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Abstract

This thesis reports on studies of plasmonic nanoparticles and particularly gold nanostars as signal
enhancers and contrast agents for biophotonic applications including visualisation, treatment of
living cells and chemical sensing. In this thesis, the optical properties of nanoparticles of different
size and morphology and their silica composites were compared. Because they are the most
suitable plasmonic nanostructures, gold nanostars were utilised for optical imaging modalities
such as confocal microscopy and Doppler optical coherence tomography. The ability of gold
nanoparticles to enhance the signal in surface-enhanced vibrational spectroscopy, including
Raman and Fourier transform infrared spectroscopy was additionally studied. Finally, various
gold nanoparticles were applied for cell optoporation to increase the penetration ability of
exogeneous substances.

In summary, significant advantages of nanostars such as their low-toxicity, high scattering and
contrast abilities, in addition to a broad, tunable, plasmon resonance wavelength range, as well as
the capability to enhance the signal of analyte molecules in vibrational spectroscopy were
demonstrated in this thesis. The results of this study on the effectiveness of nanostars have a broad
scope of utility and open a wide perspective for their utilisation in nanobiophotonics and
biomedicine.

Keywords: biomedicine, biophotonic, cell permeability, confocal microscopy, gold
nanoparticles, laser, nanostars, optical coherence tomography, optoporation, plasmon
resonance, SEIRA, SERS, spectroscopy
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Tiivistelmä

Tämä opinnäytetyö kertoo tutkimuksista, joissa plasmoninanopartikkeleita ja erityisesti kulta-
nanotähtiä on käytetty signaalinvahvistimina biofotoniikan sovelluksissa, kuten visualisointi,
elävien solujen käsittely ja kemiallinen tunnistus. Tässä työssä verrattiin eri kokoisten ja muo-
toisten nanopartikkeleiden ja niiden piioksidikomposiittien optisia ominaisuuksia. Sopivimpina
plasmoninanorakenteina kultananotähtiä käytettiin optisiin kuvantamismenetelmiin, kuten kon-
fokaalimikroskopiaan ja Doppler-optiseen koherenssitomografiaan. Lisäksi kuvattiin myös kul-
tananopartikkelien kykyä parantaa pinta-aktivoidun värähtelevän spektroskopian signaalia,
mukaan lukien Raman- ja Fourier-muunnos-infrapuna-spektroskopia. Lopuksi, eri kultananopar-
tikkeleita käytettiin soluoptoporaatioon eksogeenisten aineiden läpäisevyyden lisäämiseksi.

Yhteenvetona, työssä osoitettiin nanotähtien merkittävät edut, kuten matala-myrkyllisyys,
suuret sironta- ja kontrastiominaisuudet, laaja plasmoniresonanssin aallonpituusalue ja sen viri-
tettävyys, sekä kyky parantaa analyyttimolekyylien signaalia värähtelyspektroskopiassa. Niinpä
tutkimustulokset nanotähtien tehokkuudesta ovat laajasti käyttökelpoisia ja ne avaavat laajan
näkökulman niiden hyödyntämiseen nanobiofotoniikassa ja biolääketieteessä.

Asiasanat: biofotoniikka, biolääketiede, konfokaalimikroskopia, kultananopartikkelit,
laser, nanotähdet, optinen koherenssitomografia, optoporaatio, plasmoniresonanssi,
SEIRA, SERS, solujen läpäisevyys, spektroskopia
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AuNSp gold nanospheres 

AuNR gold nanorods 

bNSp gold nanospheres functionalised with BSA 

BSA bovine albumin serum 

CTAB cetyltrimethylammonium bromide 

CV crystal violet 

CW laser continuous-wave laser 

C6H5O7Na3 trisodium citrate dihydrate 

DMEM Dulbecco’s modified Eagle’s medium 

DMSO dimethyl sulfoxide 

EF enhancement factor  

Fs laser femtosecond laser 

FTIR Fourier transform infrared  

HAuCl4 gold (III) chloride trihydrate 

HCl hydrochloric acid 

HeLa human epithelial cervical cancer cell line 

(Henriette Lax) 

I intensity 

IR infrared 

IRRAS Infrared reflection-absorption spectroscopy 

IPA absolute isopropyl alcohol 

ICP-AES inductively coupled – atomic emission 

spectrometry 

LED light-emitting diode  

LOD limit of detection  

LOQ limit of quantification 

LPR local plasmon resonance 

MIR  middle infrared 

MTT V 3-(4,5-dimethylthiazol-2-yl)-2,5-gold 

diphenyltetrazolium bromide 
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N total number of analyte molecules 

NaBH4 sodium borohydride  

NBs vapor nanobubbles 

NCs  silica nanocomposites 

NIR near infrared 

NH4OH ammonium hydroxide 

Ns laser nanosecond laser 

NSp pure gold nanospheres 

pbNSp gold nanospheres functionalised with 

combination of BSA and PEI 

PEG-SH thiol functionalised methoxyl polyethylene 

glycol 

PEI polyethyleneimine 

PNSp gold nanospheres functionalised by PEI 

PI propidium iodide 

Ps laser picosecond laser 

PRW plasmon resonance wavelength 

PVP poly(vinyl pyrrolidone) 

RSD relative standard deviation 

SEIRA surface-enhanced infrared absorption  

SEIRAS  surface- enhanced infrared absorption 

spectroscopy 

SEM scanning electron microscopy 

SERS surface-enhanced Raman spectroscopy 

SEVS surface-enhanced vibrational spectroscopy  

SiO2 silica  

SH-PEG-SH - dimercapto polyethylene glycol 

SPEV-2 pig kidney embryonic cell line infected by 

oncovirus  

TEM transmission electron microscopy 

TEOS tetraethyl orthosilicate 

ZnSe zinc selenide 
µabs absorption coefficient 
µext extinction coefficient 
µsct scattering coefficient 
4-(2-hydroxyethyl)-1 
-piperazineethanesulfonic acid HEPES 
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1 Introduction 

1.1 Background 

Plasmon-resonant gold nanoparticles (AuNPs) have received significant attention 

as a prospective technology in optical imaging, laser diagnostics and medicine with 

the unique property of plasmon resonance resulting in an enhanced electromagnetic 

field on the metal nanoparticle surface [1]. Special attention is currently being paid 

to anisotropic AuNPs with a plasmon resonance which is tunable to the near-

infrared (NIR) region within the “diagnostic/therapeutic window” (700-1300 nm) 

with enhanced light penetration into biotissue. Due to this property, Due to their 

low toxicity, simple functionalisation and stability, anisotropic AuNPs can be used 

for therapy and diagnostics (theranostics) [2]. Anisotropic branched AuNPs, so-

called gold nanostars (AuNSts), have become especially prospective candidates for 

applications in biophotonics and biomedicine because of their broad plasmonic 

resonance peaks and exceptionally high electric field intensity concentrated at their 

branches [3]. Notably, at the moment of the presented study, the majority of AuNSt 

applications in imaging and sensing are limited to surface enhanced Raman 

spectroscopy. However, due to outstanding scattering properties, AuNSts promise 

to be excellent optical labels for various imaging applications. As an example, the 

use of AuNSts as contrast agents for optical coherent tomography (OCT) and 

Doppler OCT is beneficial for forward-scattering liquids such as blood, since 

nanoparticles will increase backward-reflected light, making possible not only 

static blood capillary imaging, but also reconstruction of the blood velocity profile, 

which is important for disease diagnostics. Another powerful tool for imaging 

cellular and even molecular changes is confocal laser scanning microscopy (CLSM) 

that provides 3D microscopic images with an excellent sub-micron spatial 

resolution. The use of AuNSts in CLSM increases the backscattered signal from 

the samples for the direct real-time observation of the uptake and localisation of 

nanoparticles in living cells. The absence of potentially toxic fluorescent dyes in 

the samples enables focusing on the effect of the AuNPs on the cells exclusively, 

which is particularly important for biomedical and theranostic applications.  

Moreover, AuNSts with an exceptionally high intensity electric field 

concentrated at their branches are perfect candidates for infrared (IR) spectroscopy, 

which is particularly useful for revealing characteristics of secondary protein 

structures in a label-free fashion. Despite the fact that the plasmon-resonance peak 
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of AuNPs does not correspond to the IR illumination wavelength in the so-called 

surface enhanced infrared absorption (SEIRA) technique, absorption occurs on 

bumpy, noble metal surfaces due to two mechanisms: electromagnetic and chemical 

enhancement.  

The outstanding absorption properties of AuNSts can be exploited in treatment 

applications, e.g., for cell optoporation - this is a temporal perforation of cell 

membranes by short-pulsed laser irradiation in the presence of light-absorbing 

nanoparticles for administering exogenous materials into cells. This promising 

technique is an effective, relatively high-throughput and virus-free method with the 

potential for cell transfection.  

In this thesis the benefits of plasmonic nanostars are highlighted in comparison 

to other nanoparticles for the application areas presented above. Moreover, the 

comparison of the optical properties of gold nanostructures serve as a solid 

background for the previously mentioned applications. 

1.2 Objective and research questions 

The objective of this thesis is to demonstrate and prove the benefits of plasmonic 

nanoparticles and particularly gold nanostars as signal enhancers and contrast 

agents in various applications including visualisation and treatment of living cells. 

The fundamental target of the research is to find a recipe for the development of 

highly scattering non-toxic easily-tunable plasmonic agents for optical imaging, 

chemical analysis, cancer diagnostics and treatment. 

The choice of AuNSts as a key research object can be explained by several 

reasons: (i) AuNSts can dramatically enhance reflected light and are therefore 

attractive signal enhancers for medical diagnosis and sensing assays including 

SEVS. (ii) The broad LPR of AuNSts with an intense band in the transparency 

window of biological matter (700–1000 nm) exhibits transduction of absorbed light 

into heat; thus, AuNSts can be excellent tools for nanomedicine for through-tissue 

photothermal treatment including cell optoporation. (iii) The high surface to 

volume ratio enables attaching a large variety of molecules thus providing an 

opportunity to use them as nanosensors and targeted drug delivery platforms. (iv) 

Surfactant-free synthesis is a key feature in reducing toxicology issues for in vivo 

applications [4]. In the present research, such application areas of plasmonic 

nanoparticles as optical coherence tomography, confocal microscopy, vibrational 

spectroscopy and cell optoporation are presented. The investigation and 
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comparison of optical properties of gold nanostructures are also highlighted. The 

following research questions were highlighted in the presented study: 

1. How will physical parameters such as size, morphology and the coating 

material of gold nanoparticles influence their optical properties?  

To address this question the scattering and absorption abilities were compared 

between gold nanospheres, gold nanostars of various sizes and their silica 

derivatives by means of spectroscopic collimated transmittance and diffuse 

reflectance/transmittance measurements. 

2. Are gold nanostars beneficial as contrast agents for imaging applications at 

cellular and tissue levels? 

This research questions aims to investigate the contrasting properties of gold 

nanostars of different diameters and nanostars silica composites using optical 

coherence tomography capillary flow imaging and in real-time confocal 

microscopy.  

3. Are gold nanostars beneficial for signal enhancement in infrared 

spectroscopy? 

Within this research question the applicability of plasmonic nanostars was 

shown not only in classical plasmonic applications such as Raman spectroscopy 

and microscopy, but also in ultra-sensitive biochemical sensing such as surface 

enhanced infrared absorption (SEIRA) spectroscopy for the characterisation of 

proteins and analytes. To prove that the main reason behind the increased SEIRA 

effect of nanostars is their anisotropic form, the signal intensity of analytes mixed 

with nanospheres was examined for comparison. 

4. How can gold nanoparticles improve cell optoporation?  

This research question aims to study the dependence of optoporation efficiency 

on the laser beam intensity and properties of the AuNPs.  

1.3 Outline of the thesis 

In Chapter 1 (Introduction): The background, motivation, objectives and research 

questions of the thesis are presented.  

In Chapter 2 (Literature review): The literature on the topic is analysed. 

In Chapter 3 (Materials and Methods): The methods of preparation and 

characterisation of the nanomaterials used during these doctoral studies, as well as 

descriptions of the application methods and techniques are presented. 

Chapter 4 (Results): This chapter focuses firstly on the answer of the first 

research question on the comparison of optical properties of nanoparticles of 
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different sizes and morphology and their silica derivatives (Papers I and II). 

Secondly (Chapter 4.2), the benefits of plasmonic nanostructures for optical 

imaging methods such as confocal microscopy and optical coherence tomography 

are highlighted (Papers I and II) and the second research question is addressed. 

Then (Chapter 4.3), the ability of gold nanoparticles to enhance the signal in 

surface-enhanced vibrational spectroscopy including Raman and FTIR (Papers III 

and IV) is described in answer to the third research question. Finally, Chapter 4.4 

explains the fourth research question and presents the application of various gold 

nanoparticles in cell optoporation (Papers V-VI). In Chapter 5, a general discussion 

on the research insights and future perspectives are presented. In the Summary 

Chapter, the most important results are summarised and the final conclusions are 

drawn.  

The main contribution of this study is the retrieval of nanostar optical 

properties from spectroscopic measurements and the separation of scattering and 

absorption contributions depending on the size of the nanostars. Moreover, new 

applications of nanostars in FTIR-spectroscopy, OCT and Doppler OCT, and 

confocal microscopy in situ are presented. 

 



25 

2 Literature review  

2.1 Local plasmon resonance  

Local plasmon resonance – is the collective behavior of conductive electrons in the 

optical field that results in sharp maxima in specific regions of absorbance and 

scattering spectra of metallic nanoparticles. In metallic electron gas, collective 

plasmon oscillations may arise with a certain frequency in the optical range. The 

quasiparticle that corresponds to these quantised plasmonic oscillations of 

collective free electron gas motion is called a plasmon. Since plasmonic waves in 

the high frequency region are localised close to the metallic surface, the plasmonic 

resonance of nanoparticles is referred to as localised surface resonance. 

Figure 1 illustrates a localised surface plasmon (LPR) phenomena for spherical 

nanoparticles. 

Fig. 1. Illustration of a localised surface plasmon for spherical nanoparticles. 

Reproduced with permission. [7] Copyright 2014, The Royal Society of Chemistry. 

The LPR excited at the oscillation frequency ω, should satisfy the following 

conditions [8]: 

 m( )AuNPRe - ( )       , (1) 

where Re [] is the real part of a complex function; ω is the frequency of the 

oscillations; εAuNP (ω) is the frequency dependent complex dielectric function for 

the AuNPs, εm is the frequency dependent dielectric constant of the non-absorbing 

(Im[εm] = 0) surrounding medium, χ is a geometrical factor (χ = 2 for a sphere).  

A Frohlich equation (Eq. 1) defines the localised LPR condition for plasmonic 

nanoparticles. Clearly, the frequency of the LPR is strongly affected by the size of 

the AuNPs, in addition to their morphology and composition, as well as by 

changing the εm(ω) of the surrounding medium [8].  
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From the physical point of view, this phenomenon can be justified as follows. Light 

transmission through matter leads to the electron oscillations of the medium under 

the influence of the electromagnetic field of the high wave and is associated with 

the loss of energy spent on the excitation of the electron oscillations. This energy 

is partially returned to radiation in the form of secondary waves emitted by 

electrons and can partially transfer into other forms of energy. This motion of 

electrons has a collective nature and is correlated in phase [9]. If the frequency of 

the electron oscillations and the external field frequency coincide, a resonance 

effect arises. In order to describe the light interaction with nanoparticles, due to 

their small size, one can restrict theoretical treatment to the combination of dipole 

(Rayleigh) approximation and the Drude theory [10]. With an increase in the 

nanoparticle size (R≥λ/20, the dipole approximation fails and it is necessary to 

apply the Mie theory [11] for nanospheres and Hans theory [12] for nanorods [13]. 

The intense localised fields can interact with molecules near or in contact with the 

nanoparticle surface. The LPR is responsible for two significant physical effects 

[14]: (i) the optical extinction of AuNPs has a maximum at the LPR frequency, 

which occurs in visible–NIR wavelength range and the extinction cross-section that 

can be much larger than the geometrical size of the AuNP; (ii) AuNPs can behave 

as nanolenses. More specifically, the electromagnetic field near the particle surface 

is dramatically enhanced and rapidly falls off with distance. This overcomes the 

resolution limit of far-field optics, making light localisation possible on nanometric 

or the subnanometric scale. In other words, in an effect analogous to a “lightning 

rod” effect, secondary fields can become concentrated at high curvature points on 

a nanostructured metal surface. 

The spectral location of the LPR depends on the composition, size and shape 

of the nanoparticles, and on the parameters of the nearest dielectric environment. 

