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ABSTRACT 

Engineering Plasmonic Nanostructures and Their Application in Bioanalysis 

Yang Zhang 

 

Plasmonic nanostructures, like noble metal, have gained large attention due to their 

plasmonic properties so they can reach areas like electronics, photo-catalysis, 

biomedicine, and sensing. Plasmonic nanomaterials are known for their local surface 

plasmon resonance and enhanced electromagnetic field and wavelength dependence. The 

higher the electromagnetic field at the surface of the nanoparticles can interact with 

nearby molecules, the bigger the influence is on the intensity of the molecule signals. 

This phenomenon is called surface-enhanced Raman scattering (SERS) and plasmonic 

enhanced fluorescence (PEF), which enable the plasmonic nanomaterials as a signal 

amplifier.  By using these plasmonic nanostructures as a signal amplifier, SERS and PEF 

have become ultrasensitive methods in biomedicine and biosensing. Plasmonic 

biosensing is fast and label-free detection of biologically relevant analytes in real time. 

The objective of my doctoral dissertation focusses on developing new plasmonic 

nanostructures for detecting biomarkers related to cancers and some other diseases based 

on hybrid platforms. In this work, a newly spiky nanostructure was developed, internal 

standard Raman molecules were embedded into the nanostructure for quantitative SERS 

detection of polycyclic aromatic hydrocarbons molecules. Then the morphology and 

dispersity of this nanostructure were optimized to get an approximately fusiform shape, 

which showed a stable, reproducible and high SERS signals. This nanostructure was 
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furtherly functionalized by double strand DNA and aptamer, showing a good 

performance in drug delivery and detecting circulating tumor cells. Inspired by the 

mechanism of SERS, a SERS and PEF dual model sensor based on plasmonic 

nanostructures and newly synthesized probe molecules was developed. This dual model 

sensor combined the advantages of SERS and PEF and exhibited a lower limit of 

detection of γ-glutamyl transferase in living cells. This dissertation contains the 

fabrication of newly plasmonic nanostructures and utilizing them in bioanalysis.  
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Chapter 1. Introduction 

1.1 Definition of Plasmonics 

A plasmon is a quantum of plasma oscillation, the plasma oscillation is combined with 

plasmons, which is like light consisting of photons (an optical oscillation).
1
 As the 

plasmon comes from plasma oscillations quantization, it can be regarded as 

quasiparticles.
2
 The delocalized electrons of metal are often illustrated as being a free 

electron “gas” (or electron cloud) surrounding positively charged nuclei (Figure 1.1). So, 

plasmons are collective (a discrete number) oscillations of the free electron gas density, 

as the fixed positive ions in a metal. Plasmons play a significant function in the optical 

properties of semiconductors and metals. When the incident light with oscillating electric 

field interacts with the delocalized electrons of a metal, the electron cloud can be 

disturbed in such a way that it is physically rearranged from the metal framework. The 

lifetime of this charge polarization is short because the electron cloud will be pulled back 

to its initial position by the coulomb attraction from the positively charged nuclei of the 

metal. Ascribed by the huge difference in mass, it is typically assumed that the lighter 

electrons experience motion, will the heavy nuclei remain in a fixed position.  Due to the 

Coulombic attraction acting as a restoring force and the electric field originated from 

incident light as a sinusoidal driving force, all of the components exhibit a harmonic 

oscillator. So, when the metal structures absorb the incident electromagnetic radiation, 

leading to the charge displacement, accompanied by a sufficient phenomenon called local 

surface plasmons. These local surface plasmons are confined to metal surfaces and 

interact strongly with light resulting in a polariton. The sinusoidal electric field related to 
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the incident light (Eo) exerts a force on the negatively charged electron cloud in the metal 

conduction band and drives them to oscillate collectively. When the excitation frequency 

(w) of incident light is the same with that of delocalized electrons, the oscillation of 

electrons will be in resonance with the incident light, leading to the strongest oscillation 

of the surface electrons, commonly called localized surface plasmon resonance (LSPR).
3
  

Any material has a dielectric constant consisting of a small positive imaginary component 

and a huge negative real component can support surface plasmons, normally, Au, Ag Cu 

are widely used as a plasmonic metal substrate.  Light can be trapped at a metal-dielectric 

interface,  resulting in surface plasmon polariton.
4
 When the electron cloud coupled with 

incident light, the resulting charge density waves propagate along all directions in the 

plane of the interface (x- and y-directions), getting to distances on the order of 

micrometers. The electromagnetic radiation also spreads in the vertical direction (z-

direction), with a fast exponential field decay from the surface, getting the depth of 

roughly 200 nm in the dielectric environment. Besides the type of metal and refractive 

index (dielectric) of the environment, the size and surface topography will also have a big 

influence on the propagation and behavior of a Surface plasmon polariton. For example, 

the electric field can be enhanced as the plasmon excitations on metal surfaces by using 

textured or roughened surfaces. Normally, surface plasmon modes are mostly restrained 

by the size of the plasmonic structure which provides them: a nanostructure can converge 

and direct the incident light down to the nanometer regime, such as metal nanowires, 

nanoparticles, nanorods, and nanosheets. When the wavelength of incident light is bigger 

than the dimensions of a metallic nanostructure, the localized surface charges of 

plasmonic nanostructure will interact strongly with the electromagnetic radiation, leading 



20 
 

 
 

to non-propagating oscillation of surface plasmons, as the dimensions of particles are too 

small to support a propagating wave. At last, this will generate a localized surface 

plasmon resonance. The confinement of a surface plasmon to a small volume leads to an 

oscillating electromagnetic field residing very close to the particle surface, extending 

only nanometers into the dielectric environment. As a result, LSPR can generate much 

stronger local field electromagnetic (100-10000 times enhancement than the incident 

light). 

 

Figure 1. 1: Scheme of local surface plasmon for a sphere, showing the conduction 

electron charge cloud translocating relative to the nuclei.
5
 

A plasmonic nanostructure is widely used
6
 (I) as an active component to converge, guide, 

and manipulate light and (II) as a building block for larger, more complex “metamaterials” 

sought for controlling light, which represent a new level of manipulating and research of 

light with nanostructures. Compared with simply developing the important optical 

properties of metal nanostructures, this resonant plasmon is now studied for the specific 

purpose of manipulating the light propagation.  
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1.2 Mie Theory 

With the development of experimental techniques and theoretical research, the nature of 

this phenomenon has been revealed sequentially. In 1908, Germany physicist Gustav Mie 

provided the classic “Mie’s solution”, gave the description of absorption and scattering of 

light by spherical particles using Maxwell’s equations.
7-8

 This solution gave classic 

reasons for color changing of metallic nanoparticles solution. But for Mie theory, it has 

some restrictions, such as the particle is spherical and radius much smaller than the 

wavelength.
5, 9

 The plane wave irradiating on a homogenous conducting sphere produce 

scattered fields, resulting in the total scattering, absorption and extinction cross sections: 
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L represents the quadrupole, dipole, and higher multipoles of the scattering (integers), k is 

the incoming wave vector. aL and bL and can be expressed by ψL and χL in Riccati-Bessel 

functions: 
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Here
/ mm n n

, n is the metal’s complex refractive index, mn
is the surrounding 

medium’s real refractive index. mx k r
, r is particle’s radius, mk

is the wavenumber in 

the medium (
2 /m mk  

). The terms in equations 1 and 2 correspond to the dipole 

(L=1), quadrupole (L= 2), hexapole (L=3), etc. 

For the LSPR phenomenon, equation 1-6 are required. If the nanoparticle is much smaller 

than the wavelength, x<<1. The dipole contributions take the majority in equation 2 and 3, 

and the absorption dominates the excitation. Equation 4 and 5 can be simplified 

according to Riccati-Bessel functions and Bohren and Huffman. 
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For the higher order terms, aL and bL are 0. In this limit, the absorption is given by 
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Where v is the particle volume, m is the medium dielectric constant, 1 and 2 are the real 

and imaginary of the components of the medium dielectric constant,  is the wavelength 

of light. Equation (8) shows, when 1 2 m  
, the plasmon resonance occurs. For non-
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spherical nanoparticles, when 1 m  
(  is the shape factor of nanoparticles,  =2 for 

spherical nanoparticles), the plasmon resonance occurs also. This condition is met in the 

infrared-visible wavelength region for gold and silver nanoparticles so that the 

experiments based on LSPR come true. 

The above formulated Mie theory is suitable for spherical particles strictly. Richard Gans 

expanded Mie theory from spherical particles to any aspect ratio in small particles, in 

1912
7
. The above discussion gives the following conclusion. No matter spherical or 

nonspherical nanoparticles, if the m is changed, the shifting of max
and the intensity of 

absorption will be changed also. So the measurement of max
and mI ax provide important 

information of the surrounding environment of nanoparticles, the sensitivity of LSPR to a 

dielectric environment is much important in chemical and biology sensor application. 

Plasmon electric field decay is a much import factor in LSPR (Figure 2). LSPR induce 

the magnetic field enhancement and depend on the dielectric environment near the 

surface of nanoparticles strictly.
10

 Mie theory solved the problem between the 

enhancement and distance and found the intensity decrease exponentially as the distance 

increases, which can be described as
   0E exp / dz E z l 

, dl is the decay distance.
9, 11

 

In 1998,
12

 S.S.Yee reported that the response of LSPR was influenced by the adsorption 

layer and expressed by a phenomenological equation:  

 /
1 dd l

R m e 
  

          (9) 
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Where R is the response (e.g, intensity change, wavelength shift),  is the difference in 

the refractive index between the medium it displaced (e.g, water, air) and adsorbed layer, 

m is the refractive index sensitivity, d is the thickness of a layer, dl  is the plasmon decay 

length. This conclusion was confirmed by George C. Schatz, and Richard P. Van Duyne 

in 2001.
13

 But equation 9 is usually used for practical purposed satisfactorily. As 

refractive index sensitivity is easy to obtain by measuring the nanoparticles spectrum in 

different solvents of the different refractive index value. The infinitely great layer 

thickness simplifies the equation to a linear relationship ( R m   ), m is the slope of R 

versus  curves. This is an approximation of LSPR response to refractive index change, 

but only suitable for the small change of refractive index. However, the LSPR response to 

large refractive index change usually display a clear nonlinear relationship over a wide 

refractive index range.
12

 

In sensing application, nanoparticles are often coated with a recognition layer, which 

contains a large amount of molecules that selectively adsorb the desired analyte 

specifically; this can be described in the following equation: 

 1 2/ /
1d dd l d l

R m e e  
  

           (10) 

1d
is the recognition layer thickness and 2d

is the thickness of the analyte layer,  is 

supposed to be the same for both layers. Equation 10 indicates that its value must depend 

on the thickness of 1d
and 2d

. For effective sensing, the analyte binding must take place in 

which the plasmon field include. But a thin analyte layer and relatively large field only 
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induce a change of refractive index in a tiny fraction of the sensing volume. This will 

lead to a little change in the resonance, as the LSPR of particles is only sensitive to the 

refractive index of the whole sensing volume. For best performance, a nanoparticle must 

have an appropriate decay length (Figure 1.2).    

 

Figure 1. 2: A typical antigen-antibody sensing setting, the transient plasmon described in 

red. The plasmon is short (left), long (center) and proper (right) for maximal response.
11

  

1.3 Numerical Method 

Mie theory gives a simple and analytical way for the area outside and inside of the 

spherical edge, which can be employed to get the absorption and scattering cross section 

of spherical particles, conveniently. But, particles play a much important role in 

determining the spectrum of LSPR, for nanoparticles out of spherical shapes, such as bars 

or cubes, cannot be analyzed by the above theory and have to be studied numerically. 

Computer simulation is another powerful tool to comprehend the plasmonic properties of 

nanostructures. Numerical methods for revealing the plasmonic properties of different 

nanostructures include finite element method (FEM), finite difference time domain 

(FDTD) and discrete dipole approximation (DDA).  

The most attractive feature of the FEM is its ability to handle complicated geometries 

(and boundaries) with relative ease,
14

 the handling of geometries in FEM is theoretically 

straightforward. FEM prefer to solve inhomogeneous vector wave equation. By using the 
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FEM method, we can use small elements and large elements to represent the regions of 

fine detail and large flat regions respectively, which make this method much efficient by 

using computer.
15-17

  

FDTD is a time-domain method, can cover a wide frequency range with a single 

simulation run, and treat nonlinear material properties in a natural way. This method 

works favorably to model large particles in two dimensions; as it is used to solve 

Maxwell's equations preferably, so it is easy to get information about how to use it and 

what to expect from a given model. So, the extinction spectrum and a model of 3D 

structure can be simulated b FDTD. FDTD method has been used to model the LSPR of 

Ag nanocubes successfully.
18

 The stimulating scattering spectrum of Ag nanocubes was 

in agreement with these measured experimentally perfectly. One of the reasons for a 

perfect agreement is the precise measurements of the geometry of nanocubes. But FDTD 

will be time-consuming for complicated nanostructures, and a simple cubic grid is not 

enough to represent complex shapes precisely.  

DDA is a solution, which calculates scattering of radiation by particles with arbitrary 

shape and by periodic structures. By giving a target of arbitrary geometry, one seeks to 

compute its absorption properties and scattering. DDA can provide precise results >90% 

(compared with Mie theory), but with a long time process.
19

 However, with the 

development of computer technique, DDA gives a much useful method to stimulate both 

the far- and near-field properties of nanostructures, for example, Ag nanocubes.
20
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1.4 Plasmonic Materials 

Gold, silver, and copper are the most common plasmonic materials, they show the ability 

of tunable color under light. The wonderful color and changes attracted people’s attention 

from the ancient times, for example, the colorful window in La Sainte Chapelle church. 

Gold is a noble metal with higher chemical stability compared to other metals. Based on 

historical records, in 2500 BC, people in China began to use gold as medicine and after 

that, some ancient cultures used Au to treat a variety of diseases such as skin ulcers, 

measles, smallpox, syphilis and so on.
21-23

 With the development of nanotechnology, 

when the size of materials decrease to nanometer-scale (1-100 nm), gold nanoparticles 

displayed different colors (Figure 1.3).
24

 In addition to the color, gold nanoparticles 

exhibit more excellent properties .
25

 Due to their small size and enhanced permeability 

and retention (EPR) effect, they accumulate in tumor areas and enter cells much rapidly 

and efficiently than small molecules. Their outstanding photophysical properties (photo-

thermal, X-ray absorption, etc) make them easy to use in biodiagnostic assay. As their 

facile surface chemistry, gold nanoparticles can be used as an artificial antibody to bind 

biomolecules, whose affinity can be tuned by the number of ligands on their surface. As 

to their multi-valency, gold nanoparticles can transport poorly soluble imaging contrast or 

unstable drugs to some inaccessible regions of the body. As their bigger surface and 

reactive activity, gold nanoparticles can be used a catalyst. 

Silver and copper nanomaterials also have excellent plasmonic properties, silver 

nanoparticles even offer many advantages over gold and copper nanoparticles in the 

visible and near-infrared regions.
26

 Silver can support a strong surface plasmon at the 
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desired resonance wavelength and is able to cross the spectrum from 300 to 1200 nm.
15

 

But silver and copper are easy to oxidize, which induces the shift of resonance frequency. 

The application of silver is second only to that of gold and they have a similar synthesis 

method. 

