of absorbance at 

400 nm versus time. 

surface catalyzed reaction, so the influence of the size on the catalytic performance of Au NP-Si 

QD hybrid nanocomposite would clearly be reflected by the changes in the reaction rate. We 

studied the catalytic properties of the different sized nanocomposites that were obtained after 

varying the concentration of Si QDs keeping the concentration of HAuCl4 fixed. It was observed 

that the catalytic reaction became slower taking longer time for completion when the size of the 

nanocomposites is large (average sizes of ∼70 nm and ∼93 nm), and the catalytic reaction rate 

was faster for small sized nanocomposites (average sizes of ∼24 nm and ∼6 nm). For Au NP 

−Si QD nanocomposites of size 70 and 93 nm, the reaction times were found to be 8 and 12 

min, respectively (as presented in Figure 5.21c and 5.21d). The corresponding rate constants 
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Figure 5.21. Time dependent UV-visible spectra for the reduction of p-nitrophenol to p-

aminophenol using NaBH4 as the reducing agent and Au NP- Si QD nanocomposite as a 

catalyst for (a and b) two and five times more (c and d) two and five times less concentration of 

Si QDs. 

were found to be 2.7 × 10−3 s−1 and 1.8 × 10−3 s−1 (Figure 5.22c and 5.22d). For Au NP−Si QD 

nanocomposite of size 24 nm the catalysis time reduced to 2 min (Figure 5.21a). With further 

reduction of size to 6 nm, the catalysis reaction became very fast and finished in less than one  

 

Figure 5.22. Plot of natural log of absorbance at 400 nm versus time for Au NP- Si QD 

nanocomposite synthesized using (a) two and (b) five times higher and (c) two and (d) five times 

lower concentration of Si QDs. 
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min (Figure 5.21b). The rate constants for catalysis reactions carried out using 24 and 6 nm Au 

NP- Si QD nanocomposite structures were obtained  to be 2.1 × 10−2 s−1 and 3.8 × 10−2 s−1, 

respectively (Figure 5.22a and 5.22b). The increase in the reaction rate constant with decreasing 

size of the nanocomposite may be attributed to the enhancement of the total surface area of the 

catalyst, as the particle concentration is higher for smaller sized nanocomposites. 

 

 

 

 

 

 

Figure 5.23. Reusability of the Au NP-Si QD hybrid NPs as catalyst for the reduction of p-

nitrophenol. 

The Au NP-Si QD hybrid NP system showed good reusability up to the third cycle tested 

(Figure 5.23). However, it was observed that a slightly longer time was needed to complete the 

reaction with the recycled catalyst, which might be due to the poisoning of the surface by 

adsorbed reactant molecules on the NPs. 108 

5.2.3. Conclusion 

In the present study, we have developed a simple, one-pot, and environmentally benign 

synthetic route for the formation of Si quantum dots using glucose as a reducing agent. The 

fluorescence emission of the Si quantum dots showed excellent stability against ionic strength 

and showed a reversible quenching of fluorescence with an increase and decrease of 

temperature. The stability of Si QDs at high salt concentration and reversible fluorescence 

property enables their easy conjugation with biomolecules and significantly enhances its 

potentiality in bioimaging applications. The prepared Si quantum dots had abundant oxygenated 

functionalities which rendered them excellent water dispersibility. The oxygen rich functional 

groups were exploited to reduce Au3+ ions to Au nanoparticles to form a hybrid Au NP −Si QD 

nanocomposite. Such a hybrid nanoparticle system has prospects for being used as a 

multifunctional system in applications such as biology and energy harvesting. The synthesized 

Au NP−Si QD hybrid nanoparticles were employed as catalysts for the conversion of p-
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nitrophenol to p-aminophenol. We found that the synthesized hybrid nanoparticles could be 

used as effective catalysts for the reduction of nitroarenes. Further, the results showed the usual 

trend of catalytic activity of surface catalyzed reactions, where nanoparticles with higher 

surface area to volume ratio demonstrated better efficiency. The simple room temperature 

synthesis of Si quantum dots and Au NP-Si QD hybrid nanoparticle using biomolecules such as 

glucose will add a newer dimension to the synthesis of hybrid nanoparticles using biomolecules. 

 

Note: 

 The permission has been granted by authors and corresponding author of the published 

paper prior to adopting in the present thesis. The associated relevant publication is: 

Bhagwati Sharma†, Swati Tanwar†, and Tapasi Sen “One pot green synthesis of Si 

quantum dots and catalytic Au nanoparticle-Si quantum dot nanocomposite”ACS 

Sustainable Chemistry and Engineering, 2019, 7 (3), 3309–3318. (†Equal  contribution) 
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5.3. Si QDs for generation of white light emitting mixture 

5.3.1. Experimental section 

5.3.1.1. Materials 

Gold chloride trihydrate (HAuCl4.3H2O), glutathione (GSH), L-alanine, L-aspartic acid, L-

histidine, L-phenylalanine, L-arginine, L-glutamic acid, L-cysteine, polyvinylpyrrolidone 

(PVP), D-glucose and 3-aminopropyltriethoxysilane (APTES) were purchased from Sigma-

Aldrich. Agarose was purchased from Himedia. Carbon coated transmission electron 

microscopy (TEM) grids used for TEM imaging were purchased from Ted Pella. Dialysis 

membrane with a molecular weight cut off of 0.5–1 kDa was purchased from Spectrum labs. 

Dialysis membrane with a molecular weight cut off of 7–10 kDa was purchased from Himedia. 

Salts used for sensing namely calcium carbonate, ferric nitrate nonahydrate, calcium chloride 

dihydrate, sodium chloride, zinc nitrate hexahydrate, magnesium chloride hexahydrate, sodium 

chlorate, cadmium nitrate tetrahydrate, nickel chloride hexahydrate, copper nitrate trihydrate, 

lead chloride, mercuric chloride, quinine sulphate dihydrate and sulphuric acid were purchased 

from Merck, India. All the chemicals were of analytical grade and were used without any 

further purification. Milli-Q water was used throughout the experiments. 

5.3.1.2. Experimental procedures 

5.3.1.2.1. Synthesis of blue emitting Si QDs 

Si QDs were synthesized as described in section 5.2.1.2 of this chapter. 

5.3.1.2.2. Synthesis of orange red emitting glutathione (GSH) capped Au NCs 

The synthesis of GSH capped Au NCs was performed following a reported procedure.91 Briefly, 

freshly prepared aqueous solutions of HAuCl4.3H2O (20 mM, 0.5 mL) and GSH (100 mM, 0.15 

mL) were mixed with 4.35 mL of ultrapure water at 25 ºC. The reaction mixture was heated to 

70 ºC under gentle stirring (500 rpm) for 24 h and resulted in a pale yellow colored solution 

which indicated the formation of Au NCs. The as obtained solution was dialyzed against water 

using a 7 kDa dialysis membrane and was stored at 4 ºC for further use. 

5.3.1.2.3. Synthesis of white light emitting mixture (WLEM) 

As synthesized solutions of Si QDs and Au NCs were diluted first so that the emission intensity 

of both the components become almost identical. To generate white light emitting mixture, we 

have mixed the diluted solutions of Si QDs and Au NCs in different ratio. It was found that 
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white light emission was coming from a mixture of 200 mL of Au NCs to 2 mL solution of Si 

QDs. 

5.3.1.2.4. Metal ions sensing 

For metal ions sensing, 2 mL of as obtained WLEM was titrated with 4 mL (1 mM) solution of 

different metal salts. PL spectra of WLEM in presence of different metal ions were recorded 

after 5 minutes of incubation at room temperature. 

As synthesized Si QDs, Au NCs, and WLEM were characterized by TEM, dynamic light 

scattering (DLS) study, UV-Vis spectrophotometer, photoluminescence (PL) 

spectrophotometer, and TCSPC measurements as described in chapter 2 of this thesis. 

5.3.2. Results and discussion 

5.3.2.1. Optical and structural characterizations of Si QDs and Au NCs 

Optical and structural characterization of the as synthesized Si QDs was done in a similar 

manner as described in section 5.2.2.1 and 5.2.2.2 of this chapter. The size determined using 

DLS and TEM measurements (Figure 5.24a and 5.24b) were 3.6 nm and 2.7±0.3 nm 

respectively. The Si QDs were highly fluorescent and showed a blue emission with a maximum 

 

Figure 5.24. (a) DLS size distribution, (b) TEM images, and (c) PL spectrum of the as 

synthesized Si QDs. 

at 464 nm upon excitation at a wavelength of 365 nm (Figure 5.24c). The UV-visible absorption 

spectrum of the as prepared Au NCs showed a broad absorption in the region of 200 to 400 nm 

without appearance of any prominent peak (Figure 5.25a). The absence of localized surface 

plasmon resonance band (SPR) in the absorption spectrum revealed the formation of very small 

sized Au nanoparticles. The as synthesized Au NCs showed orange red emission with a 

maximum centered at 620 nm upon excitation with 365 nm wavelength (Figure 5.25b), 

indicating the formation of Au nanoclusters. DLS study indicated the formation of particles with 
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an average size of 2.4 nm (Figure 5.25c). The size and morphology of the Au NCs were further 

ascertained from the TEM studies, which confirmed the formation of spherical Au NCs with an 

average dimension of 1.9 ± 0.8 nm (Figure 5.25d). 

 

Figure 5.25. (a) UV- visible absorption spectrum of Au NCs, (b) PL spectrum of Au NCs (λex = 

365 nm), (c) DLS size distribution of the Au NCs, and (d) TEM images of Au NCs. 

5.3.2.2. Generation and photoluminescence properties of WLEM 

A general strategy for generating white light emission is mixing of two complementary colored 

luminescent materials. Since the bluish green emission of our Si QDs and reddish orange 

emission of the synthesized Au NCs are complementary to each other we tried generating 

WLEM by mixing their solutions. As demonstrated earlier, for getting white light emission in a 

range of states, including in solids, solutions, and gels it is important to equalize the emission 

intensities of both the complementary colored components.109 At first, diluted solutions of Si QDs 

and Au NCs having equal PL intensities were prepared. Further, the diluted solutions of Si QDs and 

Au NCs we mixed in different ratios to generate WLEM. The PL spectra of the mixture solution 

after every step of addition of Au NCs solution to Si QDs solution was recorded and is shown in 

figure 5.26a. The chromaticity color co-ordinate helps us in identifying the quality of color 

regardless of its luminance. It is well reported that a perfect white light emitting source has CIE 

chromaticity coordinate of (0.33, 0.33). The chromaticity color co-ordinate of the as synthesized 

WLEM was determined using CIE (Commission Internationale del'Eclairage) diagram. The 

obtained Commission Internationale d'Eclairage (CIE) chromaticity co-ordinates of pure Si 

QDs, Au NCs, and their mixtures were compared with that of the perfect white light emitting  
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Figure 5.26. (a) PL spectra of Si QDs after addition of different volumes of Au NCs, (b) 

corresponding chromaticity plot for color co-ordinates, (c) digital images of Si QDs, WLEM 

and Au NCs in day light, and (d) digital images of Si QDs, WLEM and Au NCs under UV light 

(λexc =365 nm). 

source. The CIE co-ordinate of as synthesized Si QDs was found to be (0.21, 0.26) in the blue 

region as represented in figure 5.26b. On the other hand, the CIE co-ordinate for the Au NCs 

was found to be in the red region with value of (0.56, 0.43) (Figure 5.26b). A careful 

investigation of the CIE co-ordinates of both Si QDs and Au NCs suggested that the mixing of 

both components in a particular ratio could cover the entire visible region, thus leading to the 

Table 5.2. CIE co-ordinates of Si QDs with different volumes of Au NCs 

Systems X Y 
Si QDs 0.21 0.26 

Si QDs + 50 µl Au NCs 0.25 0.28 
Si QDs + 100 µl Au NCs 0.29 0.30 
Si QDs + 150 µl Au NCs 0.30 0.31 
Si QDs + 200 µl Au NCs 0.33 0.32 
Si QDs + 250 µl Au NCs 0.35 0.33 
Si QDs + 300 µl Au NCs 0.37 0.34 

Au NCs 0.56 0.43 
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generation of white light. It is clearly visible from the emission spectra (shown in Figure 5.26a) 

that the pattern of the spectrum of Si QDs was changing gradually after addition of Au NCs to 

the Si QDs solution. The appearance of a new band at 620 nm was observed upon addition of 

Au NCs in addition to the initial peak present at 464 nm. It was found that with increasing 

concentration of Au NCs the intensity of the Si QDs peak centred at 464 nm was gradually 

decreasing along with an increase in the emission intensity of the Au NCs band at 620 nm. A 

clear iso-emissive point could be observed at 543 nm indicating the presence of only two 

emissive species in the system. It was observed that upon addition of Au NCs component, the 

