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ABSTRACT 

Gold nanoparticles (GNPs) have attracted much interest in the field of chemical and 

biological sensing, due to their unique size- and shape-dependent optical properties. In 

the first part of this thesis, a new size-dependent photoacoustic (PA) effect of GNPs is 

described. We found that the PA signal produced by laser-induced nanobubble on GNPs 

strongly depends on GNPs size. Based on this new effect, variations of size of GNPs, 

due to nanoparticle aggregation and dissolving, can be detected. Hence, the potential of 

this new PA effect in the field of chemical and biological sensing is investigated. Three 

possible applications are demonstrated and tested, and the results are compared with 

conventional diagnostic methods respect to the sensitivity and selectivity. 

The second part of this thesis is mainly concerned with another optical effect of GNPs: 

surface-enhanced Raman scattering (SERS). SERS holds vast potential in biological and 

chemical sensing. In this section, we attempted to directly monitoring antigen-antibody 

binding by SERS. Many label-free SERS detection schemes have been demonstrated 

and tested. But all these attempts yielded unsatisfied results. Hence, we switched to an 

indirect way, which was based on labeled SERS nanoparticle probes. In the following 

chapter, a rapid and straightforward way for the synthesis of core-shell SERS tags is 

described, and then SERS tags are functionalized with anti-Salmonella antibody as a 

model to present a potential application of tags in biological sensing.  
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CHAPTER 1 Gold Nanoparticles 

Contents 

1.1 Historic Introduction  
1.2 Synthesis Methods 
1.3 Size and Shape Dependent Optical Properties of GNPs 
1.4 Application in Chemical and Biological Sensing 
------------------------------------------------------------------------------------------------------------------------- 

1.1 Historic Introduction 

The past decades have witnessed tremendous advances in nanoscience and 

nanotechnology. Gold nanoparticles (GNPs) have emerged as an important research 

subject in this field. Although this development in nanoscience and nanotechnology 

took place recently, gold is actually one of the most ancient research themes in science. 

The first extraction of gold dates to the 5th millennium B.C. near the area of Varna 

(Bulgaria), and the first record of “soluble” gold (gold colloids) can be found in Egypt 

and China around the 5th or 4th century B.C [1]. The first application of this “soluble” 

gold was to produce ruby glass or for coloring ceramics, which are still continuing now. 

One of the most famous examples is the Lycurgus cup that appears green in reflected 

light and ruby red in transmitted light, due to the presence of gold colloids (Figure 1.1). 

In Middle Ages, people also discovered the medical uses of the “soluble” gold [2]. Once 

it was believed that the “soluble” gold could treat heart and venereal problems, 

dysentery, epilepsy, and tumors, and could be used for diagnosis of syphilis, although 

these uses have been proven to be not completely reliable later [3-5]. 

During the17th to 19th century, the knowledge about the “soluble” gold was gradually 

accumulating. In a book published in 1676 [6], a German chemist Johann Kunckel first 

wrote down “gold must be present in such a degree of communition that it is not visible 

to the human eye”. This idea was generally accepted in the next century. In a French 

dictionary [7], as part of the explanation of the word “soluble” gold, it was written down 
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that “drinkable gold contained gold in its elementary form but under extreme 

sub-division suspended in a liquid”. And the term “colloid” (from the French, collé) was 

introduced by Graham in 1861 [8].  

 
Figure 1.1 Images of the Lycurgus Cup (courtesy of the British Museum). The glass appears green 
in reflected light (left) and red in transmitted light (right), due to the presence of gold colloids.  

Various methods for the preparation of gold colloids have been reported and reviewed 

since the late 19th century [5, 9-13], including a famous work made by Faraday in 1857 

[14]. Colloidal gold can be obtained by reduction of chloroaurate (AuCl4
-) in aqueous 

solution using phosphorus in CS2 (a two-phase system). He also investigated the optical 

properties of thin films consisting of dried colloidal gold and observed some reversible 

color changes of the films upon response to mechanical compression. 

Nowadays, GNPs have been studied intensively in both fundamental and applied 

aspects. Their unusual optical properties, size dependent electrochemistry and high 

chemical stability have made GNPs an appropriate model system for investigating a 

wide range of phenomena, such as the behavior of the individual particle, size-related 

electronic, magnetic, and optical properties (quantum size effect) [15-27]. They are also 

present in many fascinating applied aspects like biolabeling, catalysis, DNA melting 

and assays etc. [28-37]. GNPs play an important role in these fields as well as in the 

bottom-up approach of nanotechnology, and they will become elemental materials and 

building block in the 21st century [1].  
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1.2 Synthesis Methods 

Many approaches for preparing GNPs have been developed since the late 19th century [5, 

9-13, 38]. In this section, some of the most important methods that are intensively used 

in this thesis are discussed briefly.  

1.2.1 Citrate Reduction  

Probably the most popular method for preparing gold nanospheres is using citrate 

reduction of tetrachloroauric acid (HAuCl4) in water. The method was pioneered by J. 

Turkevich et al. in 1951 and refined by G. Frens in the 1970s [10-11]. In general, the 

solution of sodium citrate is added to the hot gold solution and heated for an additional 

thirty minutes. The reactions involved in the reduction are portrayed in Figure 1.2. The 

addition of sodium citrate to HAuCl4 results in the oxidation of the former to sodium 

acetate dicarboxylate (SADC) and the reduction of the latter to AuCl. The citrate also 

serves as a buffer that encourages the crystal growth of the nanoparticles. This 

nucleation and crystallization process accelerates at high temperatures and the formation 

of GNPs can be noticed as a color change of the solution.  

This method is very often used even now. The diameter of GNPs obtained by this 

method is around 10 ~ 20 nm. Larger particles (between 16 ~ 147 nm) can be produced 

via a modification of the ratio between the reducing/stabilizing agents (the sodium 

citrate to gold ratio) [11]. However, for particles larger than 30 nm prepared by this 

method, deviations from a spherical shape were observed, as well as a large 

polydispersity in diameter of GNPs. The other problem involved is the poor 

reproducibility of the synthesis. It is difficult to prepare large particles with the same 

(average) diameter obtained from two syntheses, which were carried out under identical 

conditions. 
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Figure 1.2 Reactions involved during the nucleation and crystal growth of gold nanoparticles. 

1.2.2 Seeding Growth  

Since the synthesis of large colloidal gold nanoparticles (i.e. with diameters between 40 

~ 120 nm) by citrate reduction method yields unsatisfactory results, another method, 

called the seeding-growth [39], has been developed and becomes extremely popular 

now. In a typical procedure, small gold nanoparticles (dp < 10 nm) are first prepared as 

“seeds”, and the seeds are grown to larger sizes by addition of a boiling solution of 

HAuCl4 and citrate. The sizes of GNPs can be controlled by varying the ratio of seed to 

metal salt [40-42]. Large gold nanoparticles prepared via this approach yield more 

reproducible and predictable results than citrate reduction. Recent studies show that this 

procedure is capable of controlling the size distribution in a narrow range (10 - 15 % in 

the range 5 - 40 nm) [40-42]. 
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Furthermore, a step-by-step particle enlargement is more effective than the above 

mentioned one-step seeding method, due to the prevention of secondary nucleation [43]. 

Figure 1.3 shows a step-by-step particle enlargement method [39, 44]. NH2OH is 

capable of reducing Au3+ to bulk metal, and the reaction is dramatically accelerated by 

Au surfaces [45]. As a result, all the reduction of Au3+ takes place on the surface of 

colloidal gold, and no new particle nucleation is generated in suspension. Hence, all 

added Au3+ goes into enlarging the particles, and the resulting GNPs can be used as 

seeds again for further enlargement.   

 

Figure 1.3 Scheme of step-by-step particle enlargement method. No new particle nucleation creates 
during the enlargement. 

1. 3 Optical Properties of GNPs 

Physicists predicted that nanoparticles would display electronic structures reflecting its 

electronic band structure, due to quantum-mechanical rules [46]. The resulting physical 

properties are neither those of bulk metal nor those of molecular compounds, but they 

strongly depend on the interparticle distance of the nanoparticles as well as the nature of 

organic ligands protecting the nanoparticles [47].  
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These unique size- and shape-dependent optical properties have attracted enormous 

interest, including large optical field enhancement resulting in the strong scattering and 

absorption of light [24, 28, 48-67]. These unique properties are mainly related to the 

collective excitation of the conduction band electrons known as the surface plasmon 

resonance (SPR). 

1.3.1 Surface Plasmon Band 

In case of noble metals, as the size is reduced to several tens of nanometers scale, a new 

very strong absorption emerges as the result of collective oscillation of electrons gas on 

the surface of nanoparticles, driven by the electromagnetic field of incoming light. This 

oscillation absorbs the light of a particular frequency. The deep-red color of GNPs in 

water reflects the broad surface plasmon band in the visible region around 520 nm. The 

strong absorption band is the so-called surface plasmon band (SPB). 

The nature of the surface plasmon band was described in a publication by Mie in 1908 

[68]. According to Mie theory, the total cross section of the SP absorption and 

scattering is the result of the cooperative effect of all electric and magnetic oscillations. 

The surface plasmon resonances of spherical particles were described quantitatively by 

solving Maxwell’s equations with the appropriate boundary conditions [1]. Mie theory 

attributes this plasmon band to the dipole oscillations of the free electrons in the 

conduction band occupying the energy states immediately above the Fermi energy level 

[69]. Many optical behaviors of GNPs reported recently show a good accordance with 

the prediction of Mie theory [69-75]. 

A main influence of SPB is the size and shape of GNPs. The SPB is absent for GNPs 

less than 2 nm, as well as bulk gold. The size of GNPs also affects the absorption 

maximum and the bandwidth of SPB. For GNPs with average diameters of 9, 15, 22, 48, 

and 99 nm in aqueous phase, the maximum absorption of SPB was observed at 517, 520, 

521, 533, and 575 nm, respectively [1]. Another proof also can be seen in Figure 1.4 

that gold nanoparticles of different sizes yield different colors. Furthermore, the SPB 
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bandwidth increase with increasing size in the extrinsic region (larger than 25 nm), and 

decreasing with increasing size in the intrinsic size region (smaller than 25 nm) [1]. 

Besides, the absorption maximum and bandwidth of SPB are also influenced by the 

particle shape. A corresponding proof can be found in Figure 1.5, gold nanorods with 

different aspect ratios show significant difference in SPB. 

 

 

Figure 1.4 Photograph showing gold nanoparticles of different sizes. Reprinted from ref. [76]. 

 

 

Figure 1.5 (A )TEM image of gold nanorods of average aspect ratios (σ) ≈ 2.0, 2.8, 4.0, and 5.2. (B) 
Extinction profile of Au nanorods with aspect ratios varying from 2.0 to 5.7. Reprinted from ref. 
[77]. 
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The inter-particle distance is another major influence of SRB. For instance, the SPB is 

shifted to higher wavelengths with decreasing distance between elliptical particles [1]. 

Furthermore, as predicted by Mie theory [78-84], the change of refractive index of the 

solvent induces a shift of the SPB. For example, as the solvent refractive index shifts 

from 1.33 to 1.55, SPB of GNPs with average diameter 5.2 nm reveals 8-nm shift. 

Because all GNPs need to be stabilized by ligands or polymer, these stabilizers often 

alter the refractive index and thus cause a shift of SPB. Another parameter is the core 

charge. Excess electronic charge causes shifts to higher energy, whereas electron 

deficiency causes shifts to lower energy [78-84]. 

Because the position and shape of SPB are sensitive to many parameters, applications of 

the SPB in the fields of chemical and biological sensing are widely known [85]. These 

contents will be discussed at the end of this chapter. 

1.3.2 Surface-Enhanced Effect 

A giant enhancement of the optical responses is created on metallic nanostructure, such 

as metal nanoparticles and rough thin films consisting of nanoparticles. This 

enhancement is associated with the generation of strong electromagnetic fields at the 

surfaces of the nanostructures. Compared to a flat metal surface, the fundamental 

electric field at the nanostructures is 103 ~ 106 times stronger [86-91]. Hence, many 

weak optical effects are significantly enhanced in the strong electromagnetic fields [18, 

52, 59-60, 64-65, 67, 85-87]. 

1.3.2.1 Surface-enhanced Raman Scattering 

One of these weak optical effects is the Raman scattering. Raman scattering is the 

inelastic scattering of light, which was first experimentally observed by Raman and 

Krishnan in 1923 [92]. As reported in their paper, Raman scattering was characterized 

as “feeble” effect, for example, the cross sections of Raman scattering are typically 14 

orders of magnitude smaller than those of fluorescence. Thus, the Raman signal is 

several orders of magnitude weaker than the fluorescence emission in most cases [93]. 
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However, the magnitude of the Raman scattering signal can be greatly enhanced when 

the analyte is placed on or near a roughened noble-metal substrate. This effect was first 

observed by Fleischman et al. in 1974 [94], and then discovered by Jeanmarie and Van 

Duyne [95], and Albrecht and Creighton in 1977 [96]. Later, large enhancements (106 ~ 

1012) were also observed from organic dyes on colloidal dispersion [89, 97-101]. Strong 

electromagnetic fields generated on surfaces of substrates or nanoparticles is closely 

related to this enhancing scattering effect. Hence, this enhancement effect is named 

surface-enhanced Raman scattering (SERS), in order to emphasize the key role of the 

noble metal surface in this phenomenon [93]. 

The exact mechanism of SERS enhancement remains unclear. It is generally accepted 

that two mechanisms cooperating with each other are responsible for the large 

enhancement of SERS: chemical enhancement and electromagnetic enhancement.  

In a chemical mechanism, a charge-transfer state is created between the metal and 

analyte [102]. This state provides a pathway for resonant excitation and increases the 

probability of a Raman transition. It is believed that this mechanism contributes an 

average enhancement factor of 102. It should be noted here, that the molecule must be 

directly adsorbed to the roughened surface to experience the chemical enhancement. 

In electromagnetic enhancement, the large enhancement of SERS is the consequence of 

the large electromagnetic field generated on the surface of metallic nanostructure. The 

size and shape of nanoparticles or the geometrical structure of the metal film plays an 

important role in this mechanism, since these characteristics determine the resonance 

frequency of the conduction electrons in the nanostructure [95]. When incident 

electromagnetic radiation with the same frequency excites the nanostructure, the 

incoming electric field drives the conducting electrons into collective oscillation. As a 

result, the nanostructure selectively absorbs and scatters of the resonant electromagnetic 

radiation, and a large electromagnetic field at the surface of the nanostructure is 

generated. The electromagnetic enhancement contributes an enhancement factor of over 

106 [103].  
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It should be mentioned here, that enhancement effects from both mechanisms are highly 

localized and decayed rapidly with increasing distance between the analyte and the 

nanostructure surface. As mentioned above, once the analyte is separated from the 

surface, the chemical enhancement effect disappears. On the other hand, the analyte 

should be confined within the large electromagnetic fields on the surface to experience 

the electromagnetic enhancement [104]. But these electromagnetic fields decay 

dramatically with increase of distance to the surface. Van Duyne et al. have proved that 

the SERS intensity decreases by a factor of 10 when the distance increases to 2.8 nm 

[105-106]. Further studies also showed, when the distance increase to 20 nm, the SERS 

intensity dropped to one hundredth of the initial intensity [107]. With further increase of 

the distance, the intensity exhibited a linear drop on a double log scale. This feature 

makes SERS a truly surface-sensitive technique [104].  

1.3.2.2 Nonlinear Optics 

Nonlinear Optics (NLO) studies the interaction of applied electromagnetic fields and 

corresponding new electromagnetic fields generated in various materials, which altered 

in frequency, phase, or other physical properties [47]. Hence，the surface enhanced 

effect on metallic nanostructure is particularly important for many NLO processes, since 

the generally weak NLO effects can be significantly enhanced via the strong 

electromagnetic fields at the metallic surface [59-60, 85-87]. Several publications 

demonstrated that Second-Harmonic Generation (SHG) can be greatly enhanced (∼104) 

for molecules absorbed on roughened metal surfaces [89, 97-101].  

Recently, many publications have demonstrated the applications of the size and shape 

dependent NLO properties of nanomaterials in biological and chemical sensing [76-77, 

91, 108-115]. NLO based sensing has exhibited some specific advantages, compared to 

other conventional and nanomaterial based techniques [47]. 
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1.4 Nanoparticles in Chemical and Biological Monitoring 

Intense research has been fueled into the field of molecular diagnostics by the need for 

practical, robust, and highly sensitive and selective detection agents that can address the 

deficiencies of conventional technologies [28]. In the last decade, the field has 

witnessed a new trend using of nanomaterials in assays for ions, DNA/RNA, protein, 

bacteria and biologically relevant small molecules [28, 48-54, 57, 116]. In certain cases, 

nanomaterials have exhibited significant advantages over conventional diagnostic 

systems with regard to assay sensitivity, selectivity, or are practicability. Some of them 

are capable of sensing at the single-molecule level in living cells, or are able to be used 

for the parallel detection of multiple signals, or enabling a diversity of simultaneous 

detections [28, 48-54, 57, 116]. 

Not all the nanomaterials suit for molecular diagnostics. Only certain nanomaterials are 

attractive due to their small size (1 - 100 nm), correspondingly large surface-to-volume 

ratio, chemically tailorable properties, unusual target binding properties, or overall 

structural robustness [28]. Since gold nanoparticles occasionally satisfy the above four 

requirements, and due to their low toxicity, scientists have shown great interest in using 

gold nanosystems for molecular diagnostics [28, 48-54, 57, 116]. Due to the surface 

plasmon band, gold nanoparticles also provide outstanding optical properties that can be 

used with a variety of techniques for labeling, imaging, sensing, and diagnostics. A lot 

of optical techniques can be applied in the gold nanosystem, such as SPB, SERS, NLO, 

or nanoparticle based fluorescence energy transfer (NSET). We will focus on some of 

the techniques that are closely related to this thesis.   

1.4.1 Aggregation-based Colorimetric Detection 

The SPB is a widely used sensing tool in the field of chemical and biological sensing. A 

common sensing mechanism is based on the aggregation of receptor-conjugated GNPs 

in the presence of the target molecule. When GNPs begin to aggregate, they form pairs 

of nanoparticles and the interaction of dipoles of two adjacent nanoparticles, causing a 
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red-shift of SPB. Thus a new peak emerges in their SPB spectrum. In a fully aggregated 

suspension, the red-shifted peak dominates the spectrum, which can be easily observed 

by naked eyes or a UV/Vis spectrometer. Based on the above mechanism, a simple 

homogeneous colorimetric immunoassay was firstly developed by Leuvering et al. [117]. 

Antibody-conjugated GNPs form aggregates after mixing with the antigen. Later, this 

mechanism was adopted by Mirkin et al. for DNA detection (Figure 1.6) [118-121]. 