Other than noble metals, there are some nanoparticles composed by other elements that 

also have plasmonic properties.
27-28

 For example, aluminum can make strong plasmon 

resonances spanning much of the visible region of the spectrum and shift into the 

ultraviolet, by changing the surface properties, the resonant wavelength shift to the 

visible region.
29

 Titanium nitride is another talent alternative plasmonic material and is 

famous to exhibit localized surface plasmon resonances within the near-infrared 

biological transparency window.
30

 CuS
31

 and copper(I) sulfide also demonstrate LSPR in 

a near infrared region. Zinc oxide, molybdenum oxide, and copper oxide also have 

surface plasmon resonance properties.
27-28
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Figure 1. 3: Changes in composition, size, and shape of gold nanoparticles display vivid 

colors.
24

 

1.5 Plasmonic Materials in Sensing 

As the LSPR of plasmonic nanostructures, this strongly light-matter interaction make 

them act as plasmonic nanoantenna absorbing and concentrating incident light, leading to 

single molecule detection. These properties endow these nanoparticles used in the 

operation of light interaction with emitters and enhancement, applied in many fields, 

including surface enhanced Raman scattering (SERS),
32-36

 surface enhanced fluorescence 

(SEF),
36-39

 photoluminescence (PL), plasmonic solar cells,
40-42

 sensing
43

, and 

nanomedicine.
44-45

 

1.5.1 Surface Enhanced Raman Scattering 

SERS is a method that can simultaneously detect a single molecule and provide its 

chemical fingerprint. The SERS effect arise from the enhancement of the Raman 

emission of molecules adsorbed onto or close to rough metal surfaces, metal colloids, or 

metal NPs (by factors as large as 10
6
-10

12
) and is resulting from two main factors, known 

as electromagnetic enhancement (EM) and the chemical enhancement (CM) (Figure 

1.4).
46

 The chemical enhancement is due to the charge transfer between the molecules 

and substrate, and the electric magnetic enhancement results from the excitation of 

surface plasmons. Chemical enhancement results from the overlap between the adsorbate 

and metal wave functions, while the electric magnetic enhancement is caused by the 

resonance between the surface plasmons of the nanostructure and the incident laser. 
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Electromagnetic enhancement gives the majority contribution to SERS and yield 

enhancement factor between 10
4
-10

8
 anywhere. CM can be divided into three parts: (I) 

Resonance Raman scattering (RRS) enhancement: if the incident laser is resonant with an 

intermolecular excitation. (II)Non-resonant chemical mechanism: this is resulting from 

the electronic structure of a molecule onto a metal surface when relaxed.  

 

Figure 1. 4: A scheme of the enhancement mechanism of SERS (Raman substrate is gold 

Nanotriangle, Raman molecule is crystal violet). EM=electromagnetic mechanism; 

RRS=resonance Raman scattering; CT=dynamic charge transfer; CHESM=non-resonant 

chemical mechanism.
46

 

In the case of EM mechanism, which is a consequence of surface plasmon resonances on 

the nanoparticle surface. The enhancement factor from EM can be calculated with the 

following equation: 

   
2 2

'EMEF E E 
               (11) 
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Where EMEF
the enhancement factor due to EM, 

 'E 
is the frequency-dependent 

electric field at the Stokes shifted frequency ' , 
 E 

is the frequency-dependent electric 

field at incident frequency . But the Stokes shift is always smaller than the wavelength 

of a laser, so equation 11 can be simplified as:  

 
4

EMEF E 
    (12) 

For the effect of EM, the enhancement factors usually can get ~10
6
, and at the best 

condition, the enhancement factors are possible to get ~10
10

-10
12

, which enable the 

detection of single molecules.
47-49

 Normally, the local electromagnetic field resulting 

from plasmon excitation will be the largest in the regions with a junction between dimers 

of nanoparticles and high local curvature, which are called hot spots. As is shown in 

Figure 1.5, Schatz and Hao
50

 used DDA to model the EM enhancements around silver 

triangular nanoparticles.    

 

Figure 1.5:  Electric field enhancement in a dimer nanoparticle and around a nano 

triangle calculated by DDA, which confirm the fact that the greatest enhancement is at 

the tips.
50
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In order to enhance the magnification of Raman signal, many efforts have been paid to 

develop different shapes of plasmonic nanostructures from the tradition spherical shape 

to triangle, cube, star, rod, spiked club and so on. Except for these structures, there are 

also some much interesting designs for Raman: Tip enhanced Raman, shell isolated 

Raman and core-shell structure for Raman. Tip-enhanced Raman spectroscopy (TERS) is 

a special kind of SERS where enhancement of Raman molecule scattering occurs only at 

the point of a near tiny sharp pin, typically coated with silver or gold. More specifically, 

TERS is a technique that merges atomic force microscopy (AFM) into the phenomenon 

of SERS. By coating the tip of AFM with silver or gold, a huge enhancement of  Raman 

signal can be got at the end of the tip (Figure 1.6), because under an appropriate laser a 

huge local electromagnetic field was excited at the apex of the tip. Weckhuysen and 

Evelien
51

 reported an interesting work that time-resolved TERS can monitor 

photocatalytic reactions, at the nano-scale. In this work, an AFM tip with silver coating 

was selected as a catalyst and Raman enhancement substrate. The tip is placed in such 

close proximity to a monolayer of p-nitrothiophenol molecules self-assembled on a gold 

nanoplates. A green laser is used for the photocatalytic reduction and a red laser is used 

to observe the transformation process throughout the reaction. This is the first type 

research of a single catalytic particle in the act.  
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Figure 1. 6: A scheme of TERS for monitoring single molecule reaction.
51

  

Shell isolated nanoparticles-enhanced Raman spectroscopy is a technique that gold 

nanoparticles with ultrathin alumina or silica shell were used as Raman enhancement 

substrate (SHINERS).
52

 Tian and Li reported this technique where they use silica and 

alumina to coat gold nanoparticles forming a ultrathin layer, that can separate them from 

contacting with the analyte and preventing the nanoparticles from agglomerating (Figure 

1.7). A small gap (~2nm) between the nanoparticles induce higher local electric field 

enhancements, followed by Raman spectra high-quality. The shell isolated nanoparticles 

could be used as “smart dust” to spread over the probed surface, which is much 

convenient for inspecting pesticide residues on fruit and food. Figure 7b shows an easy 

method for detecting pesticide residues by SHINERS. Curve I and II displayed the 

normal Raman spectra from fresh citrus fruits with clean pericarps and contaminated by 

parathion, showing only two bands at about 1525 cm
-1

 and 1155 cm
-1

 from the molecules 

in citrus fruits. However, after spreading shell-isolated nanoparticles on the same surface, 

two new peaks were obtained at 1341 cm 
-1

 and 1108 cm
-1

, belonging to parathion 

residues. Natelson and Ward
53

 reported another method, they showed a solution to 

develop planar electrode with a tiny gap (~ 5nm) and every electrode pair as one well-
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defined hot spot. This design of nano-junction can be scaled up, which allows huge SERS 

enhancements over a wide range of illumination.  

 

Figure 1. 7:  a. Scheme of gold nanoparticles covered with ultrathin silica or alumina 

shell as shell-isolated non-contact mode, b. Normal Raman spectra on fresh orange with 

clean pericarps (I), contaminated by parathion (II), a spectrum of contaminated orange 

modified by shell isolated nanoparticles (III) and Raman spectrum of methyl parathion 

(IV), d. Cartoon of the SHINERS experiment.
52

 

As the property of SERS with high sensitivity, small differences in molecule position 

between samples and metal surface roughness leading to the experimental results with 

lower reproducibility. But sandwich nanostructures with Raman reporter molecules 

placed between core-shell noble metals can solve this problem. Nam reported a new 

method to fabricate gold nanoparticles with ~1nm interior gap tailored by DNA (Figure 

1.8).
54

 Gold nanoparticles modified by DNA were used as seeds and the DNA strands 
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facelifted the formation nano-bridge. Raman reporter molecules were precisely placed 

into the gap with a quantifiable amount and SERS signal was detectable down to 10 fM 

concentrations. The results showed over 90% of the Raman molecules had an 

enhancement factor greater than 1×10
8
.        

 

Figure 1. 8: Figure 8: a. The scheme synthesizing gold particles with an interior gap (~1 

nm) using DNA-functionalized gold nanoparticles as templates. b. The simulation of the 

near-field electromagnetic field distribution of the Au-NNP. c, Near-field simulation of a 

silica-insulated (1.2 nm) god core-shell nanoparticle with the same dimensions as in the 

structure in b.
54

 

1.5.2 Surface enhanced fluorescence 

A fluorophore can absorb a photon that has a specific wavelength and re-emit another 

with another higher wavelength. The orange Surfaced enhanced fluorescence (SEF) is the 

interaction between the fluorophore and LSPR, with energy transfer at short distances 
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being controlled by dipole-dipole interactions mainly (Förster resonance energy transfer, 

FRET).
55

 If the fluorophore absorption spectrum overlap with LSPR bands, an energy 

transfer occurs, leading to a small increase in fluorescence intensity. But when the 

fluorophore emission matches with LSPR energy, the fluorescence will be quenched 

resulting from the essentially big plasmon absorption cross-section. So 5 nm is the 

minimum distance to avoid signal quenching .
55

 At a longer distance, Purcell effect can 

be used to explain the plasmon enhancement of the radiative rate, which can be explained 

as the emission intensity will be amplified in hot spots. Because the local density of 

optical states (LDOS) as 
   

2

~LODS Locp E 
, where 

 
2

LocE 
is the local electric field 

of the hot spot normalized to the incident intensity. So dioples can emit more photons at a 

strong local near field in this mode. Thus, if the LSPR band overlaps with the 

fluorescence emission band primarily, the fluorescence emission rate will be enhanced 

enventually (Figure 1.9).
56

 

 

Figure 1. 9: a. Different mode of fluorescence enhancement when the plasmon overlaps 

with the fluorophore’s absorption. b. the plasmon is overlapped with the fluorophore’s 

emission .
56
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Fabrication of plasmonic nanostructures for SEF nearly experienced the same process as 

SERS. Lithography method is used to make reliable hot-spot. When a gap-antenna was 

placed inside a nanoaperture called antenna in a box, dye molecule can come into the gap 

junction leading to an 1100-fold fluorescence enhancement, while the nanoaperture 

effectively screens background (Figure 1.10a).
57

 Compared with the lithography method, 

this method is easier by placing a Ag nanocube closely to an Au film reaching the highest 

enhancements factors so far (Figure 1.10b).
58

 Another method is based on a bottom-up 

method that is more easy and efficient. Single plasmonic nanoparticles can be used as an 

efficient enhancement substrate for SEF. Isolated gold nanorods have similar 

performance with lithographic assemblies in fluorescence enhancements, as the gold 

nanorods with the feature of a strong local field at the end of tips and highly tunable 

LSPR. Moreover, they are easy to make by using wet-chemical methods and 

functionalized. After gold nanorods were placed on a glass slide and immersed into 

fluorophore solution, a fluorescence enhancement of 1100 was generated composed of 

emission enhancement of ~ 9 fold and excitation rate enhancement of ~ 130 fold.
59

 Some 

other methods, like using silica-coated gold nanorods or placing the fluorophore between 

the gap formed by two nanoparticles, also have been reported.
60-61

 With the development 

of nanofabrication method, a strong near field can be obtained using a single nanoparticle, 

for example, plasmonic nanoparticle with an interior gap that provides more reproducible 

and consistent enhancement prosperities. When the dye molecules are placed within the 

interstitial dielectric layer between the gold core and the gold shell using a 

nanomatryoshka, there is a ∼16-fold enhancement factor of NIR fluorescent dyes 

compared with the seeded precursor particles (Figure 1.10c).
62
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Figure 1.10: a, the cartoon of dimer gap-antenna placed inside a rectangular aperture. b, 

Schematic cross-section of a film-coupled silver nanocube. c, Au nanomatryoshka consist 

of a gold core, silica layer containing a dye and a gold shell.
57

 
58

 
62

 

1.5.3 Plasmonic Solar Cells 

Traditional photovoltaic light conversion, for example, crystalline silicon wafers, has the 

problem of higher price and lower conversion efficiency. A plasmonic solar cell is a thin 

film solar cell that converts light into electricity with the help of plasmons. This can solve 

these problems effectively, which is the most exciting research fields in nanophotonics. 

Solar cells consist of metallic nanostructures that concentrate light at the nanoscale,  

which can decrease the thickness and enhance the absorption of incident light. Plasmonic 

solar cells consist of three kinds of configurations (Figure 1.11)
63

. The first one is the use 

of scattering from noble metal nanoparticles excited at their LSPR to increase the light 

absorption (figure 1.11a). The second one is that the local surface plasmons excited by 

incident light concentrated incident light and create an intense electric field (Figure 

1.11b). The absorption will be enhanced by the amplified electric field. The third one is 

that the incident light couple metallic nanoparticles into a guide mode in the 

semiconductor, leading to the complete absorption (Figure 1.11c). 
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Figure 1. 11: The cartoon of three kinds of solar cells by plasmonic nanoparticles exciting. 

a, light is trapped due to NP scattering; b, light excites local surface plasmon polaritons, 

resulting in the enhancement of absorption; c. light is coupled to a guided mode.
64

  

1.5.4 Nanomedicine 

There is a long history of gold nanoparticles used in biomedical application
65

. The LSPR 

of plasmonic nanoparticles can be tuned to the medical window (650-900 nm) to obtain 

deeper penetration and tunable scattering to absorption.
66

 Compare with traditional 

detection methods in biological samples, such as using fluorescent molecules or quantum 

dots, gold nanoparticles without the drawback of photobleaching have larger scattering 

cross sections and negligible toxicity. Gold nanoparticles are also used in drug delivery 

(gene, chemical drugs) and imaging.
67-68

 

The main interesting property of metal nanoparticles is investigating their heating for 

medical treatment. Gold particles can transfer light to heat for ablating tumors, resulting 

from the large cross-section associated with their LSPR. The temperature increase in the 

particles resulting from the excitation of plasmonic resonance is lethal for tumors. The 

absorbed energy 
 Q r

 can be expressed as: 
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Where 
 ,r 

 is imaginary part of the dielectric constant, 
 

2

,E r 
is the local electric 

field intensity. When we get 
 Q r

, the temperature distribution outside and inside the 

nanoparticles can be calculated using the following heat transfer equation: 

   
 

     
,
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Where 
 k r

, 
 c r

and
 r

are thermal conductivity, specific heat and mass density, 

respectively. 
 ,T r t

 is the time-dependent local temperature. 

LSPR is a unique optical property of coinage metal nanomaterials. Interactions of light 

and nanomaterials in nanoscale bring light absorption, scattering and even a photothermal 

effect on metal nanomaterials, which facilitate the studies in the bioanalytical chemistry 

field. This unique plasmonic property is largely influenced by its shape, size, composition, 

and charge density, and also sensitive to the local dielectric environment. Besides the 

high sensitivity, plasmonic nanostructures also exhibit higher intensity, optical stability, 

non-blinking and easiness to prepare. In consequence, Ag and Au nanostructures have 

long been widely utilized for nanoplasmonic biological and chemical sensing, counting, 

imaging, and tracking system. Here, we will focus on plasmonic nanoparticles for 

quantitative Raman detection and Plasmonic enhanced fluorescence in biosensing. 
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Chapter 2             

Reliable Rod-like Core-Shell Plasmonic Structure for 

Quantitative SERS Analysis 

2.1 Introduction  

Polycyclic aromatic hydrocarbons (PAHs) is a class of organic compounds formed from 

two or more fused aromatic rings.
1
 PAHs are ubiquitously present in various 

environments and are widely measured in water, soil, atmosphere, and food, etc., a wide 

class of pollutants
2
. Some PAHs are recognized as serious threat to the well-being and 

health of humans because they are carcinogenic, mutagenic and teratogenic.
2
 These well-

known PAHs include pyrene (Pyr), benzo(a)pyrene(Bap), benzo(b)fluoranthene (Bbf), 

indeno(1,2,3- c,d)pyrene (Icdp) and chrysene (Chr).
3
 The sources of PAH pollution are 

both anthropogenic and natural.
4
 Various types of pyrolysis or combustion of organic 

materials that greatly contribute to PAH pollution. Include road transport, industrial 

processes, and domestic burning of wood and coal.
5
 Similarly, volcanic, oil seepage, 

hydrothermal processes, carbonization, and wildfires dominate the natural sources of 

PAH inventory.
4
 Analytical methods of determining the quantity of specific PAHs and 

compositional nature in biological and environmental media are in rapid progress. Gas 

chromatography (GC), High-performance liquid chromatography (HPLC), and GC/mass 

spectrometry can distinguish individual quantities among hundreds of specific PAHs.
5
 

However these conventional analysis techniques include a pre-extraction step from large 

quantities of sample, which is laborious and time-consuming. Likewise, this method is 
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very expensive.
6
 Consequently, devising an efficient method with high spatial or 

temporal variations and in suit is a challenge. 