CIE co-ordinates of the mixture system started moving from blue region toward that of perfect 

white source i.e. (0.33, 0.33) as shown in figure 5.26b and table 5.2. The analysis of CIE co-

ordinates (Figure 5.26b) revealed the formation of WLEM with co-ordinate of (0.33, 0.32) 

when 200 mL of Au NCs solution was added to 2 mL solution of Si QDs. This value is pretty  

 

Figure 5.27. Lifetime decay curves of only Si QDs (Grey) and Si QDs in WLEM (Navy) excited 

at 402 nm. Black plot denotes the instrument response function. 

close to that of perfect white light emitting source (0.33, 0.33). The digital images under 

daylight and under UV light for blue emitting Si QDs, orange emitting Au NCs, and white light 

emitting mixture are shown in figure 5.26c and 5.26d. It was evident from figure 5.26a that 

addition of increasing volume of Au NCs to the Si QDs solution led to quenching in the 

emission of Si QDs at 464 nm. In order to get insights into the nature of quenching, lifetime 
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Table 5.3. Decay time components of only Si QDs and Si QDs in WLEM 

System b
1
 τ

1
 b

2
 τ

2
 b

3
 τ

3
 <τ> = b

1
τ

1
 + b

2
τ

2
+ b

3
τ

3
 χ

2
 

Si QDs 0.23 2.7 0.71 12.7 0.07 0.26 9.5 1.3 
WLEM 0.22 2.65 0.71 13 0.08 0.25 9.82 1.3 

 

measurements of Si QDs and WLEM were performed. The lifetime of Si QDs and WLEM were 

collected at 464 nm with an excitation wavelength of 402 nm (Figure 5.27). It was found that 

lifetime of Si QDs remained almost unaltered in Si QDs solution (9.5 ns) and WLEM (9.8 ns) 

which further confirmed the involvement of static quenching mechanism behind the PL 

quenching of Si QDs (Table 5.3). 

5.3.2.3. Structural characterizations of WLEM 

In order to have an insight into the morphology of the WLEM, the as synthesized WLEM was 

characterized using TEM. Figure 5.28a and 5.28b show the low and high resolution TEM 

images of WLEM which indicate the formation of agglomerated structures of different shapes. 

 

Figure 5.28. (a) and (b) TEM, and (c) HRTEM images of WLEM. 

The HRTEM images of the agglomerated structures (Figure 5.28c) show lattice fringes of d-

spacing of 0.23 nm corresponding to (111) plane of Au and 0.16 nm corresponding to (311) 

plane of Si. The structure formed is similar to that of a core–shell type morphology where the 

aggregated Au NCs form the core and the Si QDs form a continuous thin shell of thickness 

around 5 nm. To confirm the nature of the core and the shell, we performed a scanning 

transmission electron microscopy-energy dispersive X-ray spectroscopy (STEM-EDS) 

elemental mapping for the WLEM (Figure 5.29). STEM-EDS elemental mapping images 

showed that the Si QDs are homogeneously distributed over Au NCs in the agglomerated 

structures and the Au NCs aggregates form the core. The binding of the Si QDs with Au NCs 

can be attributed to the presence of various functional moieties in GSH that is present on the 

a b c

0.23 nm
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surface of Au NCs. The formation of aggregates further supports the strong interaction between 

Si QDs and Au NCs which can result in static quenching of PL intensity of Si QDs. 

 

Figure 5.29. (a) Bright field STEM images of WLEM, and (b,c,d) the corresponding elemental 

mapping. 

5.3.2.4. Stability studies of WLEM 

For a fluorescent material to be used for applications such as in sensing, it is important for the 

material to be stable towards light and temperature. Therefore, it was imperative for us to study 

the stability of the WLEM under these conditions. It was observed that the as synthesized 

WLEM showed photostability over a longer period of time (more than 3 months) at room 

temperature, hence, making it a suitable candidate as phosphor material in LED applications. 

Optical response of the WLEM toward temperature was studied by recording its temperature  

 

Figure 5.30. (a) PL spectra of WLEM in the temperature range of 20 ºC to 80 ºC, and (b) 

corresponding CIE plot. 

dependent PL spectra in the range of 20 ºC to 80 ºC (Figure 5.30a). It was observed that the PL 

intensity of the WLEM decreased significantly with increasing temperature from 20 ºC to 80 ºC. 
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The emission intensity of Si QDs component present in the WLEM decreased by approximately 

half of its intensity at 80 ºC, whereas the temperature induced PL quenching was more than 

90% in case of Au NCs component in the WLEM. The higher rate of temperature induced PL 

quenching for Au NCs compared to Si QDs resulted in shifting of CIE co-ordinates of WLEM 

towards bluish region (as shown in Figure 5.30b). Interestingly, it was found that upon cooling 

the WLEM from 80 ºC to 20 ºC, its white light emission properties regained (as shown in Figure 

5.31a). The percentage of quenching was found to be more in case of Au NCs ⁓ 90% with that 

of Si QDs ⁓ 51%.  Quenching of PL intensity can be attributed to enhanced nonradiative 

relaxations due to activation of nonradiative defect/surface trappings states with increasing 

temperature.110, 111 The reversible thermo responsive behavior can be ascribed to synergistic 

effects between oxygen rich functional groups present on the surface of QDs and hydrogen 

bonding with water.110 This reversible thermo-response of WLEM was repeated several times 

and was found to be stable for several heating and cooling cycles (Figure 5.31b and 5.31c). The  

 

Figure 5.31. (a) PL spectra of WLEM at 20 ºC and 80 ºC, (b) and (c) change in PL intensity of 

Si QDs, and Au NCs in WLEM during consecutive heating–cooling cycles. 

reversible thermo-response and water soluble luminescent properties of as synthesized WLEM 

make it suitable for optical thermometry and thermography applications. 112, 113 

5.3.2.5. Optical properties of WLEM 

For practical application of white light emitting materials, it is essential that the white light be 

generated in solid or in gel state. Therefore, to justify the candidature of the as synthesized 

WLEM as a potential phosphor material for utilities in WLEDs, white light emission was 

studied in both gel form and solid state condition. In order to check the emission in gel form, 

both the components of WLEM were mixed together with melted agarose in the same 

concentration as those were used for preparing WLEM. After gelification, it was found that gel 

is also giving white light emission upon UV light illumination (as shown in Figure 5.32a). PL  
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Figure 5.32. (a) Digital image of WLEM incorporated in agarose gel under UV light (λexc=365 

nm), (b) PL spectrum of WLEM incorporated in agarose gel, (c) corresponding chromaticity 

plot for color co-ordinate, (d) digital image of WLEM incorporated in powder form under UV 

light (λexc=365 nm), (e) PL spectrum of WLEM incorporated in powder form, and (f) 

corresponding chromaticity plot for color co-ordinate. 

spectrum of gel was similar to that of liquid WLEM with CIE co-ordinate of (0.32, 0.30) 

(shown in Figure 5.32b and 5.32c). The solid state emission coming from the WLEM in powder 

form also showed high quality white light emission with very good CIE co-ordinate (0.32, 0.28) 

(Figure 5.32d–f). Further, we also studied white light emission from thin film. A thin film was  

 

Figure 5.33. (a) Digital image of WLEM incorporated in PVP film under UV light (λexc = 365 

nm).  
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generated by mixing aqueous solutions of PVP, Au NCs and Si QDs in appropriate ratio, which 

showed white light emission upon illumination by a UV lamp (λexc=365 nm) (Figure 5.33).Thus, 

the as-synthesized WLEM, apart from liquid and solid forms, can also be changed to gel and 

film states without losing its white light emission property. 

5.3.2.6. WLEM for Hg2+ ions and reversible thiol sensing 

White light emitting mixtures can be used for sensing applications as they can easily undergo a 

change in color upon interaction with a particular analyte of interest because of the presence of 

two or three components in WLEMs. It is well established that the interaction of Hg2+ ions 

 

Figure 5.34. (a) PL spectra of WLEM upon addition of different concentration of Hg2+ ions, and 

(b) change in PL intensity of Si QDs (black) and Au NCs (pink) in the WLEM upon addition of 

different ions, and (c) PL spectra of WLEM having Hg2+ ions with different concentration of 

Cys. 

with Au NCs leads to quenching of emission of Au NCs due to d10–d10 interaction. 114 

Therefore, it was reasonable to speculate that the interaction of Hg2+ ions with WLEM would 

lead to quenching of emission of Au NCs, in turn changing the color of emission of the mixture. 

Also, it is known that heavy metal ions like Hg2+ ions are highly toxic to both human and 

aquatic animals and is known as notorious environmental pollutant. Therefore, we were 

interested in sensing Hg2+ ions using our WLEM. When different concentrations of Hg2+ ions 

were added to the WLEM, a gradual decrease in peak centred at 620 nm due to Au NCs (Figure 

5.34a) was obtained with increasing concentration of Hg2+ ions. On the other hand, the emission 

due to Si QDs at 464 nm remained unaltered. Upon illumination of the mixture under UV lamp, 

it was observed that the color of the mixture changed from white to blue after addition of 640 

nM Hg2+ ions. The sensing mechanism of Hg+2 ions by the WLEM is based on high-affinity 

Hg+2-Au+ interactions. The surface of the as synthesized Au NCs is stabilized by a high content 

of Au (I)- thiolate complexes 91 and Hg+2 ions are known for having a strong affinity for Au+  
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Table 5.4. Comparison of molecular sensors for mercury detectiona  

aLOD = limit of detection 

ions.114 Upon addition of Hg+2 ions to Au NCs solution, strong bonding interactions between the 

d10 centers [(Hg2+ (4f145d10) and Au+ (4f145d10)]  take place which results in quenching of orange 

emission of Au NCs, which resulted in the emission of Si QDs only to observe. The designed 

method was found to be fast and sensitive toward sensing of Hg2+ ions and the limit of detection 

was found to be 10 nM (Figure 5.34a). Comparison of previously developed small molecular 

sensors for detection of Hg2+ ions shown in table 5.4 indicates that our system is showing better 

sensitivity than the previously reported ones. Further, the selectivity of the present system was 

also studied by recording the PL spectra of the WLEM in the presence of different metal cations 

and anions with a concentration of 1 mM. It was observed that the addition of metal anions and 

cations such as CO3
2-, Fe3+, Ca2+, Na+, Zn2+, Mg2+, ClO3

-, Cd2+, Ni2+,Cu2+, and Pb2+ showed no 

significant change in the PL intensity of WLEM (Figure 5.34b), indicating high selectivity of 

the system for Hg2+ ions. Thus the present system could be employed for the fast, selective, 

sensitive and visual sensing of Hg2+ ions. Interestingly, the white light emission can fully be 

recovered again by the subsequent addition of a thiol containing amino acid Cys with a limit of 

detection of 10 nM (Figure 5.34c). Comparative analysis of other known molecular sensors for 

Cys detection (Table 5.5) indicates higher sensitivity of our system than the previously reported 

Material Chemical probe LOD Reference 
Quantum dots CdS quantum dots 25.2 ng mL

-1
 Anal. Methods, 2016,8, 

6512-6519  

 Nitrogen doped carbon 
dots 

0.65 µM New J. Chem., 2018,42, 
6824-6830  

Organic molecules Squaraine dye 1.3 × 10
−7

 M Sens. Actuator  B- Chem, 
2012, 173, 874-881 

 Azobenzene 20 µM Chem.: Eur. J, 2011, 17, 
7276-7281 

 Phenoxazinone 100 nM J. Am. Chem.  Soc., 2003, 
125, 3418-3419 

Biomolecules DNA oligonucleotides 40 nM Angew. Chem., Int. Ed., 
2004, 43, 4300-4302 

 DNA- Au nanoparticles 
conjugate 

10 µM J. Am. Chem.  Soc.,  2008, 
130, 3244-3245 

 Nanoparticles Gold nanoparticles 10 µM J Anal Methods Chem., 
2012, 2012 

 Gold nanoparticles 100 nM Angew. Chem., Int. Ed., 
2007, 46, 4093-4096 

Polymers Polythiophene with 
thymine moiety 

30 µM Macromol. Rapid 
Commun., 2006, 27, 389-
392 

 Poly(3-(3’-N,N,N-
triethylamino-1’-
propyloxy)-4-methyl-2,5-
thiophene hydrochloride) 

42 nM Adv. Mater., 2007, 19, 
1471-1474 
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Table 5.5. Comparison of molecular sensors for Cys detection  

LOD = limit of detection 

ones. Digital images of WLEM, WLEM with Hg2+ and WLEM with Hg2+ ions and Cys under 

UV light are shown in figure 5.35. Thiols have a very strong binding affinity toward Hg2+ ions. 