Other applications included detection of protein-ligand interactions [122-123], 

immunological recognitions [124-125], and metal ion-ligand complexation [126-129].  

The main problem of these aggregation-based colorimetric methods is their limited 

sensitivity. A UV/Vis spectrometer can detect aggregation only if the aggregation level 

is high enough to cause a color change. In order to enhance the sensitivity, many signal 

amplification strategies have been proposed [130]. However, these improvements often 

involve complicated multi-step procedures that are not only time consuming, but also 

significantly restricted in the reproducibility of the results.  

Besides SPB, light scattering is another optical property of GNPs that attract great 

interest in biomolecular detection [114, 124, 131-136]. The light-scattering cross section 

of a GNP with a diameter of 60 nm is 200 - 300 times stronger than that of a 

polystyrene bead of the same size, and 4 - 5 orders of magnitude stronger than that of a 

strong fluorescent dye, e.g., fluorescein [131-132]. Recently, a technique called 

Dynamic Light Scattering (DLS) has been introduced for monitoring GNPs aggregation 

[137-139]. DLS is a technique used to determine the size distribution of small particles 

in suspension or polymers in solution [140]. Hence, the aggregation of 

receptor-conjugated GNPs in the presence of the target molecule was measured by DLS, 

and the subsequent increase of particle size was correlated to the target concentration. 

DLS has achieved a much higher sensitivity than UV/Vis absorbance spectrometers 

[137-138].  
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Figure 1.6 (A) Optical spectra of (1) a sparse GNPs film and (2) a dense Au nanoparticle film (inset 
shows TEM image of the film). (B) Schematic representation of oligonucleotide aggregates 
following hybridization with oligonucleotide molecules. (C) Suspensions of (left) a dispersed colloid, 
(middle) a linked colloid, and (right) linked, fully aggregated nanoparticles [120]. Reprinted from 
refs. [119, 121]. 

Furthermore, based on NLO properties of GNPs, a new tool called Hyper-Rayleigh 

scattering (HRS) was also applied in the assay. HRS technique was used to determine 

the first hyperpolarizabilities of chromophores [110, 113-114, 141]. It has been 

confirmed that the first hyperpolarizability of GNPs is much higher than that of the best 

available molecular chromophores, and it is highly sensitive to colloid aggregation [97], 

which indicates that HRS is an effective tool for aggregation detection. Aggregation of 

GNPs leads to tremendous enhancement of HRS intensity. Several works have 

demonstrated that the HRS technique is 1 - 2 orders of magnitude more sensitive than 

the usual the colorimetric assay based on UV/Vis absorption [76-77, 91, 108-115]. 

Based on the above discussion, we noticed that the improvement of the sensitivity of 

this aggregation-based assay is accompanied with the adoption of a more sensitive 

aggregation detection tool. This thesis is inspired by this observation. 
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1.4.2 SERS-based Sensing 

Despite a rough understanding of the enhancing mechanism, SERS has been fully 

investigated its potentials in molecule sensing. The interests of SERS-based sensing are 

mainly devoted into two aspects [142]. The first is the so-called single-molecule 

detection. Based on the enormous enhancements (1012) in hot spots, a level of 

single-molecule detection can be achieved. The other interest is the creation of an 

ultrasensitive SERS-based sensing platform for molecular identification, especially as a 

sensor for chemical and biological molecules.  

The SERS sensing mechanisms can be generally divided into two types: either directly 

detecting the fingerprint spectra of a target molecule, or indirectly detecting it by a 

molecular label [93]. Both approaches offer the possibility for multicomponent or 

multiplexed detection of low-concentration analytes. In the direct way, target molecules 

are detected directly via SERS. One example of this type is a glucose sensor, proposed 

by Van Duyne and co-workers [143]. A hydrophilic partition layer was modified on the 

SERS substrate (roughened silver surface), in order to facilitate the preconcentration of 

glucose within the region of enhanced electromagnetic field of the substrate (Figure 1.7). 

Glucose was detected and quantified based on its SERS signal. Similar approach was 

also applied to detect other analytes [144] [65, 145-146]. In these approaches, no 

labeling procedure was involved. Therefore, the direct SERS detection is also 

mentioned as label-free SERS detection.  

Instead of direct way, the target can also be indirectly detected based on the signal of a 

SERS label. In this approach, SERS-active molecules bound to the target molecules 

have been prepared and utilized. For instance, Mirkin et al. used ssDNA conjugated 

GNPs as SERS label to detect target DNA [147], as shown in Figure 1.8. SERS signal of 

the label revealed the identity of the target ssDNA, and is used as the basis for 

quantification. Other analytes were also be detected via similar approaches [148]. But 

this type of SERS label is comparably not stable, due to the direct exposure of the label 

surface to the outside environment. An improved method is to cover the particle surface 
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by a layer of silica or polymer, after the preparation of the label (so-called core-shell 

SERS tags) [149-151]. This content we will discuss in CHAPTER 9 in detail.  

 

Figure 1.7 Prototype of an implantable glucose sensor. (a) Schematic illustration the use of a 
partition layer for detecting glucose. SERS spectra of (b) a 1-decanethiol monolayer on a silver film 
over a nanosphere substrate. Reprinted from refs. [143]. 
 
 

 
Figure 1.8 Multiplexed detection of oligonucleotide targets based on SERS labels. After the 
substrate has been exposed to target DNA, it was treated with the SERS label and silver 
enhancement solution for SERS readout. Reprinted from refs. [147]. 
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CHAPTER 2  

The Photoacoustic Effect 

Contents 

2.1 Historic Introduction of the PA Effect  
2.2 The Mechanisms of PA Generation in Liquid 
2.3 Qualitative PA Theory in Liquid 
2.4 Frequency and Shapes of the Acoustic Waves 
2.5 Propagation of Acoustic Waves 
------------------------------------------------------------------------------------------------------------------------- 

2.1 Historic Introduction of the PA Effect 

The Photoacoustic (PA) effect consists of the generation of acoustic signals by the 

absorption of electromagnetic energy (particularly of light) in matter. When the matter is 

excited by pulsed or modulated light, the energy absorbed by the matter causes a local 

heating and expansion, thus a detectable acoustic signal is produced in the surrounding 

medium. In the view of energy transformation, the PA effect is the transformation of 

absorbed light energy into thermal energy of the matter.   

The discovery of the PA effect dates back to 1880 in Alexander Graham Bell’s search 

for a means of wireless communication [152]. He succeeded in transmitting sound with 

a device he called “photophone” (Figure 2.1). The sound signal was carried by a beam 

of sunlight that was reflected by a vocally modulated mirror. The signal could be 

recovered by an ordinary telephone receiver equipped with a selenium cell illuminated 

by the sunlight beam. 

 
Figure 2.1 The photophone (from Lüscher 1984, reproduced from Bell, 1880). 
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While working with the photophone, Bell also observed that solid samples could emit 

sound when exposed to a rapidly-interrupted sunlight beam by a rotating slotted disk, 

and the resulting sound signal was related to the composition of the sample. Hence, he 

developed a device called “spectrophone” [153], which worked essentially same as an 

ordinary spectroscope. Instead of an eyepiece, the spectrophone was equipped with a 

hearing tube as the detector. Therefore, samples could be analyzed by the corresponding 

sound signal when excited by the light source. As mentioned by Bell, “the ear cannot of 

course compete with the eye for accuracy” when examining the visible spectrum [153]. 

But the “spectrophone” offers an advantage in the capability of measuring spectra in the 

invisible range that were previously undetectable. Using the “spectrophone”, Bell 

discovered that samples exposed to rapidly-interrupted invisible light (ultraviolet, 

infrared) could also produce sound.  

Further experiments from John Tyndall and Wilhelm Roentgen proved that liquids and 

gases shared the same effect with solid phase samples [154-155]. Tyndall also made a 

discovery that the amplitude of the resulting sound signal was directly proportional to 

the intensity of the incident light. Yet these initial discoveries were semi-quantitative 

due to the fact that accurate means for measuring sound intensity did not exist at that 

moment. This limitation as well as lack of intense light sources brought the 

development of PA effect to a standstill for over half century. 

 
Figure 2.2 The spectrophone (From Lüscher 1984, reproduced from Bell, 1880). 
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The Important step leading to the renaissance of the PA effect for analytical purposes 

was the invention of the laser in 1960. Lasers provide high intensity light sources that 

greatly enhance the sound amplitude and sensitivity of PA spectroscopy (PAS). 

Furthermore, the renaissance gained great momentum in the development of highly 

sensitive sound detectors, such as condenser microphones and piezoelectric transducers. 

In all PA experiments with modulated excitation, microphones replaced the hearing 

tubes in Bell’s first experiments to detect acoustic signals in the audible range [156-159]. 

On the other hand, ultrasound in the range up to 100 MHz can be detected by 

piezoelectric transducers [160]. A recent development in this field is the use of optical 

interferometer as alternative PA signal detector [161-162].  

Owing to these developments, Rosencwaig and Gersho published the first 

comprehensive theoretical description of the PA effect in solids after its discovery: the 

so-called RG theory [156-159]. Since then, PAS has crossed the boundary to become an 

analytical tool in the strict sense, which has been used to investigate a variety of 

chemical and physical phenomena.  

Although the first practical application of the PA effect occurred in gas analysis [163], 

liquids and solids were soon investigated by PAS [164-166]. PAS is also a 

non-destructive detection tool, which fulfils the requirements of material science. Thus, 

PAS has been used to characterize thin films, semiconductors, ceramics and magnetic 

materials [167-169]. In the medical field, PAS was used to examine tissue [170-171], 

and for depth-resolved and tomographic measurements [172-179]. In environmental 

analysis, PAS was used for quantification of pesticides, pollutants, aerosols and heavy 

metal ions [180-188]. In addition, PAS also plays a role in the field of quality control 

[189-190]. 
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2.2 The Mechanisms of PA Generation in Liquid 

Since this thesis is devoted to liquid systems, we will focus on discussing the PA theory 

in the liquid phase. As shown in Figure 2.3, many mechanisms are capable of 

generating acoustic signals in liquids, which can be generally divided into three 

categories: optical absorption followed by thermal de-excitation (thermal expansion and 

liquid boiling), optical absorption by non-thermal de-excitation (photochemical 

processes and breakdown), and by non-absorption excitation (electrostriction and 

radiation pressure). 

In terms of liquid analysis, thermal expansion is of particular importance. Firstly, 

compared to boiling, dielectric breakdown and the photochemical process, the risk of 

damaging the sample in the thermal expansion is comparably small. Compared to 

radiation pressure and electrostriction, thermal expansion can generate larger PA signals. 

In most cases, the thermal expansion process exhibits a straightforward relationship 

between the signal amplitude and the optical absorption, which offers a great advantage 

in the signal processing. In this section, we will discuss this mechanism in detail. 

 
Figure 2.3 Mechanisms for generation of acoustic signal in liquid: boiling [191-194], breakdown 
[195-196], photochemical process [197], electrostriction [198-199] , radiation pressure and thermal 
expansion. 
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2.2.1 Thermal Expansion 

Actually, all modulated or pulsed energy beams are capable of generating an acoustic 

signal, such as electromagnetic radiation, X-rays, electrons, protons, ions and other 

particles. The most common way of PA generation is using pulsed or modulated light. It 

is widely applied in material characterization and medical diagnosis.  

 
Figure 2.4 Fundamental processes of PA generation. 

The processes involved in the PA generation are described in Figure 2.4. The light 

energy absorbed by the sample excites some electrons of the molecules in the 

illuminated volume to higher energy levels. These excited electrons will subsequently 

relax to lower levels through a combination of radiation (fluorescence, phosphorescence) 

and non-radiation pathways. Ultimately, the non-radiation relaxation will generate heat 

and thermal expansion in the illuminated region. As a result, an acoustic signal is 

generated and propagated away from the illuminated region, which can be detected with 

a suitable sensor.  
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It should be noted here, PA detection is specific to the non-radiation relaxation. In other 

words, the radiant relaxation, fluorescence and phosphorescence etc., will not generate 

the PA signals, since in these processes no heat is produced inside the sample. Thus, PA 

spectroscopy can be used as a complement of fluorescence spectroscopy.   

2.3 Qualitative PA Theory in Liquid 

Based on the thermodynamic principles, the relationship between the resulting PA 
amplitude and other parameters can be deduced. Although the deduction is 
semi-quantifitative, the results are in good agreement with the experimental results.  

The absorption of light in a medium can be described by Lambert Beer's Law 

[200-201]: 

0log( )IA cd
I

ε= =  (2.1) 

I0 is the intensity of the excitation beam, I is the intensity after transmitting through a 

sample of thickness d, and ε is the extinction coefficient and c is the concentration of the 

absorbing substance. The common logarithm of I0/I is called absorbance or extinction A. 

But in the field of PA spectroscopy, it is more common to use the absorption coefficient 

μa (natural logarithm of I0/I) to describe the absorption [200-201]: 

1 110 2.3a ln A A
d d

μ = ≈  (2.2) 

The optical penetration depth δ is defined as the reciprocal of the absorption coefficient 

[200-201]: 

1

a

δ
μ

=  (2.3) 

The energy Et transmitted through the sample can be characterized by the optical 

absorption coefficient μa and the path length d, which is given by, 

0
ad

tE E e μ−=  (2.4) 

E0 denotes the laser pulse energy of the incident light beam. Because of the energy 

balance E0 = Et + Ea, the energy Ea absorbed inside the sample can be obtained through 
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[166]: 

0(1 )ad
aE E e μ−= −  (2.5) 

Normally, the non-radiation relaxation processes dominate radiation relaxation. Hence, 

the fluorescence and phosphorescence can be neglected in most cases. Therefore, we 

can assume all of the absorbed energy Ea is converted into thermal energy Eth to heat the 

liquid [166]: 

a thE E=  (2.6) 

The resulting temperature rise ΔT in the illuminated region can be described as [166]: 

th a

p p

E ET
C V C Vρ ρ

Δ = =  (2.7) 

where V is the illuminated volume, CP and ρ are the heat capacity and density of the 

liquid, respectively. The resulting volume expansion ΔV can be calculated from 

following equation [190],  

0V V TβΔ = Δ  (2.8) 

Here, β is the thermal expansion coefficient, V0 is the originally illuminated volume, 

which can be calculated from the irradiated surface area Fs and sample thickness d (if 

the optical penetration depth δ < d, the illuminated volume V0 = πRb2δ) 

2
0 s bV F d R dπ= =  (2.9) 

If the laser pulse is short enough, the heat exchange from the illuminated volume to the 

outside can be neglected during the laser pulse duration. The volume expansion ΔV 

eventually leads to the formation of a pressure wave that propagates with the speed c0. 

The sound pressure Δp can be described by [202]， 

2
0p c TρΔ = Δ  (2.10) 

Replacing ΔT by eq. 2.7 and V0 by eq. 2.9,  

2
0

0
1 (1 )ad

s p

cp E e
F d C

μβ −Δ = −  (2.11) 
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For μad << 1, eq. 2.5 can be approximated by a Taylor series, and the quadratic and the 

higher terms can be neglected. In this case, Ea can be described by a linear function 

[166]: 

0a aE E dμ=  (2.12) 

Accordingly, eq. 2.11 can be simplified to,  

2
0

0
1

a
s p

cp E
F C

β μΔ =  (2.13) 

Using the same setup for detection, Fs can be regarded as a constant. Hence, the 

expression can be simplified to [164-166]. 

2
0

0 a
p

cp E
C
β μΔ ∝  (2.14) 

The amplitude of the resulting PA wave depends on the absorption coefficient μa, the 
thermal expansion coefficient β, the heat capacity Cp of the sample, the sound speed c0 
in the sample, and the excited energy E0. Hence, for quantitative analysis of the 
absorption coefficient μa, the other factors must remain constant during the 
measurement. 
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2.4 Frequency and Shapes of the Acoustic Waves 

Knowing the shape and the frequency of acoustic wave facilitates the design of the 

acoustic detector and effective reception of the acoustic signal. 

2.4.1 Frequency 
Acoustic signals consist of a wide frequency range, which can generally be divided into 

four categories according to the human auditory system [203], as shown in Table 2.1. 

Table 2.1 Classification of sound wave. 

 Infrasound Audible sound Ultrasound Hypersonic 

Frequency < 20 Hz 20 Hz - 20 KHz 2 KHz - 1 GHz > 1 GHz 

2.4.2 Shapes 
In this section, we will discuss PA sources with a regular geometrical shape, such as 

cylindrical, plate and spherical models. The absorption coefficient μa of the liquid, the 

penetration depth δ, the beam diameter D, and the sample thickness d are important in 

this process. In Table 2.2, the conditions to produce them are summarized.  

Plane wave: if the absorption coefficient μa of a liquid is large enough that the optical 

penetration depth δ becomes much smaller than the beam diameter D and the sample 

thickness d, a plane acoustic wave will form, as shown in Figure 2.5 (left). 

Cylindrical wave: when absorption coefficient μa is small enough that the penetration 

depth δ becomes much larger than the beam diameter D and the sample thickness d, the 

PA source can be regarded as cylindrical in shape, as shown in Figure 2.5 (middle).  

Spherical wave: if the absorption coefficient μa is large enough and the optical 

penetration depth δ is near to the beam diameter D, the shape of the resulting acoustic 

wave will be hemispherical, as shown in Figure 2.5 (right). 
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Table 2.2 Shapes of acoustic waves vs. Laser parameters (absorption coefficient of the liquid μa, 
penetration depth δ, beam diameter D, and sample thickness d). 

Shape of the wave Plane Cylindrical Spherical 

 μa ≈ ∞ μa ≈ 0 μa ≈ ∞ 

 δ ≈ 0 δ = ∞ δ ≈ 0 

 δ << D δ >> D δ ≈ D 

 δ << d δ >> d D ≈ 0 

 

 

 

     
Figure 2.5 Shapes of the acoustic waves: plane wave (left), cylindrical wave (middle), spherical 
wave (right). 
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2.5 Propagation of Acoustic Waves 

The interaction of acoustic wave with matter is of great importance both in the detection 

and the interpretation of the PA signals. Hence, some important characteristics of 

acoustic waves and their possible interactions with matter are summarized in this 

section. 

The acoustic wave is a mechanical wave that is an oscillation of pressure propagating 

through the medium. The propagation speed is given by the sound speed c0, which 

depends on the property of the medium it is passing through. It is also influenced by 

temperature. The sound pressure p is the local pressure deviation from the equilibrium 

pressure caused by the acoustic wave. The SI unit for sound pressure p is Pascal (Pa). 

The sound intensity I is the average rate of sound energy transmitted through a unit area 

(normalized to the propagation direction), which can be described by [204],  

where k is the compressibility of the medium.   