In the case of spherical nanoparticles, one peak on the resonance curve is present, 

while in the case of nanorods, two peaks arise, corresponding to the longitudinal 

and transverse resonances of the particles. In the latter case, the optical properties 

depend on the particle orientation in respect to the direction of the light propagation 

and the angle of the scattered radiation detection, which can limit the optical 

effectiveness of gold nanorods. 

2.2 Types of gold nanoparticles 

The increasing trend in biomedical and photonics applications of AuNPs is 

supported by progress in the controlled synthesis as well as the sophisticated 
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bioconjugation of plasmonic nanoparticles. Modern technologies can produce 

nanoparticles of various forms and sizes (Figure 2). 

 

Fig. 2. Schematic images of various AuNPs: nanorod (GNR), nanotube (GNT), nanoshell 

(GNS), nanocage (GNC), nanovesicle (GNV), nanosphere (GN), nanoplate, nanoflower. 

Reproduced with permission. [5] Copyright 2016, WILEY-VCH. 

Various methods have been used to synthesise plasmonic nanoparticles. The 

techniques used for the synthesis of nanoparticles involve chemical, physical and 

biological methods (Figure 3) [15]. 
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Fig. 3.  Methods of nanoparticle synthesis. Reproduced with permission [15]. Copyright 

2016 OMICS International. 

The chemical reduction approach is the most common method for the synthesis of 

plasmonic nanoparticles by using organic and inorganic reducing agents such as 

sodium citrate, ascorbate, sodium borohydride (NaBH4), etc. [16].  

Different physical methods, such as laser ablation, γ-irradiation, condensation 

and evaporation processes can be used for the synthesis of AuNPs. However, the 

main disadvantage of the obtained particles is the morphology: only spherical 

forms can be achieved easily [17, 18].  

In addition, in new biological or green methods plasmonic nanoparticles have 

been prepared using biomolecules or green plants (such as algae, yeast, fungi, and 

bacteria) as stabilising and reducing agents [19]. 

In this research we used chemical synthesis only, because of its simplicity and 

because of the opportunity to vary the morphology and size of the AuNPs by 

changing the type and quantity of reducers. 

The first and the simplest type of synthesised nanoparticles are spherical gold 

nanoparticles. The well-known method of Turkevich gold nanoparticle synthesis 

[20] is based on a reduction reaction of chloroauric acid (HAuCl4) with trisodium 

citrate solution. Frens [21] has improved this method by allowing particle size 

control by varying the concentration of citrate. Properties such as extinction 

(optical density) Aext and the scattering intensity at a 90º angle under a constant 

mass concentration I90(λ) belong to the main optically accessible characteristics.  
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Qcl extA = 0.651ext ρ d  (2) 

 
o2 16S (ka, θ = 90 )cl 11I (λ) = 0.65190 2ρd 3(ka)

 
 
  

, (3) 

where λ is the wavelength, c is the particle concentration, l is the thickness of the 

particle containing layer, a is the particle radius, d=2a is the diameter (size) of the 

particle, ρ is the material density; Qext=Cext/πa2 is the extinction efficient factor, Cext 

is the extinction cross section; S11(ka, θ) is the normalised scattering intensity at a 

90angle; k=2πnm/λ is the wave number in water, n(λ) is the water refractive index. 

The expression in the square brackets is normalised so that for Rayleigh particles 

it is equal to the normalised scattering cross-section Qext. 

AuNSps which are 30-120 nm in diameter efficiently scatter light in the visual 

range of the spectra, while intensity of this scattering per particle is approximately 

proportional to the power of six of its linear size.It is a well-known fact, that small 

particles mostly absorb light, while larger ones scatter it, and the amounts of 

scattered and absorbed light are equal to each other when the particle size reaches 

80 nm [13].  

Besides the traditional spherical shape, AuNPs were synthesised in various 

other shapes affecting their physical and biochemical properties. Most biomedical 

applications require particle plasmon resonance wavelengths in the range from 700 

to 1300 nm that correspond to the “biotissue transparency window” – which is a 

biophysical phenomenon, according to which radiation within this range is less 

screened by the outer human integument. Changing the geometrical shape of 

nanoparticles is one of the ways to control the position of the plasmon resonance 

peak. A typical example of anisotropic AuNPs are gold nanorods (AuNRs, Figure 

2b): which are cylindrical particles with hemispherical ends. Their general 

fabrication method is based on seed-mediated synthesis in a single-component 

surfactant system, where the silver content of a growth solution is used to grow 

AuNRs to a desired length [22]. In contrast to AuNSps with LPR in the visible 

range at approximately the 530 nm wavelength, the longitudinal peak of gold 

nanorods (AuNRs) can be easily tuned from 600 to 1100 nm by the variation in 

their aspect (length to diameter) ratio [22]. In particular, supersensitive tuning of 

the longitudinal resonance is explained by the expression (4): λ∥ = λ ε + ( ∥ − 1)ε ,  (4) 
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which predicts the red shift of the LPR as you increase the aspect ratio of AuNRs, 

where λ∥is the wavelength of longitudinal resonance; λ  is the wavelength of the 

volume oscillations of an electron plasma; ε  is the optical permittivity of the 

medium; ε  is the contribution of interband electronic transitions, L  is the 

effective electron mean free path [22].  

Irregularly shaped AuNPs such as nanocages of six and eight facets [23], 

nanoshells [24, 25], nanoprisms [26], and nanostars [27], possess unique properties 

and can be used in different photonics, chemical and medical applications. In the 

present research, we focus on nanostar properties and applications. The unique 

properties of gold nanostars are presented and explained below. 

2.3 Nanostars 

Recently, branched and star-shaped plasmon-resonant nanoparticles or nanostars 

(AuNSts) have attracted a great deal of interest in various biophotonic and 

biomedical applications due to the tunability of LPR to the near infrared (NIR) 

diagnostic/therapeutic window, and the presence of multiple sharp tips that can 

greatly enhance incident electromagnetic fields [28]. The latter can be understood 

in terms of the plasmon hybridisation (PH) model [29]. According to this model, 

an AuNSt can be broken down into the spherical core and the elongated tips, while 

the shorter wavelengths of the AuNSt core mode allow the conduction of electrons 

to adiabatically follow the lower frequency of tip plasmon oscillations [30]. The 

superposition of the plasmon core mode and the plasmon modes of the tips 

dramatically increases the cross section for excitation of the bonding plasmons and 

results in enormous local electric field enhancements compared to those that would 

be induced for individual tips [31]. This phenomenon is also called an antenna 

effect and is responsible for an increase not only in the extinction cross-section, but 

in the respective electric field enhancement as well [4]. 

The unique properties of AuNSts have led to their usage in various applications 

such as biosensing [32]; photodynamic therapy and photothermolysis [33-35]; 

visually identifying pathogens [36]; Х-ray/CT imaging [37]; targeted delivery and 

optical imaging [38, 39]; and multi-modal imaging and therapy [40 41]. Sanchez-

Iglesias et al. demonstrated that AuNSts are the most catalytically active in 

photochemical and photoelectrochemical experiments in comparison to nanocubes 

and AuNRs [42]. Branched nanoparticles such as AuNSts are geometrically ideally 

suited amplifiers for surface-enhanced vibrational spectroscopy (SEVS), including 

surface-enhanced Raman spectroscopy (SERS) and Fourier transform infrared 
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(FTIR) spectroscopy because of the large number of hot spots on their surface. 

Therefore, AuNSts are widely used in SERS [43, 44], including single-molecule 

detection [43]. F. Tian et al. proposed a theranostic strategy based on plasmonic-

tunable Raman/FTIR spectroscopy imaging to monitor drug release and 

biodistribution in vitro and in vivo with low-dose drug therapy and low-toxicity 

effects [4]. Moreover, AuNSts are a prospective platform for developing 

multifunctional nanocomposites for biomedical applications for early and accurate 

diagnosis together with specific and efficient treatment of diseases [46]. Exemplary, 

AuNSts have been conjugated with several fluorescence probes and anti-cancer 

drugs to obtain multi-functional nanostructures for tumour imaging and combined 

photothermolysis and chemotherapy [47].  

There are several strategies for AuNSt synthesis. In 2003, Chen et al. [48] 

pioneered the synthesis of branched gold nanoparticles from silver disks in the 

presence of cetyltrimethylammonium bromide (CTAB) and NaOH. Then, a number 

of synthesis methods (seedless or seed-mediated) were developed using mainly 

poly(N-vinylpyrolidone) (PVP) or CTAB as surfactants. A research group led by 

Tatsuma et al. investigated the properties of branched nanoparticles called nano-

sea-urchins synthesised in a seed-mediated method and stabilised by CTAB [49]. 

The applicability of this type of AuNP in biomedicine was limited by the CTAB 

toxicity, as well as the difficulty in replacing CTAB or PVP during functionalisation, 

and the aggregation of the AuNSts after multiple washes. Xie and et al. [50] 

demonstrated a seedless synthesis method for non-toxic AuNSts based on HAuCl4 

reduction using a 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) 

biocompatible solution. However, their relatively small size (15-20 nm) and the 

small number of tips limit their application as signal enhancers and optical agents. 

Due to the limitations described above, a new synthesis strategy for nanostars with 

improved properties was highly sought after. 

A research group led by Tuan Vo-Dinh’s [51] suggested a polymer-free method 

for preparing AuNSts by reducing chloroauric acid mixed with a silver salt 

compound in an acidic aqueous solution on pre-synthesised AuNSps at room 

temperature. Unlike the majority of methods, which take more than an hour, the 

synthesis could be completed in less than a minute. Such AuNSts are supposed to 

be beneficial for biological applications due to their biocompatible synthesis and 

the presence of thin sharp tips that can intensively interact with NIR excitation. Due 

to the benefits described above the presented synthesis strategy was chosen for our 

research. Nevertheless, in the majority of studies presented for these nanoparticles, 

the diameter of the AuNSts does not exceed 50 nm. As was shown above, one of 
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the ways to obtain effective contrast agents for imaging is to increase the diameter 

of the AuNSts. In the work discussed in this thesis, the size of the AuNSts 

synthesised in the Vo-Dinh method was changed by two parameters: the seed 

amount and the seed concentration. Both the increase of the seed diameter and the 

reduction of the seed amount allow large AuNSts to be obtained with a higher 

scattering ability, which is crucial for the scattering applications described below. 

Moreover, the scattering and absorption coefficients were spectroscopically 

retrieved and compared to the scattering and absorption properties of AuNsps, 

which builds a solid basis for further applications of various AuNSts. 

2.4 Gold nanoparticle stabilisation and functionalisation 

Functionalisation of AuNPs is widely used to increase their stability, 

biocompability and selectivity for some therapeutic and diagnostic applications. 

Commonly used functionalisation strategies are based on the use of as oligo- or 

polyethylene glycol (PEG), bovine serum albumin (BSA), oligonucleotides, oligo 

or polypeptides, RNA molecules, antibodies and cell surface receptors [52]. 

PEGylation is one of the most commonly applied methods for AuNP 

stabilisation, since citrate-coated and CTAB-coated AuNPs are less stable in saline 

solution. Thiol m-PEG-SH groups grafted onto the AuNPs’ surface prevent 

nonspecific interaction of proteins with the gold surface. This improves the 

biocompatibility of the AuNPs by preventing them from interfering in the 

biological processes and increases their physiological stability. The replacement of 

CTAB molecules by PEG eliminates the toxicity of the AuNRs. Pegylation 

enhances the bioavailability of AuNPs, significantly prolonging the time of the 

nanoparticles circulation in the blood stream [53]. It has been proved that 

PEGylated AuNPs are useful in cellular targeting of biological materials [54], and 

for tumour ablation [55]. 

Serum albumin is the major protein component of blood and interstitial fluid 

of the body tissues [56, 57]. Serum albumins, including bovine serum albumin 

(BSA), are capable of binding a wide variety of drugs and have proved to be a 

perfect carrier used for therapeutic applications [58]. 

Polyethyleneimine (PEI) can be successfully applied as a reductant and 

stabiliser dye to strengthen interaction with the citrate groups on the surface of 

AuNPs. This functionalisation presents the prepared surface for the immobilisation 

of amino acids and peptides promoting cellular uptake [59]. PEI-functionalised 

AuNPs have been successfully applied for enhancement of gene delivery efficiency 
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and regulation of gene expression in the context of RNA interference [60], for cell 

transfection [61]. 

However, to the best of our knowledge, the effectiveness of the described 

functionalisation strategies for cell optoporation has not been not compared in the 

frame of one system, where other parameters such as the type of plasmonic agent, 

laser regime, irradiation protocol etc. were kept constant. In the present research 

we have applied and compared the molecules described above, as typical 

functionalisation agents, to investigate the effectiveness of functionalised AuNSps 

for laser-induced penetration into cells (Paper IV). 

Silica (SiO2) coating of AuNPs is a robust functionalisation which has been 

proven to enhance gold nanoparticle thermodynamic and chemical stability; to 

increase the effective volume and surface area of nanoparticles loaded with drugs, 

dyes, or other targeting moieties and imaging agents; to shift the LPR peak and to 

improve AuNPs optical properties [62, 63]. The red shift of the LPR peaks and the 

increase in the scattering and absorption values after Si coating are well-known 

effects associated with the change in the effective refractive index of the medium 

around the AuNPs, demonstrated by experiments [46, 13] and explained also by 

theoretical models [64]. 

AuNPs covered with a shell of silica are widely spread and have been used in 

photoacoustic imaging for immune cell tracking [65], as well as in computed 

tomography and photothermal therapy [66], catalysis [67], for two-photon 

luminescence [68] and for photodynamic therapy [69]. Si coated AuNSts loaded 

with methylene blue have been proposed as multipurpose nanocomposites both for 

Raman spectroscopy and photodynamic therapy [46]. For optical imaging 

applications an Si coating would significantly increase the scattering cross-section 

of the nanostructures, which is associated with a change in the effective refractive 

index of the medium surrounding the gold cores. However, enhancement of the 

scattering ability by enlarging the nanoparticle size or covering small particles with 

silica shells, has not been compared in the literature. In the work, discussed in this 

thesis, the optical properties of AuNSts with different diameters and their Si 

derivatives were compared in terms of their scattering and absorption properties 

and the LPR shift (Paper I). 

2.5 Optical imaging  

Due to the LPR phenomena, AuNPs possess absorption cross-sections which are 

orders of magnitude larger than that of the most strongly absorbing molecules [70] 
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and their light absorption cross-sections are orders of magnitude larger than that of 

organic dyes [71]. Thus, AuNPs act as excellent contrast agents and optical labels 

in various imaging applications. In general, all optical imaging techniques fall into 

two broad categories: those based on linear response methods and those relying on 

the nonlinear responses. The first category includes optical microscopy methods 

(dark-field, transmitted light illumination, differential interference contrast), 

confocal microscopy, optical coherence tomography, etc. The nonlinear techniques 

include two-photon or multiphoton microscopy (e.g. second- or third- harmonic 

generation, two-photon excited fluorescence), coherent anti-Stokes Raman 

scattering, optical coherence tomography and other methods. 

The LPR scattering from AuNPs is intense enough to allow optical imaging by 

conventional light microscopy in the differential interference contrast regime (DIC, 

an interference pattern owing to the optical path gradients of the specimen) [72]; 

and under dark-field illumination regime, which gives a coloured image of the LPR 

scattering on a dark background [73] and even allows individual AuNPs to be 

recognisable.  

Moreover, AuNPs can be applied for cell imaging and cancer diagnostics in 

conventional laser confocal microscopy [74]. The latter is a technique to detect 

objects with the aid of an optical system, ensuring that the emission of light is 

recorded only from objects located in the focal point of the optical system. This 

allows in-depth sample scanning and the creation of their 3D images by 

superposing scanograms [53]. Due to week self-fluorescence, AuNPs are mostly 

applied in multiphoton (two-photon) luminescence microscopy, where the 

luminescence of an object is excited by the simultaneous absorption of two (or more) 

photons, the energy of which is lower than needed for fluorescence excitation [75]. 

Notably, in standard confocal microscopy fluorescent probe molecules are required 

for the successful visualisation of cells and nanostructures because the latter can 

bind to proteins and carbohydrates, thus enhancing the cell nucleus and cytoplasm 

imaging contrast. However, the presence of fluorescence molecules can be an issue 

for the investigation of the AuNP uptake and their influence on living cells because 

of the potential intrinsic toxicity of fluorescent dyes. Considering the importance 

of label-free 3D-imaging of AuNSts on the cellular level, in the present work we 

have demonstrated the development of a visualising method for standard confocal 

microscopy without any additional signal enhancers. To the best of our knowledge, 

this is the first time conventional laser confocal microscopy has been applied in 

combined scattering and transmitted light modes to detect the backscattered signal 

of gold nanostars (Papers I and II). 
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The other prospective application of AuNPs is for optical coherence tomography 

(OCT). OCT is a widespread non-invasive optical imaging technique based on low-

coherence interferometry utilising backscattered light to produce two- and three-

dimensional, high-resolution, real-time images of layered tissues in vivo [76]. 