Many detection methods have been reported based on nanotechnology, for example, 

magnetic sensors,
7-9

 Fluoresce sensors,
10-13

 and colorimetric sensors. 
14-17

 These sensors 

provide a new method for real-time and in-situ detection. While some of these sensors 

can provide higher sensitivity and quantitative detection based on magnetic resonance 

imaging, fluoresce or UV-vis spectroscopy, they need a special identifying unit. The 

identifying unit can specifically bind to the target molecule such as antibody and 

antigen,
18, 19

 metal chelating,
20

 and base pairing.
21, 22

 For these reasons, sometimes false 

positive results can be reported. Raman scattering spectroscopy is a robust method that 

detects a molecule’s vibrations that can be used as fingerprint information on various 

organic molecules, biomolecules, cells, and tissues, in a manner which is similar to 

infrared spectroscopy.
23

 When molecules are absorbed on the rough metal surface or 

plasmonic nanostructure, the Raman signal can be enhanced as much as 10
10

 to 10
11

 

times
24

. which allows this technique to detect single molecules.
24

 This is the well-known 

Surface-enhanced Raman spectroscopy (SERS). SERS is an ultrasensitive detection 

method which has been reported by many research groups in a variety of research fields 

such as environmental
25

 and food safety,
26

 cancer detection,
27

 monitoring reaction
28

 and 

so on.
29

 In terms of application, SERS has amazing advantageous over other techniques: 

(1) higher resolution from multiplex samples; (2) higher sensitivity; (3) no photo-

bleaching and quenching or autofluorescence; (4) flexible excitation wavelength. This 

unique technique attracts more and more researchers to develop novel plasmonic 

structures based on gold, silver, etc., as SERS substrates. It has been shown that chemical 
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enhancements and electromagnetic enhancements can both contribute to the Raman 

enhancement.
30

 In SERS, periodically or rough structured metallic surfaces serve as 

plasmonic enhancers. For certain nano- substrates, the SERS activities largely depend on 

hot spots in the substrate.
31

 Hotspots are areas in the sample which have greatest SERS 

enhancement.
32

 These areas which are typically at the nanometer gap connection between 

particles have a huge electromagnetic enhancement that can induce single-molecule 

sensitivity.
33, 34

 This method has been employed using a variety of approaches. Typically, 

when we reduce the roughness to a single feature, for example using a sharp metal tip. In 

the area of the tip, the localized surface plasmonics will be excited and the 

electromagnetic field will be enhanced dramatically, this is the so-called Tip Enhanced 

Raman Spectroscopy (TERS). TERS has both high spatial resolution and single-molecule 

sensitivity, which is beyond the diffraction limit of light.
28

 But the electromagnetic field 

out the tip is very low.  The most commonly used approach is to use the target molecule 

to induce the aggregation of nanoparticles and form a large number of hot spots in 

solution.
25, 35

 The problem with this method is random and poor reproducibility of hot 

spots, generating a wide distribution of enhancement factors which renders these 

approaches unsuitable for quantitative SERS analyses.
31

 Furthermore, it has been 

reported that the Raman molecules inside the hot spots provide the majority of the Raman 

signal
31

 and they cannot be controlled for uniform and predictable hot spots.  

Meanwhile, operational and instrumental factors such as focusing and power fluctuations 

in the laser and alignment of the sample induced by the excitation laser can also have a 

large influence on the Raman signal.
35

 As such, a more reproducible signal cannot be 

obtained, even when the same sample is used. These factors create high uncertainty and 
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variability in the SERS signal and make it challenging to obtain sensitive and quantitative 

SERS data.  

To overcome this problem, some researchers provide a Raman standard at the same time 

as detecting a target molecule.
36

 This method can effectively eliminate unfavorable 

factors, including instrumental variations and different focusing resulting from non-

uniform sample morphology and turbidity that can affect the scattering. The standard 

molecule is in the same chemical and physical environment as the target molecule and the 

Raman signal is enhanced by the same mechanism and conducted in a multiphase system. 

But in reality the micro-environmental of the standard molecule and the target molecule 

is different and their distribution on Raman enhancement surface is not uniform because 

the hot spots are uncontrollable. We also cannot control standard molecules and target 

molecules absorbed on the surface as well as we hope, they are competitive. The intensity 

and frequency of the Raman signal of the standard molecule can also be influenced by the 

environment. We always face new challenges; how can the Raman signal of the standard 

molecule not be influenced by the microenvironment.  

New structures based on core-molecule-shell nanoparticles has gained popularity.
24, 37, 38

 

In these systems, the gap at the connection between the core and shell of the plasmonic 

structure provides controllable hot spots and uniformity for SERS enhancement.
24

 When 

the distance between two noble metal nanoparticles is less than 2 nm, the electromagnetic 

field enhancement is the highest.
39

 Recently, the synthesis of core-shell SERS probes 

with nanometer interior gaps has been reported using DNA/polymer functionalized Au 

nanoparticles.
24, 38

 This structure provides a large and uniform nanogap. The Raman 
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molecules inside the gap generate a highly stable, strong and quantitative SERS signal. 

The enhancement factor is higher and has a narrow distribution. This structure with 

quantitative and stable SERS signals based on Au-Au core-shell nanoparticle has been 

used for detection and imaging.
37

 The standard molecule inside the gap between the core 

and shell in this study was reported to be stable and in a safe environment and was not 

influenced by the outside environment. The surface of the shell was free and there was no 

competition between the core and shell environments.  

Here we used 4-Mercaptopyridine modified gold nanorods as seeds to synthesize a series 

of new nanostructures with a layer of Raman reporter molecules between the core and the 

shell. We used different noble metals (Au, Ag, and Cu) to form the shell and test the 

Raman signal (Figure 2.1). We demonstrate that this method can provide reproducible 

and reliable Raman signal and is suitable for quantitative SERS analysis of a variety of 

samples. This is a label free method and the signal from the standard molecule inside and 

the target molecule outside can both be obtained. We observed that the roughness of the 

outside layer of the shell can significantly contribute to the sensitivity of the Raman 

enhancement.   
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Figure 2. 1: Schematic illustration of the synthesis of the plasmonic core-shell structure, 

based on gold nanorods, for SERS analysis of PAHs. 

2.2 Materials 

HAuCl4·xH2O, hydroxylamine hydrochloride, polyvinyl pyrrolidone (PVP, w=29000), 

hexadecyl trimethyl ammonium Bromide (CTAB), CuCl2, NaOH, ascorbic acid, NaBH4, 

4-Mercaptopyridine, AgCl, H2SO4 were all purchased from Sigma-Aldrich. The DI water 

was prepared in the lab. 

2.3 Characterization 

Transmission electron microscopy (TEM) images were taken with an FEI Titan 80-300 

KV STEM (voltage 300KV). The nanoparticles were dispersed in water and drop cast on 
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carbon-coated Cu grids. Raman spectra were collected by a Raman spectrometer (Horiba 

Jobin Yvon, Labram Aramis) at the excitation wavelength of 785 nm. 

2.4 Experimental Section 

2.4.1 Synthesis of gold nanorods 

The Au NRs were prepared by using a seed-mediated growth method. Firstly, the gold 

seeds were prepared in an aqueous solution of CTAB (7.5 mL, 0.1 M) and HAuCl4 (100 

μL, 24 mM) that was mixed and shaken. An aqueous solution (ice-water) of freshly 

prepared NaBH4 (0.6 mL, 0.01 M) was added to the seed solution. The color changed 

from yellow to dark. Then 1.2 mL of DI water was added. The mixture was aged for 3 to 

4 hours. Subsequently, the gold nanorods were grown to form the gold seed solutions. 

Aqueous solution of HAuCl4 (2 mL, 24 mM), H2SO4 (2 mL, 0.5 M), CTAB (100 mL, 0.1 

M), and AgNO3 (700 μL, 10 mM) were added to CTAB (100 mL, 0.1 M) sequentially. 

Aqueous solutions of ascorbic acid (800 μL, 0.1 M) was then added and the color 

changed from orange to colorless. At last, 240 μL of seed solution was then added and 

kept at 30 
o
C for 12 hours. 

2.4.2 Synthesis of 4-Mercaptopyridine modified gold nanorods 

A 5 mL of gold nanorod solution and an aqueous solution of 4- Mercaptopyridine 

(3.85×10
-4

M) were mixed and stirred for overnight.  
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2.4.3 Synthesis of dopamine coated gold nanorods (NRs@DA) 

The NRs@DA solution was prepared based on the method reported before. 1.5 mL of 

modified gold nanorod solution was centrifuged and dispersed in the dopamine solution 

(1.9 mL, 516 μM). A 0.5 mL of tris(hydroxymethyl)amino methane (TRIS) (10 mM) was 

then added. The mixture was sonicated for 1h. Finally, the mixture was centrifuged and 

resuspended in 1.5 mL of DI water. 

2.4.4 Synthesis of core-shell structure of gold coated gold nanorods (GGN) 

For the synthesis of GGN-2, 0.5 mL of NRs@DA was diluted to 2.5 mL by adding 2 mL 

of DI water. 150 μL of HAuCl4 (5 mM), 50 μL of PVP (w/w, 5%), and 150 μL of 

hydroxyl amine (50 mM) solutions were added consecutively. Then the mixture was 

sonicated for 5 min. For synthesizing the two solutions of GGN-1 and GGN-2, 75 μL and 

250 μL of HAuCl4 (5 mM) and 75 μL and 250 μL of and the hydroxyl amine (50 mM) 

solutions were used respectively. 

2.4.5 Synthesis of core-shell structure of Cu2O coated gold nanorods (CGN) 

A 0.8 mL of gold nanorods modified by 4- Mercaptopyridine was centrifuged and 

suspended in 1.842 mL DI water. 1 mL of CTAB (0.1 M) was then added. Aqueous 

solutions of CuCl2 (30 μL, 0.1 M) and NaOH (37.5 μL, 0.6 M) were then added 

consecutively. Finally, an aqueous solution of ascorbic acid (90 μL, 0.1 M) was added. 

The total volume was 3 mL and the concentration of CTAB was about 33 mM. The 

mixture was kept in 30 
o
C water bathe undisturbed.  
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2.4.6 Synthesis of core-shell structure of Ag coated gold nanorods (AGN) 

A solution of gold nanorods modified by 4-Mercaptopyridine was diluted by adding 2 

mL of PVP (w/w, 1%). Aqueous solutions of AgNO3 (0.355 mL, 1 mM), ascorbic acid 

(0.05 mL, 0.1 M), and NaOH (0.1 mL, 0.1 M) were added while stirring. Then an 

aqueous solution of HAuCl4 (0.3 mL, 1 mM) was added and the color changed from grey 

to pink. The mixture was stirred vigorously at 100 
o
C in the oil bath for 15 min. The final 

structure was obtained by centrifugation and washed by saturated NaCl aqueous solution 

and distilled water.  

2.4.7 Finite-difference time-domain (FDTD) simulation 

FDTD simulations on the optical properties of single nanostructures were performed with 

Lumerical FDTD Solutions software v8.11. A typical AGN structure was modeled as 

three concentric cylinders with spherical ends representing the gold core, the 4-

Mercaptopyridine layer (represented by a dielectric layer) and the silver shell respectively 

as shown in Figure S10 (a), (b). A typical GGN structure was modeled similarly but with 

an additional layer of sphere-tipped gold nano-cones to mimic the surface roughness 

observed as shown in Figure S10 (c),(d). A 2.66 fs broadband total-field scatter-field 

(TFSF) pulse was used to excite the modeled structures with a boundary condition of 

perfectly absorbed layer (PML) applied to all direction. Detailed dimensions are shown in 

Table S1. All simulations were performed with a mesh size of 0.5 nm and a background 

refractive index of 1.33 mimicking the aqueous solution measurement. Both the far-field 

extinction cross section spectra and the near electric field distributions were recorded 
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from the simulations. Details of the simulation method used are described in our previous 

publications.
40-44

 

2.5 Result and Discussion 

The synthesis of the core-shell structure nanoparticles with three steps is shown in Fig.1. 

We chose the gold nanorods as the core, as shown in Fig.S1a. Then 4-Mercaptopyridine 

(Mpy) was bound to gold nanorods through Au-S bonds. For the synthesis of gold 

coating gold nanorods (GGN), the gold nanorods modified by Mpy were treated with 

dopamine·HCl and tris·HCl buffer for 1 hour to form poly-dopamine coated gold 

nanorods (PGN). Under alkaline conditions, phenolic catechols were oxidized to 

quinones, causing the formation of 5, 6-dihydroxyindolines, their derivatives, and then 

leading to the polymerization to form oligomers. These were crammed by π-π stacking, 

charge transfer and hydrogen bonding to form a nanometer thick poly-dopamine layer.
45

 

From Fig.S1b, we can see that there is a thin layer of poly-dopamine outside the gold 

nanorods. For the synthesis of GGN-2, 2.5 mL of poly-dopamine solution, 150 μL of 

HAuCl4 (5 mM), 50 μL of PVP (29000 MW, 5% w/v), and 150μL of hydroxyl amine (50 

mM) were added sequentially, and the mixture was sonicated for 5 min. These functional 

groups such as catechol, amine, and imine can serve as both an anchor and reaction sites 

for loading mental ions,
46, 47

 and the catechol takes the role of a reducing agent of gold 

nucleation and growth.
48

 Catechol was oxidized to quinones by Au (III), and small gold 

nanoparticles were produced on randomly oriented oxidized sites of a poly-dopamine 

shell. Further anisotropic growth of gold nanoparticles was activated by the reduction of 

HAuCl4 by hydroxyl amine which was subsequently added.
27

 we can see there are many 
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small gold nanoparticles outside the gold nanorods forming the shell (Figure 2.2a). The 

amount of HAuCl4 plays an important role in synthesis. The density of small gold 

nanoparticles increases by changing the amount of HAuCl4 (Fig.S2). We synthesized 

GGN-1, GGN-2, and GGN-3, different amount of HAuCl4 (75μL, 150μL, 250μL). The 

details are shown in the experiment section. GGN-3 showed the densest gold 

nanoparticles on the gold nanorod core compared to GGN-1 and GGN-2. Based on the 

same idea, we synthesized CuO2 coated gold nanorods (CGN) from Mpy modified gold 

nanorods. CuO2 is a p-type semiconductor which can be used in a variety of applications 

such as photocatalysts, solar cells, and fuel cells.
49

 CuO2 can also be used as a SERS 

substrate.
50

 The TEM images show that these nanoparticles are core-shell structures and 

every structure has a single shell (Figure 2.2b). The STEM images and elemental 

mapping images (Fig.S3) also confirm the core-shell structure. Likewise, we synthesized 

the Ag coated gold nanorods (AGN) based on Mpy modified gold nanorods (Figure 2.2c). 

Ag is one of the common metals (Au, Ag, Cu) having SERS enhancement.
51

 Ag is as 

common as Au used in SERS study.
52

 AgNO3 was reduced by ascorbic acid to form an 

Ag nano-layer on the gold nanorods. From the TEM images (Fig.S4), the differential 

contrast shows the dark gold core and the pale Ag shell. The element mapping also 

confirmed the core-shell structure (Fig.S4).  
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Figure 2. 2: The TEM images of GGN-2, CGN and AGN nanorods. 

Three lasers (785 nm, 660 nm, 532 nm) were used to test the SERS properties (Fig.S5). 

The GGN-2 had the most glaring response in near infrared region when it was excited by 

785 nm. Under 532 nm, little SERS signal was observed, but under 785 nm or 660 nm, 

the SERS signals were raised enormously. The CGN and AGN nanoparticles, when 

excited by 785 nm laser, had a distinct response in the near infrared region. Due to the 

inter-particle optical force, these rod-like particles aggregated in optical tweezers. We 

tested the Raman signals changes of GGN, AGN and CGN with time (Fig.S6) found no 

measurable changes in the measured Raman signals with time increase. This indicated 

that the aggregation induced by the laser trapping effect has no influence on the measured 

SERS signal. These results not only show that the excited Mpy molecules were located 

between the core and the shell but also indicated that these particles are ideal for 

quantitative SERS analysis as internal standards. 

We used pyrene (Pyr), a known PAH molecule, as a target molecule to verify the 

quantitative SERS analysis. Pyr has two characteristic peaks compared to Mpy at ~ 600 

cm
-1

 and ~ 1400 cm
-1

, and the Mpy has special peaks at 1000 cm
-1

 (Figure 2.3). When the 

Pyr and Mpy are dissolved at the maximum concentration (2×10
-4

 M and 3.85×10
-4

M) 

which was used in the experiment, only a small peak (~ 800 cm
-1

) of Pry was observed. 

But when the Pyr and Mpy were mixed with gold nanorods (the concentration is the same 

for GGN, CGN, and AGN for detecting Pyr) at the maximum concentration, the Raman 

signals were obviously enhanced (Figure 2.3). From these experiments, we conclude that 
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the Raman signals are mostly coming from the surface Raman enhancement for 

molecules close to the particle surfaces.  

 

Figure 2. 3: Raman spectra of Pyr and Mpy powder, in water and mixed with gold 

nanorods. 