Sound pressure level Lp is a logarithmic function of the effective sound pressure relative 

to a reference value. It is measured in decibels (dB) above a standard reference level 

[204]: 

where prms is the sound pressure being measured and pref is the reference sound pressure.  

An important material-dependent parameter is the characteristic acoustic impedance or 

the impedance Z. The acoustic impedance is defined as the ratio of sound pressure p to 

particle velocity v in the respective medium, or from sound speed c0 and density ρ of the 

medium[203-204]: 

2
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2.5.1 Reflection and Transmission 

 

Figure 2.6 Schematic view of the reflection and transmission of the acoustic wave 

An acoustic wave propagating through the media boundary can be partially reflected 

and transmitted, depending on the acoustic impedances of the media. Neglecting the 

absorption and scattering of the sound at the boundary, the original sound intensity I0 

splits into the reflection Ir and the transmission It [204]:  

Accordingly, reflection Ir and transmission It are,  

Here, Z1 and Z2 are the acoustic impedances in the corresponding media. 

The reflection Pr and the transmission Pt sound pressure can be estimated by [204], 

0 r tI I I= +  (2.18) 
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Hence, the reflectance and the transmittance factor r12 and t12 are defined as [204]: 

2.5.2 Attenuation  

Both the absorption and scattering can lead to the attenuation of an acoustic wave. In a 

homogeneous and static liquid, the attenuation is mainly caused by acoustic absorption 

due to the viscosity and heat conduction of the medium. Usually, an attenuation 

coefficient αac is adopted to sum attenuation caused both by absorption and scattering. 

The sound intensity I at the distance d from its source can be calculated by the 

following equation [204], 

where I0 is the initial sound intensity. For most liquids, the attenuation coefficient αac is 

a material-dependent quantity, which is inversely proportional to the square of sound 

frequency vac and proportional to the distance d [204]: 

The attenuation coefficient of water is 24 × 10-15 dB·s2·m-1. The acoustic attenuation 

coefficients for most bio-tissues and liquids are summarized in ref. [205].  

 
 
 
 
 
 
 

2 1
12

2 1

Z Zr
Z Z

−
=

+
 (2.23) 

2
12

2 1

2Zt
Z Z

=
+

 (2.24) 

0
acdI I e α−=  (2.25) 

2ac
ac

dα
ν

=  (2.26) 



I. THEORETICAL BACKGROUND 

 31

CHAPTER 3  

Photoacoustic Spectroscopy   

Contents 
3.1 Light Sources 
3.2 Acoustic Cells 
3.3 PA Detectors 
3.4 PA Signal Processing  
---------------------------------------------------------------------------------------------------------- 
 

Although the layout of PA spectroscopy varies from case to case, a PAS contains at least 

four essential components: (1) a light source used to generate the PA signal; (2) a cell 

containing the sample; (3) a means to detect the acoustic signal; (4) a signal processing 

device. The basic arrangement of the above four components is shown in Figure 3.1. 

The periodic radiation excites the sample in the cell and generates an acoustic signal. 

The signal is collected by an appropriate acoustic detector and is processed to provide 

valuable information for different purposes. In the following section, a more detailed 

discussion about these components is given.  

 

Figure 3.1 Essential components of a PA spectroscopy 
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3.1 Light Sources 

Both modulated and pulsed light sources are capable of generating PA signals [166, 197, 

206]. But the resulting physical effects are substantially different. As results, the 

corresponding acoustic cells, detectors as well as signal processing methods applied in 

these two excitation schemes are different. 

3.1.1 Modulated Excitation  

In the case of modulated excitation, the heat generated from the point of absorption 

diffuses into the surrounding medium [207]. Periodic heating caused by modulated light 

leads to generation of a “thermal wave” propagating in the medium. However, in the 

strict sense, the “thermal wave” is not an exact wave for the absence of negative 

half-wave. The temperature at the point of absorption can not fall below the initial 

starting level. But this term is commonly used.  

An efficient and inexpensive way is to use a mechanical chopper that periodically 

blocks a continuous-wave source, resulting a periodically fluctuation of the light 

intensity in the shape either a square or a sine wave. The modulation frequencies 

obtained by mechanical chopping range from a few Hz up to several kHz. The resulting 

acoustic signals are usually in audible range and thus can be detected by a microphone.  

Usually, the classic combination of lamp and monochromator serves as the 

continuous-wave source, which offers the possibility of continuous tunability from the 

infrared to the vacuum ultraviolet. But this combination suffers from a limitation of a 

relative large bandwidth. 

3.1.2 Pulsed Excitation  

Pulsed lasers with their monochromatic and intensive light are widely employed for PA 

generation. For quantitative and spatially resolved PA measurements, the excitation 

source has to fulfill the conditions of thermal confinement and stress confinement. 

Thermal confinement ensures that heat conduction to the outside of illuminated volume 
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is negligible during the laser pulse excitation. Stress confinement ensures the laser pulse 

is shorter than the stress relaxation time (for the theory see e.g. [193, 208]). Typical 

pulse duration fulfilling these requirements is below 100 ns. Hence, short laser pulses 

with duration of a few nanoseconds are usually utilized for PA generation. The short 

laser pulses excite the medium and generate a wide-band thermo-elastic pressure wave 

propagating outside of the illuminated volume, which can be detected by an appropriate 

detector. 

Pulsed lasers provide many advantages over modulated sources, despite the limited 

tuning range and the high cost. For one thing, pulsed lasers provide higher power pulses 

and create a stronger PA signal than modulated sources. In addition, the resulting 

pressure wave is in ultrasonic range. Hence, the signal is easy to separate from low 

frequency background noise. Further, generally speaking, the delay time of signal 

between the excitation and the detection of the pressure wave corresponds to the 

distance between the illuminated region and the detector. Hence, the noise produced 

outside the illuminated region or by the light scattering, can be distinguished from the 

signal.  

3.2 Acoustic Cells  

Most common acoustic cells used in modulated excitation for gas phase analysis adopt a 

simple cylindrical symmetry. The excitation source is a small diameter light beam that 

excites the cell along the cylinder axis. The resulting acoustic wave propagates radially 

outward perpendicular to the exciting beam. Usually, the illumination period for 

modulated source is long enough that the propagation of the acoustic wave during this 

period exceeds the volume of the sample. Hence, the boundary conditions of the sample 

have to be considered in the design of acoustic cell. The eigenmodes of the acoustic cell 

are important factors. This fact can be used for signal amplification by acoustic cell 

resonance [209-210]. The amplification factor Q can be as large as 1000. Accordingly, 

due to their great influence in the signal enhancement, cell resonances must be 

considered in an acoustic cell design in this case. 
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Acoustic cells used in pulsed laser PA spectroscopy are different from those used in 

modulated excitation. Most acoustic cells used in pulsed laser PAS operate in a 

non-resonant mode, since the low repetition rate of the lasers. The other factor that must 

be considered is to minimize extraneous signals generated by pulsed laser, due to large 

photon fluxes.  

3.3 PA Detectors 

The choice of a PA detector for a specific application should give full consideration of 

many factors, such as detection style, sensitivity, response time, bandwidth, impedance 

matching, noise, size and ruggedness etc. [211]. A microphone is widely used as 

detector in gas phase analysis. But it does not couple very well to PA signals produced 

in condensed samples. An alternative PA detector is the piezoelectric transducer. 

3.3.1 Piezoelectric Transducers 

Piezoelectric transducers offer good acoustic impedance match to condensed samples 

and are capable of detecting much higher acoustic frequencies [165, 212-213]. In this 

section, we mainly discuss the characters of the piezoelectric transducer.  

The piezoelectric effect was first discovered in natural crystals with a certain type of 

asymmetry in the lattice. Any pressure variation causes distortions in the crystal 

structure, followed by a redistribution of charged elements in the lattice. Accordingly，a 

voltage emerges on the surface of the crystal.  

The voltage response to a plane pressure wave increases linearly to the thickness of the 

piezoelectric element, and also depends on the piezoelectric constants of the materials. 

But, once the thickness exceeds the acoustic wavelength, a further increase will not 

increase the output voltage. However, the response voltage to a non-plane pressure 

wave is complicated, since the pressure distribution is not constant for the entire surface. 

Thus, in this case, the cross-sectional area of a piezoelectric transducer should be 

considered. 
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The commonly used piezoelectric materials include three types: single crystals (lithium 

niobate, quartz), polycrystalline ceramics (lead zirconate-titanate, barium titanate, lead 

metaniobate) and polymers (PVDF, Teflon and Mylar) [214]. The parameters of three 

widely used piezoelectric materials are listed in the following table.  

Table 3.1 Properties of commonly used piezoelectric materials [214].  

 LiNbO3 (z-cut) PZT-5A PVDF 

d33 (10
-12

C/N) 6 374 -39 ~ -44 Piezoelectric 
constant g33 (Vm/N) 0.023 0.025 - 0.32 

Mechanical Q factor 100 75 5 ~10 
Density (g/cm3) 4.64 7.7 1.78 

Sound velocity (m/s) 7316 4500 2260 

Acoustic impudence 
( 106 kg/(m2s) ) 

33 35 4 

Work temperature (oC) < 1100 < 300 < 60 

Advantages 
wideband 

rugged 

high sensitivity 

inexpensive 

wideband 

inexpensive 

Disadvantages expensive 
narrowband 

ringing 
non-rugged 

3.3.2 Optical Detection 

The acoustic signal in a liquid can also be indirectly detected by optical methods. One 

of the detection schemes is based on sensing the change of the refractive index of the 

sample. Since the refractive index varies as a function of density and temperature. 

Periodic heating of the sample leads to a change of the refractive index. Furthermore, 

the propagation of the resulting pressure wave also generates a density shift along its 

path. Hence, a technique called probe beam deflection or thermal lens has been 

developed to detect PA signals [197, 215-219]. The change of the refractive index is 

sensed by a probe beam that is sent through the sample with the pump beam. Thus, 
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refractive index variations in the sample are manifested as variations of light intensity of 

the probe beam. Two examples are given in following figures: transmitted [215] and 

reflected [218-219] probe-beam detection method. 

 

 
 
 

 
Figure 3.2 Transmitted (top) and reflected (down) probe-beam deflection technique. 
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3.4 PA Signal Processing 

Signal processing in pulsed laser PA experiments often involves three steps: 

amplification, filtering, and signal averaging [211]. In order to prepare the PA signal for 

averaging, amplifiers should be very low-noise and broad-banded (~ MHz) devices. 

After the amplification, a filtering procedure may be performed, which depends on the 

specific information needed. For example, a high-Q filter is used to select the dominant 

frequency component in a complex PA signal. A band-pass filter is for eliminating the 

noise (especially f-1 noise). Sometimes, in order to ensure the accuracy of a time 

evolution PA signal, no filtering process is performed. In the next step, the PA signal 

can be averaged by a boxcar integrator, a waveform educator, a transient recorder or a 

lock-in averager. 
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CHAPTER 4  

Strong Size-Dependent PA Effect on GNPs 

Contents 

4.1 Laser-Induced Nanobubble on GNPs 
4.2 Strong Size-Dependent PA Effect on GNPs 
4.3 Proofs of the Theory 
4.4 Summary  
------------------------------------------------------------------------------------------------------------------------- 

4.1 Laser-Induced Nanobubble on GNPs 

Metal nanoparticles (NPs) with strong surface plasmon resonance absorption, tunable in 

the visible and near-infrared spectral ranges, can be used for PA detection [220-221]. 

Laser interactions with NPs in aqueous media have been extensively studied to develop 

biosensors, medical imaging, and therapeutic applications [222-223]. It is well known 

that the PA signal from a homogeneous liquid is directly proportional to its absorbance 

and to the laser fluence [224]. However, the situation is different for the PA signal of a 

weakly absorbing liquid containing strongly absorbing nanoparticles. At low laser 

fluence, the PA signal results from the thermoacoustic response of both the host liquid 

and the NPs [120], which is a situation similar to homogeneous liquids. Once a certain 

laser fluence threshold (Fc) is reached [225], the temperature of the NP exceeds the 

boiling point of the host liquid, and a vapor layer is formed on the surface of the NP. 

This phenomenon is called laser-induced nanobubble (LINB). The resulting vapor layer 

expands rapidly, and generates an intense PA signal, as plotted in Figure 4.1. This 

phenomenon has been widely used for increasing sensitivity of PA diagnosis [226], or 

anti-tumor therapy, e.g., by selective photothermolysis [227].  
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Figure 4.1 Schematic illustration of laser-induced nanobubble on GNP. 

The amplitude of PA signal from LINB is no longer proportional to the absorbance of 

the NPs suspension. A proof for this assumption can be found in the following 

experiment. Gold colloids with different sizes were diluted to obtain the same 

absorbance (0.226 cm−1) at the laser wavelength of 532 nm (see Figure 4.2a), and tested 

by our PA setup. As mentioned above, the PA signal of a homogeneous liquid is directly 

proportional to its absorbance. Hence, homogeneous liquids with equal absorbance will 

generate identical PA signal intensity. However, the corresponding PA amplitudes from 

the above mentioned gold colloids exhibit a size-dependent feature (Figure 4.2b). This 

fact proves the difference of PA behavior between GNPs and homogeneous liquids. 

In the above experiment, the absorbance of diluted GNPs was determined by UV/Vis 

spectrometry. It should be mentioned here, the UV/Vis measurements reveal extinction 

values rather than absorbencies. But, due to the small size of the GNPs, scattering light 

only accounts very small part in extinction and thus can be neglected here. 

It should be noted here, details of experiments are described in the Experimental Section 

at the end of this thesis, including experimental setup, materials and nanoparticles 

synthesis. The protocol of above experiment can be seen in the List of Experiments in 

this section (see Ex.1). 
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Figure 4.2 (a) Gold colloids with different sizes were diluted to obtain the same absorbance at 532 
nm and (b) their PA signal amplitude. 

4.2 Strong Size-Dependent PA Effect on GNPs 

Several theoretical studies have been performed to investigate and model laser-induced 

nanobubble generation on nanoparticles [120, 224, 228-230]. A recent publication  

describes the formation of nanobubbles around a superheated nanoparticle [225], an 

expression for the resulting PA signal as a function of the laser pulse energy was given. 
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We introduce a new general equation to explain the observed PA effect generated by 

LINB in colloidal gold. To obtain the equation, a simulation based on the widely known 

Rayleigh–Plesset cavitation model was developed (see Simulation in the Experiment 

Section) [231]. It should be mentioned here, the discussion in this thesis is limited to a 

fluence regime well below the plasma breakdown threshold, which is experimentally 

investigated by several authors [232-234].  

Assuming that all the excess light energy absorbed by the particle during the laser pulse 

is spent to heat water at the critical temperature, the initial radius Rb,0 of the bubble can 

be estimated as 
1/33

,0
( )3

4 8
npc abs

b
cw cw

DF FR
E

σ
πρ

⎧ ⎫⎡ ⎤−⎪ ⎪= +⎨ ⎬⎢ ⎥
⎪ ⎪⎣ ⎦⎩ ⎭

 (4.1) 

where Dnp is the diameter of a spherical NP, ρcw is the critical density of water, σabs is 

the NP absorption cross section, F is the fluence of the laser, Ecw is the internal energy 

of water at the critical point, and Fc is the threshold fluence for bubble generation [225]. 

After the initiation of the boiling, the dynamics of the bubble are governed by the 

Rayleigh–Plesset equation [235-237]: 

22

2

( ) ( ) ( ) 4 ( ) 23( )
2 ( ) ( )

b A b b w b w
b

w b w b

P t P d R t dR t dR tR t
dt dt R t dt R t

υ γ
ρ ρ

− ⎡ ⎤= + + +⎢ ⎥⎣ ⎦
 (4.2) 

where pb(t) is the pressure inside the bubble, ρw is the water density, pA is the 

atmospheric pressure, υw and γw are the kinematic viscosity and the surface tension of 

water, respectively. The term containing the surface tension gives a positive 

contribution to the pb(t) − pA term on the left side of the equation, whereas the viscosity 

acts as a friction force to bubble motion and is responsible for damping the oscillations 

[238]. The acoustic pressure generated by the dynamic motion of the bubble and the 

pressure exerted by the gas on the liquid can be considered directly proportional to the 

second time derivate of the bubble volume V(b) [225, 237]:  
232 22

3 2
2 2 2

4( ) 8 2
3 8

npb b b
ac b b b

Dd V dR d Rdp t R R R
dt dt dt dt

π π
⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞∝ = − = +⎢ ⎥⎜ ⎟ ⎢ ⎥⎜ ⎟⎜ ⎟ ⎝ ⎠⎢ ⎥⎢ ⎥⎝ ⎠ ⎣ ⎦⎣ ⎦

 (4.3) 
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The simulation program was developed based on the Eq. 4.1 ~ 4.3. The temperature and 

the pressure inside the initial bubble are those at the critical point of water (Tcw, pcw). 

The acoustic pressure responses (pac) for various gold nanoparticles GNP sizes (10 nm ~ 

100 nm) were studied at different laser fluences (10Fc ~ 100Fc). The results of the 

simulation are shown in the following figure.  

 

 

Figure 4.3 Simulation of PA amplitudes of GNPs under different laser fluences (10Fc ~ 100Fc). 

The result obtained from the simulation reveals the following relationship between the 

PA signal of single GNP and its diameter: 

3
ac npp D∝   

Thus, we propose the following approximated equation for the PA response (PA-LINB) 

generated by LINB in GNPs suspensions: 

3
np npPA LINB C F N Dκ− = ⋅ ⋅ ⋅ ⋅  (4.4) 

where C is a constant that depends on the experimental setup, κ accounts for the 

dielectric properties of the GNP, Nnp is the number concentration of GNPs in the host 

liquid, and Dnp is the GNP diameter. 
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4.3 Proofs of the Theory 

In order to verify the accuracy of Eq. 4.4 on real samples, GNPs of different average 

sizes were prepared (see Experimental Section) [44, 239-240]. The GNP sizes were 

verified by TEM collected by a JEOL JEM 2010 instrument (at least 200 particles were 

measured), as shown in Figure 4.4. Additionally, the theoretical threshold fluences Ft
c 

are shown in the Table 4.1.  

 
GNP 1 

 
GNP 2 

 
GNP 3 

 

GNP 4 
 

GNP 5 
 

GNP 6 
Figure 4.4 TEM images of GNPs. 

Table 4.1 Detailed information about the GNPs used in this thesis. The absorption peaks and their 
intensities were obtained by means of a UV/Vis spectroscopy. Ftc: theoretical laser fluence 
threshold. 