Essentially, OCT is based on single backscattering imaging, where the light 

incident on the sample goes through the scattering medium until a single 

backscattering event reflects the light back into the sample arm optics. Multiply 

scattered light is suppressed by the combination of confocal detection and 

coherence gating [77]. 

For the single scattering approximation of the OCT signal, assuming that the 

OCT signal for a homogenous scattering medium is the sum of all scattering 

contributions, the detector current idet(z) is expressed as [77]: 

 

2z
(z) h(z) P exp( 2 ),deti = Re

nmed P zref sample b NA sc
  
      
   , (5) 

where z is the depth; ŋ are the detector conversion factor from the incident light 

power to the electric current, Re{} is the real part of the complex coherence 

function ; n  is the group refractive index of the medium; µb,NA the effective 

backscattering coefficient which quantifies the part of the light that is backscattered 

into the detection numerical aperture (NA) of the OCT system; µs is the scattering 

coefficient; c is the speed of light; h(z) is the confocal point spread function. The 

powers Pref and Psample are the powers incident on the reference and sample arm, 

respectively. 

Doppler optical coherence tomography is based on the same principles as OCT. 

A Fourier analysis of an OCT signal yields information on the Doppler shifts of 

photons detected, which are determined by the velocities of moving scattering 

objects in the medium under study: therefore, this method can be used, in particular, 

for measuring the blood flow rate in near-surface layers of skin as well as in 

individual capillaries [78]. 

Significant enhancement of the OCT signal was observed in the presence of 

various particle types [76]. Due to their large scattering cross-section, AuNSts are 

perfect candidates to serve as contrast agents for OCT and Doppler OCT imaging. 

However, at the moment of the presented study, only a few papers have been 

published devoted to amplification of the OCT signal by nanostars [79, 80]. 

Moreover, most studies have investigated tissue-mimicking phantoms and tissues, 

and much less attention has been paid to imaging dynamic flows in capillaries or 
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heterogeneous structures, despite their importance in biomedicine [81]. In the 

present research, the contrasting properties of AuNSts of different sizes were 
compared by means of OCT and Doppler OCT flow imaging in a glass capillary, 

for the first time (Papers I and II). 

2.6 Surface-enhanced vibrational spectroscopy  

Infrared (IR) spectroscopy has become a widely used technique for molecular-

specific analysis of gases, liquids and solids. When the frequency of IR light is the 

same as the vibrational frequency of a bond or set of bonds, absorption occurs. 

Examination of the transmitted light reveals how much energy was absorbed at 

each wavelength. In FTIR spectroscopy the entire wavelength range is measured 

using a Fourier transform instrument and a transmittance or absorbance spectrum 

is created using a dedicated procedure. The major restriction of regular IR 

spectroscopy is the relatively high detection limit of the method, which is a 

constraint in trace analysis. For successful trace analysis absorbance (A) of the 

analyte species should be high. The absorbance in spectroscopic techniques can be 

described by the Lambert-Beer law: 

 
 

ln10
= c lA 

, (6) 

where α is a molar coefficient and l is an optical pathlength. Enlargement of the 

absorbance A can be obtained by either preconcentration techniques, which in 

many cases can be complicated or time-consuming, or by increasing of the 

pathlength for the IR beam, which also increases the absorbance of the background. 

By utilising surface-enhancement techniques or surface-enhanced vibrational 

spectroscopy (SEVS), we aim to increase the absorbance and thus the sensitivity of 

IR spectroscopy by increasing the molar absorption coefficient α. SEVS includes 

techniques such as surface-enhanced infrared absorption spectroscopy (SEIRAS), 

or surface-enhanced Raman spectroscopy (SERS). SEVS is capable to provide 

molecular information on analyte molecules located in close vicinity to metallic 

islands or nanostructures at very low concentrations, due to material-specific 

vibrational absorptions in the infrared (IR)-fingerprint region [82]. Due to the 

regions of highly induced electric fields on the AuNPs or their clusters [83], the 

low interaction cross-sections of Raman spectroscopy or infrared excitations can 

be increased, significantly even enabling single-molecule detection [84]. The 

following features are crucial for good SERS substrates: (i) periodical arrangement 
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of plasmonic nanoparticles in the structure; (ii) homogeneous signal enhancement 

across the surface; (iii) reproducibility and long-term stability of SERS substrates; 

(iv) a large enhancement factor potentially approaching single-molecule sensitivity 

[85]. 

SERS is a highly specific technique detecting and identifying molecules based on 

their vibrational energy levels and corresponding Raman fingerprints [86, 87].  

The identification of analytes can be based on the spectral signatures of a single 

molecule such as glucose [88, 89], proteins [90, 91], and nucleic acids [92]. 

SEIRAS uses the phenomenon of spectral sensitivity improvement due to the 

enhancement of the incident IR field on metal surfaces in the mid-infrared (MIR) 

spectral range. One of the pioneering groups to report SEIRAS phenomena in an 

attenuated-total reflection (ATR) configuration was Hartstein et al. [93]. ATR 

spectroscopy relies on total internal reflection within an internal reflection element 

[94, 95]. In principle, an infrared (IR) beam passes through an IR transparent crystal 

and is totally internally reflected at the crystal/sample interface, resulting in an 

evanescent wave extending into the sample (Figure 4a) [96]. An advantage of ATR 

spectroscopy is the enhanced control of the IR beam path by utilising the 

evanescent wave generated along the ATR element, resulting in an improved 

signal-to-noise ratio for the analysis of surface-bound molecular species and 

providing the capacity to conduct quantitative or semi-quantitative analyses [97]. 

Infrared reflection absorption spectroscopy (IRRAS) is the other FTIR based 

method (Figure 4b) [98]. In this technique the IR beam is directed through a prism 

with a low-refractive index material. The incident beam passes the sample and is 

reflected at the metal surface with a molecular monolayer formed on top. This 
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method is suitable as an early approach to detect monolayers at the solid/liquid 

interface. 

Fig. 4. Schematic drawing of the experimental setup for SEIRAS with a prism for ATR 

(right) and a spectro-electrochemical cell with a light-emitting diode (LED) for 

illumination (left) (a). Optical setup for IRRAS (b). Conventional attenuated total 

reflection unit with multiple internal reflections (c). Reproduced with permission [98]. 

Copyright 2013, ELSEVIER. 

SEIRAS in an ATR configuration has been previously used to investigate chemical 

interactions between SEIRAS-active layers and various analytes [99], to analyse 

biological species [100], to monitor the adsorption kinetics of bovine haemoglobin 

on an AuNP film with an improved detection sensitivity by 3 orders of magnitude 

[101], as well as to study the adsorption behavior of cytochrome c on carboxylic 

acid and hydroxyl-terminated self-assembled monolayers on gold surfaces [102]. 

In addition, López-Lorente et al. monitored the in situ direct synthesis of bare 

AuNPs mediated by stainless steel as a reducing agent by SEIRA-ATR 

spectroscopy [103-105].  
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Two enhancement mechanisms, namely, chemical and electromagnetic, are 

assumed to provide the main contributions to the vibrational signal enhancement in 

SEVS [106]. The first is associated with nanoscale gaps between metal particles, 

and the second is related to sharp particle edges. In other words, the electromagnetic 

enhancement mechanism is highly dependent on nanoparticle morphology [107, 

108], coupling to other nanostructures and nanometre-sized separations (gaps) 

between nanoparticles [107, 109], as well as the polarisation of incident light [110], 

and the dielectric property of the utilised metal [111]. Notably, the signal 

enhancement strongly depends on the sharpness of AuNP edges, tips or vertices, 

which are related to the intensity of the electromagnetic field surrounding the 

AuNPs [112]. From this point of view, anisotropic AuNPs such as AuNRs or 

AuNSts are prospective amplifiers for SEVS. However, the main issue in using 

AuNRs as signal enhancers is the dependence of their optical properties and 

therefore enhancement abilities on the particle orientation on a substrate with 

respect to the direction of the light propagation and the angle of the scattered 

radiation detection, which can limit the optical effectiveness of anisotropic particles 

such as gold nanorods for SEIRA. However, AuNSts are able to avoid this 

limitation. Moreover, among differently shaped AuNPs, dispersed AuNSts showed 

up as excellent Raman scattering enhancers because of large number of hot spots 

on the surface associated with their sharp tips. Moreover, previous studies have 

shown that the SERS enhancement factor of AuNSts is superior to those of other 

particles [113, 114]. Nevertheless, to the best of our knowledge, only a few research 

groups have applied FTIR spectroscopy to monitor the growth kinetics of particles 

[155, 116] to analyse the surface chemistry of original and media-exposed AuNSts 

[117], and no applications of gold AuNSts in SEIRAS have been demonstrated so 

far. 

2.7 Plasmonic nanoparticles in cell optoporation  

It is common knowledge that only small extracellular molecules and ions can pass 

through the membrane of an eukaryote cell, which acts as a selective barrier 

between the extracellular medium and the cytoplasm. Large molecules such as 

nucleic acids or pharmaceutical substances are unable to penetrate into cells 

without affecting the cell integrity [118]. However, effective tools and methods for 

the penetration of such molecules into cell cytoplasm will be a great benefit to 

biomedical areas such as gene therapy, transfection, drug delivery, and therapeutic 

research [119, 120]. One of the novel physical methods for the introduction of 
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macromolecules into single cells is AuNP-mediated optoporation (or 

photoporation), which is a temporal perforation of cell membranes by laser 

irradiation of cells with bonded AuNPs allowing for the administration of 

exogenous materials into the cells due to the highly localised damage of the targeted 

cell membrane [121-123]. Methods for AuNP-mediated laser optoporation and 

transfection for cell manipulation have been intensively developed during the last 

years. Pitsillides et al. in 2003 were among the first people to show the enhanced 

permeability of a cellular membrane for 10-kDa fluorescein-dextran conjugates (a 

membrane-impermeable probe) in the presence of AuNSps under ns-laser 

irradiation at a 532-nm wavelength [124]. The biological consequences of 

optoporation were investigated in detail by a research group led by Heinemann 

[125]. Namely, the potential cellular membrane changes of cells incubated with 

AuNSps under ps laser irradiation were analysed by patch clamp analysis [126]. 

Then a comprehensive analysis of cell volume and area, ion exchange (Ca2+), and 

the cytoskeleton (filamentous actin) in AuNSps mediated optoporation was 

provided by a multimodal imaging setup [127]. Moreover, the authors analysed the 

perforation process of fluorescent dextrans with sizes from 10 to 2000 kDa and the 

cell viability in plasmonic cell perforation using a 532 nm ps-laser depending on 

the irradiation time and repetition rate [128]. For all the studies demonstrated below, 

AuNSps were attached to the cell membrane due to the sedimentation process. In 

Ref. [128] it was noted that the perforation efficiencies of gold nanoparticles with 

a diameter 200 nm had the highest efficiency in comparison to 80, 150, 250 nm 

AuNSps.  

To achieve selective targeting of cell membranes for single-cell optoporation 

and transfection, the functionalisation of AuNPs by specific antibodies is essential. 

In particular, Yao et al. functionalised 15 nm and 30 nm AuNSps by using 

antibodies to attach to the plasma membrane of a Hodgkin’s disease cell line and/or 

a human large-cell anaplastic lymphoma cell line [129, 130]. The fraction of 

transiently permeabilised and then resealed cells is affected by the laser parameters, 

the AuNSp size, concentration, and functionalisation. Bhattacharyya et al. achieved 

up to 90% membrane permeability of breast cancer cells marked with 

functionalised AuNPs using ns-laser irradiation [131].  

The physical mechanism of AuNP mediated optoporation and transfection is 

based on laser perforation caused by short laser pulses of sufficiently high intensity, 

which leads to the formation and further collapse of vapor nanobubbles (NBs) [132, 

133]. NBs emerge due to a rapid increase of the temperature of the AuNPs to several 

hundred degrees and evaporation of the surrounding water [134], however, the 
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diffusion of heat from the AuNPs into the surrounding medium is negligible, due 

to the extremely short lifetime of the NBs. Laser parameters, such as the irradiation 

wavelength and the pulse duration are major factors for the formation of NBs and 

laser-cell interaction [135]. Despite the efficiency of up to 90% [136] for 

transfection induced by femtosecond (fs) laser irradiation, the excessively high 

price and massiveness of the lasers has encouraged the application of more compact 

lasers with longer pulse durations in nanosecond (ns) or picosecond (ps) and to 

increase the throughput of laser-based techniques by optical trapping [133], 

functionalisation of AuNPs [129, 130], or by the use of anisotropic AuNPs [137]. 

The latter achieves a precise correspondence between the LPR peak position and 

the laser wavelength, as well as higher absorption abilities of the AuNPs [124]. 

Effective optoporation in the NIR range due to the matching between the LPR of 

AuNPs and the NIR source opens the possibility to reach sublayer cells for in vivo 

studies due to low absorption and scattering coefficients of biological tissues, 

which minimises the heat transferred by the electromagnetic wave to the cells and 

maximises the penetration depth. Bashkatov et al. [138] demonstrated that the 

penetration depth in human skin is 0.9 mm at 532 nm while it is 3.3 mm at 1064 

nm. However, most optoporation studies have been implemented with spherical 

particles either in the visible range which is near the AuNSp LPR peak [131, 139], 

or in the NIR range when the ns-laser wavelength is off resonance for the NIR range 

[128, 140, 141]. In the study related to this thesis, we proposed an optimised NIR 

resonant optoporation of biological cells by using gold nanostars in combination 

with laser beam scanning and have proved the higher effectiveness of AuNSts in 

respect to optoporation agents like AuNRs. 
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3 Materials and methods  

3.1 Preparation of nanoparticles  

3.1.1 Synthesis of nanospheres  

AuNSp suspensions (Papers I-VI) were prepared by reducing chloroauric acid 

(HAuCl4) with sodium citrate using Mirkin’s “gold standard” method improved by 

Grabar [142]. To synthesise AuNSps with a diameter of 50 nm, 50 mL of H2O was 

refluxed in an Erlenmeyer flask for 20 min. Then 1.5 mL of 1% aqueous HAuCl4 

and 2.18 mL of aqueous sodium citrate (10 mg/mL) was added simultaneously. A 

similar procedure was repeated for 15 nm AuNSps with the addition of 1.5 mL of 

1% aqueous HAuCl4 and 2.1 mL of aqueous sodium citrate in 50 mL of H2O. The 

average diameters of the nanospheres were 50±7 nm and 15±4 nm correspondingly. 

Both types of AuNSps have an LPR at the wavelengths around 520-530 nm and a 

gold concentration of 57 μg·mL-1. 

3.1.2 Synthesis of nanorods 

AuNRs (Papers III, IV) were prepared with a slightly modified seed-mediated 

growth method [143], which is a widespread classical method of preparation of 

AuNRs allowing the synthesis of stable, monodispersed nanoparticles. In the first 

step, to obtain the seed solution, 10mL of 0.1M CTAB, 250 μL of 10 mM HAuCl4, 

and 1 mL of 10 mM sodium borohydride were added. This was mixed and left for 

120 min without stirring. Then 20 mL of 4 mM AgNO3, 50 mL of 10 mM HAuCl4, 

10 mL of 100 mM isoascorbic acid, 10 mL of 1M hydrochloric acid, and 10 mL of 

gold seeds were subsequently added to 900 mL of 0.1 M CTAB. In the last stage, 

the replacement of the CTAB bilayer by mPEG-SH molecules was implemented in 

the acetate buffer with a final concentration of 10 nM (pH 9.0). AuNRs with a 

longitudinal LPR at a wavelength around 800 nm and a gold concentration of about 

98 μg·mL-1 (the yield was assumed to be 100%) were synthesised. The mean length 

and diameter of AuNRs were 40 ±9 and 10±2nm, respectively.  
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3.1.3 Synthesis of nanostars  

The synthesis of AuNSts is based on the reduction of HAuCl4 with AA and silver 

nitrate at room temperature on pre-synthesised AuNSps (diameter 15 nm or 50 nm) 

in aqueous media. This method was developed by Vo-Dinh’s research group [51] 

and chosen as biocompatible surfactant-free synthesis resulting in AuNSts which 

are beneficial for biological imaging applications due to their non-toxicity and the 

presence of thin sharp tips intensively interacting with NIR. To synthesise AuNSts 

of different sizes, both the diameter of the seeds and the ratio between the quantity 

of seeds in the suspension volume were varied (Paper II). To prepare AuNSts with 

a tip-to-tip diameter of 50 nm, we used 15 nm AuNSps as seeds: 10 μL of 1 M HCl 

and 100 μL of the AuNSp suspension were added to a 10 mL of 0.25 mM HAuCl4 

water solution at room temperature under vigorous stirring. Then, 100 μL of 2 mM 

1AgNO3 and 50 μL of 0.1 M AA were added simultaneously. For large AuNSts 

(with a tip to tip diameter of more than 80 nm) 50 nm AuNSps were used as seeds 

during a similar synthesis procedure. For size variations, different concentrations 

of seeds (50 μL, 100 μL, 200 μL per 10 mL of suspension, correspondingly) were 

added to the reaction mixture (being the same also for small NSt synthesis). Since 

fewer nuclei (seeds) for the gold precursor result in a larger gold deposition on a 

per-particle basis, reducing the number of seed particles, while keeping the amount 

of gold precursor (HAuCl4) constant leads to the formation of larger AuNSts. The 

LPR of the AuNSts varied from 750 to 900 nm depending on AuNSt size (from 

50±10 to 120±14 nm). The concentration of the AuNSts in terms of gold was nearly 

equal to 84.4 μg·mL-1. 