Thus, the rapid recovery of white light emission can be attributed to the binding of Cys with 

Hg2+ ions. Since, Hg2+ ions are now bound to the thiol group in Cys, the d10–d10 interaction of 

Hg2+ ions with the Au+ ion on the surface of the Au NCs is obviously weakened, thus leading to 

regain of the emission of Au NCs, which in turn leads to recovery of the white emission of the 

 

Figure 5.35. Digital images of (a) WLEM, (b) WLEM with Hg2+, and (c) WLEM with Hg2+ ions 

and Cys under UV light (λex=365 nm). 

Material Chemical probe LOD Reference 

Organic molecules Cinamaldehyde and 
Pyrimidine 

0.10 µM Sens. Actuator  B- Chem., 2018, 255, 2756-2763 

 Curcumin 1 µM Anal. Methods, 2013,5, 3965-3969 

 Spiropyran 40 nM Angew. Chem., Int. Ed., 2006, 45, 4944-4948 

Nanoparticles Gold nanorods Micromolar range J. Am. Chem. Soc., 2005, 127 , 6516–6517 

 Nickel oxide 
nanoflowers 

1.1 µM J. Mater. Chem. B, 2014, 2, 6097 

 Gold nanoparticles 10-100 µM Anal. Chim. Acta, 2010, 671, 80-84 

Polymer Polythiophene 12.6 µM Sens. Actuator  B- Chem., 2016, 232, 448-453 

 Poly[3-(3-N,N-
diacetateaminopropoxy)-
4-methyl thiophene 
disodium salts 

0.33 µM Talanta, 2019, 198, 128-136 

Quantum dots Methyl viologen  
coated CdS QDs 

0.1 µM Small, 2011, 7, 1624-1628 

 CdTe QDs 0.87 µM Talanta, 2009,77, 1654-1659 

Biomolecules DNA- gold 
nanoparticles conjugate 

100 nM Nano Lett. 2008, 8, 2, 529-533 

 

a b c

Hg+2 ions Cysteine
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Scheme 5.3. Schematic depiction of reversible “ON–OFF” PL quenching of Au NCs in WLEM 

mixture.  

WLEM.115 This reversible “ON–OFF” of white light emission was found to be very specific to 

Cys residue only. Scheme 5.3 illustrates the mechanism of reversible “ON–OFF” PL quenching 

of Au NCs in WLEM in the presence of Hg2+ ions and Cys. The control experiments were 

 

Figure 5.36. Fluorescence intensity change of WLEM with Hg2+ ions in presence of different 

amino acids (a) alanine, (b) aspartic acid, (c) histidine, (d) phenylalanine, (e) arginine, and (f) 

glutamic acid. 
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performed by taking different non-thiol amino acids such as alanine, aspartic acid, histidine, 

phenylalanine, arginine, and glutamic acid, however, no change in PL intensity was observed as 

shown in figure 5.36. To get better insights into ion-induced structural changes, TEM imaging 

of WLEMs after addition of Hg2+ ions followed by Cys addition was done. TEM images 

represented in figure 5.37 revealed the distortion of agglomerated structures of WLEM upon 

addition of Hg2+ ions, this further validates our hypothesis of dissolution of Au NCs structures 

due to binding of Hg2+ ions with GSH (Figure 5.37a and 5.37b). Furthermore, upon introduction 

of Cys to this WLEM with Hg2+ ions, reformation of agglomerated structures take place exactly 

like pure WLEM (TEM images shown in Figure 5.37c and 5.37d), which results in recovery of 

white light emission from the mixture. 

 

Figure 5.37. TEM images of WLEM (a and b) with Hg+2 ions, and (c and d) with Hg+2 ions and 

Cys. 

5.3.3. Conclusion 

In the present study, we have designed a simple solution based approach for generation of 

WLEM. It is noteworthy that the as generated WLEM can be converted to solid, gel or in the 

form of film, making it a suitable candidate for solid state devices. The reversible thermo-

response property of WLEM could be utilized in optical thermometry and thermography 

applications. Furthermore, this system was found to be showing fast, sensitive, and selective 
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sensing of Hg2+ ions and thiol containing amino acid Cys. Such biofriendly white light emitting 

material holds promise for being used in selective sensing of a wide range of chemical or 

biological species based on their specific chemical interaction with the individual components 

present in the WLEM and also in bioimaging. 

 

Note: 

 The permission has been granted by authors and corresponding author of the published 

paper prior to adopting in the present thesis. The associated relevant publication is: 

Swati Tanwar, Bhagwati Sharma, Vishaldeep Kaur,  and Tapasi Sen “White  light 

emission from a mixture of silicon quantum dots and gold nanoclusters and its 

utilities in sensing of mercury (II) ions and thiol containing amino acid” RSC Advances 

2019,9, 15997-16006. (Selected for editor’s collection focusing on fluorescent sensors) 
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5.4. Immobilization of single Si QD on DNA origami 

5.4.1. Experimental section 

5.4.1.1. Materials 

N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC), trisodium citrate, N-

Hydroxysulfosuccinimide sodium salt (NHS), 3 kDa and 100 kDa amicon filters,  3-

aminopropyltriethoxysilane (APTES), tris(hydroxymethyl)aminomethane (Tris base), phosphate 

buffer saline (PBS) tablets, and ethylenediaminetetraacetic acid disodium salt (EDTA) were 

purchased from Sigma-Aldrich. Sodium hydroxide, sodium chloride, tween 20, acetic acid and 

hydrochloric acid (HCl) were procured from Merck, India, and magnesium chloride 

hexahydrate (MgCl2.6H2O) from SRL. M13mp18 single stranded DNA was procured from New 

England Biolabs and was used without further treatment. All unmodified staple strands were 

purchased from Integrated DNA Technologies, Inc. (IDT) with standard desalting purification. 

5′-amine modified single stranded DNA was purchased from IDT with HPLC purification. 

Dialysis membrane with a molecular weight cut off of 0.5–1 kDa was purchased from Spectrum 

labs. Sephacryl S-300 high resolution resin was bought from GE Healthcare. Micro bio spin 

chromatography columns were purchased from Bio-Rad. Carbon coated Cu TEM grids and 

AFM mica discs (V1 quality) were procured from Ted Pella and Agar Scientific. All the 

experiments were performed using Milli-Q water. 

5.4.1.2. Experimental procedures 

5.4.1.2.1. Synthesis of Si QDs 

Si QDs were synthesized by a slight modification of the previously reported method.116 Briefly, 

1 gram of trisodium citrate and 1 mL of APTES was dissolved in 30 mL of water. The mixture 

was transferred to a 50 mL Teflon hydrothermal autoclave reactor and saturated by N2 gas. The 

mixture was then heated at 200 ºC for about 12 hours. After the successful completion of the 

reaction, the reaction mixture was purified using 1 kDa dialysis membrane for 12 hours. The 

purified mixture was used for conjugating with DNA. 

5.4.1.2.2. Conjugation of Si QDs with amine labeled DNA 

For conjugating with DNA oligonucleotides, the as-synthesized Si QDs solution was diluted in 

PBS buffer with final OD of 0.3. After dilution, the pH of the Si QDs solution was adjusted to 5 

using 1 N HCl solution. Subsequently, 20 μL of 50 mM EDC and 12 μL of 50 mM NHS 

aqueous solutions were mixed with the above Si QD solution, respectively. The mixture was 

kept at mild stirring for 2 hours in dark. Further, 25 μL of 100 μM amine labeled DNA 
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oligonucleotide solution was added to the mixture and was kept for overnight stirring. During 

the conjugation, the salt concentration was increased with 4 times addition of 3.8 μL of  PBS, 

2M NaCl, 0.1% Vol Tween 20 buffer solution in a time interval of 20 min. After the reaction, 

the excess DNA was then removed from the Si QD-DNA conjugates using 3 kDa amicon filter 

and washing 3 times with PBS buffer having 100 mM NaCl. The purified Si QD-DNA 

conjugates were then stored at 4 ºC. The sequence of amine labeled DNA is given in table 11 of 

appendix A. 

5.4.1.2.3. Synthesis of rectangular DNA origami 

The rectangular DNA origami was synthesized as described in chapter 3 of this thesis. Briefly, 

the rectangular DNA origami was self-assembled by folding a long single-stranded M13mp18 

viral genomic DNA by a set of ∼214 short staple strands using a 1.5 h annealing program. 

Annealing was performed in 1× TAE buffer with scaffold concentration of 2 nM, 10-fold excess 

of regular staples, and 20-fold excess of modified staples. Sequence of all the short staple 

sequences and edge staples are given in table 1, 2 and table 3 of the appendix A respectively. 

The annealed rectangular DNA origami was then purified using Sephacryl S-300 HR resin.  

5.4.1.2.4. Immobilization of single Si QD on DNA origami 

The purified rectangular DNA origami was then mixed with Si QD-DNA conjugates with 0.3 M 

NaCl. The mixture was heated repeatedly between 40 and 20°C for 12 h, being kept in a PCR 

thermocycler. The final product was used for AFM and TEM imaging. 

As synthesized Si QDs and DNA origami were characterized by AFM, UV-Vis 

spectrophotometer, photoluminescence spectrophotometer, and FTIR as described in chapter 2 

of this thesis. 

5.4.2. Results and discussion  

5.4.2.1. Optical and structural characterizations of as synthesized Si QDs 

Si QDs were synthesized hydrothermally using an aqueous solution of APTES and trisodium 

citrate. Where, APTES was used as source of Si and trisodium citrate as reducing and 

stabilizing agent. The appearance of a pale yellow color from the colorless reaction mixture 

indicated the formation of Si QDs. Photoluminiscence (PL) spectra of the resultant Si QDs 

(Figure 5.38a) showed emission centered at 460 nm upon excitation at 355 nm with 

symmetrical excitation and emission peaks. The PL spectra indicated that the synthesized Si 

QDs possess good photoluminescence properties. To get insights into the nature of surface  
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Figure 5.38. (a) Excitation and emission spectra of the Si QDs, (b) FTIR spectrum of the Si 

QDs, (c) AFM images of Si QDs (inset shows the height profile), and (d and e) TEM images of 

the Si QDs. 

functionalities surrounding the Si QDs, FTIR measurement was performed. The FTIR spectrum 

of the Si QDs is shown in figure 5.38b in the range of 4000−500 cm−1. The FTIR spectrum 

showed a broad peak at 3410 cm−1 for Si QDs which may be attributed to O−H stretching 

vibration. The peaks at 2933 and 1445 cm−1 were assigned to the C−H stretching and bending 

vibrations, respectively. While the strong intensity peak at 1645 cm−1 could be assigned to the 

C=O stretching of the carboxylic group, the band at 1405 cm−1 was originated from C−O–H 

bending vibrations. The peak at 1120 cm−1 was due to Si–C asymmetric deformation, and the 

peak at 1043 cm−1 was attributed to Si−O−Si stretching vibrations. Additionally, a peak due to 

Si−O stretching of the Si−O−H group at 911 cm−1 was observed. These results confirm the 

presence of plenty of hydrophilic oxygenated functional groups on the surface of Si QDs, whose 

presence greatly contributed toward the excellent water dispersibility of the Si QDs. Further, the 

carboxyl groups present on the surface of Si QDs can be used for conjugation with amine 

labeled DNA oligonucleotides. To get insights into the morphology and the structure of the as 

synthesized Si QDs AFM (Figure 5.38c) and TEM (Figure 5.38d and 5.38e) imaging was done. 

AFM and TEM images confirmed the formation of Si QDs with an average size of 1.5 ± 0.4 

nm. 
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5.4.2.2. DNA functionalization of Si QDs 

The FTIR measurements revealed that the synthesized Si QDs are having many carboxyl groups 

on their surface (Figure 5.38b) and are water soluble. We used well established protocol of 

EDC-NHS coupling for their conjugation with amine labeled DNA (shown in Scheme 5.4). 117 

EDC was used to activate the carboxyl groups present on the surface of Si QDs. EDC activated 

Si QDs were further reacted with sulfo-NHS to prevent the hydrolysis of EDC-ester and 

increase the yield of DNA functionalized Si QDs.86 

 

  Scheme 5.4. Schematic depiction of the DNA functionalization of Si QDs.      

In order to achieve an efficient covalent coupling, the conjugation reaction was carried at a pH 

of 5. Under a high pH value, the carboxylic acid group of Si QDs becomes deprotonated, thus, 

lowering the reactivity of EDC.  