 GNP 1 GNP 2 GNP 3 GNP 4 GNP 5 GNP 6 

λmax (nm) 518.0 526.0 522.5 525.5 537.0 560.0 

Diameter (nm) 12.5 ± 1.0 19.1 ± 2.6 26.4 ± 3.5 44.9 ± 6.8 60.0 ± 7.9 83.3 ± 10.5

Number concentration 

(particles /mL) 
1.5 × 1013 1.5 × 1012 6.0 × 1012 1.5 × 1011 3.0 × 1010 1.2 × 1010 

Ft
c (J/cm2) 0.45 0.20 0.11 0.04 0.026 0.019 
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4.3.1 Dependence of PA-LINB on the Laser Fluence 

The PA responses of gold colloids (GNP 1) as a function of laser fluence is shown in 

Figure 4.5 (see Ex. 2). A laser fluence threshold for LINB formation about 0.5 J/cm2 can 

be observed. Below 0.5 J/cm2, the signal increases gradually with the fluence and is 

attributed to thermoelastic expansion of the particles, i.e., conventional PA effect in the 

sub-bubble generation regime. Above the threshold, there is a sharp increase in the PA 

signal amplitude. The fluence for the onset of this strong acoustic signal (threshold for 

LINB formation) is similar to the value obtained in our simulations (see Table 4.1), and 

the value reported by other authors [225].  

As predicted by the Eq. 4.4, the resulted PA-LINB amplitude should show a linear 

relationship to laser fluence above the threshold, when the diameter and the particle 

concentration of colloidal gold are constant, 

PA LINB F− ∝  (4.5) 

Such a linear relationship can be observed in Figure 4.5, for laser fluence ranges 

between Fc and 100Fc. In other words, the experimental results show good accordance 

with the Eq. 4.4. 

 

Figure 4.5 PA-LINB as a function of laser fluences for GNP 1 (12.5 nm) 
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It should be noted here, there is a possibility that GNPs break into smaller particles, if 

the laser fluence F is over 100Fc. We observed a decrease in PA signal when GNPs (26 

nm) were constantly illuminated by intensive laser pulses. After comparing UV/Vis 

spectra of GNPs before and after the laser irradiation, we concluded that the observed 

PA decrease is due to a breakdown of GNPs (data not shown). This effect has already 

been reported for colloidal silver [241] and gold colloids [242]. The reasons for this 

phenomenon are discussed by McGrath et al. [243].  

4.3.2 Correlation between the PA-LINB and Particle Concentration  

According to Eq. 4.4, PA-LINB should show a linear relationship to the concentration of 

GNPs, if all other parameters are constants.  

npPA LINB N− ∝  (2.4) 

The PA responses of gold colloids with various particle concentrations were measured 

(see Ex. 3). The results are shown in Figure 4.6. A linear correlation between the PA 

signal and the concentration of GNPs is observed. Hence, the approximation of the 

equation shows a good correlation with the experimental results.  

It is worth mentioning that GNPs with an average diameter of 83.3 nm show a 

measurement error larger than the other particle sizes. This effect was also observed in 

highly diluted samples (below 109 particles/ml). Within this range of concentrations, the 

sample is highly inhomogeneous in the volume excited by the laser, resulting in a large 

pulse to pulse variation in the PA signal. The simulation carried out here, predicts that 

the time of bubble cavitation is proportional to the NP size at a fixed energy laser (see 

Simulation in Experimental Section). These time differences are measurable by our PA 

detector. Hence, two bubbles generated from NPs with different sizes in such 

micro-inhomogeneous sample will produce phase-shifted PA signals, causing 

interferences and signal broadening. 
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Figure 4.6 PA-LINB vs. NP concentration for different GNP sizes. 

4.3.3 PA-LINB and the Size of GNPs 

In Figure 4.7 the PA responses of six GNPs with different sizes (normalized to GNP 

concentration) are shown. In the same figure, the normalized simulation results are also 

plotted (see Ex. 4). A good correlation between the measured and simulated data could 

be demonstrated. 

 

Figure 4.7 Normalized PA response vs. GNP sizes. Dots: measured values; Line: Normalized 
simulations (laser fluences 10Fc ~ 100Fc). 
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4.4 Summary 

The studies presented in this chapter show the Eq. 4.4 gives a good approximation to 

describe the PA signal generated from LINB on spherical GNPs (10 nm < Dnp < 80 nm, 

10Fc﹤F﹤100Fc).  

One interesting feature of these phenomena is that the PA-LINB is sensitive to the size 

of GNP. Hence, in the following chapters, we will investigate the applications of 

PA-LINB in chemical and biological sensing, based on monitoring the variation of GNP 

sizes by PA-LINB. 
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CHAPTER 5  

Strong Size-Dependent PA Effect Monitoring Leaching of GNPs for 

Pb2+ Detection 

Contents 

5.1 Monitoring Toxic Metal Ions 
5.2 Pb2+ Detection based on Strong Size-Dependent PA Effect 
5.3 Feasibility 
5.4 The Optimum GNP Size 
5.5 Sensitivity 
5.6 Assays in Scattering Medium 
5.7 Summary 
------------------------------------------------------------------------------------------------------------------------- 

In this chapter, based on the strong size-dependent PA effect, a new way to detect Pb2+ 

in aqueous solution is described. Due to the fact that Pb2+ ions can accelerate the 

leaching of GNPs in the presence of thiosulfate (S2O3
2-) and 2-mercaptoethanol (2-ME) 

[244-245], monitoring the decreasing GNPs size allows the quantification of the Pb2+ 

ions in the sample. As described in previous chapter, the amplitude of PA-LINB 

strongly depends on size of GNP. Hence, the quantification of Pb2+ ions can be achieved 

by monitoring the change of PA-LINB of GNPs. 

5.1 Monitoring Toxic Metal Ions 

Lead is one of the most widely used heavy metals and has a large number of industrial 

applications, e.g., battery manufacturing, radiation shield alloys, etc. Lead in paint and 

gasoline accounts for most of the content present in environment and causes serious 

pollution and human health problems. It is known that lead enters the human body by 

ingestion and inhalation, and it is associated with damage to the kidney, the liver and 

the gastrointestinal tract, as well as with neurological degeneration and decreased 

hemoglobin production [246]. The maximum contamination level for lead in drinking 

water is defined by the U.S. Environmental Protection Agency to be 75 nM [247].  
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Several methods for lead analysis have been developed. The commonly used methods 

are atomic absorption spectrometry, atomic emission spectrometry [248], and 

inductively coupled plasma/mass spectrometry (ICP/MS) [249]. These techniques are 

sensitive, accurate and allow discrimination among other metal ions. However, they are 

time-consuming, expensive, and/or require complex sample pretreatment and 

sophisticated equipment. Other methods for the detection of Pb2+, using chromophores 

[250], aptamers [251], oligonucleotides [252], polymers [253], antibodies [254], or 

functionalized nanoparticles [255] were also established. However, many of them 

possess limited practical use for different causes such as poor aqueous solubility, high 

costs, complicated processing or poor sensitivity and selectivity.  

5.2 Pb2+ Detection based on Strong Size-Dependent PA Effect 

Recently, based on leaching of GNPs probe, a colorimetric method has been developed 

for the detection of Pb2+ in aqueous solution [256]. When the GNPs reacted with S2O3
2- 

ions in solution, Au(S2O3)2
3- complexes (see following equation) were formed 

immediately on the GNP surfaces. After adding Pb2+ ions and 2-mercaptoethanol 

(2-ME), the GNPs rapidly dissolved to form Au+-2-ME complexes in solution 

[244-245]. As a result, the SPR absorption of GNPs decreased dramatically and the 

corresponding change can be detected by a UV/Vis spectroscopy, allowing 

quantification of Pb2+. This chemical process is depicted in Figure 5.1 

As shown by the authors [256], this approach is highly sensitive as well as selective, 

and avoids the need for sophisticated equipment. Furthermore, this method is also 

suitable for real-world samples, and the cross-sensitivity to many other metal ions is at 

least 1000 times lower than the system’s reaction on lead ions.  

 

 

0 2 3
2 2 2 3 2 3 24 2 8 4 ( ) 4IAu O H O S O Au S O OH− − −+ + + → +  5.1 
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Here, we present a modification of the method. Instead of UV/Vis spectrometer, the 

leaching of GNPs is monitored by PA-LINB. According to the strong size-dependent PA 

effect, the decreasing of GNP diameter will lead to the corresponding PA-LINB 

decrease, which allows quantification of the Pb2+ ions in the aqueous solution. Figure 

5.2 outlines the sensing mechanism employed in this chapter. 

 

 

Figure 5.1 Cartoon representation of the leaching of GNP. 

 

 

 

Figure 5.2 Schematic illustration of Pb2+-triggered GNP leaching causing the amplitude of PA-LINB 

decreasing. 
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5.3 Feasibility  

In order to test the feasibility of the PA-LINB in detecting the size variation of GNPs, 

three samples, containing different concentration of Pb2+, were measured by the PA 

system (see Ex. 5). Both the PA signals before (S0) and after (S) leaching was measured. 

The corresponding sizes of GNPs before (D0) and after (D) leaching were verified by 

TEM images (Figure 5.3). According to Eq. 4.4, assuming the number concentration of 

GNPs and other parameter remain constant, the ratio of S/S0 can be estimated by  

3

3
0 0

S D
S D

=  (5.1) 

Hence, S/S0 and D3/D0
3 were calculated and compared in Table 5.1. We found that the 

S/S0 showed good accordance with the estimated values of D3/D0
3. This fact can be seen 

as another proof of the Eq. 4.4. On the other hand, it also proved that the PA-LINB is 

capable of sensing the size variation of GNP in this case.  

Figure 5.4 shows evolution of the PA-LINB (normalized to the value before leaching) 

over the time after the addition of Pb2+ (see Ex. 6). The PA-LINB decreased significantly 

when the leaching process starts and then gradually saturated until the action reaches 

equilibrium. For comparison, the corresponding UV/Vis spectra of the GNPs were also 

collected under the same conditions. In the same figure an evolution of extinction 

values at 520 nm normalized to the value before leaching is also shown. A similar 

phenomenon was observed that extinction at 520 nm also decreased significantly after 

the addition of Pb2+. 

As it can be seen in Figure 5.4, the PA-LINB technique generally offers a good time 

resolution, since the response can be analyzed from pulse to pulse. However, it has to be 

stated that the temporal resolution of this specific lead detection scheme is limited by 

the kinetics of the leaching process, which is in the range of an hour. 
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[Pb2+] = 0 nM [Pb2+] = 100 nM [Pb2+] = 250 nM 

Figure 5.3 TEM images of GNPs mixed with various Pb2+ (0, 100, 250 nM) in the presence of 
thiosulfate (S2O3

2-) and 2-mercaptoethanol (scale bar: 10 nm). 

Table 5.1 Comparison between the PA response and the GNP diameter change resulting from 
leaching. The NP sizes were verified by TEM. 

[Pb2+]v 

(nM) 

PA-LINB 

(V/J) 
S/S0 NP diameter (nm) 

Estimated S/S0 

(D3/D0
3) 

0 539 ± 12 1.00 11.35 ± 0.97 1.00 

100 405 ± 19 0.75 10.46 ± 1.07 0.78  

250 238 ± 11 0.44 8.55 ± 1.38 0.43 

 

Figure 5.4 Time-dependent evolution of the PA-LINB, and the extinction at 532 nm (E532 nm) after 
addition of Pb2+. 
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5.4 The Optimum Size for the Assay 

In order to determine the optimum GNP size for this assay, five GNPs with different 

average sizes were used to perform the assay (see Ex. 7) [44, 239-240]. After the 

reaction between the GNPs and S2O3
2−, the lead ions and 2-ME were added, 

maintaining a constant ratio between the Pb2+ concentration and the total GNP surface. 

After 3 h, the PA responses were measured. Hence, the relative change of the signal Λ 

was calculated,   

Λ can be seen as an indicator for the sensitivity of the assay. As shown in Figure 5.4, Λ 

is inversely proportional to the GNP diameter as expected. According to the Eq. 4.4, the 

relative change of signal Λ is proportional to relative diameter change D/D0. Clearly, for 

smaller particles, the relative size change D/D0 is larger than for large particles to the 

same amount of Pb2+, which makes the detection more sensitive. Hence, we chose the 

smaller GNPs (11 nm) for the assay. On the other hand, the background signal S0 also 

depends on the GNP concentration. In order to increase Λ, the GNP concentration used 

in the assay should be as low as possible.  

 
Figure 5.4 Responses of Λ to different GNP of diameters. 

0

0

( )S S
S
−

Λ =  5.2 
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5.5 Sensitivity 

Using 1.25 nM of GNP (11 nm), containing 1 mM of 2-ME, a linear relationship 

between Λ and the Pb2 concentration from 1 nM to 2.5 μM was observed (Figure 5.5). 

The details of this experiment can be seen in Ex. 8. The limit of detection (S/N ratio = 3) 

was 0.5 nM. We repeated the procedure in the same way, measuring the extinction 

values at 520 nm with a UV/Vis spectrometer (colorimetric method). An approximate 

homologous sensitivity was obtained. 

 

Figure 5.5 Responses of Λ to various Pb2+ concentrations (0 - 10 μM). Squares: PA responses; Dots: 
UV/Vis responses (E520 nm). 

5.6 Assays in Scattering Medium 

In a scattering medium, the spatial distribution of the light is different from the one 

observed in a non-scattering medium. The transmitted fraction of light is reduced even 

if no absorption takes place. In consequence, transmission based absorption 

measurements have a systematic error in scattering media. However, the influence of 

scattering light to PA measurement is relatively small.  
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In order to demonstrate this advantage of the PA over the colorimetric method, the 

scattering coefficient of samples containing lead ions was using spherical silica particles 

(diameter 500 nm). Figure 5.6 shows the measurements of the PA-LINB and the 

extinction values at 520 nm in this scattering medium. As expected, the results 

corroborate that the PA-LINB technique is widely insensitive to light scattering, whilst 

the conventional method presents an error larger than 100%. The details of this 

experiment can be seen in Ex. 9. Apart from the applicability for measurements in 

scattering media, we have no reason to assume that the performance of the PA-based 

approach is different from the classical UV/vis-based approach as described in ref. 

[256], regarding selectivity and reaction to environmental conditions like temperature 

and pH.  

 

Figure 5.6 Detection of Pb2+ in a highly scattering medium (0.05 g/L of 500 nm silica in water). 
Squares: PA responses; dots: UV/Vis responses (E520 nm); solid line: calibration curve as shown in 
Figure 5.5 (in non-scattering medium). 
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5.7 Summary 

In this chapter, we demonstrate that PA-LINB is a useful tool to monitor the decrease of 

GNPs, and a new assay to detect Pb2+ in aqueous phase based on leaching of GNP has 

been developed. This assay is highly sensitive and suitable for the application in 

scattering media.  

On the other hand, the experimental results showed good accordance with prediction 

developed from Eq. 4.4. This fact proved the theory of strong size-dependent PA effect. 

Moreover, it also proved our primary assumption that PA-LINB can be used for sensing 

GNPs size. 
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CHAPTER 6  

Strong Size-Dependent PA Effect for GNPs Aggregation 

Monitoring 

Contents 

6.1 Brief Introduction 
6.2 Feasibility 
6.3 Sensitivity 
6.3 Summary  
------------------------------------------------------------------------------------------------------------------------- 

As mentioned in CHAPTER 1, by switching to a more sensitive aggregation detecting 

tool, the sensitivity of the aggregation-based colorimetric assay can be improved 1 - 2 

order [76-77, 91, 108-115, 137-139]. In this chapter, we present a new tool to detect 

GNPs aggregation based on the strong size-dependent PA effect.  

6.1 Introduction  

The demand for rapid, low-cost, and sensitive analytical methods in the field of 

molecular recognition is ever increasing. Currently, fluorophore label-based detection 

methods are dominating the market. Nanomaterials such as quantum dots, carbon 

nanotubes, silicon nanowires, and metallic nanoparticles, are proposed as alternative 

signaling probes for the detection [28]. Among them, gold nanoparticles (GNPs) have 

attracted enormous attention due to their unique size- and distance-dependent optical 

properties. 

A common sensing mechanism is based on aggregation of receptor-conjugated GNPs in 

the presence of the target molecule, which leads to a color change of the GNPs 

suspension. This phenomenon can be detected by naked eyes or an UV/Vis absorption 

spectrometer. The technique has been applied for different purposes such as duplex 

DNA formation [119-120], protein-ligand interactions [122-123], immunological 

recognitions [124-125], and metal ion-ligand complexation [126-129]. The main 
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problem of these aggregation-based colorimetric methods is their limited sensitivity. An 

UV/Vis spectrometer can detect aggregation only if the aggregation level is high enough 

to cause a color change [138]. In order to enhance the sensitivity, many signal 

amplification strategies have been proposed [130].  

However, these improvements often involve complicated multi-step procedures that are 

not only time consuming, but also can reduce the reproducibility of the results 

significantly. As a new tool for monitoring GNPs aggregation, dynamic light scattering 

has been introduced recently [137-139]. This technique has achieved a much higher 

sensitivity than UV/Vis absorbance spectrometry.  

In this chapter, based on the strong size-dependent photoacoustic (PA) effect on GNPs, 

a new tool to monitor GNPs aggregation is demonstrated. Since the PA-LINB signal 

strongly depends on the GNP size [257] and GNPs aggregation can be understood as a 

particle size changing process, it can be hypothesized that the aggregation can cause a 

significant change of the PA-LINB signal amplitude. To demonstrate the feasibility of 

this approach, we present here the realization of the concept by target-triggered 

aggregation of GNPs for protein detection. 

 
Figure 6.1 Schematic illustration of target-triggered GNPs aggregation enhancing the amplitude of 
PA-LINB signal for sensitive avidin detection.  
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6.2 Feasibility  

As shown in Figure 6.1, the binding of avidin with two biotin-conjugated GNPs causes 

GNPs to form dimers, trimers, and larger aggregates. This GNPs aggregation increases 

the average diameter of the whole nanoparticle population. The subsequent change of 

PA-LINB can be measured by our photoacoustic setup [257] and correlated to the avidin 

concentration. The biotin-conjugated GNP probe was prepared by the classic thiol-gold 

method [28, 119-120]. As plotted in Figure 6.2, the -SH bonds were first modified by 

the reaction of N-(+)-biotinyl-6-aminocaproic acid N-succinimidyl ester and cysteamine. 

Afterwards, biotin is bound to the GNP surface by the high affinity of -SH and gold (see 

Experimental section). 

 
Figure. 6.2 Sythsis of biotin-conjugated GNP. 

As expected, the amplitude of the PA-LINB signal shown in Figure 6.3a increased 

significantly after the addition of avidin (all measurements represent values averaged 

over 50 laser pulses). For comparison, UV/Vis spectra of the GNP probe before and 

after the addition of avidin were also collected under the same experimental conditions. 