3.2 Functionalisation and stabilisation of nanoparticles 

In some cases, AuNSts and AuNSps were covered by mPEG-SH (Papers II, VI) or PVP 

(Papers I, V) to increase their colloidal stability. To increase the permeability of the 

AuNPs by cells AuNPs were functionalised with 1% BSA, 1% PEI or their combination 

(Paper V). A silica layer on the surface of the AuNPs allows particles absorption and 

scattering properties to change and tune the LPR peak. In Paper I silica derivatives of 

PVP-covered AuNSts (silica nanocomposites, NCs) and AuNSps were made using the 

base-catalysed hydrolysis of TEOS firstly described by Stöber [144]. Specifically, the 

silica core was grown by reducing TEOS with NH4OH in the presence of isopropyl 

alcohol (IPA). The silica shell thickness can be set in 20-120 nm range by varying the 

TEOS concentration and the reaction time [145].  
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3.3 Preparation of plasmonic chip-based systems  

Preparation of the AuNSt-functionalised silicon chips (Paper IV) was based on 

diced Si wafer (undoped) segments with thickness equal to 380 µm and surface 

area 1x1 cm2. After standard cleaning (sonication in acetone and isopropanol) and 

drying (nitrogen stream), Si chips were additionally cleaned in a UV/ozone 

chamber for 20 min to remove organic residuals and to obtain a uniform oxide layer. 

Afterwards, 5 nm of gold layer was sputtered onto the chip surface. Pre-prepared 

chips were than immersed in an ethanol solution of 2 mM --dimercapto 

polyethylene glycol (SH-PEG-SH) overnight, rinsed with ethanol and immersed 

overnight in an AuNSt suspension. 

3.4 Cell culturing 

Cell culture lines: a human epithelial cervical cancer cell line (HeLa) or pig kidney 

embryonic cell line infected by oncovirus (SPEV-2) were maintained at 37 °C and 

with 5% CO2 in a complete DMEM medium supplemented with a 10% bovine serum, 

1% penicillin–streptomycin.  

Before incubation with AuNPs, cells were grown on cell culture plates or cover 

glasses until they covered 70% of the monolayer. Then the cells were incubated with 

AuNPs overnight without any treatment.  

3.5 Cell viability test 

A cell viability test was discussed in detail in Paper I. Briefly, an MTT test, as described 

by Nicks and Otto [146] with small modifications, was utilised to determine the 

metabolic (respiratory) activity of cells after incubation with AuNPs. This test was 

chosen as a gold standard to obtain stable and reliable results on the toxicity of the 

materials. This test was chosen as a gold standard method to obtain stable and provable 

results on material toxicity. Cells were maintained in culture plates filled in 200 μL of 

medium and incubated overnight with AuNPs at concentrations of gold equal to 20 

μg·mL-1. Pure cells were used as a control. A 100 μL MTT solution (5 mg·mL-1) was 

added to each well of the plate with cell suspensions and incubated for 1 h in the dark 

at 37°C in a humidified atmosphere with 5% CO2. After incubation, the supernatant 

was replaced by Dimethyl sulfoxide (DMSO). The precipitate was resuspended and 

incubated for 15 min in the dark at 37° C. The absorbance readings were obtained with 

a Power Wave microplate spectrophotometer (BioTek Instruments, USA) at a 
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wavelength of 490 nm. The respiratory activity of the nonirradiated sample was set to 

100%. Each experiment was triplicated. Standard deviation was used as an error 

estimation. 

3.6 Characterisation of nanoparticles 

3.6.1 The overview of characterisation instrumentation 

Several different analytical (microscopy and spectroscopy) methods were applied to 

determine the morphological and optical properties of the prepared materials (Table 1). 

These methods are the analytical “gold standard” for AuNP characterisation.  

Table 1. Measurements methods used for nanoparticle characterisation. 

Measurement technique Instrumentation Properties Paper 

Spectrophotometer system 

with integrating spheres 

Optronic Laboratories, 

diffuse reflectance/ 

transmittance and 

collimated transmittance 

regimes 

AuNP optical properties 

(PR wavelength, µabs, 

µsct) 

I-II 

Energy-filtered transmission 

electron microscopy, TEM 

Leo 912 Omega, 120 kV AuNP morphology and 

size 

I-VI 

Scanning electron 

microscopy, SEM 

Helios Nanolab 600 AuNP morphology and 

size 

III-IV 

Inductively coupled – atomic 

emission spectrometry (ICP-

AES) 

Ultima 2 system Au concentration III-IV 

Epifluorescent inverted 

microscope 

Olympus IX81 with a 

TRITC 41002c filter 

cube (Chroma 

Toxicity of AuNPs and cell 

viability 

I, II, IV 

    

Power Wave microplate 

spectrophotometer 

BioTek Instruments, 

excitation 490 nm 

AuNP toxicity and cells 

viability 

V, VI 

3.6.2 Measurements of scattering, absorption and extinction 

coefficients 

The scattering and absorption coefficients of AuNSps were retrieved by means of 

collimated transmittance and diffuse reflectance/transmittance analyses: namely, a 
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spectrophotometer with integrating spheres was applied. The schematic view of 

measurement methods is shown on Figure 5.  

 

 

 

 

 

 

 

 

 

                        (a)                                                         (b)        

Fig. 5. Schemes for measuring: collimated transmission (a) and absorption (b). 

Reprinted from Paper I, Copyright 2015, Society of Photo-Optical Instrumentation 

Engineers (SPIE). 

The collimated transmission of a suspension was measured as a function of 

wavelength to obtain the extinction spectrum of the sample (Figure 5a). The 

extinction coefficient µext can be calculated as 

 

 µ = −  (TR)
 (7) 

where TR is the measured collimated transmittance and l is path length.  

To measure TR, which is the sum of the total transmittance T and reflectance R, 

we used an integrating sphere equipped with a SpectralonTM as a diffuse mirror 

(Figure 5b). 

The absorption coefficient is given by:  

 µ = −  (TR)
 (8) 

It should be noted that the light passes the double optical path within a sample.  

µext is the sum of the absorption and scattering coefficients, thus, the scattering 

coefficient µsct can be calculated as: 

 µ = µ − µ  (9) 
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3.6.3 Measurement of nanoparticle dimensions 

To perform a statistical analysis and calculations of the diameters of AuNSps, 

dimensions of AuNRs and tip-to-tip diameters of AuNSts, a simple computation 

routine for image analysis was created using the ImageJ software package 

(https://imagej.nih.gov/ij, National Institutes of Health, USA). The diameter of 

AuNSts was calculated using the standard Analyse Particles function in the 

software. Due to the anisotropic form of the AuNSts we counted particles manually, 

first defining the spatial scale of the active image for presenting the measurement 

results in calibrated units using the Set Scale tool, then creating line selections of 

the AuNSt diameters using the Straight Line Selection tool. More than 500 particles 

were estimated for each analysis. 

3.7 Nanoparticles in bioimaging 

3.7.1 Overview of application instrumentation 

During the following study, AuNPs were used in several imaging and analytical 

applications as optical labels and both standard and novel signal enhancers (Papers I-

IV), as well as for laser-mediated cell optoporation (Papers V-VI). Information on the 

instrumentation used is presented in Table 2. 

Table 2. Measurement methods used in nanoparticles applications. 

Measurement technique Instrumentation Application 

mechanism 

Particles Paper 

Optical Coherence Tomography 

(OCT) 

Thorlabs, 930-nm central 

wavelength, axial resolution  

5.8 μm, lateral resolution 8 μm 

Backscattering AuNSts, 

NCs 

I-II 

Conventional laser confocal 

microscope 

Zeiss LSM 780, EC Plan-

Neofluar 10 × ∕0.3 

objective in a light scattering 

mode, irradiating wavelength 633 

nm, detection bandwidth 5 nm 

Backscattering AuNSts, 

NCs 

I-II 
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Measurement technique Instrumentation Application 

mechanism 

Particles Paper 

Confocal Raman spectrometer  Alpha500, Witec GmbH with Nd: 

YAG laser (532 nm), laser power 

4.32 mW 

SERS AuSts, III-IV 

FT-IR spectrometer with MCT  Vertex 70 with an A513/QA 

IRRAS measurement: 

IRRAS module with a metallic 

line grid polariser (KRS-5). The 

IRRAS spectrum was collected 

with p-polarised radiation and an 

angle of incidence R=80°. 

ATR measurements: BioATRII 

unit with a silicon ATR plate and 

a secondary zinc selenide (ZnSe) 

ATR crystal 

SEIRAS AuNSts, 

AuNSps 

III-IV 

continuous-wave laser (CW-

laser) 

Aculaser, 808 nm central 

wavelength, used power 2.5 W 

Absorption AuNSts, 

AuNSps, 

AuNRs 

V 

nanosecond laser (ns-laser) 

 

Opotek Tunable Laser Systems, 

532 nm central wavelength, used 

power 2 mW 

Absorption AuNSps V 

scanning pulsed nanosecond 

ytterbium fiber laser  

Mini Marker 2™, used power 20 

W 

Absorption AuNSts, 

AuNSps, 

AuNRs 

VI 

Inverted microscope Leica 3000, filter I3, excitation 

450-490 nm 

Optoporation AuNSts, 

AuNRs 

V, VI 

3.7.2 Optical coherent tomography measurements 

In the OCT experiments (equipment parameters shown in Table 2) aqueous 

suspensions of AuNSts and NCs with the optical density equal 40 cm-1 were 

pumped at a constant flow rate (25 mL/h) through a rectangular shaped glass 

transparent capillary with an inner thickness of 200 μm. Originally, the OCT 

imaging of the capillaries was recorded in 2D (depth vs. width). From the 2D 

images, depth-resolved OCT intensity and velocity profiles were reconstructed 

[147]. 
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3.7.3 Confocal microscopy measurements 

The backscattering of the nanostructures both in agarose gel and in vitro was 

examined with a laser scanning confocal microscope (equipment parameters shown 

in Table 2). The signal detection band was superposed with an excitation laser 

wavelength (633 nm), while the power of the laser and the photomultiplier voltage 

were reduced to minimise the background signal from the agarose gel or cell 

organelles. Each sample was scanned along the Z-direction in increments of 0.22 

μm (67 optical slices in summary). The intensities of the signals were obtained for 

medial projections.  

For the bulk solution experiments, AuNSts and NCs were mixed with a high-

density 1% agarose gel (final Au concentration 0.2 mg·L-1) to avoid Brownian 

motion of the nanostructures and applied onto microscopy slides further covered 

with a cover glass, achieving the same layer thickness for each sample. For in vitro 

imaging, the HeLa cells on glass coverslips were incubated with nanostars (final 

Au concentration 0.2 mg·L-1) overnight, assembled on preparated slided, sealed to 

avoid airing, and analysed immediately.  

The intensity of the scattering signal and statistical measurements (mean 

intensity, standard deviation) were evaluated using the ZEN software (Carl Zeiss, 

Germany) in its histogram mode. Firstly, images of the samples’ maximum 

intensity projection were obtained. Secondly, the images were directly converted 

into binary images using a threshold, since the binary image reveals whether a 

group of pixels in the image is recognised as a scattering spot. Then the intensity 

peak of each scattering spot was calculated and histograms of the intensity 

distribution were depicted. 

3.8 Fourier transform infrared measurements  

Two modalities of FTIR spectroscopy measurements were used: attenuated total 

reflection (ATR) spectroscopy (Paper III) and Infrared Reflection-Absorption 

spectroscopy (Paper IV). 

3.8.1 Attenuated total reflection studies 

Mixtures of aqueous solutions of analytes and AuNSts in equal volumes (1:1) were 

deposited onto a Si ATR waveguide. Immediately after this, spectra were acquired 

until total liquid evaporation (several hours). For ATR control measurements of the 
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pure analyte, the AuNSts were replaced by an equal amount of water to maintain 

the analyte concentration and total sample volume the same.as for analyte with 

AuNSts Each spectrum was recorded by averaging 100 scans with a resolution of 4 

cm−1 in the spectral range of 500 − 4000cm−1. Prior to analyzing each set of samples, a 

background spectrum was measured. A baseline correction was performed for better 

comparability of the spectra. 

3.8.2 Infrared reflection absorption spectroscopy studies 

Aqueous solutions of crystal violet (CV) at concentrations of 25, 12.5, 6.25, 3.13, 

and 1.56 mg·L-1 was applied to chips forming a thin film. Measurements were 

performed after full evaporation of the solvent. IRRAS spectra were collected with 

p-polarised radiation at angles of incidence and detection R=80°. MIR absorbance 

spectra were acquired by averaging 1000 scans per spectrum in the range of 500 – 

4000 cm−1 at a spectral resolution of 4 cm−1 vs. a gold mirror providing the 

background spectrum. The spectra of the clean chips were used as a control. A 

baseline correction was performed for better comparability of the spectra. Each 

measurement was executed in triplicate for error calculations. 

3.9 Surface-enhanced Raman spectroscopy measurements  

Raman measurements were performed with a confocal Raman spectrometer 

(alpha500, Witec GmbH, Germany). A frequency doubled Nd:YAG laser at a 532-

nm wavelength (second harmonic) was employed for excitation using 4.32 mW of 

laser power (measured in front of the objective lens). The laser beam was focused 

on the sample using a 20x/0.4 Zeiss objective. Raman/SERS spectra were collected 

using a 600 grooves/mm diffraction grating. The Raman spectra were acquired with 

an integration time of 1 s, by averaging 10 spectra. Spectral resolution was 2.82 

cm-1. Analysis of the spectra was carried out using Witec Control 1.54 software. To 

perform the measurements, 5 L of a CV solution were drop-cast onto the SERS 

substrate and measured after drying at several points of the sample. Then the 

average value was calculated. After the measurements, the SERS substrates were 

cleaned by rinsing with ethanol and acetone and reused. 
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3.10 Cell optoporation  

3.10.1 Irradiation by a continuous-wave laser 

HeLa cells were incubated for 6 h with AuNRs, AuNSts and AuNSps at a 

concentration of 17 µg/mL and were then irradiated with a continuous-wave laser 

(CW laser, equipment parameters shown in Table 2). To reveal the permeability of 

the cell membranes, the samples were stained with 6 µM of propidium iodide (PI) 

fluorescent dye for 1 min. Next, half of the samples were given laser exposure for 

2 min. After the laser treatment, the cells were washed once to remove the PI. The 

cells incubated with gold nanoparticles without irradiation and pure cells under 

laser irradiation were used as negative controls. Each experiment was triplicated to 

estimate the standard deviation. The temperature of the medium was measured 

every 15 s during the laser treatment by a thermal camera (Irisys, UK). To reveal 

the influence of the laser irradiation on the cells, we performed control experiments 

under the same conditions as described above but without the PI addition. The 

viability of the cells was estimated using an MTT test.  