Pyr can be absorbed on the surface of these nanorods. First, we mixed these nanorods 

with Pyr (2×10
-4

 M) and incubated for one hour. A stable SERS signal was obtained in 

one hour (Fig.S7). From Fig.3 we know, at the maximum concentration, that we cannot 

obtain the Raman signals of Pyr in water, we can only measure the Raman signal when it 

was enhanced by gold nanorods. After the addition of Pyr into GGN-2 solution, we 

observed two new peaks of Pyr at ~600 cm
-1

 and ~1400 cm
-1

. To explore the 

practicability of the GGN-2 for quantitative analysis, GGN-2 solutions were mixed with 

Pyr at different concentrations. With the concentration decrease, the intensity of the 

characteristic peaks of Pyr also declined (Figure 2.4a). In order to correct the fluctuations 

in the instrumental factors and other unknown factors, we normalized the spectra with the 

strongest peak (Mpy). The intensity ratio of the target molecule (Pyr) to internal standard 
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molecule shows a linear relationship with the Pyr concentration (Figure 2.4b). From Fig.4 

we can see this method can be applied for a large range of analyte concentrations.  

 

Figure 2. 4: The Raman spectra of GGN-2 mixed with different concentration of Pyr. b. 

The plot of intensity ration of Pyr to Mpy verse the concentration of Pyr. 

We also tested the applicability of the CGN and AGN nanorods for quantitative SERS 

analysis. From Fig.S8 and Fig.S9, we can see two new peaks at ~600 cm
-1

 and ~1400 cm
-

1
, after addition of Pyr. However, the detection range of analyte concentration is narrower 

and the limits of detection is bigger than that of GGN-2. There are three potential factors 

that can contribute to these observations. First, from the TEM images, the surfaces of 

CGN and AGN are smoother than that of GGN, and surface roughness can contribute to 

local field enhancement. Second, it is possible that due to shifts in the far-field scattering 

spectrum, the wavelength of light used here is a better match to the localized surface 

plasmon resonance (LSPR) peak of GGN compared to the other two structures, and third, 

it is possible that the differences of the interactions between the molecules on the surface 

in the process of nanorod synthesis cause the alteration of affinity of Pyr molecules to 

these surfaces resulting in varied surface concentration. While the latter hypothesis is 

hard to verify, the first two can be explored using numerical modeling. 
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To better understand the optical properties of the nanorod structures and verify the role of 

roughness and far-field LSPR peak on the observed Raman enhancements, we ran UV-

vis spectroscopy and compared our data with FDTD simulations for AGN and GGN 

nanoparticles. Figures 5a and 5c show the UV-vis spectra as compared with the 

calculated far-field extinction cross-sections of the two nanoparticles obtained by single 

particle FDTD simulations. The calculated far-field extinction cross section spectra for 

both AGN and GGN were calculated for two polarization directions, along the long axis 

of the rod (longitudinal, Figure 2.5a) and normal to the long axis (transverse, Figure 2.5 

(c)). For both structures, the calculated extinction profiles were much sharper than those 

from experimental measurements, due to the inhomogeneous size and orientation 

distribution in the experimentally measured colloid systems. Under this broadening effect, 

it can also be observed that the response from transverse plasmon resonance is almost 

masked by that of the much stronger longitudinal plasmon resonance. For comparison, 

the extinction cross-section for a hypothetically smooth-GGN was also calculated and is 

shown in figure S10a and b Based on Figure 2.5(a), S10c and d, and 5(c) the longitudinal 

LSPR peak of GGN, smooth-GGN, and AGN particles were determined to be 660 nm, 

675 nm, and 683 nm, respectively. It can be observed that the LSPR peak for the GGN 

particles is closer to that of the Raman laser at 785 nm. The larger extinction cross-

section at this wavelength for GGN contributes to the larger enhancement factor 

measured for these particles compared to AGN as shown in Table 1.  

To explore the role of the roughness and extinction cross-sections in the high 

performance of GGN as SERS substrate, the near-field distribution around the modeled 

nanorod structures was also calculated. It has been reported that the SERS enhancement 
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factor can be estimated from an 𝐸4 term,
40, 41, 44, 53, 54

 defined as the product of the electric 

near field intensity at the excitation and Stokes frequencies, E4 = (𝐼𝑒𝑥𝑐𝐼𝑆𝑡𝑜𝑘𝑒𝑠). Figure 

2.5 (b) and (d) show the calculated near-field 𝐸4 distribution for an excitation wavelength 

of 785 nm and a Stokes wavelength of 824 nm (corresponding to a 600 cm
-1 

Raman shift) 

around a modeled AGN and GGN under longitudinal excitation, respectively. It can be 

seen from both structures that the excited resonant dipoles create hotspots both within the 

Mpy gap layer and at the shell surface. While the gap hotspots appear to be stronger in 

intensity, the surface hotspots occupy a larger area, which also greatly affects the 

measured SERS enhancement. To quantify the relative contributions from these two 

types of hotspots, a summation of the 𝐸4 value over the corresponding regions were 

evaluated and shown in Table 1. It can be seen that for both structures, the total 𝐸4 is 

dominated by contributions from surface enhancement rather than from the gap 

enhancement, where the spatial distribution is limited by the small gap size (< 2 nm). In 

addition, with the larger surface area resulted from the rough surface morphology of the 

GGN structure, it can be seen that the 𝐸4 enhancement in the GGN structure is larger 

than that in the AGN structure, as well as the smooth-GGN structure. Furthermore, the 

enhanced overall 𝐸4 of GGN can be partially attributed to the closeness of the excitation 

wavelength to the LSPR peak, as the difference between GGN and smooth-GGN.   We 

note that due to lack of access to a reliable model for the dielectric constant of copper, we 

were unable to run similar tests on CGN, but we expect that the LSPR peak of CGN to be 

towards the blue of AGN, with weaker intensity and as such would predict a similarly 

weak Raman enhancement for that particle. This overall enhancement in the detection 
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ability of GGN compared to AGN is consistent with the experimental observation of the 

higher sensitivity.    

 

Figure 2. 5: FDTD simulation results for a single simulated AGN ((a) and (b)) and GGN 

((c) and (d))  structure. (a) and (c) show the calculated far-field extinction spectra under 

longitudinal (blue) and transverse (red) incident polarizations, in comparison with 

experimentally measured UV-visible spectra (black, right axis). (b) and (d) show the 

calculated near-field 𝐸4(IexcIsto) distribution around the modeled nanorod at a Raman shift 

of 600 cm
-1

. The 𝐸4 value at each position was calculated as the product of the electric 

field intensity at the excitation (785 nm) and Stokes (824 nm) wavelength. The color bar 

is in logarithm scale with the unit of 𝑉4/𝑚4 for 𝐸4. 
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Table 2. 1: Total E^4=Iexc IStokes   values at all Raman wavelengths around a modeled 

AGN and GGN structure and the relative contributions from two regions with strong 

hotspots observed. The total E^4 was calculated as the summation over the volume 

within a smooth sphere-ended cylinder 2 nm outside the outer surface of the modeled 

nanorod. All 𝐸4 values have a unit of 10
7
 𝑉4/𝑚4. 

2.6 Conclusion 

In summary, we used gold nanorods as the core, use three different metal (Au, Cu, Ag) as 

shell and develop three novel rodlike core-molecule-shell structure nanoparticles. The 

polydopamine and the residuary CTAB help to form the shell. Conversely, using other 

types of Raman molecules as internal standard molecules to avoid Raman spectral 

overlap with the analytes, may also be possible. The internal standard molecules exist 

between the core and shell provide a stable Raman signal as a reference and the surface 

of the shell is free for the further modification and absorption. We use Pyr as target 

molecules, we can confirm that this method can provide a reliable SERS quantitative 

analysis. The naked surface of these nanorods makes this method applicable to 

quantitative SERS analysis in a wide range. 
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Appendices 

Supplementary information of Chapter 2 

Reliable Rod-like Core-Shell Plasmonic Structure for Quantitative SERS Analysis 

 

Figure S 1: The TEM images of gold nanorods and poly-dopamine with gold nanorods 

core. 

 

Figure S 2: The TEM images of GGN-1, GGN-2 and GGN-3, synthesized by increasing 

the amount of HAuCl4 from left to right (75μL, 150μL, 250μL). 
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Figure S 3: The HADDF-STEM image, HRTEM image and elemental mapping image of 

CGN nanorods. 

 

Figure S 4: The TEM image, HRTEM image and elemental mapping image of AGN 

nanorods. 
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Figure S 5:  The SERS spectra of GGN at different laser wavelength. 

 

Figure S 6: The time sequence Raman Spectra of GGN (a), AGN (b) and CGN (c) 

nanoparticles. The spectra were got continuously after the laser illumination. The spectra 

were normalized by the strongest peak. 
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Figure S 7:  GGN-2, CGN, and AGN mixed with Pyr (2×10-4 M) and incubated one hour, 

after the SERS signal change with time increase. 

 

Figure S 8: a. The Raman spectra of CGN mixed with different concentration of Pyr. b. 

The plot of intensity ration of Pyr to Mpy verse the concentration of Pyr. 
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Figure S 9: a. The Raman spectra of AGN mixed with different concentration of Pyr. b. 

The plot of intensity ration of Pyr to Mpy verse the concentration of Pyr. 

 

Table S 1: Detailed dimension and material parameters in the modelled structures. 



75 
 

This chapter includes results from a previously published paper by Yang Zhang et.al. ACS Omega. 2018, 3, 

14399-14405. 

 

 

Figure S 10: Three dimentional shape (left) and cross-section profile of the modelled 

AGN ((a) and (b)) and GGN ((c) and (d)) nanorod structures in the FDTD simulations.
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Figure S 11: Far-field extinction peak positions for longitudinal (a) and transverse (b) 

plasmon resonance from FDTD simulations on AGN structures and their dependence on 

length and diameter of the silver shell. 

 

Figure S 12: FDTD simulation results on a bare gold nanorod core. (a). The calculated 

far-field extinction spectra under longitudinal (blue) and transvers (red) incident 

polarizations, in comparison with the experimentally measured uv-visible spectrum 

(black, right axis). (b) The calculated near-field 𝐸4 (IexcIsto) distribution around the 

modelled nanorod at a Raman shift of 600 cm
-1

. The 𝐸4 value at each position was 

calculated as the product of the electric field intensity at the excitation (785 nm) and 

Stokes (824 nm) wavelength. The color bar is in logarithm scale with the unit of 𝑉4/𝑚4 

for 𝐸4. 
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Table S 2: Total E^4=Iexc IStokes  values at all Raman wavelengths around a modelled gold 

nanorod core. The total E^4 was calculated as the summation over the volume within a 

smooth sphere-ended cylinder 2 nm outside the outer surface of the modelled nanorod. 

All 𝐸4 values have the unit of 10
7
 𝑉4/𝑚4. 

 

 

  



78 
 

This chapter includes results from a previously published paper by Yang Zhang et.al. ACS Appl. Mater. 

Interfaces. 2017, 9, 37597-37605. 

 

Chapter 3           

Tunable and Linker Free Nanogaps in Core–Shell Plasmonic 

Nanorods for Selective and Quantitative Detection of 

Circulating Tumor Cells by SERS 

3.1 Introduction 

Surface-enhanced Raman scattering (SERS) has emerged as an ultrasensitive sensing 

technique allowing for fingerprint identification of vibrational modes at low 

concentrations, even down to the single molecule level.
1-4

 Plasmonic metal 

nanostructures (PMNs, e.g., Ag or Au nanoparticles) can confine the electromagnetic 

field of light at their tips and gaps due to a phenomenon called local surface plasmon 

resonance (LSPR), a light-driven coherent oscillation of conduction electrons.
5-10

 this 

local enhanced field is responsible for the electromagnetic enhancement factor in SERS, 

which can reach more than 10
8
 and enable single molecule detection.

11-19
 Therefore, 

PMNs have huge potential in SERS
20

 and LSPR
21

-based signal application, colorimetric 

detection,
22

 molecule rulers,
23

 and photonic devices.
24

  

SERS-active PMNs can either be regular or random; regular PMNs are usually prepared 

by lithography, while random PMNs are based on nanoparticles aggregation.
26,27

 The 

structural designs of SERS active materials have evolved from spherical 
25-27

 to cubic,
28

 

triangle,
29

 star
15, 30

 and many more to achieve an ever-increasing enhancement factor.
31-33

 

However, many regular PMNs are fabricated on a film or substrate.
34

 limiting their 

application for in vivo studies. Random PMNs also have drawbacks, mainly they lack 
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quantitative SERS signals due to the poor reproducibility of hot spots. Engineering core-

shell PMNs with a tailored junction or intrinsic nanogap has the potential to provide hot 

spots that are highly stable and reproducible. Core-shell PMNs are now strongly pursued 

as they i) have efficient correlation between structures and SERS activity; ii) provide 

tunable morphologies and LSPR resonances; iii) expose modifiable surface by molecule 

attachment; iv) are free from the adverse effects imposed by external environment or 

desorption; v) provide a strong and uniform electromagnetic field as well as a stable and 

quantitative SERS intensity. 
40,35

 Nam and coworkers developed a synthetic scheme that 

enabled the formation of 1 nm interior gaps employing DNA modified AuNPs.
10, 36-40

 

Other published examples used polymers
41

 and small molecules
42

 as templates to 

fabricate core-shell PMNs. However, these tedious synthetic techniques limit the eventual 

scale-up of this sensor platform. In sharp contrast to the aforementioned linker-mediated 

synthesis, galvanic replacement has been recently recognized as a facile and controllable 

synthetic approach.
43

 Galvanic replacement is an electrochemical reaction where metal A 

acts as a sacrificial template and is replaced by metal B, when B has a higher reduction 

potential than A. This approach has been used to synthesize spherical core-shell PMNs.
44-

46
 however nanogap size and shape control remains a major challenge, as is their 

resonance close to 632 nm, which strongly limits prospective biomedical applications. 
47

 

Here, core-shell plasmonic nanorods (PNRs) with tunable nanogaps have been 

synthesized via coordination interactions followed by a galvanic replacement reaction 

(Scheme 3.1). Grafting 4-mercaptopyridine (4-mp) on the surface of the Au NR core 

facilitated the controlled growth of a peripheral Ag shell by forming a pyridine-Ag
+
 

coordination complex.
48-50

 which was further substituted by Au via a redox reaction. The 
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uniformity and size of nanogaps was controlled by optimizing the 4-mp and Ag
+
 

concentrations. The resulting PNRs reproducibly amplify the Raman signal intensity, 

providing a stable and quantitative SERS platform. This synthetic approach was further 

verified by replacing 4-mp with another Ag coordinating dye such as rhodanine, resulting 

again in PNRs with uniform nanogaps. Compared to traditional synthetic methods, this 

new methodology possesses a broad range of applicability and obviates the need for 

linker molecules. To test the sensitivity and viability of this sensing platform, we 

functionalized core-shell PMNs with aptamers specific to circulating tumor cells (CTC) 

overexpressing MUC-1 protein such as MCF-7. This system could selectively detect as 

low as 20 MCF-7 cells in a blood mimicking fluid that included other types of cancer 

cells such as HELA and HEK. The linking DNA duplex can also intercalate hydrophobic 

molecules such as Doxorubicin (Dox) and release it on demand when irradiated by near 

infrared laser (808 nm, 0.8W/cm
2
), which increases the versatility of this sensing 

platform to include controlled drug delivery. 

  

  



81 
 

This chapter includes results from a previously published paper by Yang Zhang et.al. ACS Appl. Mater. 

Interfaces. 2017, 9, 37597-37605. 

 

Scheme 3. 1: Synthesis of core-shell plasmonic nanorods (PNRs) with a Raman active 

reporter-loaded nanogap. 

3.2 Materials and methods 

3.2.1 Materials 

Gold (III) chloride hydrate (HAuCl4·xH2O), hexadecyl trimethyl ammonium bromide 

(CTAB), Sodium borohydride (NaBH4), 4-mercaptopyridine (4-mp), polyvinyl 

pyrrolidone (PVP, w = 29000), Silver nitrate (AgNO3), L-ascorbic acid, and sodium 

hydroxide (NaOH) were purchased from Sigma-Aldrich. Rhodanine was bought   from 

Alfa Aesar. Sodium chloride (NaCl) was obtained from Thermo Fisher Scientifics. 