The broadening and red-shift of the spectra shown in Figure 6.3b can be considered as 

the evidence of aggregation after the introduction of avidin. Figure 6.3c shows a typical 

evolution of the PA-LINB signal over the time after the addition of avidin. The PA-LINB 

signal raised significantly when aggregation starts and then gradually saturates until the 

action reaches equilibrium. The details of this experiment can be seen in Ex. 10. 
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A control test was performed in order to confirm that the increase of the PA signal is 

indeed due to the aggregation of GNP probes. The binding process of avidin and biotin 

(not biotin-conjugated GNP) was monitored by our PA setup. As it can be seen in 

Figure 6.3c (PA control), there was no significant PA signal change. This was expected, 

as the solutions of avidin, biotin and their reaction product are transparent in the visible 

spectral range. Hence, it can be assumed that the increase of the PA-LINB signal was 

not induced by the binding of avidin and biotin.  

 

Figure 6.3 PA amplitude (a) and the corresponding UV/Vis absorption spectra (b) before and after 
the addition of avidin. (c) Time-dependent evolution of the PA amplitude (PA-LINB), absorption at 
532 nm (λ53 2 nm) and 650 nm (λ650 nm) after addition of avidin (biotin-conjugated GNP size: 12.5 nm, 
concentration: 1.5×1012 particles/ml, avidin concentration: 30 nM). For control test, time-dependent 
evolution of PA amplitude (PA control) of mixing 30 nM of biotin and 30 nM avidin was also 
measured by our PA setup. 
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Another important observation is the lack of correlation between the PA-LINB signal 

and the absorbance at 532 nm (λ532 nm). Due to the gradually red-shift of absorption 

maximum at ~520 nm, λ532 nm was decreasing constantly after a short increase. This 

excludes the possibility that the increase of the PA-LINB signal was due to the increase 

of absorbance of the solution at the laser wavelength. On the other hand, the PA-LINB 

signal shows a similarity to λ650 nm, and λ650 nm is generally regarded as an indicator of 

aggregation level of the GNPs. Based on the discussion above, the increase of the 

PA-LINB signal can certainly be related to aggregation. 

6.2 Sensitivity  

To evaluate the sensitivity of this approach for protein quantification, the PA-LINB 

responses to different avidin concentrations were measured. The results are plotted in 

Figure 6.4. In this experiment, probes using different diameters of GNP (12.5 and 26.0 

nm) were prepared and then diluted to different concentrations to perform the assay. For 

comparison, the UV/Vis response ratios (λ650 nm/λ520 nm) under the same conditions are 

also shown in Figure 6.4. The ratio of signals after and before aggregation, S/S0, was 

calculated as an indicator of the sensitivity. As shown in Figure 6.4, the PA response is 

significantly more sensitive than a UV/Vis signal. This conclusion is confirmed by both 

sizes of biotin-conjugated GNP tested in this study. Table 6.1 summarizes the limit of 

detection (LOD) and the linear working range of the experiment above. The results in 

the table indicate that PA technique can detect avidin concentrations as low as 0.20 nM. 

The details of this experiment can be seen in Ex. 11.  
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Figure 6.4 Comparison of the experimental results obtained from PA and UV/Vis at different 
concentrations of avidin. The Biotin-conjugated GNP size is a) 12.5 nm and b) 26 nm; S0: response 
of the blank sample. Each of the data points in this figure was averaged from the measurements of 
consecutive 50 laser pulses. 

Table 6.1 Summary of LOD and linear working range. The LOD is estimated according to the 
standard 3s rule. The estimation of the probe concentration is described in Experiment Section. 

PA-LINB UV/Vis 
GNP 
size 

Probe concentration 
(particles/mL) Linear range

(nM) 
LOD 
(nM) 

Linear range 
(nM) 

LOD 
(nM) 

3×1011 2.5 -70 2.5 12 - 100 12 
12.5 nm 

1.5×1011 2.0 - 30 2 10 - 30 10 
1.2×1011 7.5 - 160 5 10 - 160 7 

0.24×1011 1.6 - 20 0.5 2 - 16 2 26.0 nm 
0.12×1011 1.5 - 10 0.20 4 - 10 4 

83.3 nm 0.012×1011 0.4 - 10 0.4 3-10 3 
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The results shown in table 6.1 indicate that the improvement of the LOD is inversely 

proportional to the probe concentration. Therefore, a possible way to enhance the LOD 

is to use a probe concentration as low as our PA setup can detect. We also tried to use 

larger GNP (83.3 nm) to prepare the probe, because a larger GNP generally generates 

stronger PA signals [257]. Thus, a lower probe concentration can be used to perform the 

assay, when using larger GNP sizes. However, all measurements from large GNP probe 

(83.3 nm) display large standard deviations (data not shown). This effect can be 

explained by the statistic distribution of the particles in the focal zone of the laser beam, 

leading to large inhomogeneities for very low particle concentrations. For this reason, 

the larger probe cannot improve the LOD in this case. 

On the other hand, it can been seen from Table 6.1 that the working range decreases 

with a decreasing probe concentration. A possible explanation for this phenomenon is 

that there are less binding sites available for avidin in the solution, and therefore the 

response saturates. However, it should be noted that an excess of avidin will hinder 

GNP aggregation and causes a decrease of the signal. This is a common problem for 

this type of cross-linking aggregation-based assay. 

The PA technique offers several more advantages compared to UV/Vis spectroscopy in 

detecting aggregation. PA-LINB is an absolute measure of aggregation, which is quite 

different from UV/Vis spectroscopy, where a ratio of absorbance at different 

wavelengths is normally used to determine the degree of aggregation. The PA technique 

is significantly less sensitive to light scattering than UV/Vis spectroscopy [258], which 

makes it more accurate than UV/Vis spectroscopy in light scattering medium [259]. 

Hence, it would be possible to introduce scattering materials (magnetic nanoparticles, 

silica and polystyrene nano/microspheres) into the experiment for further improvement. 
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6.4 Summary 

In summary, a new way to detect GNPs aggregation was described in this chapter, 

which is based on measuring the change of the PA signal generated by the laser-induced 

nanobubble. To our knowledge, this work is the first application of this technique in 

selective molecule quantification. A LOD for avidin was obtained as low as 0.20 nM. In 

principle, the method presented here could be extended to detect other interesting target 

s using different GNP probes.  
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CHAPTER 7  

Strong Size-Dependent PA Effect in Aggregation-Based Pb2+ Detection 

Contents 

7.1 Mechanism of Detecting Pb2+ Based on PA-LINB  
7.2 Feasibility 
7.3 Optimizing the Experimental Conditions 
7.4 Selectivity  
7.5 Sensitivity of the Assay 
7.6 Summary  
------------------------------------------------------------------------------------------------------------------------- 

In CHAPTER 5, a new way of Pb2+quantification based on leaching of GNPs was 

demonstrated. In this chapter, we present another Pb2+ detection method based on 

monitoring GNPs aggregation by PA-LINB.  

7.1 Mechanism of Detecting Pb2+ Based on PA-LINB 

The method is based on the increase of the PA-LINB signal caused by the aggregation of 

glutathione-conjugated GNPs (GSH-GNPs) in the presence of Pb2+ ions. Glutathione 

(GSH) plays an important role in shielding intracellular components from oxidative 

damage and in detoxifying of heavy metal ions in organisms [260]. Due to the presence 

of the mercapto group (-SH), GSH can easily bind to the GNP via Au-S bond to form 

the GSH-GNPs probe. In addition, GSH molecule contains two chelating ligands 

(Figure 7.1), which show a high affinity to Pb2+. Hence, in the presence of Pb2+, several 

GSH-GNPs conjugate with one Pb2+, and nanoparticles aggregates are thereby produced 

[261-262]. Accordingly, the aggregation will yield a significant shift and broaden in the 

SPB of GNPs, which can be detected by an UV/Vis spectrometer. This mechanism has 

been clearly described in previous reports [263]. 
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In the previous chapter, it has been proven that PA-LINB is a more sensitive tool than 

UV/Vis spectrometer for detecting aggregation. Hence, the aggregation of GSH-GNPs 

in the presence of Pb2+ can also be monitored by PA-LINB (see Figure 7.2). According 

to strong size-dependent PA effect, the aggregation of GSH-GNPs can cause a raise in 

PA-LINB signal, and this raise can be used for Pb2+ quantification in the solution. In this 

chapter, we tried to realize this idea.  

 

Figure 7.1 Structure of GSH-conjugated GNP 

 
 

 
Figure 7.2 Schematic illustration of Pb2+-triggered GNPs aggregation enhancing the amplitude of 
PA-LINB for sensitive Pb2+ detection. 
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7.2 Feasibility  

The aggregation of GSH-GNPs in the presence of Pb2+ can be confirmed by the 

corresponding UV/Vis spectra. As shown in Figure 7.3 (left), the broadening and 

red-shift of the spectra was observed, when GSH-GNPs were mixed with the Pb2+ (final 

concentration 0, 1, 5, 20 μM). This fact can be viewed as the evidence of aggregation 

after the introduction of Pb2+, since the broadening and red-shift of the spectra is caused 

by the coupling of surface plasmons of adjacent nanoparticles in aggregate. At a high 

Pb2+ concentration level, a color change of GSH-GNPs suspension can even be 

observed by naked eyes, as plotted in Figure 7.5 (right). Details of this experiment can 

be seen in Ex. 12. 

For comparison, the corresponding PA-LINB signals under the same conditions were 

recorded. As plotted in Figure 7.4, the amplitude of PA-LINB increased significantly 

when GSH-GNPs were mixed with Pb2+. According to the results in the last chapter, the 

PA-LINB will witness a great increase when GNP aggregation occurs. This assumption 

showed a good accordance with the phenomena observed above. We also noted that the 

increase of the PA-LINB signal in Figure 7.4 is related to the concentration of Pb2+. The 

amplitude of PA-LINB is significant higher, when the Pb2+ concentration is higher. 

Clearly, with higher Pb2+ concentration, the amount or size of resulting aggregates 

increases, the corresponding PA-LINB signal is larger. Based on the facts above, the 

PA-LINB can be used as an index to quantify Pb2+ in aqueous solution via this approach.  
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Figure 7.3 The UV/Vis spectra (left) and images (right) after GSH-GNPs suspensions mixed with 
various concentrations of Pb2+ (0, 1, 5, 20 μM). 
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Figure 7.4 The PA signal after GSH-GNPs suspensions mixed with various concentrations of Pb2+ 
(0, 1, 5, 20 μM). The time delay (ta) is the time needed for propagation of the generated acoustic 
pulse propagates to the detector, which depends on the position of the detector and the laser beam, 
and the sound speed in the corresponding medium.  

7.3 Optimizing the Experimental Conditions 

It is widely known that pH value and ionic strength of the matrix have great influence 

on the aggregation process of GNPs. For example, during the preparation of GSH-GNPs, 

we found GSH-GNPs are unstable in acidic conditions. The aggregation of GNPs 

immediately occurred when the GSH solution (acidic) was added. Hence, in order to 
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prevent GNPs from aggregation, the pH value of gold colloids was adjusted to ~10 

before addition of GSH solution (see Experiment Section).  

The concentration of salt also has a major influence on the aggregation of GSH-GNPs. 

The GSH contains two free –COOH groups and one –NH2 group, which provide a 

hydrophilic interface and can protect the GSH-GNPs from aggregation. The results 

shown in Figure 7.5 prove that GSH-GNPs are stable even in a solution with high ionic 

strength (in 0.1 M NaCl solution). However, the repulsion effect of GSH is so strong 

that it even prevents GSH-GNPs from aggregation in the presence of Pb2+. Figure 7.5 

also shows the UV/Vis response of GSH-GNPs to various salt concentrations in the 

presence of the same concentration of Pb2+ (10 μM). Details can be seen in Ex. 13. The 

ratio of the absorbance values (λ650 nm /λ520 nm) was used to express the molar ratio of 

aggregated and non-aggregated GSH-GNPs, which can be seen as an index of 

aggregation level. As can been seen in Fig 7.5, no aggregation was observed when final 

salt concentration was below 0.06 M. When salt concentration is above 0.06 M, the 

GSH-GNP aggregated immediately after the addition of Pb2+ and reached equilibrium in 

about 20 min.  
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Figure 7.5 UV/Vis responses of GSH-GNPs to 10 μM of Pb2+ in various NaCl concentrations (0 – 
0.10 M), and the UV/Vis spectrum of GSH-GNPs in 0.10 M of NaCl solution (without of Pb2+).  



II. RESEARCH WORK 

 73

7.4 Selectivity  

To evaluate the selectivity of this assay, it was challenged with other environmentally 

relevant metal ions including Ba2+, Ca2+, Cd2+, Co2+, Cr3+, Cu2+, Fe2+, Fe3, Mg2+
, Mn2+, 

Ni2+, and Zn2+ ions.  In a typical experiment, one of these metal ions was added to the 

GSH-GNPs in the presence of 0.1 M NaCl. After 20 min, the mixtures were measured 

by the PA setup. The details of this experiment can be seen in Ex. 14. As illustrated in 

Figure 7.6, only the Pb2+ sample showed a significant increase in the PA-LINB 

amplitude compared to the blank (pure water). No obvious PA-LINB amplitude increase 

was found for other metal ions. 

The aggregation of GSH-GNPs was caused by the coordination between Pb2+ and 

–COOH of GSH. In theory, many other ions, i.e. Cu2+, Cd2+, Fe3+, etc., share the same 

coordination effect with Pb2+. Thus it is hard to explain the selective response of the 

GSH-GNPs towards Pb2+. Su and co-worker believed that this selectivity partially is due 

to the fact that the aggregation rates of GSH-GNPs to Pb2+ is relative fast in comparison 

to other ions [263]. However, the exact mechanism still requires further investigation. 
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Figure 7.6 The PA responses after GSH-GNP mixed with various ions (Ba2+, Ca2+, Cd2+, Co2+, Cr3+, 
Cu2+, Fe2+, Fe3, Mg2+

, Mn2+, Ni2+ and Zn2+ ; final concentration 2 μM). 
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7.5 Sensitivity of the Assay 

To evaluate the sensitivity of this approach for Pb2+ quantification, the PA-LINB 

responses to different Pb2+ concentrations (0～8 μM) were measured (see Ex. 15). The 

results are plotted in Figure 7.7. A linear relationship between PA-LINB and the Pb2+ 

concentration was observed from 42 to 1000 nM (R2 = 0.9969, n = 6) (Figure 7.8). The 

results indicate that the PA technique can detect Pb2+ concentrations as low as 42 nM, 

which is below the maximum contamination level (75 nM) for lead in drinking water 

(defined by the U.S. Environmental Protection Agency).  
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Figure 7.7 PA responses of GSH-GNP to various Pb2+ (0 ~ 8 μM) 
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7.6 Summary 

A simple and rapid detection method for Pb2+ based on aggregation of GSH-GNPs 

probe monitoring by PA-LINB has been developed. A LOD of 42 nM was achieved. 

The linear working range of the calibration curve ranges from 42 to 1000 nM. 
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CHAPTER 8  

Attempts of Direct SERS Monitoring of Immunological Recognition 

Contents 

8.1 Introduction of Label-free SERS Detection   
8.2 Possible Detection Schemes 
8.3 Summary  
------------------------------------------------------------------------------------------------------------------------- 

8.1 Introduction of Label-Free SERS Detection 

Another interesting optical property of GNPs is the surface-enhanced effect. SERS 

holds vast potential in biological and chemical sensing. With an enhancement factor of 

1012, SERS enables measurement of weak Raman scattering of single molecules 

[264-265]. In addition to the high sensitivity, SERS also offers high detection selectivity, 

since each molecule has a unique Raman spectrum, also known as “fingerprint” 

spectrum. SERS is a surface-sensitive technique [102]. The molecule needs to be 

directly absorbed on or very close to the metal surface to experience a significant 

enhancement of Raman scattering. Hence, another advantage of SERS is it enables 

detecting a specific target in a complex samples without physical separation of 

interferents, by controlling the surface chemistry around the metal surface [266-271].  

An interesting sensing mechanism is the so-called label-free SERS detection. By 

incorporating a specific chemical moiety on the metal surface, the analytes can be 

captured on the metal surface. Thus, the analyte can be identified by its fingerprint 

spectrum and meanwhile quantified based on the intensities of certain specific bands. 

This sensing principle is straightforward, and eliminates the need for labels. In this 

chapter, we attempted to apply this sensing mechanism to detect the antigen-antibody 

binding. 
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8.2 Possible Detection Schemes  

In this section, several possible label-free SERS detection schemes were tested. 

Benzo[a]pyrene (B[a]P) and anti-benzo[a]pyrene antibody were chosen as model to 

realize this scheme. B[a]P is a five-ring polycyclic aromatic hydrocarbon, whose 

structure is shown in Figure 8.1. The maximum tolerable limit of B[a]P in drinking 

water was set to 10 ng/L by the European Commission (Council Directive 98/83/EC). A 

vast number of studies have demonstrated the possible links between B[a]P and cancer 

[272-274]. Hence, the control and monitoring of B[a]P in drinking water is of great 

importance.  

 

Figure 8.1 Molecular structure of benzo[a]pyrene. 

As our first attempt, the surface of GNP was modified with anti-B[a]P antibody as 

SERS probe (see Experimental Section), and thus it is capable of capturing and 

separating B[a]P from the sample matrix. In principle, it is possible to detect those 

captured B[a]P molecules by SERS, due to existence of the surface-enhanced effect on 

the GNP surface. This detection scheme is plotted in Figure 8.2.  

However, no SERS signal of B[a]P was found after the addition of B[a]P to a SERS 

probe (see the Mixture in Figure 8.3). The observed spectrum is significantly different 

from the SERS spectrum of B[a]P，which is also shown in Figure 8.3 (obtained by 

mixing B[a]P with silver nanoparticles, see Ex. 16). Neither is there any detectable 

change in the SERS spectrum after the addition of B[a]P to SERS probe.  

One possible explanation is that, as we mentioned above, SERS is a surface-sensitive 

technique. The analyte needs to be directly absorbed on or very close to a metal surface 

to experience significant enhancement of SERS [275]. It has been proven that the SERS 
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intensity decreased by a factor of 10 when the analyte was 2.8 nm away from the 

surface [105-106]. Further increase of the distance to 20 nm will cause the SERS 

intensity dropping to one hundredth of the initial intensity [107]. In our case, the B[a]P 

molecules were separated from the surface by antibodies and as a result, the 

enhancement effect on these sites are comparably small.  