3.10.2 Irradiation of cells by a nanosecond laser operated in the visible 

range  

HeLa cells were irradiated by a nanosecond laser system (ns laser, equipment 

parameters shown in Table 2) which generated laser pulses at the 532 nm 

wavelength with a pulse duration of 5 ns, repetition rate of 20 Hz, maximal pulse 

energy of 0.1 mJ, mean power of 2 mW, and a beam diameter 5 mm partially 

covering a single well in a well plate with the cells. The laser treatment was carried 

out for cells incubated with pure gold nanospheres (AuNSps) and several 

conjugates of AuNSps with the most often used agents for delivery of gene material 

into cells: i.e. m-PEG-SH, bovine serum albumin (BSA), polyethylene glycol (PEI), 

or a combination of BSA and PEI (pegNSps, bNSps, pNSps, and pbNSps, 

respectively) for 6 h. To reveal the permeability of the cell membranes, the samples 

were stained with 6 µM of PI. For the HeLa live cells, Calcein AM was added to 

the medium at an initial concentration of 3 μM. After laser irradiation within 4 min, 

the cells were washed once to remove the PI. Non-irradiated cells incubated with 

AuNPs, and laser irradiated pure cells were used as negative control samples. The 

temperature of the medium was recorded by a thermal camera (FLIR, Sweden).  
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3.10.3 Irradiation of cells by infrared nanosecond laser in a 3D 

scanning mode 

3D scanning experiments were performed using a nanosecond ytterbium fiber laser 

(scan-ns-laser), with a wavelength of 1064 nm, pulse duration of 4 ns, repetition 

rate up to 20 kHz, pulse energy up to 1 mJ, mean power of 20 W and a beam 

diameter of 6 µm.  

For the irradiation of HeLa cells incubated for 6 h with AuNRs and AuNSts 

(concentration 17 µg/mL each), we focused the laser beam on a cell layer and scanned 

an exposed area of 4×4 mm2 point by point in a linear mode. The energy of a single 

pulse was 0.1 µJ, while the distance between the single laser beam positions was 20 

μm, and 1 pulse per beam position was emitted. 6 µM of PI was added to the cell 

suspensions before irradiation to mark perforated cell membranes due to the laser 

treatment and this was washed immediately after treatment to avoid cell uptake of the 

PI by endocytosis. Non-irradiated cells incubated with AuNPs without irradiation and 

laser treated pure cells were used as negative control samples. The temperature of the 

medium was recorded by a thermal camera (Irisys, UK). Each experiment was 

triplicated. 
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4 Results 

This section provides the experimental data and the main results. Section 4.1 

includes the description of the synthesis of the AuNPs and measurements of their 

basic characteristics. Section 4.2 focuses on measurements of scattering and 

absorption coefficients of the AuNPs. Section 4.3 contains the experiments 

conducted using AuNSts for optical imaging, namely in optical coherence 

tomography (OCT), Doppler OCT and conventional laser confocal microscopy. 

Section 4.4 describes results of the application of AuNPs in surface enhanced 

vibrational spectroscopy scenarios either in suspension or as chip-based systems 

immobilised on a waveguide for surface enhanced infrared absorption (SEIRA) and 

surface enhanced infrared scattering (SERS) based techniques. In Section 4.5 

optoporation in the presence of AuNSps, observed during the experiments, is 

discussed. 

4.1 Particles synthesis and characteristics  

In total, three types of AuNPs were synthesised and investigated: bare (AuNSts) 

and silica-coated (NCs) nanostars, citrate-cupped gold nanospheres (AuNSps) and 

PEG-functionalised gold nanorods (AuNRs).  

AuNSps or colloidal gold are the most thoroughly studied and commonly 

applied type of AuNPs due to their comparably easy synthesis which has been 

known since ancient times, in addition to their high stability and low toxicity. 

Spherical nanospheres are also used as gold seeds for more complicated synthesis 

methods, e.g., for AuNRs and AuNSts demonstrated in the present research work. 

AuNRs were synthesised using a seed-mediated growth strategy with the 

replacement of the CTAB bilayer by mPEG-SH molecules [148]. The necessity of 

surface modifications to AuNRs using mPEG-SH is explained by the presence of 

CTAB surfactant molecules on a freshly prepared AuNR surface. In Paper V, we 

showed the impossibility of using AuNRs covered with CTAB for cell optoporation 

due to the surfactant toxicity, which corresponds to other studies [149-151]. The 

synthesis of AuNSts firstly demonstrated by Vo-Dinh’s research group [52] is based 

on the reduction of chloroauric acid at room temperature on pre-synthesised 

AuNSps in aqueous media. AuNSts are perfect candidates for biological 

applications and optical imaging due to their biocompatible surfactant-free 

synthesis and intensive interaction with NIR excitation. In the present research, to 

synthesise AuNSts of various sizes, we proposed two options with different 
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diameters (15 nm or 50 nm), or concentration of seeds. It should be noted that all 

suspensions of AuNSts have a nearly equal mass-to-volume ratio in terms of Au 

which is equal to 84.4 μm/mL (the differences in mass concentration caused by 

changing the seed amount can be neglected).  

Information about the dimensions of AuNPs was obtained from the analysis of 

TEM images of dried suspensions of AuNPs. To perform statistical analyses, we 

created a simple computation routine for image analysis using the free ImageJ 

software and estimated the parameters of 500 particles on each given TEM image. 

The dimensions of the AuNPs, used in the presented research, are shown in Table 3.  

Table 3. Properties of used gold nanoparticles. 

Type Average size, nm Spectral location of plasmon-

resonant peak, nm 

AuNRs Length: 41±5, diameter: 11±1 800-810 

AuNSts Tip-to-tip diameter: 50±7, 100±10, 120±10, tip 

length 15 nm 

650-850 

AuNSps Diameter: 15±2, 50±2 520-550 

NCs Diameter 105 ± 16, shell thickness 25 ± 6 700-950 

Figure 6 shows representative TEM images of synthesised AuNSps a), AuNSts 

with a diameter 100 nm (b), NCs (c), AuNRs (d), and normalised extinction spectra 

of suspensions of AuNPs (e), (f), (g) and (i), correspondingly. 
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Fig. 6. Representative TEM images of AuNSps (a), AuNSts (b), silica-coated nanostars 

(NCs) (c), AuNRs (d), and normalised extinction spectra of AuNSps (e), AuNSts (f), NCs 

(g) and AuNRs (i). Adapted from Paper V Copyright 2015, with permission of the Society 

of Photo-Optical Instrumentation Engineers (SPIE). 

Figure 6a shows a spectrum of nanospheres with the well-known LPR peak around 

520 nm. The spectrum of nanostars is broader and closer to the NIR range (Figure 

6f), while the red shift of the spectral bands after silica-coating (Figure 6g) is a 

well-known effect associated with the change in the effective refractive index of 

the medium around the gold cores. Nanorods (Figure 6i) have two resonance peaks: 

a transversal peak (around 500 nm) and a longitudinal peak (around 800 nm). The 

first peak belongs to the visible part of the electromagnetic spectrum near the 520 

nm wavelength. The position of the second peak varies in the visible to infrared 

spectral range (650 to 1200 nm) and could be tuned by changing the axis ratio of 

nanorods [152]. In the work discussed in this thesis, the second LPR peak of 

AuNRs localises at the 810 nm wavelength. 

To demonstrate the applicability of the synthesized AuNPs for in vitro experiments, 

we studied the influence of nanostructures at final concentrations of gold in a cell 

suspension equal to 20 μg·mL-1 (this concentration was kept constant in all the 

studies presented below) using an MTT assay, which tests the metabolic activity of 

the cells. The HeLa cell line is the standard model cell line applied in a significant 

number of in vitro studies. According to our results (Figure 7), all types of AuNPs 

of the same gold concentration, have a negligible impact on the metabolic activity 

of cells (about a 2-5% decrease in activity for AuNSps, AuNSts and NCs and 10% 

for AuNRs). The small influence of AuNRs on cells metabolic activity can be 



58 

explained by traces of CTAB on the surface of the AuNRs, while for other citrate-

cupped AuNps the differences in the values are within the standard deviation.   

 

Fig. 7. Dependence of the viability of Hela cells on the type of re-dispersed AuNPs (20 

μg·mL-1) in the MTT test. The metabolic activity of the non-irradiated sample was set at 

100%. The results are averaged over three independent experiments, each in three 

replications. 

The obtained results agree well with examinations of the toxicity of AuNPs 

presented in the literature, where nontoxicity of citrate nanoparticles was shown 

both for cell lines with non-cancer and cancer origins [58, 117]. 

4.2 Optical properties of nanostars  

The scattering ability of the sample is crucial for imaging applications such as light 

and laser confocal microscopy and OCT. It is known, that for AuNRs the absorption 

is the main contributor in the extinction spectra [153] that can be an issue for optical 

imaging techniques.  In contrast, AuNSts possess a significant scattering ability. 

Therefore, we investigated and compared the optical properties of AuNSts of 

various sizes and their Si derivatives as attractive contrast agents, focusing on their 

scattering abilities. Namely, we used a spectrophotometer with integrating spheres 

in a collimated transmittance and diffuse reflectance/transmittance configuration to 

estimate the scattering and absorption coefficients of the prepared nanostructure 

suspensions (Figure 8a). The detailed description of the measurement process can 

be found in Section 3.6.2. The results of spectral measurements for extinction, 

scattering, and absorption coefficients of suspensions of AuNSps were shown for 

comparison. 



59 

Figure 8 presents the spectrometer system as well as retrieved extinction (µext), 

absorption (µabs), and scattering (µsct) coefficients of AuNSps with a diameter of 50 

nm (AuNSps-50), small AuNSts with an average tip-to-tip size of 55 nm (AuNSts-

50), their silica derivatives with a shell thickness of about 25 nm and a diameter of 

100 nm (NCs) and two samples of large AuNSts with average tip-to-tip size of 100 

(AuNSts-100) and 120 nm (AuNSts-120) correspondingly. 
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Fig. 8. Spectrometer system (a), retrieved extinction (µext), scattering (µsct), and 

absorption (µabs) coefficients of AuNSps-50 (b); AuNSts-50 (c) and their Si derivatives 

NCs (d); AuNSts-100 (e) and AuNSts-120 (f). Adapted from Paper I Copyright 2015, with 

permission from the Society of Photo-Optical Instrumentation Engineers (SPIE) and 

Paper II (c) 2016 IEEE. 
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Optical properties of AuNSps and AuNSts, such as plasmon resonance 

wavelengths (PRW), extinction, absorption and scattering coefficients of the 

AuNSts, as well as scattering/absorption ratio at the PRW are summarised in Table 4.  

Table 4. Optical properties of nanoparticles. 

Property AuNSps-50 AuNSts-50 NCs AuNSts-120 

PRW, nm 535 nm 710 nm 765 nm 830 nm 

µext in PRW  3.35 cm-1 3.30 cm-1 3.59 cm-1 3.99 cm-1 

µabs in PRW 3.00 cm-1 3.11 cm-1 3.20 cm-1 2.95 cm-1 

µsct in PRW 0.35 cm-1 0.19 cm-1 0.39 cm-1 1.04 cm-1 

µsct/µabs in PRW 0.116 0.061 0.121 0.352 

According to the measured spectral data, the contribution of the scattering 

component to extinction is rather small for all types of AuNPs. Nevertheless, the 

scattering ability is higher for AuNSps than for AuNSts-50, which can be explained 

by the smaller diameter of the core of the AuNSts-50 (20 nm versus 50 nm for 

AuNSps). However, the µsct increases dramatically for the AuNSts-100 and 

AuNSts-120 with a core of 50 nm. It is clearly seen that the resonance peak of the 

scattering spectra changes to long wavelengths both with the size enlargement of 

the AuNSts and the coating of AuNSts with a SiO2 shell (Figure 8). Theoretically 

it can be explained by the following fact: since the scattering and absorption 

coefficients scale with the particle size as  r6 and  r3 [154], larger nanostars 

especially with large cores, scatter light more strongly and they are better suited for 

optical applications where the scattering intensity is critical. The higher scattering 

ability of NCs in comparison to AuNSts-50 can be theoretically explained by a 

simple two-layer model for gold nanospheres covered with silica shells and Mie 

calculations (see Paper I). Mie calculations (Figure 9) for 30-, 40-, 50-, and 60-nm 

AuNPs show that 30- and 60-nm Si shells result in a considerable increase in the 

differential scattering cross-section in both forward and backward directions, 

whereas the scattering indicatrix retains its dipolar (Rayleigh) character. 
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Fig. 9. Mie calculations of differential scattering cross sections (Cdsca) of bare 30-, 40-, 

50-, and 60-nm AuNPs and silica-coated AuNPs with a 30-nm or 60-nm silica shell. The 

calculations were done for both monodisperse (solid lines) and polydisperse (dashed 

lines) models. Standard Gaussian distributions with a normalised standard 

deviation=0.3 was used for polydisperse model. Reprinted from Paper I, Copyright 2015, 

Society of Photo-Optical Instrumentation Engineers (SPIE). 

Physically, this enhanced scattering can be determined by the larger particle volume 

of AuNSts after SiO2 coating and as a result due to the greater polarizability of NCs. 

4.3 Gold nanoparticles in optical imaging  

In the following study, we present some exemplary implementations of AuNSts and 

their Si derivatives in imaging applications, namely in optical coherence 

tomography (OCT), Doppler OCT and conventional laser confocal microscopy. We 

show the adjustment of scattering maximum at the wavelength of interest 

conditioned by instrument characteristics by changing the AuNSt size or surface 

properties. To demonstrate the agreement of the spectroscopic measurements with 

the results of the imaging experiments described below, optical properties of 
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AuNSts and their Si derivatives, such as PRWs, µext, µsct as well as their ratios at 

the wavelengths of interest (633 and 930 nm) are shown in Table 5.  

Table 5. Properties of synthesised gold nanoparticles at the wavelength of interest 

conditioned by instrument characteristics. 

Parameters AuNSts-50 NCs AuNSts-100 AuNSts-120 

PRW, nm 710 nm 765 nm 765 nm 830 nm 

µext at 930 1.67 cm-1 2.19 cm-1 3.15 cm-1 3.61 cm-1 

µsca at 930 0.11 cm-1 0.32 cm-1 0.69 cm-1 0.91 cm-1 

µext at 630 2.62 cm-1 2.54 cm-1 2.67 cm-1 2.46 cm-1 

µsca at 630 0.21 cm-1 0.31 cm-1 0.57 cm-1 0.51 cm-1 

µsct/µext at 930 0.07 0.15 0.22 0.25 

µsct/µext at 630 0.08 0.12 0.21 0.21 

The LPR shifts to long wavelengths with an increase in the particle size. Namely, 

for the large AuNSts, the LPR changes from 710 to 830 nm. The LPR shifts are in 

reasonable agreement with the TEM data, as the size enlargement causes a red shift 

of the AuNSts spectral bands (data shown in Paper II). Clearly, the AuNSts-120 

showed the highest scattering/absorption ratios both at the CLSM (630 nm) and 

OCT (930 nm) operating wavelengths that prove their best applicability for imaging 

scenarios. 

4.3.1 Gold nanostars in optical coherence tomography  

The applicability of AuNPs as contrast agents for OCT imaging was demonstrated 

and compared for AuNSts of different diameters and for AuNSt silica composites 

in Papers I and II. Due to the relatively broad LPR of AuNSts, their scattering 

ability is still high and appropriate for OCT imaging, while the LPR peak (see Table 

6) is outside of the OCT maximal wavelength (930 nm). To avoid the effect of 

differences in the extinction abilities of AuNSts and NCs at the wavelength of 

interest, suspensions of nanoparticles were concentrated to obtain the same µext 

equal to 40 cm-1. Figure 10 demonstrates exemplary OCT images of a capillary 

cross-section with nanoparticle suspensions of AuNSts-50 (a) and NCs (b). The 

brighter blue colour of the scattering medium (Figure 10b) corresponds to the 

stronger OCT (backward-reflected) signal. In the following case, the most intensive 

signal was registered from the NCs. 



64 

(a)                                                      (b) 

Fig. 10. OCT images of a cross-section of a capillary filled with aqueous suspensions 

of AuNSts-50 (a), and NCs-100(c). Adapted from Paper I Copyright 2015, with permission 

from Society of Photo-Optical Instrumentation Engineers (SPIE). 

Each AuNSt suspension was pumped at a constant flow rate (25 ml/h) through a 

rectangular shaped transparent glass capillary. Originally, the OCT imaging of the 

capillaries was recorded in 2D (depth vs. width). Depth-resolved OCT intensity 

registered from AuNSt samples and velocity profiles were retrieved from the measured 

data (Figure 11). The slope of the in-depth OCT signals correlates with the scattering 

coefficient of the medium, while in the simplest case of single scattering, the scattering 

coefficient can be directly calculated from the slope of the signal using Beer’s law. 

Figure 11 illustrates the comparison of the OCT signal for large AuNSts-100 and 

AuNSts-120 with a 4 % intralipid as a model scattering medium. Figure 11a shows the 

distribution of the OCT signal over the capillary depth and Figure 11b shows the 

reconstructed velocity profile or normalised Doppler shift. The spikes on the curves 

occur due to the reflection from the glass-liquid interface at the edges of the capillary.  
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Fig. 11. The OCT signal over the capillary depth for AuNSts-120 and Intralipid-4% flow 

(a). Reconstructed velocity profiles for the suspensions of AuNSts-120 and Intralipid-4% 

(b). Adapted from Paper II, (c) 2016 IEEE. 