 

Figure 5.39. UV-Vis absorption spectra of Si QDs and DNA conjugated Si QDs. 

The UV-Vis spectrum of DNA conjugated Si QDs recorded using a nanodrop instrument 

showed a peak at 260 nm corresponding to nucleic acids. The UV-Vis absorption data 
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confirmed successful conjugation of the as-synthesized Si QDs with amine labeled DNA 

oligonucleotides. 

5.4.2.3. Design of DNA origami-Si QD hybrid structure 

 

Scheme 5.5. Schematic depiction of the immobilization of single Si QD on DNA origami.  

For capturing a DNA functionalized Si QD on the origami template, a staple with sequence 

number 111 (Table 1 of appendix A) was extended at 3' position with DNA sequence 

complementary to that of amine labeled DNA (as shown in Scheme 5.5). The purified origami 

solution was then mixed with DNA conjugated Si  

 

Figure 5.40. (a and b) AFM images of rectangular DNA origami, and (c) corresponding height 

profile. (d and e) AFM images of rectangular DNA origami-Si QD hybrid structure, and (f) 

corresponding height profile. 
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QDs and was recycled between 40ºC to 30ºC for 12 hours in a PCR thermocycler. The DNA 

origami-Si QDs conjugates were then imaged using AFM. AFM images of rectangular DNA 

origami with and without Si QD are shown in figure 5.40. The position of the staple sequence 

used for capturing the Si QD on DNA origami resides exactly in the middle of the origami 

template. A difference in height profile of ⁓ 1.5 nm from the height of the origami template (⁓ 2 

nm) in the middle of the structure matched well with the size of Si QD (⁓ 1.5 nm) confirming 

successful immobilization of single Si QD on DNA origami (Figure 5.40f).  

5.4.3. Conclusion 

In summary, the results included in the thesis confirm successful immobilization of single Si 

QD on DNA origami which is a positive step towards merging a single QD with a single 

plasmonic nanoantenna. The judicial choice of placing single QD in the plasmonic hotspot 

instead of organic fluorophores will help in creating functional single QD-based nanosensors that 

will have extremely high sensitivity and stability. The programmable nature of the DNA origami 

template allows site-specific localization of optical species and metal nanoparticles for building 

novel plasmonic nanostructures. Future studies will focus on the immobilization of single Si QD 

in the plasmonic hotspot of the synthesized Au@Ag NS dimer plasmonic nanoantennas for 

single molecule spectroscopic, sensing, and imaging applications. 
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6.1. Introduction 

Highly sensitive single-molecule label-free sensing methods have applications in both the 

fundamental research and healthcare diagnostics.1 Single molecule sensors enable measuring 

analytes with sensitivity levels that allow detection and analysis of single molecules. This is 

important for the diagnosis of diseases where a single molecule or microorganism has a 

tremendous impact on the fate of the clinical condition.2 Scanning each and every molecule 

further helps in identifying rare aberrant molecules among the healthy ones.3 In the optical 

domain, fluorescence spectroscopy has emerged as a method of choice for developing single 

molecule sensors owing to several associated advantages such as parallel and multiplexed 

detection, high sensitivity, site-specific labeling, and high signal to noise ratio.4-7 Although 

widely employed, requirement of sophisticated instruments and labeling of molecules has 

severely limited its applicability for commercial applications. Labeling is not feasible for 

sensing applications where the analysis has to be done directly in the samples without prior 

washing.  The other disadvantages of labeling are increased cost and time per detection, change 

in structure and activity of molecules, and induced variability.8, 9 This has sparked interest in 

both the scientific community and the relevant industries to develop so-called “label-free” 

sensors.  

 

Figure 6.1. Concentration range required for single molecule sensing and studying biological 

interactions. (Reprinted with permission from ref. 1,2016  WILEY‐VCH Verlag GmbH & Co. 

KGaA, Weinheim) 

Due to diffraction limited optics, single molecule measurements are done at ultralow 

concentrations (1 pM to 1 nM),10 however, many biomolecular interactions such as enzyme-

ligand and protein-DNA interactions take place at higher concentrations with dissociation 

constants in µM range (Figure 6.1).10, 11 Thus an optical single molecule sensor should be 

compatible with these high concentrations such that only a single biomolecule occupies the 
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probe volume at one time. This discrepancies in the concentration limit can be efficiently 

addressed using plasmonics and nanophotonics. 

Over the past few decades, plasmonic sensors have demonstrated their capacity for achieving 

single molecule sensitivity at concentrations as high as tens of micromolars, 12, 13 without the 

need of chemical labeling.14, 15 The generated electric field  around plasmonic nanoparticles 

decays rapidly into the medium surrounding thereby enhancing the interactions between the 

excited plasmons and the molecule. These plasmon-molecular interactions result in a significant 

enhancement in fluorescence emission, 16-18 Raman scattering intensities,19-21 and detectable 

shifts in resonance band. 22  Till now numerous elegant strategies have been developed to detect 

single molecules by analyzing shifts in the longitudinal surface plasmon resonance (SPR) band 

induced due to plasmon molecule interactions. For example, Zijlstra et al. reported plasmon 

mediated label free sensing of single Streptavidin protein molecules by monitoring the change 

in the SPR band of gold nanorods using photothermal microscopy.14 Ament et al. utilized 

plasmon spectroscopy technique for real-time monitoring of single fibronectin protein binding 

dynamics and desorption and adsorption processes.23  

 

Scheme 6.1. Scheme depicting different modes of plasmon mediated single molecule sensing. 

Later, Dantham et al. reported detection of single thyroid cancer marker and bovine serum 

albumin using nanoplasmonic hybrid microcavity.24 Very recently, Verschueren et al. developed 

an inverted-bowtie plasmonic nanopore biosensor for the optical trapping and SPR based 

sensing of single beta-amylase protein.25 Although, change in the SPR wavelength of plasmonic 

nanoparticle due to plasmon-molecule interactions within the hotspot of plasmonic sensors 

offers a simple means to detect analytes. These single-wavelength measurements fail to provide 

any molecule specific information which is required for the identification of the molecule of 

interest from a mixture. Structural specific information helps in ruling out the possibility of 

getting similar shifts in the SPR from impurity or any other molecule showing similar SPR 

shifts. This challenge can be very easily overcome using Surface-enhanced Raman spectroscopy 
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(SERS). SERS is a molecule specific technique that has the ability to detect a molecule from a 

group of molecules. 26, 27 And it has already proven its ability to provide sensitivity down to 

single molecule level. 28-32 For example, Freedman et al. showed SERS based label-free sensing 

using plasmonic nanopipettes designed by a dielectrophoretic assembly of gold nanoparticles to 

form a rough gold sphere at the tip of a nanopipette.33 Chen et al. designed a novel plasmonic 

nanoslit device by combining SERS with nanopore fluidics for single nucleobase sensing. 34 

Brule et al. for the first time studied changes in the conformations of single BSA protein using 

dynamic SERS experiments.35 In simple words, SERS based plasmonic sensors provide ultimate 

sensitivity along with detailed information of molecules which helps in analyzing complex 

samples containing diverse analytes. 

Among all the fabrication techniques,36-39 electron beam lithography is the most prevalent 

technique widely employed to synthesize nanoantennas such as bow-tie,16, 40 gold nanoparticle41, 

42 and nanorod dimers,43 Yagi-Uda,44 and plasmonic nanopores.45 Due to its inability to fabricate 

nanoantennas with interparticle gaps of < 10 nm its applicability is limited.46 DNA origami is a 

powerful method of nanofabrication as it provide  tight control over the self-assembly of 

nanoparticles into complex antenna designs and localizing the desired target molecule in the 

antenna hot spot.47-52 Tanwar et al. used DNA origami as a template for assembling Au nanostar 

dimer structures with different interparticle gaps and stoichiometry. The dimer structures were 

found to be giving enhancement factor in the order of 1010, strong enough for single molecule 

sensing.53 Heck et al. 54 self-assembled silver nanolenses on DNA origami scaffolds and further 

employed them for SERS based sensing of single streptavidin protein selectively placed in the 

plasmonic hotspot. Further, Kaminska et al. 18 have shown that DNA origami based optical 

antennas can be used for the detection of single peridinin−chlorophyll a−protein complex in the 

plasmonic hotspot. Proteins are the structural elements and machinery of every single cell of the 

body and play critical role in functioning and maintaining biological architecture and 

homeostasis of human body. In case of onset of disease such as cancer, the concentration level 

of several proteins in the body gets misregulated therefore are considered to be potent 

biomarkers for detection of early-onset of diseases.55, 56 Development of label free single 

protein detection methods is important for getting molecular information critical for 

fundamental biochemical research and for clinical laboratory diagnosis.57, 58 

This chapter demonstrates label-free SERS based plasmonic sensing of a single thrombin 

protein molecule. Single thrombin protein was captured in the plasmonic hotspot of Au@Ag 

nanostar dimer structure using two thrombin binding aptamer DNA sequences. Further, it has 
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been shown that the designed plasmonic nanoantennas have the potential to be used as a label-

free sensor for the detection of a single protein molecule. 

6.2. Experimental section 

6.2.1. Materials 

Tween 20, ammonium hydroxide (NH4OH, 25%), hydrochloric acid (HCl), and acetic acid 

(CH3COOH) were purchased from Merck. Gold chloride trihydrate (HAuCl4.3H2O, purity ≥ 

99.9%), trisodium citrate dihydrate (Na3C6H5O7), Magnesium chloride hexahydrate 

(MgCl2.6H2O), HEPES buffer solution (pH=5), ethylenediaminetetraacetic acid disodium 

(EDTA), L-Ascorbic acid, sodium dodecyl sulfate (SDS),  silver nitrate (AgNO3), 

tris(hydroxymethyl)aminomethane (Tris base), tris-(carboxyethyl) phosphine hydrochloride 

(TCEP.HCl), 1 M Potassium phosphate monobasic solution (KH2PO4), phosphate buffer saline 

(PBS) tablets, 1 M potassium phosphate dibasic solution (K2HPO4),  and sodium chloride 

(NaCl) were purchased from Sigma-Aldrich and used without further purification. M13mp18 

single stranded DNA was purchased from New England Biolabs. All modified, unmodified, and 

aptamer modified staple DNA sequences were purchased from Integrated DNA Technologies 

(IDT) with standard desalting. Thiol labeled DNA oligonucleotides were purchased from IDT 

with HPLC purification. Human alpha-thrombin native protein and BSA were purchased from 

Thermo Fischer and Sigma Aldrich respectively. Sephacryl S-300 high resolution resin was 

procured from GE Healthcare. Carbon coated Cu TEM grids were purchased from Ted Pella. 

AFM mica discs of V1 quality were bought from Agar Scientific. Si wafer (double side polished 

with resistivity 1-10 ohm.cm) was purchased from Ekta Marketing corporation. Micro bio spin 

chromatography columns for packing of resin were purchased from Bio-Rad. All the 

experiments were carried out in ultrapure water. 

6.2.2. Experimental procedures 

6.2.2.1. Synthesis and DNA functionalization of Au@Ag nanostars (Au@Ag NSs) 

Au@Ag NSs were synthesized by coating a thin layer of Ag on premade Au NSs. Au nanostars 

(Au NSs) were prepared by seed-mediated method as described in chapter 3 of this thesis.53 To 

1 mL solution of Au NSs, 1 µL each of 0.1 M AgNO3 and 0.1M ascorbic acid were added 

respectively while the solution was on stirring. This was followed by the addition of 2 µL 

solution of NH4OH. The color of the solution immediately changed from blue to purple 

indicating the coating of Ag on Au NSs. A 40 µL aliquot of 0.1 M SDS solution was then added 

to the solution and further stirred for 5 minutes. Excess unreacted reactants were then removed 
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by centrifuging at 4000 rcf for 10 min. Finally, the synthesized Au@Ag NSs were resuspended 

in 5 mM HEPES buffer (pH-3) and were used for DNA functionalization. 

The synthesized Au@Ag NSs were functionalized with a mixed DNA sequence having thiol 

modification at 5′ end (Table 7 of appendix A). The protocol followed was modified from 

Zhang et al.59 To 1 mL solution of Au@Ag NSs suspended in HEPES buffer,  25 µL of 200 µM 

thiol modified ssDNA oligonucleotides were added with mild stirring. After 30 minutes, 20 µL 

of 10% Tween 20 and 4:5 mixture of KH2PO4 and K2HPO4 buffers with a time gap of 15 

minutes were added. The mixture was kept for overnight mild stirring. Afterward, 2M NaCl, 

0.1% Vol Tween 20 buffer solution was added stepwise over 2 hours to the stirred solution until 

a final concentration of 750 mM was reached. The mixture was further kept for overnight 

stirring. The Au@Ag NSs DNA conjugates were purified by 3 times centrifugation at a rate of 

5,000 × g, 15 min for each time. The supernatant was carefully removed and the nanoparticles 

were finally resuspended in 0.5×TAE buffer and stored at 4 ºC for further use. 