Another possible explanation is that the enhancement effect of single isolated particles 

is relative small. The enormous enhancement factors of SERS (108 ~ 1012) were often 

produced by nanoparticle aggregates [264-265]. Accordingly, this may help to explain 

that no SERS signal from B[a]P was observed after addition of B[a]P to the probes. 

 

Figure 8.2 Scheme of label-free detection of B[a]P by SERS. 

400 600 800 1000 1200 1400 1600

In
te

ns
ity

 (c
ou

nt
s)

Raman Shifts (cm-1)

Buffer

B[a]P

SERS probe

Mixture

 

Figure 8.3 SERS spectra of buffer, SERS probe, the mixture of SERS probe and B[a]P. The SERS 
spectrum of B[a]P was obtained by mixing Ag NPs with B[a]P. 
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Addressing this problem, we introduced Ag NP aggregates to improve the system. 

Hereby, after the binding of B[a]P to SERS probe, Ag NPs were added accompanied by 

NaCl to form nanoparticle aggregates, as shown in Figure 8.4 (see Ex. 17). 

Theoretically, this procedure also increases the probability of B[a]P being absorbed 

direct on the aggregates surface. Thus, B[a]P can experience an enhancement effect 

from the aggregates. Yet, we still could not detect any SERS signal from B[a]P after the 

addition of Ag NP aggregates (data not shown).  

 
Figure 8.4 Scheme of label–free SERS detection of B[a]P by Ag NPs aggregates. 

It is widely known that nanoparticle aggregates can provide enormous SERS 

enhancement due to the formation of “hot spots” during the aggregation. Actually, 

almost all the SERS signal is produced by analytes in these “hot spots”, since the rest of 

the surface of aggregates is comparatively SERS inactive [276-278]. But these “hot 

spots” are well confined within the small gabs between adjacent nanoparticles. However, 

in our case, it is very hard for the relatively big B[a]P-antibody complex to enter the 

small gab. Thus, the captured B[a]P cannot share the enormous enhancement effect in 

the “hot spots”. A counter example can be found in the last experiments. When free 

B[a]P was mixed with Ag NP aggregates, an intensive SERS signal was observed 

(Figure 8.3), because it is much easier for small molecules to enter the “hot spots”. 

These facts may help to explain that the introduction of Ag NP aggregates does not 

improve the detection sensitivity of this approach.  

Furthermore, there is a drawback of the above mentioned approach. Because the surface 

of the aggregates is directly exposed to the environment, the detection can be easily 
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interfered by the SERS signal of interfering species in the matrix. Accordingly, we 

ceased to invest more time in this approach.   

Realizing the NP aggregates were ineffective in generating SERS enhancement in the 

above mentioned approach, we used another technique. After addition of B[a]P, the 

SERS probe was immediately treated with a Ag enhancement solution (Figure 8.4) and 

a silver layer was deposited on GNP (see Ex. 17). This silver amplification procedure is 

widely used for SERS [147]. After the amplification, some changes in the spectrum 

were observed. But this spectrum is significant different form the spectrum of B[a]P, as 

shown in Figure 8.5. 

 

Figure 8.4 Scheme of SERS detection of B[a]P via silver enhancement. 
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Figure 8.4 SERS spectra of buffer, SERS probe, the mixture of SERS probe and B[a]P, and the 
mixture after silver enhancement. The SERS spectrum of B[a]P was obtained by mixing silver 
nanoparticles with B[a]P in the presence of NaCl. 
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A reasonable explanation is the B[a]P-antibody complex may be unstable in the strong 

acidic Ag enhancement solution (pH 3.5 ~ 4). Thus, the B[a]P was detached from the 

SERS probe. Meanwhile, some species in the matrix were absorbed on the newly 

formed silver surface. Hence, we can observe some change in the spectra, but no SERS 

signal of B[a]P. 

8.3 Summary 

The ideas of direct motoring the antigen-antibody binding by SERS were tested in this 

chapter. However, these attempts proved to be unsuccessful. Despite the unsatisfying 

results, we can still gain useful experience and the direction for future work.  
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CHAPTER 9  

Indirect Monitoring of Immunological Recognition based on 

Core-Shell SERS Tags 

Contents 

9.1 Introduction of SERS Tags 
9.2 Synthesis and Characterization of Core-Shell SERS Tags 
9.3 Application  
9.4 Summary  
------------------------------------------------------------------------------------------------------------------------- 

In this chapter, we present an indirect way to monitor immunological recognition based 

on SERS tags. SERS tag is a labeled nanoparticles, which includes strong SERS 

enhancement in the combination of Raman active dyes with metallic nanoparticles. The 

majority of SERS tags are designed in core-shell geometry, due to their significantly 

higher stability to environmental conditions. The main disadvantage of core-shell tags 

up to now was the time-consuming and complex preparation procedures. In this chapter, 

a rapid and straightforward method for the synthesis of core-shell SERS tags is 

described. Hence, the stability of the SERS tags was evaluated under extreme pH values, 

high ion strength, etc. Finally, the SERS tags are functionalized with anti-Salmonella 

antibodies as a model to present a potential application of tags in biological sensing.  

9.1 Introduction of SERS Tags 

SERS exhibits a vast potential as a highly sensitive and selective tool for the detection 

of biological or chemical analytes. The fabrication of the SERS substrates or SERS tags 

is generally considered one of the most critical aspects of a SERS experiment. As one of 

the two pillars of a SERS experiment, the SERS tag is a labeled nanoparticle, usually 

consisting of gold or silver. Combined with resonant Raman reporter molecules, SERS 

tags can provide 106 ~ 1014-fold enhancement of the Raman scattering intensity, which 
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can even be sufficient for single-molecule detection [264, 266, 279]. Compared to other 

tags, such as plasmon-resonant particles, quantum dots, and fluorescent dyes, an unique 

advantage of SERS tags is that they are highly specific. Hence, a wide range of different 

SERS tags can be used simultaneously in single detection systems. 

Most SERS tags developed recently are based on two principal approaches. One is the 

direct attachment of Raman reporter molecules and recognition elements on silver or 

gold nanoparticles. The first works were presented by Cao et al. [147]. The SERS tags 

they prepared enabled multiplex DNA and RNA detection. One limitation of this 

approach is the instability of the SERS tags caused by the direct exposure of tag surface 

to the environment. 

An improved approach is to cover the surface of nanoparticles with a layer of silica or 

polymers, in which the Raman reporter molecules are embedded (so-called core-shell 

SERS tags). The first attempt to achieve this was made by Doering et al. and Mulvaney 

et al. [151, 280-281]. The silica shells protect the SERS tags from aggregation and 

facilitate functionalization. Even some more complex multilayer core-shell SERS tags 

have been developed recently through a layer-by-layer deposition procedure [149-151]. 

Generally, this procedure can improve the stability and other optical properties of SERS 

tags. However, this improvement comes at the cost of preparation time: obviously, the 

more complex the structure is, the longer the preparation time it needs (usually days or 

more), the more chemicals it consumes, and the harder the process is to handle [281]. 

Especially cumbersome, a vitrophilic (“affine to silica”) pretreatment needs to be 

performed usually on silver or gold nanoparticles to make their surfaces affine to silica. 

Merely this process can take days; so, a more straightforward and simpler synthesis 

method is highly desired. 
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9.2 Synthesis and Characterization of Core-Shell SERS tags 

9.2.1 Synthesis 

Here, a fast, daily use synthesis method of core-shell SERS tags is described. The whole 

process takes less than 2h, and there is no need for vitrophilic pretreatment. Both Ag 

and Au nanoparticles can be applied to fabricate the tags. Moreover, the choice of 

Raman reporter molecules is broad. Organic dyes with an isothiocyanate (-N=C=S) 

group or with multiple sulfur atoms can be employed, since they bind strongly on the 

core particles with silica encapsulation. The core particles can be directly coated by a 

sol-gel procedure after the absorption of the reporter molecules. Although the initial 

purpose of this coating method was to cover GNPs with conformal silica shells [282], 

we found it also effective in coating Ag NPs. The coating method involves two steps: 

the generation of silica sols with base-catalyzed hydrolysis of tetraethyl orthosilicate 

(TEOS), followed by nucleation and condensation of these sols onto the surface of 

tagged core particles. 

Usually, Ag and Au nanoparticles have little affinity to silica, since they cannot form a 

passive oxide film in solution and the stabilizers absorbed on their surface also renders 

vitreophobic [283]. Thus, a vitrophilic pretreatment is often required in coating their 

surface with silica shells [280-281]. First the stabilizers must be removed, either by 

dialysis or by an ion-exchange resin. Then the surface is modified by amine- or 

mercapto-terminated siloxane to make it vitrophilic. This pretreatment certainly 

increases the preparation time. Moreover, the experimental conditions need to be 

carefully controlled to avoid aggregation, since the nanoparticles become less stable 

after removal of the stabilizers. 
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To address this problem, we managed to skip the vitrophilic pretreatment by directly 

coating the Ag NPs after attaching the Raman reporter molecules. As shown in Figure 

9.1, Raman reporter molecules are first added to Ag NPs. After the reporters were 

absorbed onto the colloidal surface, it is transferred into 2-propanol to start the coating 

process.  

 

Figure 9.1 Schematic illustration of the preparation of the core-shell SERS tags. 

 

 

Figure 9.2 Transmission electron micrograph of the SERS tags (Ag). 
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The coating method we used is a sol-gel process which has been proven to be capable of 

coating a variety of NPs, such as gold sphere nanoparticles, silver nanowires, 

superparamagnetic Fe3O4, and others [282, 284]. It is also very effective in fabrication 

of core-shell SERS tags. In general, the silica shell is formed in situ by the 

base-catalyzed hydrolysis of TEOS, and the following deposition of silica onto the 

surface of Ag NPs, while the ammonia is added as a catalyst to speed up the process. 

Figure 9.2 shows a typical transmission electron microscopy (TEM) image of SERS 

tags synthesized by this approach. After the coating process, these core-shell tags are 

well-dispersed spherical nanoparticles. Au NPs can also be used to fabricate SERS tags, 

following a similar procedure. The details are shown in the Experimental Section. 

Each molecule has a unique fingerprint Raman spectrum, since different functional 

groups are specified by different vibrational energies. As a result, the possible choice of 

Raman reporter molecules is vast. However, in our case, only molecules that strongly 

bind to Ag nanoparticles can be used as Raman reporter molecules. The experimental 

results show that organic dyes with an isothiocyanate (-N=C=S) group, such as 

tetramethylrhodamine-5-isothiocyanate (TRITC) and fluorescein 5(6)-isothiocyanate 

(FITC), or with multiple sulfur atoms (5, 5’-dithiobis(2-nitrobenzoic acid, DTNB) could 

be encapsulated in the silica shell (Figure 9.3). The -N=C=S or sulfur atoms yield a 

sulfur-Ag bond that is stable during the whole coating process. We also tried with 

Rhodamine B (without –N=C=S group and multiple sulfur atoms), but no Raman signal 

could be detected after silica coating (data not shown). Small organic molecules with a 

-SH group or -NH2 group also strongly bind to Ag nanoparticles, such as thiophenol and 

aminobenzoic acid. The main reason we do not prefer those small molecules is that, 

according to previous reports [265, 285-286], resonance Raman can provide an 

additional 2 - 3 orders of magnitude of enhancement compared to SERS alone, but it is 

nearly impossible to achieve resonance Raman enhancement at a visible excitation 

range for those small molecules. 
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Figure 9.3 Typical Raman spectra of three SERS tags and the chemical structures of three Raman 
reporter molecules, TRITC, FITC and DTNB (λex = 633 nm, accumulation time 10 s, objective 20×). 
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Figure 9.4 (a) Raman spectra of the SERS tags prepared under six TRITC concentrations (3.84 × 
10-7, 7.40 × 10-7, 1.07 × 10-6, 1.38 × 10-7, 1.67 × 10-7, and 1.93 × 10-7 M). (b) Peak intensities at 1646 
cm-1 (λex = 633 nm, accumulation time 10 s, objective 20×). 
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The influence of the concentration of the Raman reporters was also investigated. Figure 

9.4a shows the SERS spectra of SERS tags prepared with different concentrations of 

TRITC. From 3.84 × 10-7 to 1.67 × 10-6 M, the signal of the SERS tags increases with 

the dye concentration (see Figure 9.4b). Especially when the concentration increases 

from 1.38 × 10-6 to 1.67 × 10-6 M, the signal increases dramatically: for instance, the 

peak intensity at 1646 cm-1 jumps from 14, 352 counts to 33, 796 counts. This increase 

could be explained by the increasing number of dye molecules which can be embedded 

into the silica. An explanation for the sudden drop of signal at the concentration 1.93 × 

10-6 M is less obvious. According to previous reports [287], excess dye molecules could 

hinder the TEOS accessing the surface of the nanoparticles and hence result in failing 

silica encapsulation. Other researchers attributed these intensity discontinuities to 

fluctuations of molecule-surface charge transfer interactions [288]. The exact 

explanation of this phenomenon requires further investigation. 

9.2.2 Stability of the Tags  

High stability is a special advantage of core-shell SERS tags. Firstly, the silica shell 

renders the tags amenable to use in a variety of solvents (see Ex. 19). Figure 9.5a shows 

that the core-shell SERS tag maintains its stability in NaCl, NaOH, HCl, ethanol, THF, 

and DMF. In contrast, the bare colloidal Ag, as a model of a naked SERS tag, rapidly 

agglomerates when transferred from H2O into NaCl, HCl, THF, or ethanol (see Figure 

9.5b). It is only stable in NaOH and DMF, where the nanoparticles can maintain enough 

negative charge on their surface. Secondly, the silica shell isolates the core particles 

from surrounding environment. Thus, it eliminates the influences of the possible 

disturbances presented in the environment. A proof has been shown in Figure 9.6. When 

concentrated crystal violet (10-5 M) is added into the tag solution, the Raman spectrum 

remains the same and no signal from crystal violet is observed (see Ex. 20).  
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Figure 9.5 Stability comparisons between silica-coated SERS tags (a) and uncoated silver 
nanoparticles (b) (as a model for naked SERS tags) in different solutions. The lack of changes in the 
UV/Vis spectra indicates a high degree of stability of the tags. 

 

 

Figure 9.6 Raman spectra obtained with and without the addition 10-5 M crystal violet presented in 
the solution (λex = 633 nm, accumulation time 10 s, objective 20×). 
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9.3 Application 

The silica shell offers an additional advantage: it is easily functionalized. After amino 

groups or carboxylic groups are introduced onto the surface of the SERS tags, it can be 

bound to proteins, peptides, various nucleotides, or others. As shown in Figure 9.6, the 

primary amino groups were introduced onto the SERS tags’ surface by a reaction with 

APTMS, subsequently conjugated with pAB anti-Salmonella antibody. In a typical 

sandwich immunoassay, anti-Salmonella antibody was chosen as a model to investigate 

the potential of our SERS tags in bioimaging (see experimental section). The right-hand 

side of Figure 9.8 shows a photographic image after the modified tags (TRITC) bound 

to Salmonella bacteria, while the left side represents a SERS intensity map of the same 

surface region, based on the area of the peak at 1646 cm-1 (see Ex. 21) 

 

Figure 9.6 Modification of SERS tags. 

In most parts of the map, the occurrences are similarly distributed with some exceptions, 

because the resolution of SERS intensity maps is confined by the objective and laser 

wavelength to comparable low level (1 - 2 μm). Typical SERS spectra of different spots 

of the map, labeled with green dots in the photographic image, can be seen in the inset 

in Figure 9.8 on the left. The distinct differences between the SERS spectra from 

bacteria and from the background indicate the high sensitivity of our detection model 

and underline the great potential of our SERS tags. 

 



II. RESEARCH WORK 

 94 

 

Figure 9.8 Photograph of Salmonella after binding to the modified SERS tags (left), SERS intensity 
map (right) indicating distribution of Salmonella bacteria, and the original Raman spectra (no 
baseline correction and smoothing) on six green points (insert). The maps are constructed on the 
band area at 1646.2 cm-1 (λex = 633 nm, accumulation time 10 s, water immersion objective 63×, 
step size 2 μm). 

9.4 Summary 

In this chapter, core-shell SERS tags were successfully synthesized by a rapid procedure. 

Additionally, the size and the shape were well characterized by TEM. Several 

differently labeled SERS tags could be prepared by simply employing different dyes. 

The narrow, well- resolved bands allow employing multiple SERS tags simultaneously 

in a single detection system. Additionally, the synthesized SERS tags exhibit a high 

stability in different environments. Moreover, the experimental results showed that a 

rapid and specific method for bioimaging of cells could be built after modifying the 

SERS tags with antibodies. The core-shells SERS tags could also be modified with 

other recognition elements, such as DNA or aptamers. Accordingly, the application of 

core-shells SERS tags in biochemical analysis is vast.
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Research Summary 

The research work in this thesis can be di vided into two p arts. In the first one, a ne w 

size-dependent PA effect of GNPs and its  theoretical foundation was described, and 

applied in chemical sensing. The second part discusses the applications of nanoparticle 

probe and s urface-enhanced Raman scattering in  the field of chem ical and biolog ical 

sensing. 

The strong size-dependent effect of GNPs is described in CHAPTER 4. This new effect 

was discovered when our group studied th e PA response of GNP suspensions. We  

found that the PA signal of GNPs was enhanc ed by several orders of m agnitude after 

aggregation. This phenom enon is in contra diction to the conventional PA theory. 

According to it, the PA amplitude of homogeneous liquids is direct proportional to their 

absorbance, but the absorbance of GNPs at the illum ination wavelength (532 nm)  

decreases significantly after aggregation. We realized the observed P A signal w as 

actually produced from a phenom enon called laser-induced nanobubble, and the size of 

GNPs plays an i mportant role in this phenomenon. After running simulations based on 

the widely known Rayleigh-P lesset cavitation model [120, 224-225, 228-230],  an 

equation that appropriately explained the new effect was acquired. Thus, the equation 

was validated by further experiments. All the relevant results showed a good accordance 

with the new equation.  

The following sections mainly describe the applic ations of this new P A effect in 

chemical and biological sensing. A s mentioned above, the equa tion implies that PA 

signal produced by laser-induced nanobubble on GNPs ( PA-LINB) strongly depends on 

GNPs size. As a result, PA-LINB can be used as a tool to monitoring the variation of the 

size of GNPs. 

In CHAPTER 5, we dem onstrated a new wa y of quantification of Pb 2+ in aqueous  

solution based on leaching of GNPs in the presence of S2O3
2- and 2-mercaptoethanol. 

The corresponding size decrease w as monitoring by PA-LINB. A very low detec tion 
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limit (0.5 nM) for Pb 2+ can be achieved. An additional advantage provided by PA-LINB 

is that this assay can b e performed in s cattering media. Furthermore, based on the  

relevant information we obtained in this experiment, the equation could be validated 

once more.   