Deionized water (Millipore Milli-Q grade) prepared in-house, with resistivity of 18.2 MΩ, 

was used in all experiments. All chemicals were used as received without further 

purification. Doxorubicin hydrochloride (Dox), aptamer, DNA, Phosphate buffered saline 

(PBS), sodium dodecyl sulfate (CH3 (CH2)11OSO3Na) (SDS) solution (0.2 % in water), 

Magnesium chloride (MgCl2), and Tween 20 were obtained from Sigma Aldrich. TBE 

Buffer (Tris-borate-EDTA) was obtained from Thermo Fisher Scientific. The sequence of 

DNA and aptamer used in this experiments is as follows, DNA1: 5’ SH-

TTTTTTTTTTTTTTTTTTTT, DNA2: 

5’AAAAAAAAAACCTATCGACCATGCTACGAACGAATACGAATACGAACACG

ATAACAACGATCCCTCAAAAAAAAAA3’ and 

5’GAGGGATCGTTGTTATTCGTGTTCGTATTCGTTAGCATGGTCGATAGG3’, 

aptamer: 5’TTTTTTTTTTGCAGTTGATCCTTTGGATACCCTGG-3’. 
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3.2.2 Methods 

The NRs were dispersed in water and drop cast on carbon-coated Cu grids. Transmission 

electron microscopy (TEM), scanning TEM (STEM) images and electron diffraction 

patterns were acquired on a cubed Titan G2 80-300 field emission gun S/TEM equipped 

with a Fischione model 3000 high-angle annular dark-field (HAADF) detector and a 

CEOS GmbH double-hexapole probe spherical-aberration corrector operating at 300 kV. 

A probe semiconvergence angle of 24.9 mrad was used for STEM imaging. Xplore 3D 

software (FEI Company) was used to acquire tilt series with tilt increment of 2 degrees in 

the range -75 to +75 degrees. The tilt series were processed in Inspect3D software (FEI 

Company) using a cross correlation method for image shift and tilt alignments; 

simultaneous iterative reconstruction technique (SIRT) with 30 iterations was used for 

3D reconstruction. Avizo Fire software was used for the visualization of the 3D datasets. 

Raman spectra were obtained on a Raman spectrometer (Horiba Jobin Yvon, Labram 

Aramis) with a 785 nm excitation wavelength. Florescence and UV-Vis spectra were 

recorded with a Varian Eary Eclipse fluorescence spectrophotometer and a Varian 5000 

UV-Vis-NIR spectrophotometer, respectively. The DNA modification and renaturation 

were performed out in Applied Biosystem Veriti 96 well Thermal Cycler. 

3.2.3 Synthesis of Au nanorods 

Au NRs were prepared via a seed-mediated procedure.
51

 The seed solution was prepared 

by mixing HAuCl4 (24 mM, 100 µL), CTAB (100 mM, 7.5 mL), and NaBH4 (10 mM, 

0.6 mL) in H2O (1.2 mL), at room temperature. The mixture was incubated for 3 h before 

use. The growth solution was prepared by mixing HAuCl4 (24 mM, 2 mL) and CTAB 
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(100 mM, 100 mL), to which H2SO4 (500 mM, 2 mL) and AgNO3 (10 mM, 700 µL) were 

added. After the addition of L-ascorbic acid (100 mM, 800 µL), the color of the mixture 

changed from yellow to colorless. 24 µL of the seed solution was then added into the 

growth solution and incubated overnight. The Au NRs were purified by centrifugation 

(8000 rpm, 25 min, two times) in water. 

3.2.4 Synthesis of core-shell PNRs 

The as-synthesized Au NRs were mixed with four different concentration of aqueous 4-

mp  (4.1 × 10
-4

 M (c1), 9.2 × 10
-4

 M (c2), 1.4 × 10
-3

 M (c3), and 2.7 × 10
-3

 M (c4)) and 

stirred overnight; 2.7 × 10
-3

 M was the maximum concentration of 4-mp achievable due 

to precipitation. The 4-mp-modified Au NRs were then purified by centrifugation and 

mixed with CTAB (100 mM, 0.8 mL) followed by the addition of PVP (1%, 3 mM) with 

sonication. AgNO3 (1 mM, 500 µL), L-ascorbic acid (0.1 M, 209 µL), and NaOH (100 

mM, 518 µL) were subsequently added. The mixture was incubated for 2 h and then 

heated to 100 
o
C with the addition of HAuCl4 (1 mM, 1 mL). The particles were 

centrifuged (9000 rpm, 6 min) and washed twice with water. When the amount of silver 

nitrate increased, the quantity of L-ascorbic acid and NaOH was also increased 

correspondingly to keep their molar ratio as constant (silver nitrate: L-ascorbic: 

NaOH=0.6:25:50) 

Rhodanine-modified PNRs were obtained with a similar method, substituting 20 µL of 

rhodanine (0.1 M) in ethanol for the 4-mp solution. The remaining of the procedure was 

as abovementioned; 1200 µL AgNO3 was used. 
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3.2.5 Functionalization of PNRs by DNA 

The PNRs were purified by centrifugation (9000 rpm, 6 min) and re-dispersed in PBS (1 

X). A mixture of thiolated oligonucleotide (DNA-1, 1 × 10
-5

 M), PBS (1 X), and sodium 

dodecyl sulfate (0.2 %) was then added and incubated for 5 min. Tris-borate-EDTA (TBE) 

buffer (2 X, pH = 3, 1M NaCl) was added and the final solution was stirred overnight at 

room temperature. The DNA-1-modified PNRs were purified by centrifugation and 

washed twice with PBS (14000 rpm, 6 min). 

The purified DNA-1-functionalized PNRs (1 mL) were added to a solution containing 

duplex DNA (DNA-2, 1 × 10
-5

 M), MgCl2 (5 × 10
-2

 M), PBS (10 X), and Tween 20 

(0.2 %). The solution was agitated and incubated at 37 
o
C for 2 h. The aptamer was then 

added followed by incubation at 37 
o
C for 1h. The DNA and aptamer conjugated PNRs 

were purified by centrifugation (14000 rpm, 8 min) and washed with PBS. 

3.2.6 Immobilization of Dox on PNRs 

The Dox solution (1 mg/mL) was prepared in dimethyl sulfoxide. DNA and aptamer 

conjugated PNRs (1 mL) were incubated within the Dox solution (50 μL) for 5 h at room 

temperature. The product was collected after centrifugation (14000 rpm, 10 min, 

performed twice) and re-dispersed in PBS.  

3.2.7 Numerical simulations 

Simulation of the absorption and scattering of NRs, coated NRs with small gaps, and 

coated NRs with full gaps was performed in DDSCAT
52

using metal dielectric functions 
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from references.
53, 54

 The ambient medium was set to water and a refractive index of 1.4 

inside the gaps to account for the presence of organic molecules. 

3.3 Results and discussion 

A seed-mediated procedure was used to prepare the core Au NRs with aspect ratio of 2.9 

(length ~66 nm, width ~23 nm, Figure S1), which were subsequently mixed with an 

aqueous solution of 4-mp (9.2 × 10
-4

 M concentration). After the addition of AgNO3 (1 

mM, 500 µL), an Ag layer was grown on the surface of 4-mp-modified Au cores 

(Au@Ag) by ascorbic acid reduction.
55

 The morphology of Au@Ag NRs is shown in 

Figure S2, the majority of which display a shuttle-like shape with a light outer shell (Ag) 

against the dark core (Au). Galvanic replacement was conducted on these core-shell NRs 

by adding HAuCl4 to oxidize and substitute Ag. Ag does not completely etch, leading to 

an AgAu alloy shell which was stable and showed reproducible composition. The 

mixture was heated to 100 
o
C in an effort to avoid possible precipitation and to further 

improve the quality of the shell structure. As shown in Figures 3.1a-1c, the obtained 

PNRs feature a homogenous shuttle-like motif with an aspect ratio of 2.4 (length ~81 nm, 

width ~34 nm, Figure S3a and S3b) and an average gap size of ~2.5 nm (Figure S3c). 

The structures appear crystalline by selected area electron diffraction (SAED, Figure S4a), 

and imaging with high-angle annular dark field (HAADF)-STEM revealed the core-shell 

structure (Figure 3.1d). Elemental analysis with energy-dispersive X-ray spectroscopy 

(EDS) confirms that Au is largely confined in the core (59 % Au, 41 % Ag), while Ag is 

the main component of the shell (82 % Ag, 18 % Au) (Figure 1e and S4b). Electron 
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tomography results, shown in Figure 3.1f and 1g, also confirms the core-shell structure 

and the inclusion of nano-gaps within the PNRs (Figure 3.1f and 1g). 

  

Figure 3. 1: (a) TEM images of PNRs (4-mp concentration 9.2 × 10-4 M, c2), (b) 

HAADF-STEM images of PNRs synthesized at the same concentration of 4-mp (c2); (c, 

d) one typical PNRs; (e) STEM-EDS mapping of a single PNRs; (f) Tomography 

orthoslice perpendicular to to the long axis of the rod obtained from the reconstructed 3D 
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volume of a PNRs; (g) 3D reconstructed isosurface rendering of the 3D reconstruction, 

where red corresponds to the nanogap. 

The uniformity of the nanogaps can be tuned by varying the concentration of 4-mp (4.1 × 

10
-4

 M (c1), 9.2 × 10
-4

 M (c2), 1.4 × 10
-3

 M (c3), and 2.7 × 10
-3

 M (c4)), keeping the 

amount of AgNO3 constant (500 µL), as shown in Figures 3.2a-2d, respectively. The 

HAADF-STEM images show an increasingly uniform distribution of nanogaps with 

increasing concentration of 4-mp. Interestingly, the external PNRs structure was also 

effected with rounder tips obtained at higher 4-mp concentrations, leading to a shape 

transition from shuttle to cylinder (Figure S5). The configuration of the Ag template is 

believed to be highly contingent upon the distribution of 4-mp, which are possibly 

inclined to first occupy the ends of core Au NRs.
56-58

 This results in a non-uniform Ag 

coating due to the pyridine-Ag complexation.
49, 50, 59

 The length, width, and gap size of up 

to 150 PNRs
65

 synthesized at different concentrations of 4-mp (c1 to c4) were calculated 

and are reported in Table S1 and Figure S6.  
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Figure 3. 2: The HAADF-STEM images of PNRs synthesized at different concentration 

of 4-mp (a) c1, (b) c2, (c) c3 and (d) c4. 

The amount of AgNO3 in the reaction also plays a crucial role in controlling the gap 

size.
45, 55

 Briefly, the more AgNO3 added, the thicker the Ag layer formed.
55

 Then, this 

layer is partially etched in the subsequent galvanic replacement, where the nanoscale 

Kirkendall effect
60, 61

 leads to the formation of a nanogap. As AgNO3 was increased from 

500, 750 to 1200 μL (keeping the concentration of 4-mp constant, c2), the size of the 

nanogap grew from ~2.5, ~2.9 to ~3.3 nm (Figure 3.3, S3 and S7). This nanogap does not 

form when all the reaction parameters are held the same except for the omission of 4-mp 

(Figure 3a). We hypothesize that this is due to the coordination of pyridine to Ag
+
, which 

significantly promotes the latter nucleation.  

 

Figure 3. 3:  (a) Low magnification TEM images of PNRs without 4-mp modification 

(500 µL AgNO3) and 4-mp-functionalized PNRs (b) 750 µL AgNO3, (c) 1200 µL AgNO3, 
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the molar ratio of ascorbic acid, NaOH and AgNO3 was constant (25:50:0.6) during the 

preparation. TEM images of a typical PNR are shown in insets.  

The addition of a AgAu coating shifts the longitudinal LSPR of core Au NRs (at 760 nm) 

to 661 (Figure 3.4a), supporting the shape and composition changes in the PNRs. UV-Vis 

extinction spectroscopy shows that the LSPR of PNRs (without 4-mp) is centered around 

724 nm (Figure 3.4b), while that of PNRs (with 4-mp) red shifts as the gap size increases 

(i.e., with increasing amount of AgNO3). The distribution and size of the gap can be 

controlled by 4-mp and AgNO3 concentration, respectively; both factors affect the NR 

LSPR (Figure 4a, 4b). Numerical simulations (Figure 3.4c, 4d) predict a blueshift of the 

longitudinal LSPR from a filled core-shell structure (such as Figure 3.3a) to a particle 

with a partial gap (such as Figure 3.3b), as observed in experiments (Figure 3.4b). A 

significant blueshift is also predicted between the initial Au NRs with aspect ratio 2.9 to 

the NRs with gaps, either full or partial. Rods with gaps are expected to exhibit spectral 

shoulders, which, in a heterogeneous sample, leads to the broadening of the LSPR 

observed experimentally.  
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Figure 3. 4: (a) UV-vis spectra of the Au NR (peak at 760 nm) and PNRs prepared at 

different concentration of 4-mp (c1: 661 nm, c2: 690 nm, c3: 720 nm, c4: 730 nm). (b) 

UV-vis spectra of PNRs without 4-mp modification (500 µL AgNO3) and 4-mp 

functionalized (c2) PNRs at different amount of AgNO3 (500 µL, 750 µL, 1200 µL). (c) 

And (d) are the results of numerical simulation performed in the discrete dipole 

approximation (DDA). (c): diagrams of the simulation geometry. The Au only rod has an 

aspect ratio of 2.9 (66 x 23 nm), while the others have an aspect ratio of 2.4 (81 x 33 nm) 

to match experimental measurements. The dielectric function of Ag and Au were 

obtained from reference.
53, 54

 The ambient medium was set to water and the gap was set 

to n=1.4 to simulate organic molecules in water. (d): Extinction spectra showing a good 

agreement of peak position with experimental results. 

The SERS signal of molecules residing inside the gap of core-shell nanostructures can be 

significantly enhanced
10, 35

 with potential for a stable and quantitative effect. In this case, 

SERS signals were hardly detectable for 4-mp free PNRs while they increased with 
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increasing the concentration of intra-gap entrapped 4-mp (Figure 3.5a). In particular, at 

the 4-mp concentration of c2, the spectral intensity reached a maximum; the signal is 

stable and reproducible, as confirmed by the stable intensity observed in the time-

dependent Raman spectra (Figure 3.5b). The significant SERS enhancement is likely 

generated by plasmonic coupling between the core and shell, of which the intensity could 

be tuned by the amount of loaded 4-mp. The size of the nanogap has an effect on SERS 

intensity: the larger of the gap size, the lower the Raman intensity (Figure S8).  

 

   

Figure 3. 5: (a) SERS spectra of the solution (0.325 μM Au) of different PNRs and core 

Au NRs. (b) Time-dependent SERS spectra of PNRs (4-mp, concentration c2). 

To further illustrate the importance of coordination prompted ion-nucleation in the 

controlled formation of intra-nanogap, 4-mp was replaced by Rhodanine, a Raman 

reporter with ion coordination properties (Figure S9a, b). Leaving all other experimental 

parameters constant (1200 μL AgNO3 used), the nanogap-embedded core-shell structural 

pattern was consistently reproduced as well as the Raman fingerprint peak of rhodanine, 

which agrees with published reports on Rhodanine SERS peaks (Figure S9c).
62

 Replacing 
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4-mp with 4-mercapto-benzene did not yield controlled intra-gapped structures, which we 

propose is due to the lack of coordination interactions.  

To test the applicability of our platform, we functionalized the PNRs with an aptamer that 

is specific to MUC-1 protein (overexpressed in MCF-7 type circulating tumor cells) and 

explored the detection of circulating tumor cells (CTCs). The number of CTCs found in 

blood of cancer patients are predictors of metastatic progression and may guide treatment 

decisions. Microfluidic and magnetic based platforms were recently reported to improve 

the efficacy of monitoring CTCs, which has mainly depended on immunostaining and 

physical properties discrimination.
63-65

 However, such techniques are very tedious and 

require special setups. SERS tags have also been employed to detect CTCs but suffer 

from poor reproducibility and the possibility of quantification.
66, 67

 The MUC-1 aptamer 

was connected to the surface of PNRs by the principle of complementary base pairing 

(Figure 3.6 a). Addition of PNRs to a blood mimicking fluid containing MCF-7 cancer 

cells, showed an ultrasensitive detection of these CTCs as verified by SERS and dark-

field imaging (Figure 3.6 b). A minimum of 20 MCF-7 cells can be detected after 1 h 

employing SERS, indicating the potential of PNRs as probes for detecting circulating 

cancer cells rapidly and efficiently (Figure 3.6 c). The selectivity of PNRs was further 

examined by the addition of other cancer cells such as Helen Lane cells (HELA) and 

Human embryonic kidney cells 293 (HEK). Figure S10 showed a negligible amount of 

PNRs attached to the surface of HELA and HEK cancer cells.  
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Figure 3. 6: (a) The schematic illustration of PNRs functionalized by aptamer. (b) 

Fluorescent (left), dark-field (middle) and the merging images (right) of the MCF-7 cells 

interacting with aptamer-functionalized PNRs. (c) Raman spectra of different number of 

MCF-7 cells treated with targeted PNRs. 