As you can see, the OCT signal both from the AuNSts-100 and AuNSts-120 

suspension is the same level or even higher as the reference signal from the 

Itralipid-4%. The most intensive signal was registered from the largest AuNSts-120 

despite the smallest particle density, which corresponds to the spectroscopic results 

highlighted in Table 5. The results show that the AuNSts-120 would be the most 

beneficial for OCT imaging (the 930-nm wavelength) due to their pronounced 

scattering of all the tested AuNPs. Figure 11b depicts reconstructed velocity 

profiles for the AuNSts-100, AuNSts-120, and Itralipid-4%. It clearly shows, that 

the flow of the large AuNSt suspensions can be reliably measured, while the 

recovered velocity profile is close to the reference profile. On the contrary, the 

intensity of OCT signal obtained from the AuNSt-50 suspension was significantly 

smaller (data can be seen in Paper I). Additionally, the velocity profile of AuNSts-

50 is a non-parabolic shape due to a weak backscattered signal level 

4.3.2 Gold nanostars in confocal laser scanning microscopy 

To illustrate and compare the applicability of AuNSts and NCs as contrast agents 

for confocal laser scanning microscopy (CLSM) the backscattered signal from 

nanoparticles was analysed in both agarose and cultured cells. To detect AuNP 

backscattering by CLSM, we superposed the signal detection band with the 

excitation laser wavelength (633 nm) and reduced the laser power and 

photomultiplier voltage to minimise the background backscattered from the sample. 

The choice of an excitation laser wavelength (633 nm, the closest to the LPR of the 

synthesised nanostructures available) is intrinsic; therefore, owing to the broad 
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LPR, AuNSts and their derivatives can be applied as contrast labels for confocal 

microscopy at 633 nm as well. The scattering intensity was evaluated and statistical 

measurements were calculated using the ZEN software (see Chapter 3.7.3). 

As a first step, a bulk solution, small AuNSts-50 and their Si derivatives were 

mixed with high-density agarose gel to avoid Brownian motion of the nanostructures 

before the suspensions were deposited onto microscopy slides. Figure 12 demonstrates 

differences between the intensities of AuNSts-50 (a) and NCs (b) scattered signals in 

an agarose gel.  

(a)                                                         (b) 

Fig. 12. Images of maximal intensity projection of AuNSts-50 (a), and NCs (b). Reprinted 

from Paper I Copyright 2015, with permission from Society of Photo-Optical 

Instrumentation Engineers (SPIE). 

The NCs have a higher scattering ability in comparison to the AuNSts, in agreement 

with the spectroscopic measurements presented above (see Table 5). Relatively 

large bright spots displayed on the images are caused by clustered and polydisperse 

particles. 

To illustrate the applicability of AuNSts as contrast agents in vitro and to 

investigate the co-localisation of AuNSts and cell organelles, we examined and 

compared the backscattered signal obtained via CLSM from small and large 

AuNSts. The chosen concentration of gold, 20 μg·mL-1, was sufficient for the clear 

visualisation of AuNSt backscattering and was harmless for the cells. Figure 13 

presents microscopic images of optical slices obtained from pure cells (a); cells 

incubated with AuNSts-50 (b); and with AuNSts-120 (c) in scattering (left), and 

transmission (right) modes. The AuNSts can be visualised as bright dots on the 
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backscattering image (highlighted by the arrows), which correlated with the dark 

regions on the transmission image (due to the mass-thickness contrast). Relatively 

large bright spots displayed on the images are caused by clustered and polydisperse 

AuNSts.  

Fig. 13. Images of optical slices obtained from pure cells (a); cells incubated with 

AuNSts-50 (b); AuNSts-120 (d) in scattering (right) and transmission (left) regimes. The 

yellow arrows point out AuNSts accumulation. Adapted from Paper II, (c) 2016 IEEE. 

In control samples of cells without AuNSts, no labelling of the cells can be 

observed. The intensity of the scattering signal from cells labelled with the small 

AuNSts-50 was comparable to the signal obtained from the control samples. The 
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backscattering from AuNSts with a tip-to-tip size of 120 nm was clearly seen, 

which is in excellent agreement with the results obtained in the OCT experiments 

and with the spectroscopic measurements of the gold nanoparticle suspension, from 

where scattering nanoparticles properties were retrieved. Thus, the large AuNSts 

with high scattering are preferable for CLSM and can explore the co-localisation 

of AuNSts and cell organelles in real time. Our research proves the localisation of 

the majority of AuNSts on the cells surface after overnight incubation (Figure 13).  

4.4 Surface enhanced vibrational spectroscopy  

Typically, as a first step for studies on surface enhanced vibrational spectroscopy 

(SEVS), AuNPs are periodically structured on a crystal surface as two-dimensional 

arrays, then, in a second step, analyte molecules are attached to the arrayed gold 

surface. In our work, we presented two different methods to produce SEVS-active 

substrates. In the first method (Paper III), AuNSt-analyte complexes were 

assembled in a colloidal suspension before the formation of AuNSt arrays on the 

Si surface, as it was firstly suggested by Seelenbinder et al. [155]. In the second 

method (Paper IV), AuNSts were subsequently immobilised on silicon chips 

mediated by a gold layer and m-PEG-SH thiol groups. After this analyte molecules 

were attached to the substrate surface. Since the scattering properties do not play a 

crucial role in the enhancement mechanism, we chose the small AuNSts-50 (further 

AuNSts), which are easier to prepare and more stable. 

4.4.1 Gold nanoparticles in attenuated total reflection spectroscopy  

In this section of the research AuNSts and AuNSps were explored in SEIRAS in 

the ATR configuration.  

In Paper III, SEIRAS substrates, prepared by simultaneous deposition of the 

analyte and the AuNSts were used to study the signal enhancement of thioglycolic 

acid (TGA, HS-CH2-COOH, also referred to as mercaptoacetic acid) and bovine 

serum albumin protein (BSA). The evaporation kinetics of TGA and a mixture of 

TGA and AuNSts deposited on the surface of the Si waveguide were monitored by 

in situ ATR-SEIRAS. For this purpose, a total volume of 20 µL the following types 

of solutions were used: (i) a mixture of 10 µL of AuNSts (with an initial Au 

concentration of 500 µg mL-1) with 10 µL of TGA (with an initial TGA 

concentration of 4 µg mL-1), and (ii) a mixture of 10 µL of water with 10 µL of 

TGA (with an initial TGA concentration of 4 µg mL-1) for maintaining a final TGA 
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concentration of 2 µg mL-1. Samples of BSA and BSA+AuNSt suspensions were 

prepared similarly for the experiment with TGA, while the initial concentration of 

BSA was equal to 250 μg•mL-1. Figure 14 shows exemplary spectra of the TGA 

solution (a), the mixture of TGA and AuNSts (b); the BSA solution (c); and the 

mixture of BSA and AuNSts (d) vs. the time until complete solvent evaporation 

(red curves) occurs (without baseline correction).  

 

 

Fig. 14. Series of ATR and SEIRA spectra without baseline corrections showing the 

evaporation process of (a) a 2 μg·mL-1 TGA solution, and (b) a mixture of TGA and AuNSts 

at a final concentration of 2μg·mL-1 and 250 μg·mL-1, respectively. Series of ATR and SEIRA 

spectra without baseline corrections showing the evaporation process of 500 µg·mL-1 BSA 

solution (c) and a mixture of BSA and AuNSts of a final concentration of   

500 μg·mL-1 and 250 μg·mL-1 correspondingly for BSA and AuNSts (d). Adapted from Paper 

III with permission from Elsevier. 

(a) (b) 

(c) (d) 
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The spectra of all samples during the first few minutes are dominated by water 

absorption (i.e., O-H bending and stretching modes) and the calibration was 

performed respective to air. As water evaporates, a decrease in the water absorption 

features are observed together with the appearance of the absorption features of 

analyte: the dramatic differences in spectra of evaporated analytes mixed with 

AuNSts in comparison with pure analytes can clearly be seen for both samples. 

 Figure 15 shows a comparison of ATR and SEIRA spectra of fully evaporated 

TGA (black curve) and TA+AuNSts (a) and BSA (black curve) and BSA+AuNSts 

(b) solutions. The final concentrations of TGA and BSA were 2 µg·mL-1and 500 

µg·mL-1 correspondingly, while the Au mass concentration was 250 μg·mL-1. 

 

Fig. 15. Baseline-corrected spectrum of TGA (black line) and TGA+AuNSts (red line) 

solutions after full evaporation of the solvent. The TGA concentration is equal to 

2µg·mL-1 in both cases. Inset: spectrum of pure TGA (solution ≥98%) recorded on a 

silicon ATR crystal (a). Baseline-corrected spectrum of BSA (black line) and 

BSA+AuNSts (red line) after full evaporation of the solvent. The BSA concentration is 

equal to 250 µg·mL-1 in both cases. Adapted from Paper III with permission from Elsevier. 

The peak height on a native TGA spectrum (2µg·mL, black line) is too low to be 

identifiable. Therefore, an IR-ATR spectrum of pure TGA (98% concentration) is 

shown as an inset in Figure 15a. The strongest signal around 1709 cm−1 represents 

the carbonyl group characteristic band of carboxylic acids ( (C=O)) [156]. The 

stretching feature at 2560 cm−1 indicates the intact thiol group, the band at  

1145 cm-1 ( (C-O)) and the broad band between 3600 and 2500 cm−1 correspond 

to the O-H stretch of carboxylic acid [157]. On Figure 15b the black line represents 

a native BSA spectrum, with the most pronounced bands around 1650 cm-1, which 

can be associated with the amide I band (C=O stretching vibrations of the peptide 
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bond) and the band at 1539 cm-1 (N-H bending vibration/C-N stretching vibration) 

called the amide II band [158].  

Detailed information about detection sensitivity for TGA was obtained by 

analyzing the strongest band at 1709 cm-1; for BSA, information about detection 

sensitivity was obtained by analyzing the amide II band at 1539 cm-1.  

The enhancement factor of the SEIRA substrates prepared by the simultaneous 

deposition of the analyte and the AuNSts, was calculated with the equation [159]:   

 = ( ) × ( ) (10) 

where Iench and Inon-ench is the intensity of the considered TGA or BSA band for the 

AuNSts + analyte and analyte, correspondingly, in terms of the band height; and N 

represents the total number of analyte molecules deposited in the Si crystal in case 

of native analyte (Nnon-ench) and AuNSts + analyte (Nench). An enhancement factor 

of approximately 10-fold was calculated for TGA (band at 1709 cm-1) and 2.5 for 

BSA (band at 1539 cm-1) (Table 6).  

The analytical performance of the developed SEIRAS substrate was further 

evaluated. For this purpose, measurements of TGA and AuNSt+TGA suspensions 

as well as BSA and AuNSt+BSA suspensions at different concentrations of analytes 

were carried out by depositing each suspension on the silicon crystal and waiting 

until the solvent had totally evaporated. Each concentration level was analysed in 

triplicate with the error bars representing the standard deviation of the mean value. 

A calibration for TGA was performed by plotting the height of bands at 1709 cm-1 

versus the TGA concentration (Figure 16a) and for BSA by plotting the height of 

bands at 1539 cm-1 versus the BSA concentration (Figure 16b). Spectra of TGA and 

TGA+AuNSts at different concentrations and the spectra of BSA and 

BSA+AuNSts at different concentrations are presented in Figure 16c and Figure 

16d correspondingly. 
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Fig. 16. Calibration graph for TGA at different concentrations by plotting the bands of 

TGA and TGA+AuNSts at 1709 cm-1 versus the TGA concentration (a). Calibration graph 

for BSA at different concentrations after evaluating conventional spectra of BSA and 

BSA+AuNSts at 1539 cm-1 (b). Spectra of TGA and TGA+AuNSts at different 

concentrations (c). Spectra of BSA and BSA+AuNSts at different concentrations (d). 

Each concentration level of analytes was analysed in triplicate, with error bars depicting 

the standard deviation of the mean value. AuNSts was the same for all samples and 

equal to 250 µg·mL-1
. The calibration curves show a linear trend in the chosen 

concentration range. Adapted from Paper III, with permission from ELSEVIER. 

Table 6 summarises the analytical figures of merit obtained for the AuNSts-

enhanced calibration curves of both analytes TGA and BSA, where LOD is the 

limit of detection, LOQ is the limit of quantification, EF is the enhancement factor, 

and RSD is the relative standard deviation for the highest concentration.  

 

(c) (d) 
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Table 6. Figures-of-merit for SEIRAS studies of plasmonic AuNSt substrates for the 

quantitative detection of TGA and BSA. 

Analytical figure TGA (1709 cm-1) BSA (1539 cm-1) 

Linear range 0.063-2 μg·mL-1 31.25-250 μg·mL-1  

LOD 0.3 μg·mL-1 35 μg·mL-1 

LOQ 1 µg·mL-1 105 μg·mL-1 

EF 10 2.5 

RSD (%) 4.42 8.4 

To prove that the main reason for an increased SEIRA effect on AuNSts is the 

anisotropic form of the AuNSts, we compared the signal intensity of an analyte 

mixed with AuNSts and AuNSps. In order to achieve similar experimental 

conditions, the final Au mass for each AuNPs type were brought to the same value 

equal to 250 μg·mL-1. Figure 17 represents the comparison of bands height both for 

TGA (1709 cm-1, Figure 17a) and BSA (1539 cm-1, Figure 17b) mixed with AuNPs. 

Despite that the difference in the signal intensity for AuNPs mixed with BSA is not 

so clear, for TGA molecules the AuNSts demonstrated at least a 2 times higher 

signal in comparison to AuNSps, which makes AuNSts the most applicable 

enhancer agents for SEVS due to their anisotropic surface structure.  

Fig. 17.  Band maximum at 1709 cm−1 of evaporated TGA, TGA+AuNSps and 

TGA+AuNSts suspensions (a). Band height at 1539 cm−1 of evaporated BSA, 

BSA+AuNSps and BSA+AuNSts suspensions (b). Concentration of each type of AuNPs 

was kept as 250 µg·mL-1
. All measurements were executed after solvent evaporation. 

Adapted from Paper III, with permission from ELSEVIER. 
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4.4.2 Gold nanostars in infrared reflection absorption spectroscopy  

Since MIR (Middle infrared) spectroscopy is a sensitive and complementary 

method to Raman spectroscopy, the combination of SERS and SEIRAS will 

provide enormous analytical capabilities from a practical perspective, since their 

complementarity can provide a more complete “chemical fingerprint” for the 

identification of molecules and substrates [160]. Moving in this direction, we 

developed stable plasmonic Si chips based on immobilised gold nanostars enabling 

complementary SERS and SEIRAS studies on the same substrate (Paper IV). More 

precisely, wet-chemically synthesised AuNSts were subsequently immobilised 

onto silicon chips mediated by a gold layer, and a - dimercapto polyethylene 

glycol (SH-PEG-SH). SH-PEG-SH layer was used for the accurate immobilisation 

of AuNSts with sulfur-gold bonds to the chip surface (Figure 18a). The presence of 

a well distributed layer of AuNSts only on the PEG-covered surface is clearly 

evident in Figure 18b. The chemically deposited AuNSts on the gold film are 

closely packed but separated to form numbers of gaps, which are expected to 

produce a large infrared signal enhancement due to the anisotropic AuNSts. The 

main advantage of the chemical deposition of AuNSts onto the chip surface is their 

strong adhesion to the gold-coated silicon substrate [161]. This property 

significantly improves the stability of the obtained AuNSts-modified Si substrates, 

which allows reusability after cleaning.  

Fig. 18. Scheme of the final chip structure comprising the Au layer, α--dimercapto 

polyethylene glycol and the gold nanostars (a). SEM image of a patterned Si chip 

comprising regions with a 5 nm Au layer, the SH-PEG-SH polymer attached on top, and 

immobilised AuNSts and regions with a 5-nm Au layer only (b). Adapted from Paper IV 

with permission from the Royal Society of Chemistry, 2017. 
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To investigate SEIRAS and SERS effects with the same plasmonic chips we 

selected crystal violet (CV) as a minimally fluorescent dye usually employed for 

SERS studies with clear peaks in the mid-infrared range. Infrared reflection-

absorption spectroscopy (IRRAS) was used as an FTIR spectroscopy method. 

Figure 19 shows an exemplary SERS (a) and SEIRAS (b) spectrum of CV (12.5 

mg·L-1) recorded on a Si-Au-PEG-AuNSt chip.  