Since aggregation can be seen  as a GNP size  increasing process, it is reasonable to 

hypothesize that PA-LINB can be utilized for detecti ng aggregation. T his assumption 

was tested in CHAPTER 6. A  model system, avidin triggered aggregation of biotin 

conjugated GNPs, was used to test this hypothesis. The results show , PA-LINB is ten 

times more sensitive than traditional aggregation monitoring tools (UV/Vis absorption) 

at optimized conditions. This applica tion also represented the f irst work of  PA 

spectroscopy in selective molecular detection，in which a low detection lim it (0.2 nM) 

for avidin was achieved.  

In the following section, CHAPTER 7, we furt her extended this sens itive tool to an 

aggregation-based assay for Pb2+. This approach is very se nsitive and selective for Pb2+ 

ions. The detection lim it (42 nM) is well below the maximum contamination level for 

lead (75 nM) in drinking water as defined by the U.S. Environmental Protection Agency. 

But, it should be noted here that the aggregation of GNPs is influenced by many factors, 

such as pH value, ion s trength of the sample etc. Since the s ensing mechanisms of the 

two discussed applications are based on GNPs aggregation, the practical applications of 

them may be lim ited. However, these lim itations should not be considered as the 

drawbacks of the PA effect as aggregation detection tool.  

In the second part of this thesis, we tried to directly detect the antigen-antibody binding 

by SERS. Many label-free SERS detection schemes have demonstrated and tested in 

CHAPTER 8. But all these attem pts yielded unsatisfied results. Hence, we switched  to 

an indirect way, which was based on labe led SERS nanoparticle probes. In CHAPTER 

9, a rapid and straightforward wa y for the synthesis of core-shell SERS tags was 

demonstrated. Then, the tags were functionalized with anti- Salmonella antibody as a  

model to present a potential application of tags in biological sensing. 
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Future Research Directions 

The approximations of the equation show good accord ance with the observed 

phenomena. Yet the intrinsic m echanism of the size-dependent PA e ffect on GNPs 

remains unknown. By taking a broad view on a ll the optical properties of GNPs, one  

would notice the similarity of this effect to many surface-enhanced optical phenomena. 

For instance, when the GNPs aggregate, the Ram an scattering of the m olecules 

absorbed on GNPs can also be enhanced se veral orders of magnitude, as well as m any 

nonlinear optical responses. Due to these sim ilarities, we believe that this PA e ffect is 

also a surface-enhanced phenomenon. If this assumption would be correct, the intrinsic 

mechanism of this effect would also relate on the enhancement of electromagnetic fields 

on the particle surface. This cou ld also be th e direction of future work,  as the study of 

the intrinsic mechanism of this size-dependent PA effect may also help to explain other 

surface-enhanced effects. 
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1. Instrument  

1.1 PA Spectroscopy  

1.1.1 The Setup  

The PA system used in this thesis is shown in Figure E1 (top). A frequency-doubled, 

Q-switched Nd:YAG laser (SL280 Spectron Laser System, Frankfurt, Germany, 532 nm, 

6 ns, 10 Hz) was employed. The laser beam was focused by a planoconvex lens (100 

mm focal length) into a conventional 1-cm glass cuvette equipped with a piezoelectric 

transducer on one side (side-on detection) [224]. The PA signals were amplified 

(HCA-100M-50k-C high speed current amplifier, Femto, Berlín, Germany) and 

recorded with a digital oscilloscop. A fraction of the laser beam was coupled out, which 

was employed for online monitoring of the laser pulse energy by a pyroelectric detector 

(Pyroelectric J25LPMB, Laser System, Dieburg, Germany). To obtain a reliable time 

reference, the oscilloscope was triggered by the Q-switch trigger of the Nd:YAG laser. 

For improvement of the signal-to-noise ratio, each PA measurement was averaged over 

50 laser pulses. The data acquisition was performed with an in-house developed 

software (programmed in MATLAB 6.5).  
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Figure E1 Scheme (top) and image (down) of the experimental setup. 
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1.1.2 PA Sensor Cuvette 

Figure E2 shows the PA sensor cuvette used in this study. For the detection of the 

acoustic signal, a 25-μm thick piezoelectric PVDF film (bi-oriented piezoelectric PVDF, 

Piezotec SA, Saint-Louis, France) was used. The PVDF film was circular with a 

diameter of 6 mm and was coupled to a conventional 1-cm glass cuvette by a 

conductive epoxy. The conductive epoxy provides both electric and acoustic contacts. 

The electrode was coupled with conductive epoxy to the other side of the PVDF film. 

The electrodes were connected to a BNC socket. A glass cuvette is sufficiently 

chemically inert and provides acoustic coupling with the water. The acoustic 

transmission factor between water and glass is 1.8, between glass and conductive epoxy 

is 0.85 and between the epoxy and PVDF is 0.53. For each interface transmission factor 

can be calculated according Eq. 2.19. Hence, the acoustic transmission efficiency of the 

system “water/glass/epoxy/PVDF” is 0.82 [289].  

 

 

 

     
Figure E2 Image (left) and schematic setup (middle) of PA sensor cuvette, and the scheme of 
coupling of piezoelectric polymer film (right). 
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1.1.3 PA Signal Analysis 

The PA signals were detected perpendicularly to the laser beam, as shown in Figure E3 

(top). A typical PA signal detected by our PA setup is also shown in Figure E2. The 

origin of the abscissa is set to the instant of laser pulse generation. The noise in the first 

~1 µs originates from electromagnetic emissions of the Q-switch of the Nd: YAG laser. 

The peak at ta = 2.25 µs is the PA signal of GNPs.  

As shown in Figure E3, the time delay (ta) the generated pressure pulse needs to reach 

the cuvette walls, where the detector is placed, depends on a distance d and the speed of 

sound in the corresponding medium: t = d/c. According to this equation, ta corresponds 

to a distance of 2.1 mm in water with a sound velocity of 1490 ms-1 (the distance 

between the inner walls and the center of the cuvette) plus 4.1 mm in glass with a sound 

velocity of 5000 ms-1 (cuvette walls thickness).1 A detailed view of the PA signal is 

shown in the inset of figure E3. The pac in this figure represents the amplitude of PA 

signal, which was adopted in all PA measurements.  

 

 
Figure E3 Image of Side on dectecting mode (top) and a typical PA signal (down). The inset shows 
an expanded view around the main peak. 
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1.2 Raman Spectroscopy  

For the Raman measurements, a confocal Raman System Renishaw 2000 (Renishaw, 

U.K.) was used. A 633 nm laser source (beam power: 25 mW) was employed for 

excitation, and a motorized XY stage was utilized to perform Raman mapping. 

Calibration of the instrument was done referring to the 520 cm-1 line of silicon. All 

spectra were processed via the WiRE 1.2 software based on GRAMS 32 (version 4.14, 

Thermo Galactic) which controlled the instrument itself including data acquisition. 

1.3 UV/Vis Spectroscopy  

UV/Visible absorption spectra were collected by means of a scanning 

spectrophotometer (Beckman 650).  

1.4 TEM 

Transmission electron micrographs were taken using a JEOL JEM 2010 instrument. 
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2. Materials 
2.1 Chemcials  
The following reagents were used without further purification and Milli-Q water (18 

MΩ·cm-1) was used to prepare all aqueous solutions. 

Albumin from bovine serum (A3912, Sigma-Aldrich, Steinheim)  

3-Aminopropyltrimethoxysilane (281778, Sigma-Aldrich, Steinheim) 

Ammonia, 25 wt % (105428, Merck, Darmstadt) 

Ascorbic acid (A5960, Sigma-Aldrich, Steinheim) 

Barium nitrate (101729, Merck, Darmstadt) 

Calcium chloride  (499609, Merck, Darmstadt) 

Cadmium acetate dihydrate (32308, Riedel-de Haën) 

Cobalt(II) nitrate hexahydrate (60833, Sigma-Aldrich, Steinheim) 

Chromium(III) nitrate nonahydrate (27080, Sigma-Aldrich, Steinheim) 

Copper(II) sulfate pentahydrate (102790, Merck, Darmstadt) 

Crystal violet (C3886, Sigma-Aldrich, Steinheim) 

Cysteamine (30070, Sigma-Aldrich, Steinheim) 

Dimethylformamide, water-free (227056, Sigma-Aldrich, Steinheim) 

4-(Dimethylamino)pyridine (29224, Sigma-Aldrich, Steinheim) 

5, 5’-Dithiobis (2-nitrobenzoic acid)( D218200, Sigma-Aldrich, Steinheim) 

Hydroxylamine hydrochloride (159417, Sigma-Aldrich, Steinheim) 

Hydrogen tetrachloroaurate(III) (520918, Sigma-Aldrich, Steinheim )  

Iron(III) chloride (236489, Sigma-Aldrich, Steinheim) 

Iron(II) sulfate tetrahydrate (Fisher Scientific, Pittsburgh, PA, USA) 

Fluorescein 5(6)-isothiocyanate (46950, Sigma-Aldrich, Steinheim) 

L-Glutathione (23150, SERVA Electrophoresis GmbH) 
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Methyl cyanide (34998, Sigma-Aldrich, Steinheim) 

2-Mercaptoethanol (63689, Sigma-Aldrich, Steinheim) 

Magnesium chloride hexahydrate (442615, Merck, Darmstadt) 

Manganese(II) chloride tetrahydrate (M9522, Sigma-Aldrich, Steinheim)   

N-(+)-Biotinyl-6-aminocaproic acid N-succinimidyl ester (14412, Sigma-Aldrich, 
Steinheim) 

Nickel(II) nitrate hexahydrate (72253, Sigma-Aldrich, Steinheim) 

N, N′-Disuccinimidyl carbonate (225827, Sigma-Aldrich, Steinheim) 

2-Propanol (molecular biology grade, SERVA Electrophoresis GmbH) 

Lead(II) nitrate (107398, Merck, Darmstadt) 

Tetramethylrhodamine-5-isothiocyanate (T0820, Sigma-Aldrich, Steinheim) 

Trisodium citrate (71402, Sigma-Aldrich, Steinheim) 

TWEEN 20 (P9416, Sigma-Aldrich, Steinheim)  

Silver nitrate (101510, Merck, Darmstadt) 

Sodium thiosulfate (S8503, Sigma-Aldrich, Steinheim) 

Tetraethyl orthosilicate (86580, Sigma-Aldrich, Steinheim) 

Zinc chloride (20808, Sigma-Aldrich, Steinheim) 

2.2 Antibody and Bacteria 

Anti-Salmonella (pAb goat, CAT No. G5 V61-500, 2.0 - 2.5 g/L) were purchased from 

BioDesign International (Saco). 

Heat-inactivated Salmonella typhimurium ATCC 14028 cells were a gift from the 

Instituto Zooprofilattico Sperimentale Dell’Abruzzo e del Molise “G. Caporale” 

(Teramo, Italy). 

Anti-Benzo[a]pyren antibody (mAb mouse, Institut für Wasserchemie der TU 

München). 
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3. Synthesis 

3.1 Synthesis of GNPs 

Gold nanoparticles with different sizes were prepared as described previously with 

slight modifications [44, 239-240]. 

GNP 1: 5 mL of 1% trisodium citrate was quickly mixed with 1.7 mL of 1% HAuCl4 in 

50 mL of boiling water solution under vigorous stirring. 

GNP 2: 800 µL of 1% HAuCl4 was quickly adding to the solution contained 9.0 mL of 

40 mM NH2OH·HCl and 10 mL of GNP 1 and 81 mL H2O at room temperature. 

GNP 3: 600 µL of 1% HAuCl4 was quickly adding to the solution contained 2.2 mL of 

40 mM NH2OH·HCl and 40 mL of GNP 2 and 58 mL H2O at room temperature. 

GNP 4: 295 µL of 1% HAuCl4 was quickly adding to the solution contained 2.2 mL of 

40 mM NH2OH·HCl and 25 mL of GNP 3 and 72 mL H2O at room temperature. 

GNP 5: 220 µL of 1% HAuCl4 was quickly adding to the solution contained 2.2 mL of 

40 mM NH2OH·HCl and 20 mL of GNP 4 and 78 mL H2O at room temperature. 

GNP 6: 160 µL of 1% HAuCl4 was quickly adding to the solution contained 2.2 mL of 

40 mM NH2OH·HCl and 40 mL of GNP 5 and 58 mL H2O at room temperature. 

From GNP 2 to GNP 6, additional 1.0 mL of 1% trisodium citrate was added to 

stabilize the nanoparticles after the synthesis.  

Table E1 shows the detailed information of all six batches of GNPs. The absorption 

peaks and their intensities were obtained by means of the UV/Vis spectroscopy 

(Beckman 650). The molar concentration of GNP 1 (2.5×10-8 M) was determined 

according to the Beer’s law by using the extinction coefficient of 108 M-1·cm-1 for GNP 

with a diameter of 13 nm at 520 nm [290]. Thus，the number concentration of GNP 1 
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(1.5 × 1013 particles/mL) can be estimated based its molar concentration. According to 

previous reports [44-45, 239], the reduction of Au3+ by NH2OH is dramatically 

accelerated by Au surfaces. As a result, no new particle nucleation occurs in solution 

during the preparation. Hence, from GNP 2 to GNP 6, the number concentration was 

calculated based on the small GNP concentration that were added as seeds. The NP 

sizes were verified by TEM images (at least 200 particles were measured, respectively).  

 

Table E1 Detailed information about the gold nanoparticles. 

 GNP 1 GNP 2 GNP 3 GNP 4 GNP 5 GNP 6 

λmax (nm) 518.0 526.0 522.5 525.5 537.0 560.0 

Extinction (cm-1) 2.50 1.07 1.04 0.49 0.39 1.07 

Concentration 
( particles/mL) 

1. 5 × 1013 1. 5 × 1012 6.0 × 1012 1.5 × 1011 3.0 × 1010 1.2 × 1010 

Diameter (nm) 12.5 ± 1.0 19.1 ± 2.6 26.4 ± 3.5 44.9 ± 6.8 60.0 ± 7.9 83.3 ± 10.5 

 

3.2 Synthesis of AgNPs 

Colloidal Ag was prepared from AgNO3 reduced by NH2OH·HCl, as described by 

Leopold and Lendl with slight modifications [291]. Briefly, 11.6 mg of NH2OH·HCl 

dissolved in 100 mL of H2O was mixed with 3.3 mL of 0.1 M NaOH. Then, 9 mL of the 

above solution, 1 mL of 10 mM AgNO3 was added under gentle stirring at room 

temperature. A rapid color change was observed, and finally a clear brownish-yellow 

Ag colloids could be obtained. Then, colloidal Ag was stored at 4oC until use.  
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3.3 Synthesis of Biotin-conjugated GNPs 

Gold nanoparticles with different sizes were synthesized as described previously. 

Biotin-labelled GNPs were prepared by the following steps: 1.0 mg (2.2×10-6 mol) 

N-(+)-biotinyl-6-aminocaproic acid N-succinimidyl ester and 0.17 mg (2.2×10-7 mol) 

cysteamine were dissolved in 1.0 mL water-free DMF. Four hours later, 100 µL of the 

above solution was added into 10 mL GNPs under gentle stirring at room temperature. 

After 10 min, 300 µL 10% Albumin from bovine serum (BSA) was added to help to 

stabilize the nanoparticles and incubated overnight at room temperature. Then the 

biotin-GNP was separated from the reaction mixture by centrifugation and redispersed 

in 10 mL H2O containing 0.1% BSA, and stored in 4 °C until use. 

3.4 Synthesis of GSH-GNPs 

GNPs with diameter 26.4 ± 3.5 nm (number concentration 6 ×1011 particles/mL) were 

used in this experiment. GSH-conjugated GNPs were prepared by following procedures: 

firstly, the pH value of GNPs suspension was adjusted to ~10 by 0.1 M K2CO3 . To 10 

mL of the above GNPs suspension, 780 μL of 0.019 M L-glutathione was added under 

gentle stirring. As results, the pH value of the suspension gradually decreased to ~8. 

The mixture was subsequently left overnight without disturbance at room tempture. The 

excess GSH in solution was removed by dialyzed in 0.1% (wt) sodium citrate solution. 

Then, the resulting GSH- conjugated GNPs were kept at 4 oC until use. 

3.5 Synthesis of anti-B[a]P Antibody-conjugated GNPs 

The pH value of gold colloids (GNP 1) was first adjusted to ~ 9 by 0.1 M K2CO3. Then 

1 mL of the above GNPs suspension was mixed with 50 μL of 1mg/mL anti-B[a]P 

antibody under gentle stirring. After 10 min, 150 μL of 5% (wt) BSA was added and 

stand for 1h. After centrifugation and washing by PBS (0.1 M, pH 7.2), the 

antibody-conjugated GNPs were dispersed in 0.1 mL PBS and were stored at 4°C until 

use. 
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3.6 Synthesis of Core-Shell SERS Tags 

In a typical procedure, aliquot of 10-5 M Raman reporter molecule solution was gently 

mixed with 1 mL of the silver or gold colloids and allowed to stand for 30 min. Then the 

mixture was slowly transferred into 2-propanol (H2O/2-propanol ratio maintained at 

1/5). Under gentle stirring, 150 μL of ammonia (25%, wt) and 3.62 μL of tetraethyl 

orthosilicate were added consecutively. The reaction was allowed to proceed for 10 min 

at room temperature. The tags can be separated from the reaction mixture by 

centrifugation for 10 min at ~1430 g, washed twice by 1 mL of ethanol, and then 

redispersed in 1 mL of H2O or other solvents as needed. 

3.7 Modification of SERS Tags with anti-Salmonella Antibody 

The goat anti-Salmonella antibody was immobilized on the surface of SERS tags via the 

following procedure. First, the amino groups were introduced to the surface of the tags. 

Aliquot of 5 μL of 3-aminopropyltrimethoxysilane was injecting into 500 μL of SERS 

tags dispersed in 5 mL of ethanol under gentle stirring and stand 30 min at room 

temperature. Then, the tags were successively washed with ethanol, H2O, DMF, and 

finally redispersed in 1 mL of anhydrous DMF. Then the tags were treated with 160 mg 

of N, N’-disuccinimidyl carbonate, 8 mg of 4-(dimethylamino)pyridine and 250 μL of 

triethylamine dispersed in 3.2 mL of anhydrous DMF for 1 h. After centrifugation and 

washing with ethanol, the tags were dispersed in 1 mL of MES buffer (pH 4.65) 

followed by the addition of 400 μL of 1 mg/mL pAb anti-Salmonella antibody. After 4 

h, 500 μL of 40 mM glycine was added for deactivation overnight. After centrifugation 

and washing with PBS, the tags were dispersed in 1 mL of PBS (pH 8.2, 1% NaN3) and 

were stored at 4 °C until use. 