6.2.2.2. Incorporation of thrombin binding aptamers on DNA origami 

The rectangular DNA origami of dimension ∼ 90 × 60 nm was synthesized using the design 

proposed by Paul Rothemund.48 Genomic DNA of M13mp18 bacteriophage was used as a 

scaffold that was folded into a rectangular shape using 213 short staple DNA sequences.53 For 

folding 2 nM of the scaffold, modified and unmodified staple strands were added in 10 and 20 

fold excess in 1× TAE-12.5 mM MgCl2 buffer respectively. The mixture was heated to 90 ºC 

and slowly cooled down to 20 ºC in ⁓ 1.5 hours. Dimerization of rectangular DNA origami 

(dimension ∼180 × 60 nm) was done using aptamer modified branching staples. To an 

equimolar mixture of unpurified origami A and origami B solutions, 22 branching53 and 2 

aptamer modified branching staples were added in 40-fold excess and the mixture was 

incubated at room temperature for 24 h in 50× TAE-12.5 mM MgCl2 buffer. The dimerized 

rectangular DNA origami having thrombin binding aptamers was then purified using Sephacryl 

S-300 resin. Details of aptamer modified branching staples are given table 12 of appendix A. 

6.2.2.3. Immobilization of single thrombin protein in the plasmonic hotspot of Au@Ag NS 

dimer nanoantennas 

Strategy I. Purified dimerized rectangular DNA origami was mixed with thrombin in a molar 

ratio of 1:2 and was kept at room temperature for 2 hours. After the binding of thrombin, the 

thrombin-DNA origami conjugates were mixed with DNA functionalized Au@Ag NSs and kept 

at room temperature for 24 hours. Further, the hybrid structures were immobilized on Si wafer 
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for AFM correlated Raman measurements. The Au@Ag NSs-DNA origami-thrombin hybrid 

nanostructures were diluted in 10 × TAE-200 mM MgCl2 buffer and incubated on plasma 

cleaned Si wafer for 2 hours being kept in a moist chamber. The unbound sample was washed 

using MQ water. 

Strategy II. Purified dimerized rectangular DNA origami was mixed with DNA functionalized 

Au@Ag NSs in a molar ratio of 1:2 in 0.5 × TAE buffer having 6.25 mM MgCl2 and 300 mM 

NaCl. The mixture was kept in PCR thermocycler and repeatedly heated from 40°C to 20°C for 

12 hours with a ramp rate of - 0.1°C/s. The synthesized Au@Ag NSs dimer nanostructures were 

then immobilized on oxygen plasma cleaned Si wafer (1 × 1 cm2). The Au@Ag NSs DNA 

origami hybrid nanostructures were then diluted in 10× TAE buffer having 200 mM MgCl2 and 

incubated on Si wafer for 2 hours being kept in a moist chamber. The unbound sample was 

washed using MQ water. The immobilized Au@Ag NS dimer nanoantennas were then 

incubated with 20 nM of thrombin solution for 4 hours followed by washing with MQ water to 

remove unbound protein. 

6.2.2.4. Detection of single thrombin protein using AFM correlated Raman measurements 

Different areas of Si wafer were scanned using AFM for getting the desired area having 

sparsely distributed Au@Ag dimer structures. The same area was scanned under the confocal 

Raman microscope for recording Raman scattering signals. For the Raman measurements 

included in this study laser excitation of 532 nm with laser power of 1 mW was used. All the 

other parameters such as integration time, number of accumulations were kept same throughout 

the study for a fair comparison. 

As synthesized Au@Ag NSs, DNA origami, DNA origami-thrombin conjugates, and Au@Ag 

NSs-DNA origami hybrid nanostructures were characterized by TEM, AFM, UV-Vis 

spectrophotometer, and confocal Raman microscopy as described in chapter 2 of this thesis. 

6.3. Results and discussion 

Thrombin is a serine proteinase that plays a fundamental role in the coagulation cascade. 

Development of a label free detection system for its sensing will help in early diagnosis of 

clinical conditions like tumor growth, metastasis, and angiogenesis.  

6.3.1. Aptamer assisted capturing of single thrombin protein on DNA origami 

The term “aptamer” is derived from the combination of a Latin word 'aptus' (to fit) with a Greek 

word 'méros' (part). Basically, they are short oligonucleotides that selectively target and bind 
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with high affinity to a wide variety of target molecules including antibiotics,60 amino acids,61 

proteins,62 viruses,63 and even whole cell.64 Nucleic-acid aptamers have attracted intense interest 

and found wide applications in a range of areas due to their high specificity, sensitivity, and low 

production cost.65 Another important aspect of aptamers is that they can be easily incorporated 

into DNA origami structures by simply modifying one of the staple strands with the aptamer  

 

Scheme 6.2. Schematic depiction of (a) aptamer assisted capturing of single thrombin on DNA 

origami, and (b) Au@Ag NS dimer-DNA origami-thrombin complex. 

sequence. The design of our DNA origami-based single protein nanosensor is schematically 

illustrated in scheme 6.2. For capturing single thrombin protein molecule on rectangular DNA 

origami, two branching staples were modified with closed-loop thrombin binding aptamer 

sequences. The position of the aptamer modified branching staples resides exactly in the middle 

of the DNA origami template where the plasmonic hotspot is expected to form. Scheme 6.3 

illustrates the dimerization of rectangular DNA origami using 22 branching and 2 aptamer 

modified branching staples. The aptamer sequences used for capturing thrombin protein are 

well characterized previously and are known to bind specifically and cooperatively to thrombin 

protein. 6669  The binding sites of the two aptamers are at opposite sides of the thrombin protein 

molecule (as shown in scheme 6.2a). The 15 mer aptamer sequence GGTTGGTGTGGTTGG in 

its folded form consists of two G-tetrads that form a chair-like conformation via the Hoogsten-

type guanine-guanine base pairing.67, 68 It is known for having a high affinity for fibrinogen-

recognition exosite of thrombin.66 The second selected 29 mer aptamer sequence 

AGTCCGTGGTAGGGCAGGTTGGGGTGACT forms a combined quadruplex duplex 

structure and has a binding affinity for heparin-binding exosite of the thrombin protein.69 While 

incorporating the aptamers in between the branching staple sequence, a poly T sequence was 

added to both the stems so that both the aptamers have 3D flexibility for rotation. Another 

deciding factor for achieving strong and high yield binding of thrombin was inter-aptamer 

Thrombin 
aptamer complex 

Au@Ag NS dimer

Thrombin protein
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Scheme 6.3. Schematic depiction of incorporation of thrombin binding aptamers on DNA 

origami. 

distance. The two aptamer sequences were expected to act as a bivalent single molecular species 

that will create a docking site on the DNA origami template for capturing single thrombin  

 

Figure 6.2. AFM images of dimerized DNA origami (a and b) without, and (c and d) with single 

thrombin protein. The inset shows the corresponding height profile. 
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protein. Size of a single thrombin protein is ⁓ 4.1 × 4.1 nm, any inter-aptamer distances greater 

than 5 nm would have resulted in less binding or binding of two thrombin molecules separately 

to each aptamer sequence. So, the branching staples used for modification were selected such 

that after modification the centre-to-centre distances between the two aptamers will be ⁓ 5 nm. 

Further, the presence of poly T sequences at the stems of both the aptamer will allow free 

movement of the aptamers that will compensate for small changes in the size of thrombin and 

inter-aptamer distance. Folded rectangular DNA origami monomer A and monomer B were 

allowed to dimerize with 22 usual and 2 aptamer modified branching staples. AFM images of  

 

Figure 6.3. (a) AFM images, and (b) corresponding height profile of thrombin protein. 

dimerized DNA origami without (Figure 6.2a and 6.2b) and with (Figure 6.2c and 6.2d) 

thrombin confirmed successful immobilization of thrombin at the predefined site. To further 

confirm that the pronounced feature in the middle of the DNA origami template is thrombin, 

AFM images of thrombin protein were recorded (Figure 6.3). The height profile of thrombin 

protein matched well with the thrombin on DNA origami.  

6.3.2. Design of Au@Ag NS dimer-DNA origami-thrombin hybrid nanostructures 

The Au@Ag NSs were synthesized using the protocol described in the experimental section. 

Optical and structural characterizations of the synthesized nanostars were done using UV-Vis 

spectrophotometer and TEM imaging respectively. The UV-Vis spectrum of the synthesized 

nanostars showed an SPR band around 555 nm (Figure 6.4a). Further, TEM images confirmed 

the formation of Au@Ag NSs with an average size of 70 ± 6 nm. After successful synthesis of 

the Au@Ag NSs,  the Au@Ag NSs were conjugated with thiol labeled ssDNA oligonucleotides  
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Figure 6.4. (a) UV-Vis spectrum, and (b and c) TEM images of Au@Ag NSs.  

using pH assisted protocol reported by Zhang et al. with modifications.59 The DNA conjugated 

Au@Ag NS dimers were then assembled on dimerized DNA origami template using two 

different sets of capture staple sequences. Figure 6.5 shows the position of staple sequences  

 

Figure 6.5. Dimerized rectangular DNA origami design showing position of capture staple 

sequences used for synthesis of Au@Ag NS dimers of gap (a) 10 and (b) 15 nm. Position of 

thrombin binding aptamers is represented by purple colored box.  

used for capturing Au@Ag NSs on the DNA origami template. To confirm successful 

immobilization of the Au@Ag NS dimers on DNA origami and to determine the interparticle 

gap, TEM imaging of the assembled Au@Ag NS dimer structures was done. TEM images 

(Figure 6.6) confirmed successful immobilization of the Au@Ag NS dimer structures on DNA 

origami. Further, we found that the average interparticle gap of dimer structures assembled 
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Figure 6.6. TEM images of Au@Ag NS dimers of average interparticle gap sizes of (a and b) 10  

nm, and (c and d) 15 nm. 

using capture staples shown in figure 6.5a is 10 nm (Figure 6.6a and 6.6b) and that of shown in 

figure 6.5b  is 15 nm (Figure 6.6c and 6.6d). For immobilization of single thrombin protein in 

the plasmonic hotspot of Au@Ag NS dimer structures, two different strategies were followed. 

In strategy I, at first thrombin protein was immobilized on the DNA origami template and then 

DNA origami-thrombin structures were incubated with DNA functionalized Au@Ag NSs for 

immobilization of Au@Ag NSs. Strategy II involved incubation of premade Au@Ag NS dimer 

structures with thrombin protein solution. Strategy II was followed to check the efficiency of 

the designed nanosensor to directly capture the target molecule into the plasmonic hotspot from 

the analyte solution. 

6.3.3. SERS based label free detection of single thrombin protein 

After successful synthesis of the Au@Ag NS dimer-thrombin hybrid nanostructures, AFM 

correlated Raman measurements53 were done to record Raman signatures of thrombin protein. 

The self-assembled hybrid nanoantennas were identified using AFM imaging followed by 

scanning the same area for Raman signals. For all the SERS measurements a laser excitation of 

532 nm was used. At first, the Au@Ag NS dimer-thrombin hybrid structures assembled using 

strategy I were used for recording Raman signatures of thrombin protein. The hybrid structures 

immobilized on Si wafer were identified using AFM imaging and then scanned under a confocal 

Raman microscope for Raman signals. Figure 6.7 shows AFM correlated Raman measurements 
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Figure 6.7. Single molecule SERS measurements of thrombin protein in the Au@Ag NS dimer 

nanoantennas of 10 nm interparticle gap. (a and b) Optical images recorded using AFM and 

confocal Raman microscopes respectively (black line indicates the scanned area). (c) AFM 

images of the nanoantenna structures. (d and e) High resolution AFM image of single 

nanoantenna structure with its height profile. (f) Corresponding single molecule SERS 

spectrum. 

of Au@Ag NSs dimer structures with an average interparticle gap size of 10 nm. In the single 

molecule SERS spectrum of thrombin protein (Figure 6.7f), the peaks corresponding to C–N 

stretching (1187 cm-1), amide II (1597 cm-1), and amide I (1630 cm-1) bond of proteins were 

very clearly visible.70, 71 Apart from these typical protein peaks, the peak at 926 cm-1 due to N–

Cα–C stretching of α-helix and the peak at 1379 cm-1 due to Tryptophan were also present in the 

SERS spectrum.71 Human alpha thrombin is an alpha rich protein,72  the range of wavenumbers  

Table 6.1. Raman peaks of proteins obtained from literature. 70, 71 
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Figure 6.8. Single molecule SERS spectra of thrombin protein placed in the plasmonic hotspot of 

Au@Ag NS dimer nanoantenna of an average interparticle gap size of (a) 10 nm and (b) 15 nm. 

of Raman peaks of an alpha rich protein are given in table 6.1. The obtained peaks were 

matching with the literature. It was found that among average interparticle gap sizes of 10 and 

15 nm, the SERS intensities were higher for 10 nm gap (Figure 6.8a) then 15 nm (Figure 6.8b). 