 

Fig. 19. Baseline-corrected SERS (a) and IRRAS-SEIRA (b) spectra of an evaporated CV 

solution at a concentration of 12.5 mg·L-1 on a modified Si substrate functionalised with 

the AuNSts. Adapted from Paper IV with permission from the Royal Society of Chemistry, 

2017. 

The vibrational bands observed in the SERS spectra of CV can be attributed to the 

bending mode of C-N-C (around 517), and the out-of-plane aromatic C-C 

deformation (554 cm-1). The band at around 720 cm-1 results from the C-N-C 

symmetric stretching vibration, while the bands at 910 cm-1 can be assigned to the 

C-H out-of-plane bending modes [162]. The C-H in-plane bending mode at  

1181 cm-1 has been selected for quantification in the present study. In the SEIRA 

spectra the most pronounced band at 611 cm-1 is associated with the backbone 

vibration of CH2 of the PEG linker molecule. The peak at 1369 cm-1 was associated 

with the C-N vibration, while the peak at 1481 cm-1 was assigned to the CH3 in-

plane mode [163]. The peak at 1585 cm-1 was assigned to the ring stretching mode 

arising from the three benzene rings of the CV molecule [164, 165]. 

The enhancement factor (EF) both for SERS and SEIRAS of the AuNSt-

modified substrate was calculated following Equation 10, where Iench and Inon-ench 

represent the intensity of the considered CV band for Si-Au-PEG-AuNSt surface 
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and Si-Au-PEG chip surfaces correspondingly. For SERS, an enhancement factor 

of 2.3·103 was calculated for the CV band at 1181 cm-1; for SEIRAS an 

enhancement factor of 5 was calculated for the CV band at 1585 cm-1. 

Furthermore, the quantitative analytical performance of the developed SEVS 

substrates was evaluated. Hence, in a Raman study, CV solutions at different 

concentrations (i.e., 25, 12.5, 6.25, 3.13, and 1.56 mg·L-1) were analysed via 

deposition and drying of solution aliquots on the Si-Au-PEG-AuNSt chips. Each 

concentration level was analysed in triplicate with the error bars representing the 

standard deviation of the mean value.  

Figure 20a presents the spectra obtained at different CV concentrations, while 

Figure 20b demonstrates a calibration function plotting the Raman intensity of the 

CV band at 1181 cm-1 vs. the concentration. Each concentration level was analysed 

in triplicate with the error bars representing the standard deviation of the mean 

value. A straight line fitting function between 1.56 and 25 mg·L-1 CV resulted in 

the R2 value equal 0.995. The detection and quantification limits calculated as 

three- and ten-times the noise value were determined at 1.51 and 5.02 mg·L-1, 

respectively. The reproducibility expressed as the relative standard deviation (RSD) 

was 6.36% for a CV concentration of 25 mg·L-1. 

 

Fig. 20. SEIRAS spectra of CV at different concentrations recorded from the plasmonic 

chip after evaporation of the solvent (a). Calibration curve of Raman signal intensity at 

different concentrations of CV representing the peak height of the CV band at  

1181 cm-1 (b). Adapted from Paper IV with permission from the Royal Society of 

Chemistry, 2017.  
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To investigate the SEIRA effects for the same plasmonic chips, 50 L of aqueous 

CV solutions at similar concentrations (i.e., 25, 12.5, 6.25, 3.13, and 1.56 mg·L-1) 

were drop-cast on the chips and the IRRAS spectra were recorded after the 

complete evaporation of the solvent (Figure 21a). Each concentration level was 

analysed in triplicate with the error bars representing the standard deviation of the 

mean value. A calibration function was established by plotting the peak height of 

the band at 1585 cm-1 vs. the CV concentration (Figure 21b). The limits of detection 

and quantification yielded values of 4 mg·L-1 and 6.67 mg·L-1. The reproducibility 

expressed as relative standard deviation (RSD) was 2.94% at a CV concentration 

of 25 mg·L-1. 

 

Fig. 21. IRRAS spectra of CV at different concentrations recorded from the plasmonic 

chip after evaporation of the solvent (a). Calibration curve based on a concentration 

series of CV dissolved in water via peak height analysis in the IRRAS-SEIRA spectrum 

of CV at 1585 cm-1 in comparison to Si-Au-PEG chips (b). Adapted from Paper IV with 

permission from the Royal Society of Chemistry, 2017. 

Figure 22 represents the comparison of the intensity of the IR signal obtained from 

dried CV at a concentration of 1.25 µg·cm-2 after evaporation on a Si-Au-PEG-

AuNSt chip with the intensity of CV at the same concentration recorded on a Si-

Au-PEG chip without AuNSts. As shown, the intensity of the band is 

approximately 5-times higher for the Si-Au-PEG-AuNSt chips. Hence, the 

improved limits of detection via the SEIRA effects allow the recognition of minute 

analyte quantities essential for the detection of biologically or medically relevant 

analytes via IR-based sensing schemes. 
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Fig. 22. CV band height at 1585 cm−1 after evaporation of solution (12.5 mg·L-1) on Si-

Au-PEG-AuNSt surface in comparison to Si-Au-PEG chips. Adapted from Paper IV with 

permission from the Royal Society of Chemistry, 2017. 

The analytical figures obtained for both SERS and SEIRAS studies using CV as a 

model analyte are summarised in Table 7.   

Table 7. Figures of merit for SERS and SEIRAS studies of plasmonic AuNSt chips for 

the quantitative determination of crystal violet. 

Analytical figure SERS IRRAS-SEIRA 

Linear range 1.56-25 mg·L-1 1.56-25 mg·L-1  

LOD 1.51 mg·L-1 4 mg·L-1 

LOQ 2.52 mg·L-1 6.67 mg·L-1 

EF 2.5 · 103 5 

RSD (%) 6.36 2.94 

Sample volume (L) 5 50 

The limits of detection have the same order of magnitude for both techniques, 

which makes the developed plasmonic chips as useful substrates for complimentary 

vibrational spectroscopic studies. 

Finally, the reusability of the plasmonic chips was evaluated. CV was 

effectively removed from the functionalised chip after cleaning with water, acetone, 

ethanol, and finally, again water. After the cleaning procedure, neither SERS nor 

the SEIRAS signal of CV was registered, while the AuNSts remained attached to 

the surface of the substrate, which was confirmed via repeated microscopic 

investigations (not shown). 
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4.5 Gold nanoparticles in cell optoporation  

Three laser types with different irradiation modes were used to treat the HeLa cells. 

The irradiation parameters of the used laser systems are presented in Table 8. The 

heating of the cell medium was measured using a thermo camera.   

Table 8. Irradiation parameters of applied laser systems. 

Laser 

mode 

λ, nm Mean 

power, W 

Pulse 

duration, ns 

Repetition 

rate, Hz 

Pulse 

energy, μJ 

Beam 

diameter 

Power density, 

W/cm2 

Exposure 

time 

CW 808 2,5 N/A N/A N/A 5 mm 12.7 2 min 

ns 532 0.002 5 20 100 5 mm 0.01 4 min 

ns-scan 1064 20 4 20103 0.1 6 µm 7107 2* s 

*Full time of irradiation during a single focal plane scanning, step 20 μm,1 pulse per step, speed .0. 

For optoporation in the visible range, we exposed cells to pulsed irradiation using 

an ns laser with a wavelength λ equal 532 nm. To provide better matching between 

the laser wavelength and the AuNPs absorption, we chose AuNSps with the LPR 

located at 520 nm. In our research, to evaluate the best suited particle configuration 

for the procedure, we tested pure gold nanospheres (AuNSps) and several AuNSp 

conjugates with the most often used agents for the delivery of gene material into 

cells: BSA, PEI, or a combination of BSA and PEI (bNSps, pNSps, and pbNSps, 

respectively). All types of particles showed low toxicity for concentrations smaller 

than 30 µg/mL (Paper V).  

We added propidium iodide (PI) as a fluorescent dye to the cell suspensions 

before irradiation to mark perforated cell membranes with laser treatment. The 

incubation time was shorter in comparison to the common staining protocol, 

therefore only permeabilised cells were found to be PI-positive. Fluorescent dye 

Calcein AM was added to stain only undamaged cells. To investigate the cell 

perforation, we applied the approach firstly demonstrated by Lalonde et al. [140], 

who studied the efficacy of the Lucifer Yellow dye uptake as a function of laser 

exposure to evaluate cell membrane perforation. 

Figure 23 shows the fluorescent images of living cells: control samples and 

samples of cells incubated with AuNSps; bNSps, pNSps and pbNSps.  
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Fig. 23. Fluorescent images of control samples and samples incubated with pure gold 

nanospheres (AuNSps); gold nanospheres functionalised with PEI (pNSps), BSA 

(bNSps), and BSA with PEI (pbNSps). Upper panel: non-irradiated cell suspensions; 

lower panel: cell suspensions irradiated by ns laser (λ=532 nm). Adapted from Paper V 

Copyright 2015, with permission from Society of Photo-Optical Instrumentation 

Engineers (SPIE). 

The upper row (Figure 23) presents cells without laser irradiation; the lower row 

shows cells after laser treatment. In the images of cell suspensions incubated with 

nanoparticles, the border of the area irradiated by laser beam can be clearly seen. 

Inside the irradiated area, mostly perforated cells are present (red spots). The 

percentages of PI-positive cells (in the irradiated area only) were the following: 2% 

for the control sample, 95% for bNSps, 97% for pNSps, 99% for pbNSps. 

Simultaneous PEI and BSA functionalisation (pbNSps) showed the highest 

optoporation effect. We hypothesise that PEI increases the BSA loading on the 

AuNPs, which, in turn, renders the AuNPs favourable to the cellular uptake (since 

it now presents BSA moieties on the surface), inducing the complex to cause cell 

death upon optoporation experimentation. Negative controls showed that there was 

no uptake of PI into cells incubated with GNPs without laser treatment. Similarly, 

irradiated cells without nanospheres showed no uptake of PI. The obtained results 

indicate that optimally functionalised AuNSps enhance the nanosecond laser 

treatment with effective cell perforation and very low temperature increases in the 

surrounding medium. Negative controls demonstrated no uptake of PI into cells 

incubated with AuNPs without laser treatment. Similarly, irradiated cells without 

nanospheres showed no uptake of PI. The temperature of the surrounding medium 

of the cells with or without AuNPs was nearly equal to 35o C. 
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Optoporation effectiveness in the NIR range was estimated using CW (Paper V) 

and an ns-laser in scanning mode (Paper IV). To obtain maximal effectiveness of 

the treatment, we used AuNRs (see optical parameters in Table 5) and AuNSts-50 

(hereafter AuNSts), while the absorption/scattering ratio is higher for smaller 

AuNSts in comparison to the large ones (Table 5), as plasmonic heaters, which 

LPRs (805 nm and 830 nm respectively) perfectly match the laser operation 

wavelength (808 nm). PI was used as proof of the uptake of extracellular molecules, 

as shown before. In addition, to demonstrate cell viability, we performed a test on 

the metabolic activity of cells (by implementing an MTT test) under similar 

irradiation conditions to the PI test. Figure 24 illustrates the percentage of 

perforated PI-positive cells and the percentage of dead cells for irradiated and non-

irradiated samples. Irradiated and non-irradiated cell samples without AuNPs were 

used as the negative controls. 

 

Fig. 24. The percentages of dead and perforated CW-laser treated (Irr) and untreated 

cells, incubated with AuNRs and AuNSts and control cells. Adapted from Paper V 

Copyright 2015, with permission from Society of Photo-Optical Instrumentation 

Engineers (SPIE). 

The largest number of PI-positive cells (85%) after laser treatment was observed in 

the case of cells incubated with AuNRs. Here the MTT assay showed almost total 

cell death for this sample (90%). In contrast, only 9% of the irradiated cells 

incubated with AuNSts showed any PI uptake with a 3% cell mortality, which was 

comparable to the untreated cells with AuNSts (11% PI-positive and 5% dead), and 

both treated and untreated control samples (7% PI-positive and 1% dead; 10% PI-

positive and 6% dead, respectively). It should be noted that the border of the 

collimated laser beam in the irradiated samples was not visible: the PI-positive cells 
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were distributed quite equally. Temperature measurements of the surrounding 

media of AuNPs under CW-laser irradiation were the greatest for cells incubated 

with AuNRs and heated up to 70oC (a temperature increase of 52o C compared to 

the irradiated control). A possible explanation for this phenomenon could be that it 

was caused by the much higher ratio of absorption to the scattering cross section 

(Cabs/Csca) of the AuNRs in comparison to that of the AuNSts at LPR wavelengths. 

In this respect, the PI-staining of the cells not only indicates the perforation ability 

of the membranes, but also proves cell damage due to the high temperature of the 

culture medium during irradiation. Thus, pulsed irradiation is preferable for 

temporary cell perforation. 

Cell perforation under pulsed irradiation in the NIR range was studied using 

scanning a pulsed nanosecond ytterbium fiber laser (scan-ns-laser) with a laser 

illumination wavelength of 1064 nm. During laser irradiation, an exposed area of 

4×4 mm2 was scanned point by point in line mode with the distance between single 

laser beam positions of 20 μm, with 1 pulse per beam position and 104 laser pulses 

in a focal plane. During irradiation, the temperature of the cell suspensions with or 

without AuNPs was 26o C. Figure 25 shows combined bright-field and fluorescent 

images of cell samples: non-irradiated control samples and samples of cells 

incubated with AuNRs and AuNSts (upper row); samples irradiated with pulse 

energy 0.1 µJ (lower row). 

Fig. 25. Combined bright-field and fluorescent images of intact cells and cell samples 

incubated with AuNRs and AuNSts. Upper panel: non-irradiated cell samples; lower 

panel: samples irradiated by scan-ns-laser ( = 1064 nm). Adapted from Paper VI. (2017) 

Laser Physics Letters 14: 055901. © Astro Ltd.  Reproduced by permission of IOP 

Publishing.  All rights reserved. 
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No membrane permeabilisation mediated by AuNRs was observed: the number of 

PI-positive cells with AuNRs in the irradiated sample (5%) equals the irradiated 

control sample without AuNPs (6%). The lack of cell perforation can be explained 

by the relatively narrow LPR peaks of AuNRs (the significant extinction values lies 

between 650 and 950 nm not matching the laser wavelength of 1064 nm). The 

optoporation effect was much more pronounced for AuNSts (LPR at 830 nm) under 

the same irradiation conditions. The border between treated and untreated cells 

incubated with AuNSts can be clearly seen. Inside the irradiated area, 80% of the 

cells were PI-positive. Effective cell optoporation induced by AuNSts can be 

explained by the broad AuNSts spectra: the absorption at the laser irradiation 

wavelength (1064 nm) was still high for efficient optoporation.  

In summary, the perforation ability was proved for all three laser types. 

However, to avoid irreversible cell damage, it is essential to distinguish the 

difference between the tested impact on the cell/tissue caused by an enhanced 

localised thermal laser action mediated by AuNPs and by the increase of the 

surrounding medium temperature due to non-targeted laser irradiation. The MTT 

assay proves that the cells were damaged under CW-laser (808 nm) treatment due 

to the high temperature of the culture medium. In contrast, neither ns laser systems 

(532 and 1064 nm) induced overheating: the temperature of the surrounding 

medium of the cells with or without AuNPs was less than 35 oC. The absence of 

heating of the surrounding medium also was proved theoretically by Avetisyan et 

al. [167] for 800-nm pulsed (50 ps – 50 ns) irradiation in combination with gold 

nanoshells (diameter is 170 nm). They noted that the calculated temperature on the 

surface could be up to 100 °C, while 10 nm away from the surface in water it hardly 

reaches 50 °C, even when 50-ps pulses are used. 50-ns pulses cause only a 20 °C 

increase, thus reaching 45 °C on the gold AuNSps surface and slightly more than 

40 °C in water, 10 nm away from the surface. The perforation effectiveness for both 

ns-laser systems and are presented in Table 9, where  is the irradiation wavelength, 

Eff. is the percentage of PI-positive cells in the irradiated area, and c is the 

concentration of AuNSps.   
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Table 9. Perforation effectiveness for applied ns laser systems. 