As the absorption of PNRs is at 700-950 nm, which is well within the biological window, 

and (near infrared) NIR light can be converted to heat easily by plasmonic nanostructures, 

we then tested the ability of PNRs to serve as heat transducers for cancer 

thermotherapy.
47, 68, 69

 After the NIR irradiation (808nm, 0.8W/cm
2
), the temperature of 

PNRs solution increased to ~ 60 
o
C in 10 minutes (Figure S11). Moreover, the linker 

between PNRs and aptamer is a duplex DNA with much GC pairs and thus it can 

complex hydrophobic drug molecules such as doxorubicin (Dox) via intercalation (Figure 

3.7). DNA hybridization / dehybridization can influence the loading and release of this 

anticancer drug following thermodynamically predictable paths. The fluorescence of Dox 

was quenched after intercalation into the CG base pair. Figure S12 shows the 

fluorescence intensity of Dox decreasing sequentially when an increasing molar ratio of 

DNA was incubated with a fixed concentration of Dox. The on-demand NIR heating and 
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release of Dox (Figure S14) dramatically enhance the functionality of this platform not 

just as a detection tool but possibly therapeutic as well. Specific killing efficiency was 

investigated by incubating MCF-7 cells with Dox loaded PNRs and the therapeutic 

effects of different nanoparticles formulations were compared. MCF-7 cells were 

incubated with different doses of PNRs conjugated with duplex DNA and aptamer 

(Probe), Dox loaded PNRs which had been conjugated with duplex DNA and duplex 

DNA with aptamer (Probe+Dox) for 5 hours. Unbound nanoparticles were removed and 

irradiated by NIR laser (808 nm, 0,8W/cm
2
) for 15 min and then fresh medium was 

added for further cell growth (24 h). The relative viability of cells with different 

treatments was evaluated by Cell Counting Kit-8 assay. The results in Figure 3.7 

demonstrated that Probe+Dox with NIR laser shows more cytotoxicity than Dox with 

NIR laser, resulting from the specific recognition of the aptamer to MCF-7 cells.  
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Figure 3. 7: In vitro cell viability test obtained by CCK-8 assay. MCF-7 cells were 

incubated with different concentrations of Probe, Dox and Probe+Dox under NIR 

irradiation (808 nm). 

3.4 Conclusions 

A linker-free method to synthesize a series of nanogap-embedded core-shell Au nanorods 

has been developed employing coordination interactions and galvanic replacement. 

Coordination prone Raman reporters (e.g., 4-mercaptopyridine and rhodanine) residing 

inside the gap could generate enhanced, stable, and reproducible SERS signals. The gap 

size can be tuned from ~2.5 nm to ~3.3 nm by adjusting the amount of added AgNO3 in 

the course of reaction. These PNRs were successfully used for quantitative SERS 
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analysis of MCF-7 type CTCs where their surface was functionalized by a DNA 

sequence to further bridge CTCs specific aptamers. Adding PNRs to a blood mimicking 

fluid resulted in a rapid detection of as low as 20 CTCs. The selectivity of this platform to 

a specific type of CTCs was further verified by adding HELA and HEK cancer cells to 

the blood mimicking fluid showing negligible SERS signal. The therapeutic potential of 

this platform was also demonstrated via controlled heating and on demand cancer drug 

(Dox) release increasing the potential of such a smart platform in innovative medical 

applications. Therefore, within the rich reservoir of Raman molecules, this method for the 

preparation of PNRs with a controlled intra-nanogap has the potential to serve as a well-

defined easy to employ technique for engineering multifunctional SERS-active materials 

with a wide range of applications in ultrasensitive and quantitative analyte detection. 
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Appendices 

Supplementary information of Chapter 3  

Tunable and Linker Free Nanogaps in Core–Shell Plasmonic Nanorods for Selective 

and Quantitative Detection of Circulating Tumor Cells by SERSIntroduction 

 

Figure S. 1: TEM image of core Au NRs. 

 

Figure S. 2: TEM image of Ag-coated Au NRs (Au@Ag) synthesized at concentration c2. 
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Figure S. 3: Length (a), width (b), and gap size (c) distribution of PNRs synthesized at 

concentration c2 of 4-mp (N = 150). 
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Figure S. 4: (a) The selected area diffraction pattern of PNRs. (b) STEM-EDS spectrum 

of PNRs. 

 

Figure S. 5: Additional TEM images of PNRs from c1 to c4 (a to d).  (e) TEM images of 

one PNRs (from c1 to c4, left to right), the light blue areas show the shape evolution of 

PNRs. 
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Figure S. 6:  Length (a, d, g), width (b, e, h), and gap size (c, f, i) distribution of PNRs 

synthesized at concentration c1, c3, and c4 of 4-mp, respectively (N = 150). 

 4-mp  Length (nm) Width (nm) Gap (nm) Aspect ratio 

PNRs (c1) 4.1×10
-4

 M 79 ± 8 nm 33 ± 4 nm 2.4 ± 0.5 nm 2.37 

PNRs (c2) 9.2×10
-4

 M 81 ± 8 nm 34 ± 5 nm 2.5 ± 0.6 nm 2.41 

PNRs (c3) 1.4×10
-3

 M 75 ± 9 nm 31 ± 4 nm 2.5 ± 0.5 nm 2.45 

PNRs (c4) 2.7×10
-3

 M 75 ± 9 nm 32 ± 4 nm 3.2 ± 0.9 nm 2.45 
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Table S. 1:  Size and shape details for PNRs synthesized with different 4-mp 

concentrations. We calculated this in Excel with the command “average” and “stedv”. 

 

Figure S. 7: Gap size distribution of PNRs synthesized with (a) 750µL and (b) 1200 µL 

AgNO3 (N=150). 

 

 



108 
 

This chapter includes results from a previously published paper by Yang Zhang et.al. ACS Appl. Mater. 

Interfaces. 2017, 9, 37597-37605. 

 

Figure S. 8: SERS spectra of 4-mp-modified PNRs (0.25 μM) with ~2.5, ~2.9, and ~3.3 

nm gap, and the PNRs without 4-mp functionalization. 

 

Figure S. 9:  (a) TEM image of rhodanine-modified PNRs. (b) TEM image of a typical 

rhodanine-modified PNRs. (c) Raman spectra of rhodanine powder and SERS spectra of 

rhodanine taken from the core Au nanorods and PNRs. 

 

Figure S. 10: Fluorescent (left), dark-field (middle) and the merging images (right) of the 

HELA and HEK cancer cells incubated with aptamer-functionalized PNRs. 
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Figure S. 11: The temperature curve of PNRs on different time period under the NIR 

irradiation with 0.8W/cm2 laser power. 
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Figure S. 12: Fluorescence spectra of Dox (3.4 μM) solution with increasing the molar 

ratio of duplex DNA (hybridized from DNA2) (from top to bottom DNA:Dox  0, 0.015, 

0.029, 0.044). 

 

Figure S. 13: Cumulative Dox release triggered by photo thermal from DNA 

complementary sequences versus the temperature increased by PNRs converting the 

absorbed NIR laser; in the green area, it has a dramatic increase of the release.
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Chapter 4              

Sensing of γ-glutamyl transpeptidase in living cells via a dual-

model system: enhanced fluorescence and surface enhanced 

Raman scattering by plasmonic nanoparticles 

4.1 Introduction 

For decades, analysis of cancer-related biomarkers has aroused tremendous attention as 

the crucial role they assumed in the assessment of cancer diagnosis, therapy, and 

management
2
. Enzyme, in particular, constitute a major part of natural biomarkers in our 

body for catalyzing more than five thousand biochemical reactions with specificity and 

fleetness
3
. γ-glutamyl transpeptidase (GGT), for example, is a membrane associated 

enzyme and able to selectively cleave the γ-glutamyl bond, thereby functioning 

exceptionally in cysteine salvage and homeostasis of glutathione in cells
4-5

. It is worth 

noting that the activity of GGT is intimately related to many of physically necessary 

physiological processes, as a vast range of diseases (e.g., asthma, diabetes and cancers) 

are commonly accompanied by its overexpression
6
. Recent advances has disclosed an 

aberrant expression of GGT in certain type of cancers (e.g., liver, ovarian, and cervical), 

as well as its possible role in the process of drug resistance of cancer
7
. As a result, as a 

prominent cancer-related biomarker, there has been an increasing demand for accurately 

evaluating the activity of GGT for cancer diagnosis and treatment. 

So far, a multitude of fluorescence imaging probes for the detection of GGT activity have 

been designed by the linkage of a GGT activated site γ-glutamyl with a “turn-on” model
8-
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11
. Of these, some were anchored by a near infrared fluorescence (NIR) part, resulting in 

low photo thermal damage and high penetration
8,12

. However, due to the low brightness 

of NIR fluorescence,
13-14

 plasmon enhanced fluorescence (PEF) has recently emerged as 

an effective technique to greatly intensify the fluorescence signals thereby improving the 

sensitivity of detection considerably
15-19

, which could be contributed to the enhanced 

fluorescence via the interaction of fluorophores and the localized palsmons
20-22

. 

Generally, such an enhancement originates from two paths, namely, the excitation- and 

emission enhancement by means of increasing light absorption or latering the non-

radiative decay rates and radiative of a molecule
23-24

, which are contingent upon i) 

position and orientation of the molecules; ii) the local field from the nanoparticles; and iii) 

the extent of overlap between the spectra of the nanoparticles and the fluorescent 

molecule
25-26

. Based off the above, gold nanorods are most favorable as PEF substrate
27

, 

largely on account of their tunable shape and size, plasmonic and optical properties, and 

anisotropic electronic. More importantly, silica coating has been widely used to modulate 

the gap distance for fluorescent optimization, thereby furthering the biocompatibility and 

stability of the metal substrates
29-30

. 

Apart from the fluorescent protocol, surfaced enhanced Raman scattering (SERS) has 

been recognized as another powerful route bearing the superior resistance to phototoxic 

and photo-bleaching and narrow emission peaks over its fluorescent counterparts
31-32

. At 

the same time, with respect to the SERS bio-application, the selection of suitable Raman 

reporter is extremely challenging
33-34

, as the bands of most Raman reporters severely 

overlap with these of interface substances from biological system
35

. Lately, it has been 

reported that alkyne, azide, cyano and three C-D bond have shown the unique Raman 
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emission in the cell Raman silent region (around 1800 cm
-1

 to 2800 cm
-1

)
36

, where the 

Raman signals of the interface substrate is negligible
37

. Given that the advantages of 

SERS (higher molecular recognition ability and photo stability) and fluorescence (higher 

detection speed)
38

, the unique ensemble of both techniques could yield a dual-model 

system that integrates the quick imaging of fluorescence and reliable target sensing of 

SERS, thereby holding great promise for clinical sensing applications. 

In this work, the unique combination of mesoporous silica-coated gold nanorods with a 

newly designed probe molecules could serve as an unprecedented dual-model sensor for 

sensing the GGT in living cells exclusively and effectively. The inorganic-organic hybrid 

substrate was designed by using plasmonic core (gold nanorods)-shell (mesoporous silica) 

structure covered by a layer of probe molecules (Scheme 4.1). Of great importance, a 

“switch function” has been infused into the probe molecules. Specifically, the 

fluorescence is silent and the SERS signals are quite low as the probe molecules are on 

their off state. Upon the reaction with GGT, the γ-glutamyl bond in the probe molecules 

was cleaved and the self-immolated part with cyano group was released resulting from a 

spontaneous intramolecular cyclization. As a result, the NIR fluorescence of the 

fluorescence part (FP) is on with significant enhancement via plasmon coupling. On the 

other hand, by the help of the adsorption character of mesoporous silica as well as the 

sulfur and cyano group for accelerating the attachment of released part on the surface of 

gold nanorods, the released Raman part (RP) is allowed to dive into the pores of silica 

and access the surface of gold nanorods followed by a SERS signals in cell silent region. 

Such a “turn-on” of fluorescence and Raman signals could well achieve the dual-model 

system involving PEF and SERS enhancement (gold nanrods), biocompatibility and 
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stability (mesoporous silica), and low interference (cyano group with Raman signals in 

cell silent region). As far as we know, this is the first example of a dual-model sensor 

with NIR fluorescence and cell Raman silent region signal for GGT sensing and imaging 

in living cells. 

 

Scheme 4. 1: schematic illustration of the dual-model sensor for detecting γ-glutamyl 

transpeptidase based on PEF and SERS techniques. 

4.2 Experiments 

4.2.1 Materials 

Gold(III) chloride hydrate (HAuCl4·xH2O), sodium borohydride (NaBH4), sodium azide, 

sodium hydroxide, silver nitrate, L-ascorbic acid, sulfuric acid, 

hexadecyltrimethylammonium bromide (CTAB), tetraethoxysilane (TEOS), (3-

iodopropyl)trimethoxysilane, acryloyl chloride, Boc-Cys(Trt)-OH, γ-

Glutamyltranspeptidase, 3-amino-propionitrile, Boc-Glu-OtBu, 1-bromo-3,5-

dimethoxybenzene, IR780-iodide, trimethylamine and all other chemicals are purchased 
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from Sigma Aldrich. All solvents related to reaction are obtained from VWR chemicals. 

All chemicals are used without further purification. Deionized water (Millipore Milli-Q 

grade) prepared in lab, was used in all experiments, with resistivity of 18.2 MΩ. 

4.2.2 Methods 

The TEM samples were prepared by drop nanoparticles on carbon-coated Cu grids. 

Transmission electron microscopy (TEM) was acquired on a FEI machine operating at 

200 kV. The size of nanoparticles was calculated in ImageJ software (150 nanoparticles). 

UV-vis spectra were obtained from SHIADZ UV-vis spectrophotometer (UV-2600). 

Fluorescence spectra were detected by using of a VARIAN fluorescence 

spectrophotometer. Zeta potential was measured by a Zeta Sizer produced by Malvern 

Instruments. Raman spectra and imaging were carried out on a Raman spectrometer 

(Horiba Jobin Yvon, Labram Aramis) equipped with a 785 nm excitation wavelength (32 

mW laser power). Confocal fluorescence imaging was obtained from Zeiss LSM 710 

upright confocal microscope.  

4.3 Experiments 

4.3.1 Synthesis of gold nanorods 

The gold nanorods were synthesized based on a seed mediated method as reported earlier 

with a slight modification
39-40

. Firstly, the seed solution was prepared by adding 100 μL 

of HAuCl4 (24 mM) into 7.5 mL of CTAB (0.1 M), then 0.6 mL of ice-cold NaBH4 (0.01 

M) was injected under vigorous stirring for 2 minutes. The seed solution was kept for 2-3 

h before used. In the end, 240 μL of the seed solution was added into a growth solution 



116 
 

The manuscript of this chapter is already prepared and ready to be submitted. 

 

prepared by mixing 2 mL of HAuCl4 (24 mM), 2 mL of H2SO4 (0.5 M), 450 μL of 

AgNO3 (10 mM), and 800 μL of L-ascorbic acid (0.1 M) in 100 mL of CTAB (0.1 M). 

The mixture was kept at 30 
o
C for 12 h and purified by centrifugation.  

4.3.2 Synthesis of silica-coated gold nanorods 

 The method of silica coating was stober method with a little modification
28, 41-42

. The 

gold nanorods were centrifuged with a final CTAB concentration of 1 mM and an 3.5× 

increase in the concentration of gold nanorod, while compared with the stock solution 

before centrifugation. 40 μL of NaOH (0.1 M) was added to 10 mL of gold nanorod to 

adjust the pH to ~10.5, and the solution was mixed for 30 min. 90 μL of TEOS (20% in 

methanol) was added with 3 times at an interval of 30 min. Then the solution was stirred 

gently for 24 h at room temperature. The nanorods were purified with centrifugation and 

dispersed into 5 ml of ethanol. 

4.3.3 Synthesis of azide-functionalized silica-coated gold nanorods 

3-azidopropyltrimethoxysilane was synthesized from (3-Iodopropyl)trimethoxysilane 

(supporting information). Then, 150 μL of 3-azidopropyltrimethoxysilane (25% in DMF) 

was added to 5 mL of the silica-coated gold nanorods in ethanol. The solution was heated 

to reflux for 12 h. The nanoparticles were purified by centrifugation to remove the excess 

azide.  