The higher SERS intensity for 10 nm gap can be attributed to the high intensity of 

electromagnetic field generated in between the Au@Ag NS dimer nanoantenna.73 To check 

whether the designed nanosensor can directly capture thrombin protein from the solution, SERS 

measurements were carried out using Au@Ag NS dimer-thrombin hybrid structures assembled  

  

Figure 6.9. Single molecule SERS spectrum of thrombin protein captured in the hotspot of Au@Ag 

NS dimer nanoantenna from thrombin solution. 
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using strategy II as described in the experimental section. The SERS signals were recorded 

using Au@ Ag NS dimer nanoantennas with an average interparticle gap size of 15 nm. Larger 

gap size was tried so that thrombin protein gets ample space to go into the hotspot and bind with 

the aptamers. Interestingly, we were able to record Raman signature peaks of thrombin protein. The 

results demonstrate that the designed nanoantenna has the potential to be used as a label free 

nanosensor for sensing molecules whose capturing probes are immobilized in the hotspot of the dimer 

nanoantenna. 

Specificity test. Molecular recognition selectivity is very important for any sensing system. To check 

whether the designed system is specific for thrombin, SERS measurements using interfering 

protein BSA were carried out. BSA is analogous to thrombin and is usually used for carrying 

out cross-reactivity studies for thrombin specific sensors.74 Further, to check if the docking site 

created in the hotspot region is specific to thrombin or any other protein molecule of similar size 

can show binding affinity, specificity tests were done using myoglobin. The size of a myoglobin 

protein is ⁓ 3.5 nm close to that of thrombin protein.75 Cross-reactivity studies were carried out 

using strategy I: at first protein molecules were allowed to bind to aptamer sequences 

incorporated on the dimerized DNA origami template followed by Au@Ag NSs binding. 

Interestingly, no peaks corresponding to BSA (Figure 6.10a) and myoglobin (Figure 6.10b) 

proteins were observed in the SERS spectrum. The results show that the designed nanosensor is 

specific to thrombin protein. 

 

Figure 6.10. SERS spectra of Au@Ag NS dimer with (a) BSA and (b) myoglobin protein. 
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6.4. Conclusion 

This chapter provides a glimpse of the utility of  DNA origami assembled plasmonic 

nanoantennas for label free sensing of single protein molecule. Single thrombin protein was 

precisely localized in the plasmonic hotspot of Au@Ag NS dimer nanoantennas using aptamer 

protein interactions. The modular structure of DNA origami allowed introduction of two 

different thrombin binding aptamers on the DNA origami template at a position where the 

plasmonic hotspot was expected to form. The two aptamers created a docking site of  ⁓ 5 nm 

which can hold only a single thrombin protein of size ⁓ 4 nm. After binding of thrombin protein 

molecule in the plasmonic hotspot we were able to record Raman vibrational bands at 1140, 

1540, and 1635 cm−1 which are characteristic bands of the protein. The intensity of Raman 

peaks was higher when the interparticle gap size was 10 nm than 15 nm due to difference in 

intensity of the electromagnetic field generated. Further, it was found that the sensing is specific 

for thrombin protein as no peaks were obtained when similar experiments were repeated with 

BSA and myoglobin protein. The designed plasmonic nanosensor hold promise for being used 

as a label free sensor for detection of single protein molecules. 
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“Arriving at one goal is the starting point to another” 
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7.1. Summary of this thesis 

This thesis presents a set of contributions to the field of nanophotonics which are based on the 

potential of plasmonic nanoantennas to enhance and localize electromagnetic fields for single-

molecule spectroscopic and sensing applications. Optical spectroscopy at the ultimate limit of a 

single molecule has been a research area with tremendous focus because it yields full 

distribution and dynamics of the system instead of an average value, thus exposing normally 

hidden heterogeneities in a complex system. Plasmonic nanoantennas spatially confine light on 

the nanometre scale concentrating electromagnetic field in a volume of only a few hundred nm3 

or less. This nanoscale field confinement by metallic nanostructures leads to strong 

enhancement of usually weak single molecule signals. This thesis consists of six chapters 

including chapter 7.  

The introductory chapter gives an overview of the importance and limitations of single 

molecule measurements, a historical overview of optical properties of metal nanoparticles, 

fundamentals of plasmonic nanoantennas and their applicability for enhancing single molecule 

spectroscopic signals. Salient features of the DNA origami technique and its utility for the 

fabrication of plasmonic nanoantennas with tunable interparticle gaps and stoichiometry are 

also discussed. In the second chapter, the synthetic protocols and characterization techniques 

used for the work presented in this thesis have been described. Solution based synthesis of Au 

structures such as Au nanostars, Au@Ag nanostars, and Au nanoclusters. This chapter also 

discusses the synthesis of quantum dots, DNA origami and self-assembly of plasmonic 

nanoantennas (with tunable interparticle gaps and stoichiometry) on DNA origami. In the rest 

four chapters, the design of novel plasmonic nanoantennas and their utility for single molecule 

spectroscopic and sensing applications have been discussed separately. 

The important achievements of the work can be summarized as given below: 

1) The programmable nature of the DNA origami technique allowed fabrication of Au 

nanostar dimer structures with tunable interparticle gaps and stoichiometry. It also enabled 

precise positioning of the single Texas red (TR) dye molecule in the conjunction region of 

the nanostars which is difficult to achieve using sophisticated techniques like electron 

beam lithography. The designed monomer and dimer structures were found to be 

significantly enhancing Raman signals of single TR dye molecules located in the 

plasmonic hotspot. The obtained enhancement factors (EFs) were in the range of 109-1010, 

which are high enough for single analyte detection. The interparticle gaps strongly 
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influence the EFs. The EFs of TR dye slightly decreased upon increasing the interparticle 

gap from 7 to 13 nm due to changes in the intensity of the generated electromagnetic field. 

It was also found that the EFs decreased by a factor of ~ 13 for nanostar dimer structures 

with higher negative curvature. SERS-active wide conjunction region of 13 nm can 

provide enough space for the accommodation of large biomolecule of interest. 

2) Bimetallic Au@Ag nanoparticles have superior optical properties than their monometallic 

counterparts because they combine the best of both metals i.e. enhanced plasmonic 

properties (high extinction coefficient) of Ag and chemical stability of Au in one structure. 

Au@Ag nanostars were prepared by epitaxial growth of Ag over premade Au nanostars. 

They were assembled on the rectangular DNA origami template with different interparticle 

gap sizes and stoichiometry. The Au@Ag nanostar dimer and monomer structures were 

found to be showing broadband field enhancement effects. The designed nanoantennas 

significantly enhanced  SERS signals of single FAM, Cy3, and Texas red (TR) dye 

molecules, which correspond to different regions of the visible spectrum. Among all the 

three dyes, the EFs were found to be highest for Cy3 dye due to close resonance between 

the SPR of Au@Ag nanostars and molecular absorption of Cy3 dye. The EFs for TR and 

FAM dye molecules were also in the order of 109-1010, sufficient for single molecule 

detection. The Au@Ag NS dimer nanoantennas with an interparticle gap size of 5 nm were 

found to be showing 10-fold enhancement in the fluorescence signals of single Cy3 dye 

molecule positioned in the hotspot. The designed Au@Ag NS dimers showed 

ultrasensitive detection of bacterial biomarker pyocyanin with a LOD of 500 pM. The 

obtained results suggest that the designed nanoantennas have the potential to be 

transformed into a label-free SERS based plasmonic sensor for clinically important 

molecules. 
3) A one-pot, green, cost effective, and energy-efficient synthetic strategy for the synthesis of 

Si QDs has been reported. Blue emitting Si QDs were synthesized at room temperature 

using 3-aminopropyltriethoxysilane (APTES) as the silicon source and a commonly 

available sugar, glucose, as a reducing and stabilizing agent. These Si QDs showed a 

reversible thermo-responsive emission in the temperature range of 20-80 0C and high ionic 

stability required for conjugation with biomolecules such as DNA. The oxygen rich 

functional groups on the surface of Si QDs were exploited to reduce Au3+ ions to Au 

nanoparticles to form a hybrid Au NP−Si QD nanocomposite, possessing catalytic activity 

for reduction of nitroarenes. The blue emitting Si QDs upon mixing with orange red 

emitting Au nanoclusters (Au NCs) led to the generation of white light emitting mixture 
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(WLEM) with (0.33,0.32) chromaticity color co-ordinate. The generated WLEM further 

showed fast, sensitive, and selective reversible sensing of Hg+2 ions and thiol containing 

amino acid Cysteine with a LOD of 10 nM. The synthesized Si QDs were then conjugated 

with DNA oligonucleotides and immobilized on the DNA origami template at predefined 

position. The AFM results confirmed immobilization of single Si QD on the DNA origami. 

4) Plasmon assisted label-free sensing of single thrombin protein on Au@Ag NS dimer 

nanoantennas has been reported. Single thrombin protein was captured in the plasmonic 

hotspot using thrombin binding aptamers as a biomolecular receptor. After binding of 

thrombin protein molecule in the plasmonic hotspot, vibrational bands at 1140, 1540, and 

1635 cm−1 which are characteristic of proteins were enhanced significantly. The designed 

nanosensor was specific for thrombin protein. The DNA origami assembled plasmonic 

nanoantennas hold promise for being used as a label-free sensor for the detection of single 

protein molecules.  

Thus, DNA origami is a versatile platform for self-assembling plasmonic nanoantennas with 

different modifications allowing them to be used for single molecule spectroscopic and sensing 

applications. 

7.2. Scope for the future work 

The work presented in this thesis provides comprehensive information about how DNA origami 

can be used for designing novel plasmonic nanoantennas which can further be utilized for 

nanoplasmonic sensing. However, joint multidisciplinary efforts are required to demonstrate the 

practical usability of these results in the field of nanoplasmonics. 

For example, 

1) The designed plasmonic nanoantennas can be used for single molecule fluorescence 

enhancement studies using fluorescence-lifetime imaging microscopy. These studies 

will be helpful in understanding the effect of interparticle gaps, stoichiometry, and the 

size and shape of different types of nanoparticles on the fluorescence enhancement 

factors. Further, the results will help in developing cost-effective and sensitive 

fluorescence based imaging and sensing platforms. 

2) Single quantum dot-metal hybrid nanostructures will open the window to a new class of 

photostable probes for single-molecule spectroscopic applications. Despite several 

advanced capabilities to produce the nanoantennas and the quantum dots separately, 
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merging a single quantum dot with a single plasmonic nanoantenna is an ongoing 

challenge. 

3) Designing an implantable SERS and fluorescence based sensor is the future of 

diagnostics. DNA origami assembled plasmonic nanoantennas has set the foundation 

for designing implantable high-performance single-molecule sensors for in vivo 

spectroscopic sensing and imaging of important analytes.  

4) The dynamic behavior of single biomacromolecules is different from an ensemble 

system. Plasmonic nanoantennas will not only help in understanding the basic 

molecular dynamics and kinetics but will also help in the innovation of new clinical 

diagnostics and pharmaceutical drug evaluation methods. 
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Appendix A 

Table 1: Sequences of staple strands: DNA origami 

Colored DNA sequences at the 3′ end of staple sequences at the positions of 

80,81,82,83,85,86,87,111 are the modified sequences used for immobilization of Au nanostars 

on DNA origami. 