λ, nm AuNPs c, µg/mL Efficacy, % 

532  Pure NSps 17 95 

PEG-NSps 17 1 

BSA-NSps 17 95 

PEI-NSps 17 97 

BSA-PEI-NSps 17 99 

1064  PEG-NSts 17 80 

PEG-NRs 17 5 

For the laser irradiation in the visible range, the perforation ability was equal for 

cells incubated with AuNSps with PEI and BSA and negligible for m-PEG-SH-

covered AuNSps. AuNSts demonstrated high cell permeabilisation of up to 80% 

even with m-PEG-SH stabilisation. This can be explained by the partial covering 

of the surface of the AuNSts by stabiliser due to their anisotropic form. For both 

laser systems, cells were treated only inside the laser beam. Such a result shows 

that ns-laser scanning over cells provides a trigger for the transport of the PI 

molecules into cells precisely in the treated area. Owing to a broadened LPR, 

AuNSts are most preferable plasmonic labels for this type of laser treatment. In 

future studies, the delivery of extracellular material through cell membranes might 

be of interest for gene therapeutic approaches and transfection. 
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5 Discussion  

This chapter discusses the results of the experiments, the theoretical and practical 

implications of the work and the limitation of the methods. Recommendations for 

further research are presented in the final subsection. 

5.1 General discussion 

The main objective of this work was to explore the unique properties of plasmonic 

nanoparticles and especially nanostars, which are promising agents as signal 

enhancers and contrast agents in various applications including the visualisation 

and treatment of living cells. The motivation for the present research arose from 

the possibility to obtain a recipe for development of highly scattering non-toxic 

easily tunable plasmonic agents for optical imaging, chemical analysis, cancer 

diagnostics and treatment. 

The general selection of nanoparticles applied in the presented research can 

be explained by the following reasons: gold nanospheres are the earliest developed, 

most abundant AuNPs used as a “gold standard” for most AuNP applications; gold 

nanorods are the most common anisotropic type of AuNPs proved to be perfect 

candidates for various biophotonic applications; gold nanostars are one of the 

newest types of AuNPs with significant advantages and benefits. However, due to 

their unregular complicated anisotropic form there are still several open questions 

and gaps regarding properties and applications of AuNSts. 

Therefore, the following research questions were formulated and addressed in 

the presented doctoral study: 

1. How will physical parameters such as size, morphology and the coating 

material of gold nanoparticles influence their optical properties?  

Plasmonic nanoparticles for biophotonic applications should satisfy several 

requirements. Firstly, biocompatibility and negligible toxicity are the primary 

requirements for new agents in all biological and medical applications. As it was 

demonstrated in our research (Chapter 4.1) all types of the used AuNPs in working 

concentrations are stable, inert and non-toxic to living cells.  

The possibility to tune geometrical and optical properties of plasmonic 

nanoparticles is important to maximise the effectiveness of laser treatment in 

biophotonic applications by matching the scattering, absorption and extinction 

bands with the wavelength of the used equipment. In Papers I, II (Chapter 4.2) we 

demonstrated that the optical properties of AuNPs, including AuNSts can be 
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manipulated by modifying the particle size, morphology and surface coating. Vo-

Dinh’s research group proved that AuNSt morphology (the length and the number 

of tips) can be manipulated by varying the chemical concentrations during 

synthesis [51]. In the present study, to synthesise AuNSts of different sizes and LPR 

position, we varied both the diameter of spherical seeds and the volume of seed 

solution added during the synthesis, and thus the number of seed particles, which 

resulted in nanostars with outer diameters of 50-120 nm, ensuring localisation of 

the LPR within the 690–830 nm wavelength band. Reducing the number of seed 

particles, while keeping the concentration of gold precursor (HAuCl4) constant 

results in the formation of larger AuNSts. This phenomenon can be explained by 

the fact that there are fewer nuclei (seeds) for the gold precursor to deposit itself on 

during the reduction process, resulting in larger gold deposition on a per-particle 

basis.  

As it was shown in Chapter 4.3, the scattering ability is higher for AuNSps 

than for AuNSts-50, which can be explained by the smaller core diameters of 

AuNSts-50 (20 nm versus 50 nm for AuNSts). However, µsct increases dramatically 

for the AuNSts-120 with a core of 50 nm in size. Since the scattering and absorption 

coefficients scale with the particle size approximately as r6 and r3 [154], larger 

AuNSts scatter light more strongly and they are better suited for optical 

applications where the scattering intensity is critical.  

Coating AuNPs with silica is another way to improve size and shape dependent 

optical properties. In Chapter 4.2 and Paper I we showed that the silica shells on 

the surface of AuNSts with a thickness of 7 and 50 nm lead to an LPR shift of 20 

and 30 nm correspondingly related to the uncoated AuNSts. The stronger scattering 

ability of NCs in comparison to AuNSts-50 can be theoretically explained by the 

use of a simple two-layer model of gold nanospheres covered with silica shells and 

Mie calculations (see Paper I). Physically this enhanced scattering is caused by the 

larger particle volume of the AuNSts after the silica coating. 

Based on the results obtained in the presented study, it is possible to choose the 

best strategy to raise the LPR and increase the scattering cross-section of AuNPs 

from two suggested methods depending on the experimental context. An Si coating 

will both increase the stability and reduce the functionalisation ability of the 

nanostructure, which would be useful for screening applications and monitoring 

vesicles (e.g. OCT), but unacceptable for microscopic investigations at the cell 

level or for theranostics where the adhesion of AuNPs is extremely important.    

2. Are gold nanostars beneficial as contrast agents for imaging applications 

at cellular and tissue levels? 
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The use of AuNPs in imaging applications, where scattering properties are crucial, 

was an important part of the present research. Therefore, an examination of the 

scattering properties of AuNPs was thoroughly studied in respect to the first 

research question. In the frame of the second research question it was proven that 

the pronounced scattering of large or Si coated AuNSts makes them beneficial to 

be used as contrast agents for OCT and Doppler OCT. A preliminary OCT study of 

an AuNSt application for imaging the water flow in glass capillaries was 

demonstrated earlier for small AuNSts [167]. Evidently, the LPR should be 

maximally tuned to the operation wavelength by increasing the AuNSt size or 

thickness of the Si coating. The limitation of the method is an essential prerequisite 

for a high concentration of AuNPs in the suspension: in Paper II we demonstrated 

that reliable flow detection is still possible until the initial suspension concentration 

is reduced four times. The flow profiles obtained for AuNSt suspensions diluted 

from 8 to 32 times were significantly smaller and took on a non-parabolic shape. 

The distortions of the recovered flow velocity profiles compared with the initial 

one are related to the weakened backscattered signal containing the information 

about the velocity of the moving scatterers. This effect (the distortion of the flow 

velocity profile as a result of a decrease in the useful OCT signal level) was 

previously described in [168]. 

As an illustration of an imaging application at the cellular level, conventional 

laser confocal microscopy operating at the 633-nm wavelength was used to observe 

the localisation of AuNSts on the cell surface. Owing to a broad LPR peak, AuNSts 

can be used as contrast labels for confocal microscopy at 633 nm as well. Notably, 

the highest signal can be obtained for large AuNSts (with an outer diameter larger 

than 80 nm) with the LPR peak localised as closely as possible to the operating 

wavelength (e.g. nanostars with a diameter of 82 nm and an LPR of 690 nm were shown 

in Paper II). 

CLSM was used to observe the localisation of AuNSts on the cells’ surface. 

In a series of thoroughly focused confocal images of labelled cells, the most AuNSt 

clusters appeared as randomly distributed bright dots on the cells’ surface, and then 

a smaller number of AuNSts could be seen on the optical slices through the inner 

parts of the cells. The localisation of the AuNSts mainly on surface can be 

explained by the negative nanoparticle charge and the negative cell surface charge, 

and this finding correlates with other studies [58]. 

3. Are gold nanostars beneficial for signal enhancement in infrared 

spectroscopy? 
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In this part of research, the unique electromagnetic properties of AuNSts were used 

as a benefit for surface enhanced vibrational spectroscopy including SEIRA and 

SERS.  

Due to the anisotropic form and sharp tips where the electrical field is 

accumulated, AuNSts demonstrated the best performance for SEVS in comparison 

to AuNSps, which was demonstrated in Chapter 4.4 and Papers III and IV. SEIRAS 

substrates, prepared by the simultaneous deposition of an analyte, and AuNSts both 

exhibit an enhancement of the IR signal of two analytes (TGA and BSA) due to the 

presence of the AuNSts compared to a bare silicon surface. The selection of the 

analytes was justified for the following reasons: TGA was chosen as an example of 

a relatively small molecule. Earlier, TGA has been used as a model analyte for the 

investigation of self-assembled monolayers (SAMs) on metal surfaces [169], for 

studies of monothiol ligand adsorption [170] and other applications. BSA as a 

single-chain midsize protein was chosen as a large molecule within the family of 

extensively studied serum albumins, which are among the most important blood 

carrier proteins [171].  

Attenuated total reflection (ATR) was used in the FTIR spectroscopy method 

in this study. This approach enables the detection of molecules on the surface or 

near nanoparticles deposited on the Si ATR waveguide, which improves the 

sensitivity of detection up to 10 times and can be related to the number of AuNSts 

present in the evanescent field.  

The next step of the research was to create a stable, re-usable plasmonic 

platform for enhancing the signal from various analytes. Therefore, we developed 

plasmonic chips based on immobilised AuNSts which enabled complementary 

SERS and SEIRAS studies on the same substrate. This provides enormous 

analytical capabilities based on the combination of two complimentary 

spectroscopic methods. The signal from the analyte increases 5-fold for SEIRAS 

and up to 103-fold for SERS in comparison to the bare Si surface. Since the limits 

of detection are similar for both techniques, the developed plasmonic chips are 

perfect substrates for complimentary vibrational spectroscopic studies. The limits 

of detection are similar for both techniques, but, as expected, the enhancement 

factor achieved for SERS experiments (factor of 2.5·103) was much more 

pronounced compared to the SEIRA studies (factor of 5). Typically, enhancements 

reported in the literature in SEIRA experiments range from 4 up to 1000, whereas 

enhancements up to 1012-1014 have been reported for SERS. Nevertheless, it was 

demonstrated that the overall sensitivity of FTIR and Raman studies for such 

substrates is on the same order of magnitude, which renders the developed 
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plasmonic chips utilising AuNSts a useful plasmonic platform for complimentary 

vibrational spectroscopic studies. 

4. How can gold nanoparticles improve cell optoporation?  

The outstanding absorption properties of the AuNSts are beneficial in treatment 

applications, e.g., for cell optoporation, which is a promising technique for cell 

transfection or drug delivery.  

Notably, the broad LPRs of AuNSts provide an opportunity to apply this type 

of particle for laser treatment using various wavelengths. In the optoporation 

experiments, at the laser irradiation wavelength of 1064 nm, the absorption was 

high enough for efficient cell perforation enabled by AuNSts. A comparison of the 

effectiveness of NIR resonant cell optoporation mediated by anisotropic AuNPs 

(AuNRs and AuNSts) was presented in Chapter 4.5, where AuNSts displayed 

benefits for laser treatment as well. The lack of membrane permeabilisation for 

AuNRs can be explained by their relatively narrow peak (the significant extinction 

values lie between the 650 and 950 nm wavelengths). The effectiveness of AuNSt-

mediated optoporation can be explained by the particles’ broad spectra; in this case, 

at the 1064 nm laser irradiation wavelength the absorption is still high for efficient 

optoporation. Such a result shows that nanosecond laser scanning of a certain area 

of the cell layer provides a means for the accurate transport of PI molecules into 

cells precisely in the treated area. The obtained results can be useful for further 

development of AuNSp-mediated optoporation techniques, which combine precise 

spatial and temporal control of laser irradiation with high optoporation efficiency 

and small side temperature effects. 

5.2 Implications of the results 

The results concerning tuning the AuNPs’ physical and optical properties, including 

the LPR position and scattering abilities could be utilised as guidelines to optimise 

the design of AuNPs to maximise the effectiveness of their application in 

diagnostics and laser treatment. Application of highly scattered AuNSts in confocal 

laser microscopy make it possible to study the influence, endocytosis and the co-

localisation of AuNPs and cells in real time without utilising fluorescent dyes as 

contrast enhancers. In optical coherence tomography AuNSts are perspective 

contrast agents for imaging forward-scattering liquids such as blood. This is 

because AuNSts increase backward-reflected light, making not only static blood 

capillary imaging possible but also the reconstruction of blood velocity profiles, 

which are important for disease diagnostics. 
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The utility of plasmonic chips based on AuNSts both for SERS and SEIRAS will 

provide enormous analytical capabilities from a practical perspective, since their 

complementarity can provide a more accurate “chemical fingerprint” for the 

identification of molecules and substrates. Given the obtained improvements in the 

signal intensity, Raman and FTIR spectroscopy as well as chem/bio sensing 

concepts may emerge as a viable alternative compared to the more time and 

resource consuming screening technologies currently implemented in conventional 

medical diagnostic scenarios. This is of particular importance, if extremely low 

biomarker concentrations need to be detected, as encountered in neurodegenerative 

diseases such as Parkinson’s or Alzheimer’s disease. 

The thorough investigation of optimal parameters for visible and NIR resonant 

cell optoporation mediated by spherical and anisotropic nanoparticles will help in 

the development of the optimal design and functionalisation of AuNPs and 

irradiation parameters to obtain the maximal effectiveness of laser treatment. 

Moreover, the opportunity demonstrated in distinguishing the difference between 

the tested impact on the cells caused by a localised laser action mediated by AuNPs 

and a non-targeted increase of temperature of the surrounding media will help to 

avoid irreversible cell damage during laser optoporation. An improved 

optoporation method used as an effective tool for the delivery of large molecules 

(nucleic acids or pharmaceutical substance) into the cell cytoplasm will bring great 

benefits to biomedical areas such as gene therapy, transfection, drug delivery, and 

therapeutic research. 

5.3 Future research 

The tuning of optical AuNP properties is extremely important for biophotonic 

applications. Therefore, the further investigation of possibilities to change the LPR 

position and the scattering-absorption ratio is envisaged. The manipulation of the 

length and the number of tips, as well as core-tips ratio by varying the chemical 

concentrations during the synthesis process process would be a useful next step of 

the research. Small stars based on a 5-nm spherical core could be developed as 

prospective drug carriers and heating points for cancer therapy. Development of 

large nanostars based on 70-80 nm spherical cores is necessary for the further 

improvement of imaging and monitoring tools, as well as for solving the 

fundamental problem of AuNP biodistribution and toxicity. The improvement of 

stability and monodispersity of large AuNSts would be an important part of this 

research. 
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Further improvement of the plasmonic chip design is another potential area of 

future work. The main emphasis could be on chip stabilisation and functionalisation, 

and the number of AuNPs located on spherical cores immobilised on the chip 

surface. The complexity of the sample matrix could be increased: different analyte 

molecules as well as proteins and biomarkers could be used in further chip studies. 

Substantial studies on the competitive role of potential interfering substances in 

close vicinity of the SEIRAS substrate could be carried out to obtain a more 

realistic monitoring approach. 

To extend the results on the laser optoporation treatment, a number of 

fluorescent dyes with different molecular weights could be utilised to examine the 

pore size on the cell membranes under laser treatment. The fluorescent dyes could 

then be replaced with RNA and DNA fragments for laser-mediated transfection. 
  



92 

 



93 

6 Summary  

A significant trend in modern medicine is the substantial increase of the role of 

diagnostics in disease treatment strategies, including early-stage diagnostics and 

accurate detection of molecules in small concentrations. In view of above, the 

signal and response enhancement for various detection and imaging applications is 

a major challenge for modern diagnostics. The use of the localised plasmon 

resonance phenomena of plasmonic nanoparticles is a prospective trend. Moreover, 

the benefits of gold nanoparticles could be applied to increase the selectivity of 

therapy and treatment on the cell and tissue levels. Spherical gold nanoparticles are 

the simplest possible nanostructures and have been used in the majority of 

investigations, whereas at the moment of research related to the thesis the benefits 

of plasmonic nanostars were clearly demonstrated in selected diagnostic 

applications. In this thesis nanostars were adopted both for optical imaging, 

spectroscopy analysis and for cell treatment. The plasmon resonant properties of 

nanostars were manipulated by modifying their size and surface properties cover to 

match localised plasmon resonance and the operational wavelength of the used 

equipment.  

The effectiveness of nanostars and gold nanoparticles was compared for 

selected bioimaging and sensing methods. Significant advantages of nanostars were 

highlighted in the thesis. Due to the higher scattering cross-section in comparison 

to gold nanoparticles, large nanostars demonstrated better contrast properties for 

imaging applications such as confocal microscopy and optical coherence 

tomography. The presence of “hot spots” on a nanostars based SEIRA substrate 

ensures higher signal enhancement from analyte molecules in comparison to the 

spherical particles. The broad peak and tunability of the nanostars’ localised 

plasmon resonance allows the effectiveness of laser optoporation to be maximised. 

Thus, the results of this study on the effectiveness of nanostars has a broad scope 

of application and this broadens the potential range of utilisation for nanostars in 

nanobiophotonics and biomedicine.  
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