4.3.4 Probe molecule attachment 

The probe molecule was composed of P1 and P2 parts, the synthesis procedure was listed 

in the supporting information. 100 μL of P1 (1 mg/ mL) was added to 2 mL of the silica-
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coated gold nanorods with azide group in H2O. Then 0.1 mL of CuSO4 (0.01 M) and 0.2 

mL of sodium ascorbate was added and stirred for 24 h. The solution was centrifuged and 

washed with sodium citrated solution, then suspended in 2 mL of methanol. The 

supernatant was collected to calculate the amount of P1 attached to the nanorods by UV-

vis spectra. 

The P1 attached nanorods (2 mL) were added to the mixture of NaHCO3 , P2 (10 mg) in 

water (4 mL), and the mixture was stirred for 36 h at room temperature. The final probe 

nanoparticles was purified by centrifugation. 

4.3.5 Fluorescence detection of γ-glutamyl transpeptidase 

Enzyme buffer (U/L, pH=7.4, PBS, 1X) was added to the solution of probe nanoparticles, 

then incubated at 37 
o
C. The fluorescence spectra were recorded at varying time. 

Different concentration of the enzyme buffer (U/L, pH=7.4, PBS, 1X) was added to the 

solution of probe nanoparticles (5 μg/mL), then incubated at 37 
o
C for 30 min. The 

fluorescence spectra were obtained with different concentration of GGT. 

4.3.6 SERS detection of γ-glutamyl transpeptidase 

Different concentration of γ-glutamyl transpeptidase was prepared freshly with PBS 

buffer. In a 0.5 mL tube, 50 μL of γ-glutamyl transpeptidase solution was mixed with 250 

μL of probe nanoparticles (10 μg/mL). The mixture was incubated at 37 
o
C for 1h. At last, 

the mixture solution was concentrated and transferred to capillary tubes for SERS 

detection. 
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4.3.7 Fluorescence imaging of γ-glutamyl transpeptidase in living cells 

Two cell lines (HepG2, NIH-3T3) were selected, which overexpress and lower-express γ-

glutamyl transpeptidase, respectively. Cells in Dulbecco’s modified Eagle’s medium 

(DMEM) ( with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin) were seeded 

on a cover glass and allowed to adhere overnight at 37
o
C in an incubator containing 5% 

CO2 and 95% humidity. Then the cells were incubated with culture medium containing 

probe nanoparticles (5 μg/mL) for 1 h. After that, the medium was removed and the cells 

were washed with phosphate-buffered saline solution (PBS, 1X) three times and then 

fixed with 4% paraformaldehyde (PFA) for 20 mins followed by washing with PBS three 

times. Last, the cover glass was fixed on a slide for cell imaging. 

4.3.8 SERS imaging of γ-glutamyl transpeptidase in living cell 

HepG2 cells were cultured in DMEM medium (with 10% FBS, 1% penicillin-

streptomycin) and maintained in an incubator at 37 
o
C containing 95% humidity and 5% 

CO2. Then the cells were seeded on a cover glass and allowed to adhere for 12h, and 

followed by incubation with medium containing probe nanoparticles (10 μg/mL) for 2 h. 

After that, the medium was removed and the cells were washed with PBS (1X) three 

times and then fixed with 4% PFA for 20 mins followed by washing with PBS three 

times. At last, the cover glass was fixed on a slide for Raman mapping. 

4.3.9 Cell viability assay  

The biocompatibility of probe-connected gold nanoparticles was obtained by the cell 

counting kit-8 (cck-8) assay. HepG-2 cells were seeded in 96-well plates, and incubated 
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for 24 h at 37 
o
C. Then 100 μL of various concentration of probe nanoparticles was added 

and incubated for another 12 h. After that, 10 μL of CCK-8 solution was added to each 

well of the plate and incubated for 2 h further in the incubator. Last, the absorbance at 

450 nm was measured by using a microplate reader. 

4.4 Results and discussion 

The gold nanorods were synthesized followed by a seed-mediate method with 

homogenous structure (Figure 4.1a), displaying an average length of ~49.1 nm and a 

diameter of ~18.5 nm (Figure S1), with an aspect ratio of 2.6. Gold nanorods possess a 

great advantage that their localized surface plasmon resonance can be easily tuned from 

visible to NIR range by tailoring the aspect ratio of gold nanorods
43

. UV-vis spectra 

showed that the gold nanorods has plasmon band maxima at ~680 nm (Figure S2). After 

that, the gold nanorods were coated with mesoporous silica according to the literature
44

 

reported with a little modifications (Figure 4.1b). The thickness of the silica shell was 

modulated by adjusting the concentration of CTAB mentioned in the experimental 

section. Here, the thickness was tuned to ca. 16 nm in order to get the best enhancement 

(Figure S3). After the silica coating process, a slight red shift of the absorbance peak has 

been observed resulting from the change of refractive index around the gold nanorods 

(Figure S2). Mesoporous silica-coated gold nanorods were then modified with azide 

group that would pave the way for the click reaction to bind probe molecules on the 

surface. The zeta-potential measurements confirmed the azide functionalization of the 

mesoporous silica-coated gold nanorods (Figure S4). Before the gold nanorods were 

charged positively, however, the surface of nanoparticles was full of hydroxyl group 
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hence the surface was negatively charged after the silica coating. After the azide 

modification, the surface charge approaches zero as the neutral azide group. Another 

proof of the azide modification was displayed by Fourier-transform infrared spectroscopy 

(FTIR). The nanorods were centrifuged many times to make sure the free azide was 

removed. Compared with the CTAB gold nanorods, the broad and sharp bands at around 

1100 cm
-1

 corresponding to Si-O-Si vibration corroborating the formation of mesoporous 

silica shell with hydroxyl group on the surface of gold nanorods. A new peak was 

observable at ~2100 cm
-1

 in the spectrum of azide modified gold nanrods related to azide 

stretch, further confirming the azide modification (Figure S5). 

 

Figure 4. 1: (a) TEM images of gold nanorods. (b) TEM images of gold nanorods with 

mesoporous silica coating. 

Previously, many research groups have studied the interaction between the plasmon 

resonance and fluorophores
45-47

. It was reported that the fluorescence enhancement is 

optimally reply on the stronger spectra overlap between the absorption / emission 

spectrum of fluorophores and the surface plasmon peak of materials
48-49

. Thus, the gold 

nanorods with a specific aspect ratio of 2.6 was chosen for this system. As shown in 
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Figure 4.2A, the normalized emission spectrum of PF overlapped well with the surface 

palsmon absorption spectrum of gold nanorods. With the purpose of evaluating the PEF 

of mesoporous silica-coated gold nanorods, the fluorescence intensity of PF in water 

suspension as a control sample was carry out. The amount of PF molecules linked to the 

mesoporous silica shell was calculated through the absorption of the combined 

supernatant. The total concentration of FP in silica-coated gold nanorods was estimated 

to be almost the same as that in water suspension. The fluorescence enhancement was 

clearly observed (Figure 4.2b), and the fluorescence enhanced factor could be at around 

5.6 times at the silica thickness of ~16 nm. This demonstrated that the fluorescence 

enhancement could be attributed to the PEF phenomenon of gold nanorods.  

 

Figure 4. 2:  (a) UV-vis spectra of gold nanorods, absorbance and fluorescence spectra of 

FP. (b) Fluorescence spectra of FP linked to the silica-coated gold nanorods (green line) 

and that of a control sample with the same amount of FP in water (black line). 

Afterwards, the probe molecules were anchored on the surface of mesoporous silica-

coated gold nanorods. The probe molecule could be divided into two parts, P1 and P2, 

with synthetic procedures listed in the supporting information. Firstly, P1 was tethered to 



122 
 

The manuscript of this chapter is already prepared and ready to be submitted. 

 

the surface of mesoporous silica-coated gold nanorods via click chemistry. The copper 

ion was removed by washing with sodium citrated solution. Then P2 was connected with 

P1. The successful surface modification of mesoporous silica-coated gold nanorods was 

confirmed by FTIR spectrum (Figure S5). The peaks occurred at around 1500 cm
-1

 were 

associated to the characteristic peaks of the aromatic ring, indicating the successful 

functionalization of mesoporous silica-coated gold nanorods with P1. The disappearance 

of the signal at ~2100 cm
-1

 also indicated the consumption of azide groups by cyclization. 

After the P2 connection, some new peaks appeared at around 1600 cm
-1

 corresponding to 

carbonyl bonds from P2, and the characteristic peak of cyano group was observed at 

~2200 cm
-1

, confirming the connection of P2 part. After the modification of probe 

molecules, the obtained nanoparticles showed slight chemical shift of the fluorescence as 

the hydroxyl acylation of FP (Figure S6).  

Some studies have been devoted to the detection of GGT by using fluorescence
50-51

. It 

has been proved that the γ-glutamyl group in the probe molecules can be mactivated by 

GGT. The probe molecules possess hardly observed fluorescence as the quenching effect 

of the hydroxyl acylation conjugating with the NIR fluorescent part. Under the 

interaction with GGT, the γ-glutamyl bond in the probe molecules was cleaved, which 

triggered a spontaneous intramolecular cyclization, thus liberating the fluorescent part 

that has NIR fluorescence at ~710 nm. The response of probe nanoparticles to GGT was 

recorded by measuring the fluorescence spectrum upon the probe nanoparticles 

incubating with GGT in PBS buffer. In the presence of GGT, the fluorescence was turned 

on accompanied by the emerging of an emission peat centered at ~710 nm. The 

fluorescence emission at ~710 nm increased with the incubation time, and an 
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approximate plateau was reached after 30 mins (Figure S7). The probe nanoparticles 

were incubated with different concentrations of GGT in PBS buffer for 30 mins at 37 
o
C, 

and the resulting fluorescence spectra were obtained (Figure 4.3a). As shown in Figure 3a, 

without GGT, probe nanoparticles were very stable in PBS buffer after 30 mins with 

negligible fluorescence. After the incubation with GGT, it is notable that the intensity of 

the signal at ~710 nm is enhanced with an increased amount of GGT. The plot of 

fluorescence intensity at ~710 nm against the concentration of GGT showed a linear 

relationship in the range of 0-1 U/L (Figure 4.3b). The limit of detection was calculated 

to be ~1.2 mU/L (based on 3δ/s, where s is the slope of the linear equation and δ is the 

standard deviation of 15 times of blank measurements), which is significantly sensitive to 

detect the amount of GGT in serum (5-85 U/L)
52

. The selectivity of the probe 

nanoparticles was evaluated by testing a variety of substrates including inorganic salts 

(NaCl, KCl, MgCl2, ZnSO4), glucose, glutathione, 10% fetal bovine serum (FBS), trypsin, 

and reactive oxygen species (H2O2). As shown in Figure S8, probe nanoparticles 

exhibited exclusive selectivity for GGT, as the GGT specifically cut the γ-glutamyl group. 

HepG2 cell is a kind of cancer cell line and overexpress GGT. So HepG2 cells were 

chosen as a model to investigate the feasibility of probe nanoparticles to image GGT in 

cells. First, cell viability test was performed in HepG2 cancer cells to evaluate the 

toxicity of probe nanoparticles. After increasing the concentration of probe nanoparticles, 

cell viability decreased negligibly, indicating the good biocompatibility of probe 

nanoparticles (Figure S9). The HepG2 cells were incubated with probe nanoparticles for 

1h at 37 
o
C, after that the NIR fluorescence inside cells was obtained. As shown in Figure 

4.3c, the HepG2 cells showed intracellular fluorescence after incubated with probe 
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nanoparticles. In contrast, NIH-3T3 cells with lower expression of GGT was used as 

control sample, when NIH-3T3 cells were pretreated with probe nanoparticles at same 

conditions, the fluorescence in the cell images was negligible (Figure S10). The 

preceding results displayed the ability of probe nanoparticles to imaging GGT in living 

cells. 

 

Figure 4. 3: (a) Fluorescence response of probe nanoparticles to GGT at different 

concentrations. (b) Linear relationship of fluorescence intensity toward the concentration 

of GGT. (c)Confocal fluorescence images of HepG2 cells incubated with probe 

nanoparticles. 

The applicability of probe nanoparticles as a SERS nanosensor for detecting GGT was 

investigated in aqueous solution. In the presence of GGT, the γ-glutamyl bond in probe 

molecules was split, followed by the elimination of the self-immolating linker, thus 

releasing the Raman part (RP), which has cyano group with a Raman signals at cell silent 

Raman region. As the absorption properties of mesoporous silica, RP can come into the 
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pore and get to the surface of gold nanorods, the sulphur atom and cyano group in RP 

would accelerate this process, resulting in the SERS signals of cyano group at ~2250 cm
-1

, 

as shown in the SERS spectra (Figure 4.4a). With increasing the concentration of GGT, 

the peak intensity at ~2250 cm
-1

 increased, achieving SERS detection of GGT. There was 

a linear correlation between the peak intensity and the concentration of GGT over the 

range 0-60 U/mL, with a limit of detection of 0.95 U/mL (based on 3δ/s) (Figure 4.4b). 

This limit of detection is much lower than that of fluorescence method as the weak 

Raman scattering response of cyano group. But the SERS methods showed good stability, 

when the fluorescence was interfered by Cu
2+

. As shown in Figure S11, in the presence 

of GGT, probe nanoparticles have response on fluorescence and SERS, however, after 

the addition of Cu
2+

, the fluorescence was quenched, while the SERS signals still kept the 

same. After evaluating the efficacy of the SERS strategy in aqueous solution, the further 

detection of GGT in living cells was performed with Raman imaging. As it can be seen 

from figure 4.4c, the SERS signals at ~2250 cm
-1

 marked with green color indicated the 

overexpression of GGT in HepG2 cells , which showed good performance for screening 

GGT in live cells. 
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Figure 4. 4: (a) SERS spectra of probe nanoparticles on addition of GGT at different 

concentrations. (b) linear fitting cure of SERS intensity to the concentration of GGT. (c) 

SERS images of HepG2 cancer cells incubated with probe nanoparticles. 

4.5 Conclusion 

In conclusion, via the establishment of a novel dual-model nanosensor, namely, the 

ensemble of palsmonic enhanced fluorescence and surface enhanced Raman spectra with 

enzyme triggered activation of probe nanoparticles, GGT in living cells is allowed to be 

monitored and imaged successfully. In the presence of GGT, probe molecules are able to 

convert into NIR fluorescent product with a remarkable fluorescence enhancement (λem, 

710 nm), accompanied by the release of the Raman part to produce the SERS signal at 

~2250 cm
-1

 after the RP defuse across the pores of mesoporous silica and attach on the 

surface of gold nanorods. This nanosensor displayed NIR fluorescence with high 
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sensitivity, and the cell studies demonstrated that probe nanoparticles could induce bright 

NIR fluorescence in HepG2 cancer cells. On the other hand, these mesoporous silica-

coated gold nanorods as SERS substrate could effectively capture the RP, yielding 

Raman signals in cell silent area without any interference. This smart design combined 

the unique advantages of both fluorescence (fast detection speed) and SERS (high 

stability and anti-interference) techniques, promising a feasible route for its potential 

usefulness in medical application and clinical diagnosis. 
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Appendices 

Supplementary Information of Chapter 4 

Sensing of γ-glutamyl transpeptidase in living cells via a dual-model system: 

enhanced fluorescence and surface enhanced Raman scattering by plasmonic 

nanoparticles 

 

Figure S.  1: The size of length and width distribution of gold nanorods, with average of 

~49.1 nm and ~18.5 nm. 
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Figure S.  2: The normalized UV-vis spectra of gold nanorods (green line) and gold 

nanorods with mesoporous silica coating (red line). 

 

Figure S.  3:  The size distribution of the mesoporous silica shell thickness, with an 

average of ~16 nm. 

 

Figure S.  4: Zeta potential of gold nanorods, coating with mesoporous silica shell and 

modified with azide group. 
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Figure S.  5: FTIR spectra of CTAB stabilized gold nanorods (black line), bare gold 

nanorods with mesoporous silica coating (red line), azide functionalized mesoporous 

coated gold nanorod (green line), P1 functionalized mesoporous coated gold nanorod 

(blue line), probe molecule (P1+P2) functionalized mesoporous coated gold nanorod 

(pink line). 
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Figure S.  6: Then fluorescence spectrum of probe molecules connected to silica coating 

gold nanorods. 

 

Figure S.  7: Time dependence of fluorescence intensity of probe nanoparticles in the 

presence of GGT in PBS. 