Name Sequence 5' to 3' 

2 ACGTTAGTAAATGAATTTTCTGTAAGCGGAGT 

3 CGTAACGATCTAAAGTTTTGTCGTGAATTGCG 

4 TGTAGCATTCCACAGACAGCCCTCATCTCCAA 
 

5 TGAGTTTCGTCACCAGTACAAACTTAATTGTA 
 

6 CAAGCCCAATAGGAACCCATGTACCGTAACAC 
 

7 CTCAGAGCCACCACCCTCATTTTCCTATTATT 
 

8 CCCTCAGAACCGCCACCCTCAGAACTGAGACT 
 

9 TATCACCGTACTCAGGAGGTTTAGCGGGGTTT 
 

10 TATAAGTATAGCCCGGCCGTCGAG 
 

11 GAGAATAGCTTTTGCGGGATCGTCGGGTAGCA 
 

12 AATAATAAGGTCGCTGAGGCTTGCAAAGACTT 
 

13 AAAAAAGGACAACCATCGCCCACGCGGGTAAA 
 

14 TCGGTTTAGCTTGATACCGATAGTCCAACCTA 
 

15 AATGCCCCGTAACAGTGCCCGTATGTGAATTT 
 

16 CTGAAACAGGTAATAAGTTTTAACCCCTCAGA 
 

17 CCTCAAGAATACATGGCTTTTGATAGAACCAC 
 

18 AGGGTTGAATAAATCCTCATTAAATGATATTC 
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19 CAGCGAAAAACTTTCAACAGTTTCTGGGATTTTGCTAAAC 
 

20 AAAGGCCGAAAGGAACAACTAAAGCTTTCCAG 
 

21 ATATATTCTTTTTTCACGTTGAAAATAGTTAG 
 

22 CAATGACACTCCAAAAGGAGCCTTACAACGCC 
 

23 CTTAAACATCAGCTTGCTTTCGAGAAACAGTT 
 

24 TGCCTTGACTGCCTATTTCGGAACAGGGATAG 
 

25 AGTGTACTTGAAAGTATTAAGAGGCCGCCACC 
 

26 TAAGCGTCGAAGGATTAGGATTAGTACCGCCA 
 

27 GGAAAGCGACCAGGCGGATAAGTGAATAGGTG 
 

28 ACGGCTACTTACTTAGCCGGAACGCTGACCAA 
 

29 TTTCATGAAAATTGTGTCGAAATCTGTACAGA 
 

30 ATACGTAAAAGTACAACGGAGATTTCATCAAG 
 

31 AAACGAAATGACCCCCAGCGATTATTCATTAC 
 

32 GAGCCGCCCCACCACCGGAACCGCCTAAAACA 
 

33 GCCACCACTCTTTTCATAATCAAACCGTCACC 
 

34 CACCAGAGTTCGGTCATAGCCCCCGCCAGCAA 
 

35 TGAGGCAGGCGTCAGACTGTAGCGTAGCAAGG 
 

36 ACAAACAAAATCAGTAGCGACAGATCGATAGC 
 

37 ACGGTCAAGACAGCATCGGAACGAACCCTCAG 
 

38 CGCCTGATGGAAGTTTCCATTAAACATAACCG 
 

39 GCGAAACATGCCACTACGAAGGCATGCGCCGA 
 

40 CTCATCTTGAGGCAAAAGAATACACTCCCTCA 
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41 AACCAGAGACCCTCAGAACCGCCAGGGGTCAG 
 

42 GTTTGCCACCTCAGAGCCGCCACCGATACAGG 
 

43 TCGGCATTCCGCCGCCAGCATTGACGTTCCAG 
 

44 TGCCTTTAGTCAGACGATTGGCCTGCCAGAAT 
 

45 CTTTGAAAAGAACTGGCTCATTATTTAATAAA 
 

46 CCAGGCGCTTAATCATTGTGAATTACAGGTAG 
 

47 AGTAATCTTAAATTGGGCTTGAGAGAATACCA 
 

48 CCAAATCACTTGCCCTGACGAGAACGCCAAAA 
 

49 TTATTCATAGGGAAGGTAAATATTCATTCAGT 
 

50 GACTTGAGAGACAAAAGGGCGACAAGTTACCA 
 

51 AATCACCAAATAGAAAATTCATATATAACGGA 
 

52 CCGGAAACACACCACGGAATAAGTAAGACTCC 
 
 

53 AGCACCGTTAAAGGTGGCAACATAGTAGAAAA 
 

54 GGACGTTGTCATAAGGGAACCGAAAGGCGCAG 
 

55 CGATTTTAGAGGACAGATGAACGGCGCGACCT 
 

56 TTTCAACTATAGGCTGGCTGACCTTGTATCAT 
 

57 GAATAAGGACGTAACAAAGCTGCTGACGGAAA 
 

58 ATTGAGGGTAAAGGTGAATTATCAATCACCGG 
 

59 AGCGCCAACCATTTGGGAATTAGATTATTAGC 
 

60 TCACAATCGTAGCACCATTACCATCGTTTTCA 
 

61 ACGCAAAGGTCACCAATGAAACCAATCAAGTT 
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62 ACGAACTAGCGTCCAATACTGCGGAATGCTTT 
 

63 AAAGATTCAGGGGGTAATAGTAAACCATAAAT 
 

64 CATTCAACGCGAGAGGCTTTTGCATATTATAG 
 

65 GGAATTACTCGTTTACCAGACGACAAAAGATT 
 

66 AAAAGTAATATCTTACCGAAGCCCAACACTAT 
 

67 GAAGGAAAATAAGAGCAAGAAACAACAGCCAT 
 

68 ATACCCAAGATAACCCACAAGAATAAACGATT 
 

69 TTATTACGGTCAGAGGGTAATTGAATAGCAGC 
 

70 TACATACAGACGGGAGAATTAACTACAGGGAA 
 

71 TAAATATTGGAAGAAAAATCTACGACCAGTCA 
 

72 ACTGGATAACGGAACAACATTATTACCTTATG 
 

73 TTTGCCAGATCAGTTGAGATTTAGTGGTTTAA 
 

74 CCAAAATATAATGCAGATACATAAACACCAGA 
 

75 CATAACCCGAGGCATAGTAAGAGCTTTTTAAG 
 

76 GCAATAGCGCAGATAGCCGAACAATTCAACCG 
 

77 GCCCAATACCGAGGAAACGCAATAGGTTTACC 
 

78 ATCAGAGAAAGAACTGGCATGATTTTATTTTG 
 

79 TGAACAAACAGTATGTTAGCAAACTAAAAGAA 
 

80 AAACAGTTGATGGCTTAGAGCTTATTTAAATACTAAGCTATCGA 
 

81 CAAAAATCATTGCTCCTTTTGATAAGTTTCATCTAAGCTATCGA 

82 TCAGAAGCCTCCAACAGGTCAGGATCTGCGAACTAAGCTATCGA 

83 AAGAGGAACGAGCTTCAAAGCGAAGATACATTCTAAGCTATCGA 
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84 CCTAATTTACGCTAACGAGCGTCTATATCGCG 
 

85 ATTATTTAACCCAGCTACAATTTTCAAGAACGCTAAGCTATCGA 

86 TTTTGTTTAAGCCTTAAATCAAGAATCGAGAACTAAGCTATCGA 

87 CTTTACAGTTAGCGAACCTCCCGACGTAGGAACTAAGCTATCGA 

88 GCGCATTAGCTTATCCGGTATTCTAAATCAGA 
 

89 ATATAATGCATTGAATCCCCCTCAAATCGTCA 
 

90 TTTTTGCGCAGAAAACGAGAATGAATGTTTAG 
 

91 TACCTTTAAGGTCTTTACCCTGACAAAGAAGT 
 

92 GAAGCAAAAAAGCGGATTGCATCAGATAAAAA 
 

93 TTTTAATTGCCCGAAAGACTTCAATTCCAGAG 
 

94 TCTTACCAGCCAGTTACAAAATAAATGAAATA 
 

95 TATTTTGCTCCCAATCCAAATAAGTGAGTTAA 
 

96 AGGTTTTGAACGTCAAAAATGAAAGCGCTAAT 
 

97 GAGGCGTTAGAGAATAACATAAAAGAACACCC 
 

98 TGCAACTAAGCAATAAAGCCTCAGTTATGACC 
 

99 TCCATATACATACAGGCAAGGCAACTTTATTT 
 

100 CGAGTAGAACTAATAGTAGTAGCAAACCCTCA 
 

101 TCGCAAATGGGGCGCGAGCTGAAATAATGTGT 
 

102 ATCGGCTGCGAGCATGTAGAAACCAGCTATAT 
 

103 GGTATTAAGAACAAGAAAAATAATTAAAGCCA 
 

104 CAAGCAAGACGCGCCTGTTTATCAAGAATCGC 
 

105 TCATTACCCGACAATAAACAACATATTTAGGC 
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106 TATAGAAGCGACAAAAGGTAAAGTAGAGAATA 
 

107 GCTAAATCCTGTAGCTCAACATGTATTGCTGA 
 

108 CAAAATTAAAGTACGGTGTCTGGAAGAGGTCA 
 

109 CAATAAATACAGTTGATTCCCAATTTAGAGAG 
 

110 TCAATTCTTTTAGTTTGACCATTACCAGACCG 
 

111 TTTCATTTGGTCAATAACCTGTTTAATCAATACTAAGCTATCGA 

112 CTAATTTATCTTTCCTTATCATTCATCCTGAA 

113 TAAGTCCTACCAAGTACCGCACTCTTAGTTGC 

114 AATGCAGACCGTTTTTATTTTCATCTTGCGGG 
 

115 CCAGACGAGCGCCCAATAGCAAGCAAGAACGC 
 

116 CTGTAATATTGCCTGAGAGTCTGGAAAACTAG 
 

117 CAACGCAATTTTTGAGAGATCTACTGATAATC 
 

118 TATATTTTAGCTGATAAATTAATGTTGTATAA 
 

119 AGGTAAAGAAATCACCATCAATATAATATTTT 
 

120 GCGTTATAGAAAAAGCCTGTTTAGAAGGCCGG 
 

121 ACGCTCAAAATAAGAATAAACACCGTGAATTT 
 

122 CATATTTAGAAATACCGACCGTGTTACCTTTT 
 

123 AGAGGCATAATTTCATCTTCTGACTATAACTA 
 

124 TAAAGTACCGCGAGAAAACTTTTTATCGCAAG 
 

125 AGAGAATCGGTTGTACCAAAAACAAGCATAAA 
 

126 TCAGGTCACTTTTGCGGGAGAAGCAGAATTAG 
 

127 GGTAGCTAGGATAAAAATTTTTAGTTAACATC 
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128 ACCGTTCTAAATGCAATGCCTGAGAGGTGGCA 
 

129 AGACAGTCATTCAAAAGGGTGAGATATCATAT 
 

130 AATTACTACAAATTCTTACCAGTAATCCCATC 
 

131 AGGCGTTACAGTAGGGCTTAATTGACAATAGA 
 
 

132 AATGGTTTACAACGCCAACATGTAGTTCAGCT 
 

133 TTTTAGTTTTTCGAGCCAGTAATAAATTCTGT 
 

134 CATGTCAAGATTCTCCGTGGGAACCGTTGGTG 
 

135 AGAAAAGCAACATTAAATGTGAGCATCTGCCA 
 

136 GCAAATATCGCGTCTGGCCTTCCTGGCCTCAG 
 

137 GTTAAAATTTTAACCAATAGGAACCCGGCACC 
 

138 TTAAGACGTTGAAAACATAGCGATTTAAATCA 
 

139 ATCAAAATCGTCGCTATTAATTAACGGATTCG 
 

140 TAACCTCCATATGTGAGTGAATAAACAAAATC 
 

141 TATGTAAACCTTTTTTAATGGAAAAATTACCT 
 

142 ACAAAGAAATTAATTACATTTAACACATCAAG 
 

143 GATTGACCGATGAACGGTAATCGTAGCAAACA 
 

144 ACCCGTCGTCATATGTACCCCGGTAAAGGCTA 
 

145 CTTTCATCCCCAAAAACAGGAAGACCGGAGAG 
 

146 AAATAATTTTAAATTGTAAACGTTGATATTCA 
 

147 GCTCATTTTCGCATTAAATTTTTGAGCTTAGA 
 

148 TAGAATCCCTGAGAAGAGTCAATAGGAATCAT 
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149 CTGTAAATCATAGGTCTGAGAGACGATAAATA 
 