 

 

 

 



IV. EXPERIMENTAL SECTION 

 114 

4. List of Experiments 

Ex. 1 

GNPs with different average sizes were prepared as previously described. Then, six 

batches of colloidal gold were diluted by Milli-Q water to obtain the same extinction at 

532 nm (~0.226 cm−1), which was verified by UV/Vis spectroscopy. Then the six 

batches of colloidal gold were tested by our PA setup, and corresponding PA signals 

were recorded and were plotted in Figure 2.2.   

Ex. 2  

Firstly, colloidal gold (GNP 1) was diluted fifty times by Milli-Q water and 1.5 ml of it 

was placed in the PA sensor cuvette. Then, the samples of gold colloids were irradiated 

under various fluencies and the corresponding PA responses were recorded. 

Ex. 3  

Samples of colloidal gold with different number concentrations were obtained by 

diluting the corresponding colloidal gold according to the dilution rations shown in 

following table. Then the samples were tested by the PA setup, and the corresponding 

PA response were show in Figure 2.6 after normalized to the laser fluencies.   

Table E2  

 Dilution ratios 

Sample No. GNP 1 GNP 2 GNP 3 GNP 6 

1 5 3 3 2.5 

2 10 5 4 5 

3 25 7 5 10 

4 50 10 10 30 

5 100 15 15 50 

6 200 25 30  

7  50 50  
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Ex. 4  

Six batches of GNPs with different average sizes were measured by the PA setup. The 

PA responses normalized to their particles concentration and to laser fluencies were 

shown in Figure 2.7. The results are used to compare with the results obtained from 

simulation.  

Ex. 5  

Firstly, 2.36 mL of colloidal gold (GNP 1) was first diluted by 30 mL of 5 mM 

glycine-NaOH buffer (pH 10.0). In a typical Pb2+ detection procedure, 3mL of the 

above diluted GNPs was equilibrated with 1 mL of 5 mM Na2S2O3 (in buffer) and 

additional 1 mL buffer at room temperature for 15 min. Then Pb2+ ions (final 

concentration 0, 100, 250 μM) and 102 μL of 50 mM 2-mercaptoethanol were added to 

the above mixture. Then, the mixture was gentle shaking at room temperature for 2 h. 

An aliquot of 1mL of the mixtures was then transferred into the PA sensor cuvette for 

PA measurement. For comparison, the UV/Vis spectra were also collected, and aliquots 

of the mixtures were placed on the copper grids for TEM measurement. 

Ex. 6  

In this experiment, 0.788 mL of colloidal gold (GNP 1) was first diluted by 5 mL of 5 

mM glycine-NaOH buffer (pH 10.0). Then, 3 mL of the above diluted colloidal gold 

was mixed with 1 mL of 5 mM Na2S2O3 (in buffer) and additional 1 mL buffer. And 

Pb2+ ions were added to each aliquot to give a final concentration of 5 μM. The mixture 

was equilibrated at room temperature. After 15 min, two aliquots (1 mL) of the mixture 

were transferred into a glass cuvette and the PA sensor cuvette, respectively. After 

addition of 20.4 μL of 50 mM 2-mercaptoethanol to each aliquot, the corresponding PA 

signals and UV/Vis spectra of the sample were recorded by our PA setup and the 

UV/Vis spectrometer, respectively.  
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Ex. 7  

In order to determine the optimum size for the assay, five different GNPs were used to 

perform the assay (Dnp: 12.5, 26.4, 44.9, 60.0, 83.3 nm). The corresponding PA 

responses of each size were recorded (the ratio of the Pb2+ concentration to the total 

surface GNP in the each sample were maintained constant). 

Ex. 8  

For Pb2+ sensing, 5 mL of 5 mM glycine-NaOH solution (pH 10.0) solutions containing 

the GNPs 1 (1.25 nM), Na2S2O3 (1.0 mM), and Pb2+ ions (0 ~ 10 μM) were equilibrated 

at room temperature for 15 min. Then, 10 μL of 50 mM 2-mercaptoethanol was added 

to each of these mixtures, which were equilibrated through gentle shaking at room 

temperature for other 2 h. The mixtures were measured by the PA setup and UV/Vis 

spectroscopy, respectively. In this section, the final concentrations of the species were 

provided. 

Ex. 9 

In order to evaluate the performance of this assay in scattering medium, a similar 

experiment to Ex.8 was performed. One difference of this experiment is that each 

sample contained 0.05 g/L of spherical silica particles (diameter 500 nm) as scattering 

materials. For comparison, the UV/Vis responses were also collected.  

Ex. 10 

The as prepared biotin-conjugated GNPs (average diameter 12.5 nm) was diluted by 

Milli-Q water to obtain a particle concentration of 1.5×1012 particles/ml. Then, an 

aliquot of 3 mL of the above diluted biotin-conjugated GNPs was placed in the PA 

sensor cuvette and a glass cuvette, respectively. After addition of 3.3 μL of 1 mg/mL 

avidin, the temporal evolution PA signal was recorded. For comparison, the 

corresponding UV/Vis absorption spectra were also collected.   
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Ex. 11  

To evaluate the influence of GNPs size to the sensitivity, GNPs with different diameters 

(12.5 and 26.0 nm) were used to syntheses the biotin-conjugated GNPs. Then, these 

biotin-conjugated GNPs were diluted to obtain different particles concentrations to 

perform the assay. The PA responses of them to different avidin concentrations are 

measured. 

In a typical procedure, aliquots (3 mL) of Biotin-conjugated GNPs suspensions were 

maintained at room temperature in the presence of avidin (0 - 432 nM) for 2 h. Then, a 

part of the above aliquots (1.5 mL) was measured by our PA setup. For comparison, the 

other part (1 mL) was measured by the UV/Vis spectrometer. 

Ex. 12 

Firstly, the as prepared GSH-conjugated GNPs (average diameter 26.4 nm) were diluted 

ten times by Milli-Q water. Then, in each 10mL of the above diluted GSH-conjugated 

GNPs, Pb2+ ions form one stocking solution (10mM) were added (resulting a final 

concentration 0.1, 1, 10 μM) in the presence of 0.1 M NaCl. The mixtures were 

equilibrated at room temperature through gently shacking for 20 min. Then, the 

mixtures were tested both by the PA setup and the UV/Vis spectrometer.  

Ex. 13 

To evaluate the influence of salt concentration, the assay was performed under different 

NaCl concentrations. Aliquots of 1.0 mL of ten times diluted GSH-conjugated GNPs 

were mixed with different volumes (0, 20, 40, 60, 80, 100 μL) of 1 M NaCl in the 

presence of 10 μM Pb2+. Then the changes of absorption of the mixtures were recorded 

by the UV/Vis spectrometer. 

Meanwhile, in order to study the stability of GSH-conjugated GNPs at high 

concentration of NaCl solution, an aliquot of 1.0 mL of ten times diluted 

GSH-conjugated GNPs was mixed with 100 μL of 1 M NaCl, and the corresponding 

UV/Vis spectra were collected. . 
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Ex. 14 

To evaluate the selectivity of this assay, it was challenged with other environmentally 

relevant metal ions, including Ba2+, Ca2+, Cd2+, Co2+, Cr3+, Cu2+, Fe2+, Fe3, Mg2+
, Mn2+, 

Ni2+, and Zn2+ ions.  In a typical experiment, 20 μL of 0.1 mM metal salts solution were 

added to 1 mL of 20 times diluted GSH-conjugated GNPs. After addition of 100 μL of 1 

M NaCl, the mixtures were gently shacked for 20 min at room temperature, and then 

were tested by the PA setup.  

Ex. 15  

In a typical procedure, 50 μL of GSH conjugated GNPs suspension was added to 950 

μL water samples containing different Pb2+ (0 ~ 8 μM), then additional 60 μL of 1 M 

NaCl was added in. After 20 min, the sampled were analysis by our PA setup. 

Ex. 16 

An aliquot of 5 μL of anti-B[a]P antibody conjugated GNPs was mixed with 5 μL of 

10-6 M of B[a]P dissolved in 10% methyl cyanide solution. After 15 min, the mixture is 

a subject of SERS measurement. For comparison, the SERS spectrum of 10% methyl 

cyanide (buffer), anti-B[a]P antibody conjugated GNPs (SERS probe) were also 

collected. The SERS spectrum of B[a]P was measured by mixed 100 μL of 10-6 M 

B[a]P(in 10% methyl cyanide) with 100 μL Ag NPs as well as 5 μL of 1 M NaCl.  

Ex. 17 

An aliquot of 5 μL of anti-B[a]P antibody conjugated GNPs were mixed with 100 μL of 

10-5 M of B[a]P. After 1 h later, the anti-B[a]P antibody conjugated GNPs were be 

separated from the mixture by centrifugation for 10 min at ~ 16000 g,  and washed 

twice by 100 μL of PBS, and then redispersed in 100 μL of H2O. After addition of 10 

μL of Ag NPs, it was tested by Raman spectroscopy.  
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Ex. 18 

An aliquot of 5 μL of anti-B[a]P antibody conjugated GNPs were mixed with 5 μL of 

10-5 M of B[a]P in PBS. After 1 h, the mixture was treated with 10 μL silver 

enhancement solution. One minuet later, the mixture was tested by Raman spectroscopy. 

The silver enhancement solution was freshly prepared, containing 0.5% (wt) of Tween 

20, 1 mM of AgNO3 and 1 mM of ascorbic acid in water.  

Ex. 19 

In order to test the stability of SERS tags in different solvents, the SERS tags were 

separated from the suspension by centrifugation at ~ 1430 g for 10 min, and then 

redispersed in 1 mL of 1 M NaCl, 1 M HCl，1 M NaOH，ethanol，THF，DMF, 

respectively. Thus, the tag suspensions were subjects of UV/Vis measurement. By 

comparison, silver nanoparticles dispersed in corresponding solvents were also tested by 

UV/Vis spectroscopy.  

Ex. 20 

In 10 μL SERS tags, 1 μL of 10-4 M crystal violet was added, and the mixture was 

measured by Raman spectroscopy.      

Ex. 21 

The sample for imaging was prepared by fixing Salmonella bacteria on a glass slide, as 

previous described [292]. Briefly, a glass slide was cleaned and modified with amino 

groups. After the surface was activated by N,N’-disuccinimidyl carbonate and 

4-(dimethylamino)pyridine, the goat anti-Salmonella antibodies were spotted on it using 

a BioOdyssey Calligrapher miniarrayer. The slide was treated with 100 μL of 108 

cells/mL of Salmonella bacteria (CAYLA, France, 1011 cells/mL) for 10 min and 

washed several times by PBS buffer (pH 7.2, containing 0.05% Tween 20). After 

deactivating and blocking by 2% casein (in PBS buffer) for 4 h, the slide was ready for 
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imaging process. A volume of 100 μL of diluted (10 times) modified tags was exposed 

to the slide for 10 min, and then the slide was washed thoroughly by PBS (pH 7.2, 

containing 0.05% Tween 20). Thereafter, the SERS intensity map was collected in an 

area of 30 μm × 30 μm on the slide, using a 63× water immersion objective. 
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4. Simulations 

4.1 Theory 

The simulation of PA signal produced by LINB on GNPs was calculated by Dr. Martín 

G. González using MATLAB 6.5 based on following theories and equations. 

Generally speaking, when illuminated by strong laser pulses, the temperature of GNP 

continues to rise after reaching the boiling temperature of water. We assume that all the 

excess energy absorbed by the GNP during the laser pulse is spent to heat the water at 

the critical temperature Tcw. Hence, the initial amount of evaporated water can be 

estimated as by [225],  
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Where Rb,0 is the initial radius of the bubble, Rnp is the radius of a GNP, ρcw is the 

critical density of water, F is the fluence of the laser, Ecw is the internal energy of water 

at the critical temperature, Fc is the critical threshold laser fluence for LINB, σabs is the 

absorption cross section of GNP. 

Hence, the initial radius of bubble Rb,0 can be estimated by the following equation,  
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Here, erfcx is the scaled complementary error function in MATLAB 6.5, cw,, ρw, are the 

specific heat capacity at constant pressure and density of water, cnp, ρ,np are the specific 

heat capacity and density of GNP, respectively. χw is the thermal diffusion of water. τL is 

the laser pulse duration. And, in the case of τL >> 2Rnp, the absorption cross section σabs 

in Eq. (2) can be estimated as [79, 132, 293]   
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where, c the speed of light, ωL the angular frequency of the illuminated radiation, and εw 

and ε = ε1 + iε2 denote the dielectric functions of the surrounding medium (assumed to 

be frequency independent) and of the particle material, respectively.  

The temperature and the pressure inside the initial bubble are those at the critical point 

of water (Tcw, ρcw). The time of the bubble expansion to the critical density is negligible, 

since time of generation of PA signals is very short (1 ns, approximately) [225]. 

After the initiation of the boiling, the dynamics of the bubble is governed by the 

Rayleigh-Plesset equation [235-236]. 
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where pb(t) is the pressure inside the bubble, pA is atmospheric pressure, υw and γw are 

the kinematic viscosity and surface tension of water, respectively. The term containing 

the surface tension acts as increased external pressure, where the viscosity acts as 

friction force to the bubble motion and is responsible for the damping of the oscillations 

[238]. Considering adiabatic expansion of the bubble, 
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where Vb(t) and Tb(t) are the volume and the temperature of the bubble, respectively, Rs 

is the specific gas constant, cVcw is the specific heat capacity at constant volumen for 

water at the critical point, a and b are the van der Waals equation parameters, and R is 

the universal gas constant. 

Finally, the acoustic pressure pac producing from expanding and oscillating bubble at a 

distance rs can be estimated as [238],     
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In Table E3 summarizes the values of constants used for the simulation. In Figures E6 is 

given the NP cross section for diferent diameters. The figure reveals that the equation 5 

fits very well the measured data.  

 

 

Table E3 Constants used for the simulation 

ρcw 367 kg·m-3 εw 9.15 

F 0 - 5 J/cm2 ε1 * -4.9 

Ecw 2·106 J·kg-1 ε2 * 2.38 

ρw (25 °C) 997 kg·m-3 Tcw 374 °C 

cw 2.05·103 J·kg-1·K-1 pcw 218 atm 

χw (25 °C) 9.4·10-8 m2·s-1  υw 9·10-7 m2·s-1 

τL 10 ns γw 0.072 N·s-1 

λL 532 nm a 0.547 Pa·m3·mol-2 

c 3·108 m·s-1 b 3.05·10-5 m3·mol-1 

cnp 1.93·104 J·kg-1·K-1 ρnp 129 kg·m-3 

* For GNP and photon energy of h·c/λL where h is the Planck constant [294]. 
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4.2 Simulation Results 

In Figure E4 the simulation results of cross section σabs and evolution bubble volume for 

various GNP diameters are shown. 

 
 

 
Figure E4 Normalized GNP cross section (top) and time evolution bubble volume for GNPs with 
various diameters (down). 
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The Figure E5 showed the simulation result of PA amplitudes for various GNPs 

diameter, and it also reveals the following relationship between the PA-LINB and the 

GNP diameter: 

 

 

 
Figure E5 Simulation of PA amplitudes vs. GNPs under different laser fluences (10Fc ~ 100Fc). 
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List of Symbols 

A Absorbance or extinction, log (I0/I) 
c Concentration of the absorbing substance 
c0 Sound speed of in the medium 
C Constant depends on the PA setup 
CP Heat capacity 
d Sample thickness 
Dnp Diameter of nanoparticles 
Ea Absorbed light energy by the sample  

Ecw Internal energy of water at the critical point 
Et Light energy transmitted through the sample 
Eth Thermal energy  

F Laser fluence  
Fc Threshold laser fluence for bubble generation 
Ft

c Theoretical threshold fluence for bubble generation 
Fs Irradiated surface area  

I0 Light intensity of the excitation beam 
I Light intensity after transmitting through a sample 
Iac Intensity of the acoustic signal  

Ir Reflection intensity of acoustic signal 

It Transmission intensity of acoustic signal 
k Compressibility of the medium 
Lp Sound pressure level, decibels(dB) 
p Sound pressure 
Pac Acoustic pressure response 
Pr Reflection sound pressure 

Pt Transmission sound pressure 

pA Atmospheric pressure 
pb(t) Pressure inside the bubble 
pb(t)−pA Positive contribution to the 

R Beam diameter 
r12 Reflectance factor form medium 1 to medium 2 
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t12 Transmittance factor form medium 1 to medium 2 

ΔT Resulting temperature rise in the illuminated region 
v Particle velocity of sound 
V0 Original illuminated volume in the sample 
V Illuminated volume in the sample 
ΔV Resulting volume expansion in the illuminated region 
V(b) Volume of laser-induced nanobubbles  
Z Acoustic impedance or the impedance 

αac Attenuation coefficient of acoustic signal in a medium 

β Thermal expansion coefficient. 
γw Surface tension of water 
δ Optical penetration depth  
ε Extinction coefficient 
κ Account for the dielectric properties of the GNP 
λ520nm Absorbance at 520 nm  

λ532nm Absorbance at 650 nm 
λ532nm Absorbance at 532 nm 
μa Absorption coefficient  

υw Kinematic viscosity  
δ Optical penetration depth 

ρ Density of liquid 
ρw Density of water 
σabs Absorption cross section of nanoparitcle 
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List of Acronyms 

Ag NPs Silver nanoparticles 
B[a]P Benzo[a]pyrene 
BSA Albumin from bovine serum 
DLS Dynamic light scattering 
DMF Dimethylformamide 
EPA U.S. Environmental Protection Agency 
FITC Fluorescein 5(6)-isothiocyanate 
GNPs Gold nanoparticles 
GSH Glutathione 
GSH-GNPs Glutathione-conjugated gold nanoparticles 
HRS Hyper-Rayleigh scattering 
ICP/MS Inductively coupled plasma/mass spectrometry 
LINB Laser-induced nanobubbles 
LOD Limit of detection 
NLO Nonlinear optics 
NPs Nanoparticles 
NSET Nanoparticle based fluorescence energy transfer 
PA Photoacoustic 
PAS Photoacoustic spectroscopy 
PA-LINB PA signal produced from LINB on GNPs 
PBS Phosphate buffered saline 
PVDF Polyvinylidenefluoride 
SADC Sodium acetate dicarboxylate 
SERS Surface enhanced Raman scattering 
SHG Second-harmonic generation 
SPB Surface plasmon band 
SPR Surface plasmon resonance 
TEOS Tetraethyl orthosilicate 
THF Tetrahydrofuran 
TRITC Tetramethylrhodamine-5-isothiocyanate 
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