 

Figure S.  8: Fluorescence response of probe nanoparticles to different substrates. 
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Figure S.  9: Cell viability of HepG2 cancer cells after treatment with different 

concentrations of probe nanoparticles. 

 

Figure S.  10: Confocal fluorescence images of NIH-3T3 cells incubated with probe 

nanoparticles. 
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Figure S.  11: The fluorescence spectra and SERS spectra probe nanoparticles in the 

presence of GGT (black line), and these spectra after the addition of Cu
2+

. 

Synthesis of (P1) 

The synthesis of P1 was based on the literature with slight modification, as it was shown 

in the synthetic path 1. 

 

 

 

Synthetic path 1: schematic procedure of the synthesis of P1 

Synthesis of 1-bromo-3,5-dihydroxybenzene (1)
1
 

1-bromo-3,5-dimethoxybenzene (2g, 9.2 mmol) in dry dichloromethane protected with 

argon atmosphere was cool down to 0
o
C. Then 1 M solution of boron tribromide in 

dichloromethane (30 mL, 30 mmol) was added, the mixture was warmed to room 

temperature and stirred overnight. Water and diethyl ether was added to extract the 

product, and then washed with brine and dried with Na2SO4. The solvent was removed 
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and the product was purified by column chromatography (hexane/ethyl acetate 10:1 to 

4:1) to get an off-with solid. 
1
H-NMR (500 MHz, DMSO-d6) δ ppm 9.67 (s, 2H), 6.37 (d, 

J = 2.1 Hz, 2H), 6.18 (s, 1H). 
13

C-NMR (126 MHz, DMSO-d6) δ ppm 159.85, 122.22, 

109.82, 102.21. 

Synthesis of 1,3-dihydroxyl-5-trimethylsilylethynylbenzene
2
  

A mixture of 1-bromo-3,5-dihydroxybenzene (1.5g, 7.9mmol), copper(I) iodide (76.3 mg, 

0.4mmol), triphenylphosphine (104 mg, 0.4mmol) was added to dry trimethylamine (45 

mL), then bis(triphenylphosphine)pllladium(II) (1.12g, 1.59mmol) was added and 

protected under argon. The mixture was stirred for 15 min, and then 

trimethylsilylacetylene (1.7 mL, 11.9mmol) was added and stirred for 12 h at 50
o
C. Then 

diethyl ether was added and the mixture was filtered, the solvent was removed under 

reduced pressure. The crude product was purified by column chromatography 

(hexane/acetone 20:1 to 5:1). 
1
H-NMR (500 MHz, Chloroform-d) δ ppm 6.52 (d, J = 2.1 

Hz, 2H), 6.34 (t, J = 2.3 Hz, 1H), 0.23 (s, 9H). 13C NMR (126 MHz, Chloroform-d) δ 

156.65, 125.01, 111.73, 104.02, 94.46, 53.85, 0.05. 

 

Synthesis of 1-ethynyl-3,5-dihydroxylbenzene (2)
2
 

1,3-dihydroxyl-5-trimethylsilylethynylbenzene (1g, 4.85mmol) was dissolved in dry 

tetrahydrofuran (THF) (33 mL), and then tetrabutylammonium fluoride (TBAF) (1.94 mL, 

1.94mmol) was added to the solution and stirred for 30 min. Then the solvent in the 

mixture was removed under reduced pressure. The solid was dissolved in chloroform and 
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washed with brine. Last, the organic layer was dried with anhydrous Na2SO4 and the 

solvent was removed to get the final product. 
1
H NMR (500 MHz, Chloroform-d) δ ppm 

6.55 (d, J = 2.2 Hz, 2H), 6.37 (t, J = 2.3 Hz, 1H), 3.51 (s, 2H), 3.02 (s, 1H). 
13

C-NMR 

(126 MHz, Chloroform-d) δ ppm 156.71, 123.79, 111.71, 104.20, 83.02. 

Synthesis of (3) 

1-ethynyl-3,5-dihydroxylbenzene (268 mg, 2mmol) and K2CO3 (276 mg, 2mmol) were 

added in a flask containing acetonitrile (10 mL), then the mixture was stirred for 10 min 

at room temperature, protected by argon atmosphere. Then IR 780 iodide (534 mg, 

0.8mmol) in acetonitrile was introduced into the mixture and stirred 12h at 50 
o
C. after 

that the solvent was removed un reduced pressure, and the crude product was purified by 

column chromatography with dichloromethane and acetone (50:1 to 6:1). 
1
H NMR (500 

MHz, Methanol-d4) δ 8.76 (d, J = 14.9 Hz, 1H), 7.69 (d, J = 7.7, 1H), 7.64 – 7.52 (m, 3H), 

7.52 – 7.46 (m, 1H), 6.95 (dd, J = 2.3, 1.1 Hz, 1H), 6.89 – 6.85 (m, 1H), 6.57 (d, J = 14.9 

Hz, 1H), 4.37 (t, J = 7.2 Hz, 2H), 4.06 (s, 1H), 2.83 (t, J = 6.1 Hz, 2H), 2.75 (t, J = 6.2 Hz, 

2H), 1.98 (m, 4H), 1.11 (t, J = 7.4, 3H). 
13

C NMR (126 MHz, Methanol-d4) δ 178.05, 

161.03, 154.64, 145.71, 145.64, 142.18, 142.11, 141.62, 131.01, 128.86, 127.41, 127.12, 

122.43, 121.42, 114.36, 112.67, 103.82, 102.89, 101.67, 84.26, 78.35, 50.68, 30.68, 28.72, 

28.69, 28.12, 26.89, 10.18. 

Synthesis of P1 

Product 3 (30 mg) in dry dichloromethane was added trimethylamine (280 μL) and large 

amount of acryloyl chloride. The mixture was stirred at room temperature for 2 h. Then 

the solvent was removed under reduced pressure, and the crude product was purified by 
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silica gel column chromatography (dichloromethane: methanol 100:1to 10:1). 
1
H NMR 

(500 MHz, Methanol-d4) δ 8.77 (d, J = 15.3, 1H), 7.70 (d, J = 7.6, 1H), 7.65 (d, J = 7.6 

Hz, 1H), 7.62 – 7.57 (m, 1H), 7.57 – 7.51 (m, 2H), 7.45 – 7.24 (m, 1H), 6.73 – 6.64 (m, 

2H), 6.18 (d, J = 10.5, 1H), 4.44 (t, J = 6.9 Hz, 2H), 4.20 – 4.06 (m, 1H), 2.90 – 2.80 (m, 

2H), 2.75 (t, J = 6.1 Hz, 2H), 1.99 (m, 4H), 1.11 (t, J = 7.4 Hz, 3H). 
13

C NMR (126 MHz, 

Methanol-d4) δ 179.46, 163.71, 158.63, 146.46, 146.42, 142.65, 142.57, 141.31, 133.39, 

131.68, 129.08, 128.33, 126.86, 122.58, 122.27, 121.20, 120.99, 114.95, 113.36, 110.22, 

106.06, 85.39, 77.90, 51.28, 31.37, 29.10, 26.83, 26.78, 23.64, 10.30. 

Synthesis of (P2) 

The synthesis of P1 was based on the literature with slight modification, as it was shown 

in the synthetic path 2. 

 

Synthesis of (1) 

BOC-(Trt)Cys-OH (500 mg, 1mmol) and 2-aminopropanenitrile (113.5 mg, 1.62 mmol) 

was added in dry dichloromethane (10 mL). The EDC.HCl (207 mg, 1mmol) and HOBt 
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(146 mg, 1mmol) and trimethylamine (150 μL, 1mmol) was added and stirred for 12 h at 

room temperature. Then saturated NaHCO3 was used to quenched the reaction followed 

by extracting with dichloromethane. The organic layer was dried by Na2SO4, and the 

solvent was removed under reduced pressure. The crude product was purified by column 

chromatography (dichloromethane: ether acetate 20:1to 5:1). 
1
H NMR (500 MHz, 

Chloroform-d) δ ppm 7.45 – 7.40 (m, 6H), 7.30 (dd, J = 8.6, 6.9 Hz, 6H), 7.25 – 7.20 (m, 

3H), 6.55 (s, 1H), 4.78 – 4.67 (m, 1H), 3.80 (q, J = 6.7 Hz, 1H), 3.54 – 3.34 (m, 2H), 2.73 

(dd, J = 13.2, 6.9 Hz, 1H), 2.64 – 2.43 (m, 3H), 1.42 (s, 9H). 
13

C NMR (126 MHz, 

Chloroform-d) δ ppm 171.21, 144.31, 129.54, 128.12, 126.98, 117.77, 67.34, 35.69, 

28.27, 18.22. ESI-MS: Calculated for ion (m+Na+):538.22, found at 538.22. 

 

Synthesis of (2) 

Triisoproplsilane (200 uL, 1.3mmole) was added to the mixture of Product 1 (173 mg, 0.3 

mmol) in trifluoroacetic acid (TFA, 8 mL) and pure water (200 μL). The mixture was 

stirred at room temperature for 30 min. Then the solvent was removed under reduced 

pressure, dichloromethane (30 mL) was added dissolved the final product. The organic 

layer was extracted with pure water. The aqueous layer was dried in freeze direr to get 

the final product. 
1
H-NMR (400 MHz, Methanol-d4) δ ppm 4.02 (dd, J = 6.6, 5.0 Hz, 1H), 

3.64 – 3.53 (m, 1H), 3.46 (dt, J = 13.7, 6.3 Hz, 1H), 3.09 – 2.93 (m, 2H), 2.76 – 2.69 (m, 

2H). 
13

C-NMR (101 MHz, Methanol-d4) δ 167.36, 118.02, 54.65, 35.36, 29.62, 16.99 (d, 

J = 7.1 Hz). ESI-MS: Calculated for ion (m+H+) at 174.24, found at 174.12. 
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Synthesis of (3) 

A mixture of BOC-Glu-OtBu (592 mg, 1.92mmol), HATU (742 mg, 1.92mmol) and 

N,N-Diisopropylethylamine (DIPEA) (854 μL, 4.9mmol) in dry acetonitrile (20 mL) was 

stirred at 0
o
C for 30 min. Then product 2 (215 mg, 1.24mmol) in dry acetonitrile (20 mL) 

was introduced and further stirred for 2.5 h at room temperature. Then the solvent was 

stopped, and the solvent was removed under reduced pressure. The crude product was 

purified by silica gel column chromatography (dichloromethane: methanol 100:1 to 50:1). 

1
H NMR (500 MHz, Methanol-d4) δ 4.49 (t, J = 6.6 Hz, 1H), 3.98 (t, J = 8.6, 1H), 3.43 

(m, 3H), 3.25 – 3.12 (m, 1H), 2.68 (t, J = 7.2, 2H), 2.34 (t, J = 7.4 Hz, 2H), 2.15 – 2.06 

(m, 1H), 1.94 – 1.81 (m, 1H), 1.47 (s, 9H), 1.45 (s, 9H). 
13

C NMR (126 MHz, Methanol-

d4) δ 174.82, 173.26, 172.52, 158.06, 119.31, 82.81, 80.54, 61.50, 55.31, 40.92, 36.65, 

32.90, 31.26, 28.74, 28.25, 18.25. HRMS calculated for C20H34N4O6S, m/z=458.22, 

found 459.2023. 

 

Synthesis of P2 

Product 3 was dissolved in trifluoroacetic acid (5 mL) and stirred for 1h. The reaction 

was stopped and the solvent was removed under reduced pressure. Then dichloromethane 

was added and extracted with water, the aqueous layer was collected and dried in freeze 

drier to get the final product. 
1
H NMR (500 MHz, Methanol-d4) δ 4.56 – 4.41 (m, 1H), 

4.08 – 3.99 (m, 1H), 3.52 – 3.40 (m, 3H), 3.26 – 3.17 (m, 1H), 3.02 – 2.80 (m, 2H), 2.70 

(t, J = 6.6 Hz, 1H), 2.57 (t, J = 6.9 Hz, 1H), 2.32 – 2.13 (m, 2H). 
13

C NMR (126 MHz, 
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Methanol-d4) δ 172.89, 171.00, 170.09, 118.10, 64.27, 56.93, 38.52, 35.21, 30.85, 29.83, 

16.93. HRMS calculated for C11H18N4O4S, m/z=302.10, found 302.0962. 

 

Synthesis of 3-azidopropyltrimethoxysilane
3
 

3-Iodopropyltrimethoxysilane (195mL, 1mmol) was added to dry dimethylformamide 

(DMF), and then NaN3 (390 mg, 6mmol) was added and stirred for 12 h. The reaction 

was protected under argon. At last, water was added, and the product was extracted with 

hexane, the organic phase was washed with water and brine and dried with Na2SO4. Then 

the hexane was removed to get the final product. 
1
H-NMR (500 MHz, Chloroform-d) δ 

3.62 – 3.53 (m, 9H), 3.26 (t, J = 6.9 Hz, 2H), 1.73 – 1.67 (m, 2H), 0.74 – 0.64 (m, 2H). 

13
C NMR (126 MHz, Chloroform-d) δ 53.88, 50.73, 22.59, 6.47. 
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Chapter 5         

Summary and Discussion 

Sensing and bioanalysis are fundamental in effective diagnosis and treatment of all 

diseases, therefore a focus on sensing tools is urgency and much important. Developing 

an bioanalysis tools, that is real time, rapid, sensitive and accurate, is vitally important. A 

variety of nanomaterials, such as magnetic nanomaterials, carbon nanotubes and quantum 

dots, have been used in bioanalysis as signal transducers. The application of 

nanomaterials to bioanalysis leads to an ultrasensitive level. 

Plasmonic nanostructures can be tuned with different shape, which allow a strong local 

electromagnetic field around its surface and make longitudinal plasmon wavelength into 

the near infrared (NIR) region. This make the palsmonic nanostructures have a strong 

interaction with molecules in the biological window (700-900 nm), where the interface 

from biological system is minimal and make the light penetrate the tissue through blood 

easily. Thereby, plasmonic nanostructures can be usued to enhance SERS and mediate 

fluorescence. Sensing relied on plasmon transduction were well developed. These sensors 

have high sensitivity and the ability of anti-interference.  SERS provides a sensitive 

spectroscopic method for detecting analytes at the molecular level. SERS is a label free 

method, identifying the analyte with the chemical “fingerprint ” from Raman spectra. 

Fluorescent methods provide high quality images, but the near infrared fluophore has low 

brightness. The interaction between plasmonic nanostructures amplifies fluorescence 

signals, accompanied by increased sensitivity.   
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In this dissertation , we made spikey nanorods for quantitative SERS. The core-shell 

structure with interior gap make distribution of high enhancement factors values narrow, 

and produce reproducible and uniform SERS signals with higher sensitivity and stability. 

The spikey surface make the plasmon resonance on the surface much stronger leading to 

a higher local electromagnetic field, which has an excellent performance  in detecting 

PAHs molecules based on the ratio of SERS signals between analytes and interior 

molecules. Then this method was improved extensively. The nanoparticles with a 

monodisperse prosperity and  longitudinal plasmon wavelength in biological window, 

which make this nanoparticles much suitable in bioanalysis. The interior Raman 

molecules provide stronger, reproducible and stable SERS signals. With the assist of 

aptamer attached on the surface, this plasmonic nanostructure can be used to detect 

circulating tumor cells with a lower limit of detection. The linker between the 

nanoparticles and aptamer is a duplex DNA that was insert anti-cancer drug doxorubicin. 

This system can be used as a targeted and synergy therapy platform with chemical and 

photo thermal therapy. Fluorescence is an excellent method for imaging, how to combine 

the SERS sensing and fluorescence imaging? By using a smart designed molecules and 

silica coated gold nanorods as substrate, in presence GGT enzymes, a strong enhanced 

fluorescence can be obtained on the surface of silica and a Raman part will be released 

and get to the surface of gold nanorods to get SERS signals, which realize the dual  

model detection.  

Some new plasmonic nanostructures have been developed and applied in bioanalysis. 

According to the results, these platforms had good performance in bio analysis. These 

open new avenues for sensing studies in vitro bioanalysis, in vivo imaging and cancer 
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therapy. A large amount of fundamental work has been done during the past decades to 

develop a variety of platform for bioanalysis. Plasmonic nanostructures hold great 

promise in sensing and imaging as the design keeps on progressing. The palsmon 

nanostructure will continue to be developed for enhance sensing and new designed 

schemes based on SERS and PEF.  

  

 

 

 

 

 

 

 

 

 

 

 

      