150 AAATCAATGGCTTAGGTTGGGTTACTAAATTT 
 

151 TTGAATTATGCTGATGCAAATCCACAAATATA 
 

152 TAGATGGGGGGTAACGCCAGGGTTGTGCCAAG 
 

153 GTTTGAGGGAAAGGGGGATGTGCTAGAGGATC 
 

154 GAAGATCGGTGCGGGCCTCTTCGCAATCATGG 
 

155 GCTTCTGGTCAGGCTGCGCAACTGTGTTATCC 
 

156 CTTTTACACAGATGAATATACAGTAAGCGCCA 
 

157 CCTGATTGAAAGAAATTGCGTAGACCCGAACG 
 

158 GCGCAGAGATATCAAAATTATTTGACATTATC 
 

159 GAGCAAAAACTTCTGAATAATGGAAGAAGGAG 
 

160 AAAACAAATTCATCAATATAATCCTATCAGAT 
 

161 CACGACGTGTAATGGGATAGGTCAAAACGGCG 
 

162 ATTAAGTTCGCATCGTAACCGTGCGAGTAACA 
 

163 CAGCTGGCGGACGACGACAGTATCGTAGCCAG 
 

164 GGCGATCGCACTCCAGCCAGCTTTGCCATCAA 
 

165 TTCGCCATTGCCGGAAACCAGGCAAACAGTAC 
 

166 TTTAACGTTCGGGAGAAACAATAATTTTCCCT 
 

167 ACAGAAATCTTTGAATACCAAGTTCCTTGCTT 
 

168 AACCTACCGCGAATTATTCATTTCCAGTACAT 
 

169 TGGATTATGAAGATGATGAAACAAAATTTCAT 
 

170 CTTGCATGCATTAATGAATCGGCCCGCCAGGG 
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171 CCCGGGTACTTTCCAGTCGGGAAACGGGCAAC 
 

172 TCATAGCTACTCACATTAATTGCGCCCTGAGA 
 

173 GCTCACAATGTAAAGCCTGGGGTGGGTTTGCC 
 

174 CGACAACTAAGTATTAGACTTTACAGCCGGAA 
 

175 TTATTAATGCCGTCAATAGATAATCAGAGGTG 
 

176 ATTTTGCGTCTTTAGGAGCACTAAGCAACAGT 
 

177 CGGAATTATTGAAAGGAATTGAGGTGAAAAAT 
 

178 GATGGCAAAATCAATATCTGGTCACAAATATC 
 

179 GGGAGAGGTGTAAAACGACGGCCATTCCCAGT 
 

180 GCCAGCTGCCTGCAGGTCGACTCTGCAAGGCG 
 

181 ACTGCCCGCCGAGCTCGAATTCGTTATTACGC 
 

182 GTGAGCTAGTTTCCTGTGTGAAATTTGGGAAG 
 

183 GCATAAAGTTCCACACAACATACGAAACAATT 
 

184 GGATTTAGCGTATTAAATCCTTTGTTTTCAGG 
 

185 AGATTAGATTTAAAAGTTTGAGTACACGTAAA 
 

186 CTAAAATAGAACAAAGAAACCACCAGGGTTAG 
 

187 ATCAACAGTCATCATATTCCTGATTGATTGTT 
 

188 TGGTTTTTAACGTCAAAGGGCGAAGAACCATC 
 

189 AGCTGATTACAAGAGTCCACTATTGAGGTGCC 
 

190 GAGTTGCACGAGATAGGGTTGAGTAAGGGAGC 
 

191 CCAGCAGGGGCAAAATCCCTTATAAAGCCGGC 
 

192 ACGAACCAAAACATCGCCATTAAATGGTGGTT 
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193 AGGCGGTCATTAGTCTTTAATGCGCAATATTA 
 

194 GCCACGCTATACGTGGCACAGACAACGCTCAT 
 

195 CTAAAGCAAGATAGAACCCTTCTGAATCGTCT 
 

196 AAACCCTCACCAGTAATAAAAGGGATTCACCAGTCACACG 
 

197 TATCAGGGCGGTTTGCGTATTGGGAACGCGCG 
 

198 TGGACTCCCTTTTCACCAGTGAGACCTGTCGT 
 

199 AGTTTGGAGCCCTTCACCGCCTGGTTGCGCTC 
 

200 GAATAGCCGCAAGCGGTCCACGCTCCTAATGA 
 

201 CCGAAATCCGAAAATCCTGTTTGAAATACCGA 
 

202 TAGCCCTACCAGCAGAAGATAAAAACATTTGA 
 

203 GAATGGCTAGTATTAACACCGCCTCAACTAAT 
 

204 GCGTAAGAGAGAGCCAGCAGCAAAAAGGTTAT 
 

205 GCCAACAGTCACCTTGCTGAACCTGTTGGCAA 
 

206 CGATGGCCCACTACGTAAACCGTC 
 

207 ACCCAAATCAAGTTTTTTGGGGTCAAAGAACG 
 

208 GTAAAGCACTAAATCGGAACCCTAGTTGTTCC 
 

209 CCCCGATTTAGAGCTTGACGGGGAAATCAAAA 
 

210 GAACGTGGCGAGAAAGGAAGGGAACAAACTAT 
 

211 CGGCCTTGCTGGTAATATCCAGAACGAACTGA 
 

212 CCGCCAGCCATTGCAACAGGAAAAATATTTTT 
 

213 GGAAATACCTACATTTTGACGCTCACCTGAAA 
 

214 GAAATGGATTATTTACATTGGCAGACATTCTG 
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Table 2: Sequences of edge staples for monomer origami A 

Poly T sequences (Red) are added in edge staples to avoid aggregation due to stacking 

interactions. 

Name Sequence 5' to 3' 

Edge19 CAGCGAAATTTTTTTTAACTTTCAACAGTTTCTGGGATTTTGCTAAACTT
TTT 

Edge37 ACGGTCAATTTTTTTTTTGACAGCATCGGAACGAACCCTCAG 

Edge54 GGACGTTGTTTTTTTTTTTCATAAGGGAACCGAAAGGCGCAG 

Edge71 TAAATATTTTTTTTGGAAGAAAAATCTACGACCAGTCA 

Edge89 ATATAATGTTTTTTTTCATTGAATCCCCCTCAAATCGTCA 

Edge107 GCTAAATCTTTTTTTTTTTTCTGTAGCTCAACATGTATTGCTGA 

Edge125 AGAGAATCTTTTTTGGTTGTACCAAAAACAAGCATAAA 

Edge143 GATTGACCTTTTTTTTTTGATGAACGGTAATCGTAGCAAACA 

Edge161 CACGACGTTTTTTTTTTTGTAATGGGATAGGTCAAAACGGCG 

Edge179 GGGAGAGGTTTTTTTTTTTGTAAAACGACGGCCATTCCCAGT 

Edge197 TATCAGGGTTTTTTCGGTTTGCGTATTGGGAACGCGCG 

Edge206 TTTTTTTCGATGGCCCACTACGTAAACCGTC 

 

Table 3: Sequences of edge staples for monomer origami B 

Name Sequence 5' to 3' 

Edge10 TTTTTTTTTTATAAGTATAGCCCGGCCGTCGAG 

Edge18 AGGGTTGATTTTTTATAAATCCTCATTAAATGATATTC 

Edge36 ACAAACAATTTTTTTTTTAATCAGTAGCGACAGATCGATAGC 
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Edge53 AGCACCGTTTTTTTTTTAAAGGTGGCAACATAGTAGAAAA 

Edge70 TACATACATTTTTTTTTTGACGGGAGAATTAACTACAGGGAA 

Edge88 GCGCATTATTTTTTTTTTGCTTATCCGGTATTCTAAATCAGA 

Edge106 TATAGAAGTTTTTTTTTTCGACAAAAGGTAAAGTAGAGAATA 

Edge124 TAAAGTACTTTTTTCGCGAGAAAACTTTTTATCGCAAG 

Edge142 ACAAAGAATTTTTTTTATTAATTACATTTAACACATCAAG 

Edge160 AAAACAAATTTTTTTTTTTTCATCAATATAATCCTATCAGAT 

Edge178 GATGGCAATTTTTTTTTTTTAATCAATATCTGGTCACAAATATC 

Edge196 AAACCCTCTTTTTTTTTTACCAGTAATAAAAGGGATTCACCAGTCACACG 
TTTTT 

 
Table 4: Sequences of branching staples for monomer origami A 
 

Name Sequence 5' to 3' 

Branc19 AGGGTTGAAACTTTCAACAGTTTCTGGGATTT 

Branc37 ACAAACAAGACAGCATCGGAACGAACCCTCAG 

Branc54 AGCACCGTTCATAAGGGAACCGAAAGGCGCAG 

Branc71 TACATACAGGAAGAAAAATCTACGACCAGTCA 

Branc89 GCGCATTACATTGAATCCCCCTCAAATCGTCA 

Branc107 TATAGAAGCTGTAGCTCAACATGTATTGCTGA 

Branc125 TAAAGTACGGTTGTACCAAAAACAAGCATAAA 

Branc143 ACAAAGAAGATGAACGGTAATCGTAGCAAACA 

Branc161 AAAACAAAGTAATGGGATAGGTCAAAACGGCG 

Branc179 GATGGCAATGTAAAACGACGGCCATTCCCAGT 
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Branc197 AAACCCTCCGGTTTGCGTATTGGGAACGCGCG 

Branc206 GTCACACGCGATGGCCCACTACGTAAACCGTC 

 

Table 5: Sequences of branching staples for monomer origami B 
 

Name Sequence 5' to 3' 

Branc10 TGCTAAACTATAAGTATAGCCCGGCCGTCGAG 

Branc18 CAGCGAAAATAAATCCTCATTAAATGATATTC 

Branc36 ACGGTCAAAATCAGTAGCGACAGATCGATAGC 

Branc53 GGACGTTGTAAAGGTGGCAACATAGTAGAAAA 

Branc70 TAAATATTGACGGGAGAATTAACTACAGGGAA 

Branc88 ATATAATGGCTTATCCGGTATTCTAAATCAGA 

Branc106 GCTAAATCCGACAAAAGGTAAAGTAGAGAATA 

Branc124 AGAGAATCCGCGAGAAAACTTTTTATCGCAAG 

Branc142 GATTGACCATTAATTACATTTAACACATCAAG 

Branc160 CACGACGTTTCATCAATATAATCCTATCAGAT 

Branc178 GGGAGAGGAATCAATATCTGGTCACAAATATC 

Branc196 TATCAGGGACCAGTAATAAAAGGGATTCACCA 

 

Table 6: Dye labeled sequence 
 

Name Sequence 5' to 3' 

Branc106-
DYE 

GCTAAATCCGACAAAAGGTAAAGTAGAGAATATTTT(Texas red) 
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Table 7: Thiol labeled sequence 

Name Sequence 5' to 3' 

Thiol labeled 
sequence 

5′Thiol-CGTCGTATTCGATAGCTTAG 

 

Table 8: Dye labeled sequences 

Name Sequence 5' to 3' 

Bran 106- 
FAM 

GCTAAATCCGACAAAAGGTAAAGTAGAGAATATTTT(FAM) 

Bran 106-Cy3 GCTAAATCCGACAAAAGGTAAAGTAGAGAATATTTT(Cy3) 

Bran 106- TR GCTAAATCCGACAAAAGGTAAAGTAGAGAATATTTT(TR) 

 

Table 9: Biotin labeled sequences 

Name Sequence 5' to 3' 

Bio-120 Biotin- TTGCGTTATAGAAAAAGCCTGTTTAGAAGGCCGG 

Bio-27 Biotin-TTGGAAAGCGACCAGGCGGATAAGTGAATAGGTG 

Bio-11 Biotin- TTGAGAATAGCTTTTGCGGGATCGTCGGGTAGCA 

Bio-188 Biotin- TTTGGTTTTTAACGTCAAAGGGCGAAGAACCATC 

 

Table 10: Branching and dye labeled staple used for single molecule fluorescence 

studies 

Name Sequence 5' to 3' 

Bran_L_106 

 

GCTAAATCCGACAAAAGGTAAAGTAGAGAATAATTGTATGAGTAG
AGATTTGTAAGAGCTGTTAGTTAGCTCGCTCAGCTAATAGTTGCCC
ACACAACGTCAAAATTAGAGAACGGTCGTAACATTATCG 
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Bran_L_106_ 

Cy3 

Cy3TTCGATAATGTTACGACCGTTCTCTAATTTTGACGTTGTGTGGG
CAACTATTAGCTGAGCGAGCTAACTAACAGCTCTTACAAATCTCT
ACTCATACAAT 

 

Table 11: Amine labeled sequence 

Name Sequence 5' to 3' 

Amine labeled 
sequence 

5′Amine-TTTTTCGATAGCTTAG 

 

Table 12: Aptamer labeled branching staple sequences 

Red colored DNA sequences are the thrombin binding aptamers. 

Name Sequence 5' to 3' 

Apt_106 
 

GCTAAATCCGACAAAATTTTAGTCCGTGGTAGGGCAGGTTGGGGTGAC
TTTTTGGTAAAGTAGAGAATA 

Apt_107 
TATAGAAGCTGTAGCTTTTTGGTTGGTGTGGTTGGTTTT 
CAACATGTATTGCTGA 
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